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1 .l DESCRIPTION OF HEAT EXCHANGER TYPES 1.1.0-l

1.4.0
Structure of the section

D. Brian Spalding

n The purpose of Sec. 1.1 is to provide the words that
enable the various kinds of heat exchanger to be usefully
distinguished; and the purpose is fulfilled by classifying
heat exchanger equipment from six distinct points of
view.

Section 1 .l.l adopts the viewpoint of flow con-
figuration. Here the major subdivisions are counterflow,
parallel flow, cross flow, and so on. Section 1.1.2 draws
attention to the distinctions that are afforded by the
different ways in which the streams passing through a
heat exchanger can interact, namely, by heat transfer
alone, or by heat transfer and mass transfer. The
interaction coefficients are defined.

Section 1.1.3 focuses on the various ways in which
the temperatures of the streams may vary with position
in the equipment. The interfaces between the com-

municating streams may take many different geometric
forms. The commonly occurring types are described in
Sec. 1.1.4.

In Sec. 1 .I .5 appear the names of types of heat
exchanger equipment, classified according to function.
No-phase-change exchangers, boilers, condensers, and
other types of plant are encountered here. Finally, the
various ways in which time-dependent operation can
occur are distinguished in Sec. 1.1.6.

Other classifying principles could be employed, for
example, by reference to the industry in which the
equipment is used (aircraft, petroleum, etc.); but the
function of Part 1 of this handbook is to provide only an
introduction, not to anticipate the contents of later
parts. This limitation of intention must explain and
justify the brevity of the descriptions that are provided.
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1.1 DESCRIPTION OF HEAT EXCHANGER TYPES 1.1.1-1

4.1.1
Types of flow configuration

D. Brian Spalding

A. Introduction

Heat exchangers transfer heat between two or more
streams of fluid that flow through the apparatus. A
major characteristic of heat exchanger design is the
relative flow configuration, which is the set of geometric
relationships between the streams. Section 1.1 .I de-
scribes the more common types of configuration.

It must be emphasized that the configurations
described represent idealizations of what truly occurs; it
is never possible, in practice, to make the flow patterns
conform to the ideal.

B. Counter flow

In a counter-flow heat exchanger, the two fluids
flow parallel to each other, but in opposite directions.
Figure 1 represents such a configuration schematically,
by showing a single smaller-diameter tube placed co-
axially within a tube of larger diameter. The two fluids
flow respectively within the inner tube and through the
annular space that separates the two tubes. In practice, a
large number of tubes can be inserted within a single
surrounding tube, of much larger diameter, known as the
shell.

Here the symbol T is used for temperature; sub-
script 1 denotes the first stream, and subscript 2 the
second stream; the subscript �in� denotes the entry
conditions, whereas �out� denotes the leaving condition.

Counter-flow exchangers are the most efficient, in
that they make the best use of the available temperature
difference, and can obtain the highest change of tempera-
ture of each fluid. This remark is expanded upon below.

t
T1 ,out

I
T -2,Ol.H

‘t’

I
- Tz,in

T,,in

Figure lt Schematic representation of a counter-flow heat
exchanger.

C. Parallel flow

In a parallel-flow heat exchanger, the two fluids flow
parallel to each other, and in the same direction. Figure 2
represents this configuration schematically. Parallel-flow
exchangers make poor use of the available temperature
difference when both fluids change appreciably in
temperature, in which case they are not used if

tWithin  a three-digit section the equation, figure, and table
numbers do not have the three-digit identifier; for CIOSS-
references between sections, the appropriate three-digit number
will be given.

,t,

T1,out

I
Tz,in  -
I - T2~out

t
T,,in

Figure 2 Schematic representation of a parallel-flow heat
exchanger.
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1.1.1-2 1.1 DESCRIPTION OF HEAT EXCHANGER TYPES / 1.1.1 Types of Flow Configuration

T2,in

T,,in

,out

T1,out

Figure 3 Schematic representation of a cross-flow heat ex-
changer.

efficiency is the most important factor in design. They
do, however, tend to have more uniform wall tempera-
tures than do counter-flow exchangers.

D. Cross flow

In a cross-flow exchanger, the two streams flow at right
angles to each other. For example, stream 1 might flow
through a set of tubes, arranged in a bank, whereas
stream 2 might thread its way through the spaces
between the tubes in a direction generally at right angles
to the tube axes.

Schematically, cross-flow exchangers are usually
represented as shown in Fig. 3. They are intermediate in
efficiency between parallel-flow and counter-flow
exchangers and, for practical reasons concerned with the
ducting of the fluids toward the heat transfer surface,
they are often easier to construct than either of the
other two. Automobile radiators are of cross-flow
design.

E. Cross counter flow

Sometimes, real heat exchanger flow configurations
conform approximately to the idealizations shown in

T2,out

Tz,in

Fig. 4. They are termed cross-counter-flow exchangers.
Two-, three-, and four-pass types are represented; and, of
course, the possible number of passes is unlimited.

Cross-counter-flow exchangers can be regarded as
compromises between the desiderata of efficiency and
ease of construction. The greater the number of passes,
the closer is the approach to counter-flow economy.

F. Multipass shell and tube

Parallel-flow and counter-flow features may be com-
bined within the same exchanger, as when tubes double
back, once or more, within a single shell; and the same
effect can be achieved, with straight tubes, by the
provision of suitably subdivided headers. The U-tube, or
�hairpin,� arrangement has the advantage of easy con-
struction because only one end of the shell needs to be
perforated, not two.

Examples of the idealized configurations are shown
in Fig. 5. Also shown in Fig. 5 are flow configurations in
which several shells are coupled together. It is, of course,
impossible to represent here all the possibilities that may
be encountered in practice or imagined, but the common
ones are described in Sec. 4.2.

G. The general case

The idealized flow configurations described above are all
particular examples of what may be called multiple
flows in interpenetrating continua, of which the char-
acteristics are as follows:

1. Several streams enter a common volume at a
number of distinct entry points, and they leave at a
number of distinct exit points.

2. Individual streams subdivide after entry, within
the volume, and reunite at their exit points.

3. The individual streams come into thermal con-

Figure 4 Schematic representations of cross-counter-flow heat exchangers.
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1.1 DESCRIPTION OF HEAT EXCHANGER TYPES / 1 .l .l Types of Flow Configuration 1.1.1-3

Figure 5 Schematic representations of flow configurations for multipass shell-and-tube heat exchangers.

T2,OUf
Tz,in

tact with one another within the heat exchanger volume,
and suffer consequential changes of temperature.

Figure 6 is a schematic representation of what is
intended for the two streams. The fluids are distributed
three-dimensionally within the space and there may be
recirculation regions in which the streamlines are closed.

T2,out t

Fl
T1.i”

T1,OUf

Figure 6 Schematic representations of the general case of inter-
penetrating continua. Only two streams are represented, and no
indication is given of solid contents such as tubes, baffles, and
so on.

H. Nonsimultaneous flow configurations:
Regenerators

In all the examples given so far, it has been implied that
the flows are steady and that both streams flow
simultaneously. Now it must be disclosed that the
implication is valid only for the class of heat exchangers
known as �recuperators.� There is another class, called
�regenerators,� for which the two streams flow alter-
nately through the same space. In regenerators, heat
transferred by one fluid to the solid walls of the ducts is
stored there, and given up to the second fluid when it in
turn flows past.

Regenerators can embody counter-flow, parallel-
flow, and cross-flow configurations, just like recupera-
tors. Thus, a simple counter-flow regenerator would be a
straight horizontal tube (Fig. 7) through which one fluid
flowed, when it flowed, from left to right; and through
which the second fluid flowed, when the first fluid was

t Tz.out t T,,out

Figure  7 Schematic representation of a regenerative heat
exchanger
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1.1.14 1.1 DESCRIPTION OF HEAT EXCHANGER TYPES / 1.1.1 Types of Flow Configuration

not flowing, from right to left. Heat transfers to and
from the tube walls would take place because of the
different inlet temperatures of the two streams. As a
consequence, the hotter stream would become cooler,
and the colder would become warmer.

Regenerators are periodic-flow devices, for it is
always arranged that the two streams alternate in
accordance with a regular and predetermined rhythm.
Figure 7 indicates how rotary valves at each end of the
tube might control the flows appropriately.

I. Conclusion

In order to predict the performance of a heat exchanger,
it is necessary to establish first, what is its flow
configuration; second, what are the rates of flow along
the prescribed paths; and third, what are the resistances
to heat transfer from one stream to another at each
point within the heat exchanger volume. The determina-

tion of the temperature distributions in the individual
streams is then a matter of mathematics.

When the configurations are simple, as are those of
Sets. B through F, and when the resistances to heat
transfer are uniform with respect to volume, it is often
possible to solve the relevant performance equations
analytically. This possibility is extensively illustrated in
sec. 1.3.

When, on the other hand, the flow configurations
are complex, as in the general case illustrated in Fig. 6,
or when the heat transfer resistances vary from place to
place, the relevant equations can be solved only by
numerical means. This matter is discussed in Sec. 1.4.

It is, of course, far from easy to know just what
values must be ascribed to the resistances under the
conditions that arise in practical heat exchangers; and
indeed they often depend on the local temperatures of
the heat exchanging fluids. Much of this handbook is
devoted to establishing formulas for the resistances.

0 1983 Hemisphere Publishing Corporation
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1.1 DESCRIPTION OF HEAT EXCHANGER TYPES 1.1.2-1

1.1.2
Types of interactions

between streams

D. Brian Spalding

A. Heat transfer

Heat transfer is an interaction that occurs between
materials by reason of the temperature difference
between them. It is the most common type of inter-
action in heat exchange equipment, and it has pride of
place in this handbook.

Heat transfer between the streams is usually
effected indirectly: the streams are separated by a solid
material, such as a metal tube wall or plate, or even a
plastic membrane, and the heat passes from the first
fluid through the solid material to the second fluid. The
consequences of the heat transfer are often local
increases in the temperature of the cooler fluid and
decreases in that of the warmer fluid; they may also
entail the change of phase of one or both fluids.

Heat transfer can also take place when the fluids are
in direct contact, for example, when one fluid is warm
water and the other is cool air. Direct-contact heat
transfer is very common when the cooling water of a
steam power station is to be cooled in its turn. The
relevant heat exchange device is then usually called a
cooling tower.

Sometimes a cloud of solid particles exchanges heat
with a stream of fluid. In a jluidized-bed heat exchanger,
a hot gas may pass upward through a dense cloud of
solid particles which, although they are in violent
motion of a semirandom character, are prevented by
gravity from rising with the gas. These particles impinge
upon, and transfer heat to, solid surfaces (for example,
cooling water tubes) that pass through the bed.

There are other ways in which heat passes first from
a fluid to a solid, and later from the solid to a second
fluid; they are mentioned in Sec. 1.1.1 H.

B. Simultaneous heat and mass transfer

The presence of direct contact permits mass transfer to
occur between the streams; this is often effected by way
of the vaporization of a part of the liquid stream or the
condensation of one component of the gaseous stream.
The first occurs in the cooling tower situation just
described; the latter occurs in some dehumidifying
equipment.

The phase change is often accompanied by
appreciable thermal effects associated with the latent
heat of phase change, and these effects may be essential
to the operation of the exchanger. This is true of the
direct-contact (or wet) cooling tower, which needs only
about one-fifth the amount of contact surface, for a
given water-cooling effect, that is needed by an ex-
changer (a dry tower) in which mass transfer is pre-
vented by the use of an indirect-contact design.

Mass transfer can occur, in a sense, in indirect-
contact exchangers. A steam condenser is such a device,
for the cooling water flows inside tubes, and the steam
condenses on the outside. Strictly speaking, however,
this is a three-fluid device; the fluids are the cooling
water, the steam (mixed with a small quantity of air),
and the condensate. The last two streams are in direct
contact.

C. The interaction coefficient

If two streams interpenetrate within the volume of a
heat exchanger, the magnitude of the interaction per
unit volume is conveniently quantified by way of a
coefficient. Thus, if heat transfer is in question, the

0 1983 Hemisphere Publishing Corporation



1 .1.2-2 1.1 DESCRIPTION OF HEAT EXCHANGER TYPES / 1.12 Types of Interactions

overall volumetn’c  heat transfer coefficient, Uvol,  may be
defined by

&,I = &IV, - 7’2) (1)

where &,, is the heat transfer rate per unit volume from
fluid 1 to fluid 2, and T1 and T2 are the local fluid
temperatures.

A corresponding expression for the overall
volumetric mass transfer coefficient, /3,,, , is

&,I = P�O&l  -x2 1 (2)

where tivol is the mass transfer rate per unit volume
from fluid 1 to fluid 2, x1 and x2 are the mass fractions
in the two fluids of whatever substance is being
transferred, and p is the reference density of the local
fluid.

The volumetric interaction coefficients U,,, and
a01 are convenient measures of the ease with which
fluid conditions are equalized within the exchanger,
especially when the interface between the two fluids is
extensive and perhaps irregular. Thus, splash-bar pack-
ings for cooling towers, and the packed beds of
gas-absorption plants, are best characterized in these
terms, and the same practice may be adopted for
finned-tube matrices.

However, it is also possible to focus attention on
the interface area itself, when this is known. Then the
corresponding superficial interaction coefficients can be
defined. This practice is more common among heat
exchanger designers; it will therefore be used pre-
dominantly below.

The relevant coefficients are the heat transfer
coefficient U, and the mass transfer coefficient 0,
without subscript. (The use of the subscript �vol�  for
volumetric coefficients could be matched by the use of
the subscript �area� for superficial coefficients; but the

latter are so widely used that the practice would be
tiresome. If �~01)�  is absent, �area� is meant.) Their
definitions are

4 = U(T, - Tz)

and

(3)

+I =P&,  -x2) (4)

where (i and &, are respectively the heat and mass
fluxes, per unit time and unit area. Obviously, if A
stands for interface area and V for exchanger volume,
and if sufficiently small elements of each are taken for
the fluxes and coefficients to be regarded as uniform,
the various quantities can be connected by

This is just a matter of definition.
In practice, the interaction coefficients are rarely

uniform throughout the heat exchanger space. This is
true whether the volumetric or the superficial quantities
are in question. Nevertheless, analysis is often simplified
by the assumption that they are uniform; and this
assumption will frequently be made below. The users of
analyses based on this assumption should always treat
their results with caution.

The interaction coefficients are discussed further in
Sets. 1.2.2 and 1.2.3. There will be introduced the
distinction between the overall heat transfer coefficient
U, defined above, and the �individual� or �ftlm�
coefficiently  (Y, which pertains to the transfer between a
fluid stream and its immediate boundary surface; and it
will also appear that, to be most useful, the overall mass
transfer coefficient is best defined rather differently
from above [see Eq. 1.2.2(12)].
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1 .l DESCRIPTION OF HEAT EXCHANGER TYPES 1.1.3-1

IA.3
Types of temperature

change pattern

D. Brian Spalding

A. Single-phase heat exchangers B. Boilers and condensers

In a large proportion of the heat exchangers encountered
in practice, each fluid stream leaves in the same phase
state as that in which it entered (a gas leaves as a gas, a
liquid as a liquid). The result is that, as heat is
transferred from the hotter fluid to the cooler one, the
former temperature diminishes while the latter rises.

In other heat exchanger types, however, especially in
boilers and condensers, the essential function is to
change the phase of one of the streams. In such cases,
the temperature change in that stream is often small
enough to be neglected.

Often the temperature change is proportional to the
heat transferred. This is the case most commonly
analyzed (see, for example, Sets. 1.3.1 and 1.5).

Figure 1 illustrates the temperature changes that
occur in the two streams along the length of heat
exchangers of counter-flow and parallel-flow configura-
tion. Evidently, it is possible in the former case for the
outlet temperature of one of the streams to approach
closely the inlet temperature of the other; the best that
can occur in the case of parallel-flow exchangers is that
the two outlet temperatures may be close together.

In the case of the boiler, the phase-changing fluid
may enter as a subcooled liquid, and subsequently rise in
temperature to its boiling point; then, throughout the
two-phase region, the temperature will vary only because
of the small difference of pressure that may prevail;
thereafter, before leaving the heat exchanger, the fluid
may become superheated. Temperature changes there-
fore do occur in the phase-changing fluid within a boiler,
but are often disregarded by the designer who wants to
employ an analytical formula that is valid only for the
case of zero change.

It is not possible to illustrate so easily the tempera-
ture distribution in heat exchangers having cross-flow
configurations, for temperature is no longer a function
of a single distance variable, even ideally.

Figure 2 illustrates the temperature distribution in a
parallel-flow steam boiler. Stream 1 represents water and
steam, which pass from the subcooled-water to the
superheated-steam states; stream 2 represents the com-
bustion gases. Practical boilers, it should be mentioned,

7

T2,out

T,,in”

counter flow
T,,in

Distance

T Parallel f low
2 .I�

T2,out
rI,O”f

Distance

Figure 1 Temperaturedistribution diagrams for counter-flow and parallel-flow heat exchangers
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1.1.3-2 1.1 DESCRIPTION OF HEAT EXCHANGER TYPES / 1 .1.3 Types of Temperature Change Pattern

�2 ,in

Tt ,in

Distance

Figure 2 Temperature-distribution diagram for a parallel-flow
boiler, producing superheated steam from subcooled water.

will have a mixture of parallel-flow, counter-flow, a n d
cross-flow features.

It is much the same for steam condensers: the
presence of air ensures that the temperature of the gas
phase does not remain uniform throughout, for it must
fall as the steam concentration (and therefore partial
pressure also) diminishes. Often, however, designers will
ignore such effects, or take account of them only
approximately. Similar problems arise in condensers for
multicomponent mixtures.

C. The general case

In general, the temperature of a fluid stream varies in a
nonlinear fashion as heat is transferred to it. Such
nonlinearities exist, as has just been explained, even in
the steam boilers and condensers where they are often
ignored. In other types of equipment, especially those
involving chemical reaction (petroleum �crackers�) or
phase-change (direct-contact cooling towers; drying
plants for textiles, paper, or foodstuffs; condensers for
multicomponent mixtures), the nonlinearities are too
significant to be ignored. Even in no-phase-change heat
exchangers the variation of specific heat with tempera-
ture (see Sec. 1.2.1) exhibited by many materials may
need to be taken into account.

Such nonlinearities, like the variations of transfer
coefficient with position in the exchanger, limit the
applicability of the analytical approach to heat transfer
design, represented by Sets. 1.3.3 and 1.5. However,
they can be handled by the numerical solution pro-
cedures described in Sec. 1.4.
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1 .l DESCRIPTION OF HEAT EXCHANGER TYPES 1.1.4-1

1.1.4
Types of interface
between streams

D. Brian Spalding

A. Introduction

The purpose of this brief section is to draw attention to
the fact that the fluid streams in a heat exchanger are
brought into contact (direct or indirect) in a wide
variety of ways. The purpose can best be met by
describing fluid-interface types briefly, and indicating
where more complete descriptions can be found.

B. Plain tubes

The most common arrangement is for one fluid to flow
within straight or curved tubes of circular cross section,
while a second fluid washes the outside of these tubes in
a longitudinal, perpendicular, or oblique direction.

The interface is thus represented by a tube wall, and
contact is indirect. The tubes may, of course, be
noncircular in cross section; often they are bent into
hairpin shapes and sometimes they take the form of
helical coils.

C. Finned tubes

Sometimes, when heat transfer is effected more easily on
the inside of the tubes than on the outside, the latter
surface is extended by the provision of fins, as illustrated
in Fig. 1. These excrescences may be integral with the
tube wall, or they may be soldered, brazed, or welded to
it; they may comprise annular disks, helical tapes, or
plane sheets aligned with the tube axis.

The presence of the fins entails that, per unit
volume of exchanger, there is more interface area

0 1983 Hemisphere 1
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Figure 1 Illustration of various kinds of externally finned
tubes.

between metal and fluid for one stream than for the
other. Occasionally it is the inside of the tube that is
provided with such fins; this is appropriate when it is the
internal heat transfer coefficient that is the lower.

The fact that the metal-fluid interface area per unit
volume is different for each fluid renders it necessary to
specify precisely which area is in question when a heat
flux per unit area, or a superficial interaction coefficient,
is being employed. The problem is avoided, of course, if
volumetric equivalents are used; in this connection, it is
useful to distinguish the problem of specifying the
surface area per unit volume from that of measuring it.
In a sense, the former is both easier and more important;
for it does not matter precisely what the interface area
per unit volume actually is, provided that a definite
value is ascribed, and used consistently, when it is the
heat transfer rate per unit volume that is measured.
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1 .1.4-2 1.1 DESCRIPTION OF HEAT EXCHANGER TYPES / 1.1.4 Types of Interface between Streams

D. Matrix arrangements

The ingenuity of designers has been widely employed in
devising economical ways in which the amount of
interfacial area can be increased so that the volumetric
interaction coefficients are high. Configurations devised
with this intention, and departing significantly from the
plain-tube or finned-tube types, are commonly called
heat exchange matrices.

The integrated blocks of tubes and fins found in
automobile radiators and in air conditioning devices are
familiar examples.

E.

Two examples have already been mentioned (in Sets.
1.1.2C and 1.1.3B,  of direct contact between a stream of
gas on the one hand and, on the other, a film of liquid
that runs over the surface of a solid. There are more
examples to be found in engineering practice, such as the
gas-absorption tower in which the liquid solvent is
caused to flow downward in an irregularly configured
film, over the surfaces of some packing of Raschig rings,
saddles, or even fragments of stone, while a gaseous
mixture, from which one component has to be removed
by dissolution in the liquid, flows upward through the
interstices.

Another example is found in cooling towers for
power stations, in which the water to be cooled may
flow downward over the surface of corrugated asbestos
sheets, similar in type to those used for roofing (Fig. 2).
Air flowing upward in the spaces between these sheets
becomes heated and absorbs water vapor at the same
time.

F. Sprays

It is perhaps rare that, in film-type contact devices, the
liquid adheres always to the solid surface: some droplets
are inevitably formed when the gas velocity is large.
There exist also heat and mass exchange devices in which

Tube

Air

Figure 2 Illustration of the downward flow of a liquid film and
the upward flow of air in the corrugated asbestos (roofing sheet)
packing of a direct-contact cooling tower for a power station.

a major part of the interaction takes place while the
droplets, formed by means of a sprayer, are falling freely
through the gaseous phase.

Equipment of this kind includes desuperheaters in
steam power plants, humidifiers in air conditioning
practice, devices for the production of powdered milk,
and numerous other types of apparatus. Even furnaces
and engine combustion chambers fall into this category,
for the fuel is often injected as a spray of droplets that
must vaporize before it can burn.

G. Scraped surfaces

Only for fluids of low viscosity is it practicable to bring
about fdmwise flow, at an economically satisfactory
rate, while relying only on gravitational and fluid-
friction processes. If fdmwise behavior is required of a
high-viscosity fluid, it is necessary to use some special
means for forming and maintaining a thin film.

Scraping devices are used for this purpose. These
involve the introduction and operation of a powered
mechanical system.
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1.1.5
Types of heat exchange

equipment

D. Brian Spalding

A. Introduction

The role of Sec. 1.1, as a whole, is to introduce heat
exchange equipment by way of a series of classifications,
each from a different point of view. In this section, this
purpose is prosecuted further by enumerating heat
exchanger types, mainly from the viewpoints of function
and construction. This section gives the names of the
main types and highlights their special features.

B. Shell-and-tube no-phase-change
heat exchangers

Most �unfired� heat exchangers, operating with fluids
that do not change phase, are of baffled shell-and-tube
design, by which is meant that one of the fluids flows
within straight or hairpin-bent tubes, whereas the other
flow between and around those tubes, within an
ah-confining shell, being guided in its path by baffles.
These baffles serve to hold the tubes apart, so that the
shell-side fluid can flow between them; they also control
the path of that fluid to some extent.

Many different designs are used; the choice depends
on the relative importance, for the fluids and the
application in question, of such factors as the following:

Capital (construction) cost
Running (especially pumping) cost
Cleanabiht  y
Tendency to corrosion
Pressure differences to be sustained
Dangers associated with leakage

Temperature range, and liability to thermal stress
Tendency to tube vibration and subsequent fatique

The designs differ in the following ways, among
others:

The tube-side fluid may be constrained to pass
through the shell once only, or two or more times.

When there are many passes, the tube-side fluid may
be �turned around� by the hairpinlike nature of the
tubes; or it may enter headers, at either end of the shell,
that receive fluid from one set of tubes and deliver it to
another set.

The tubes entering the headers may be fmed to the
tube plates that separate their contents from the shell in
various ways-for example, by welding.

The headers themselves may be welded to the shell,
or they may be permitted to slide relative to it in
response to thermal expansion.

The shell may be provided with removable openings
to permit inspection and/or cleaning of either the inside
or outside of the tubes.

The baffles may be of various shapes, and they may
be few or many in number.

The shell-side fluid may enter or leave through one
or more apertures.

How the design features connect with the perform-
ance features is described elsewhere in this handbook.
For the purposes of the present discussion, the most
important features are those that affect the flow
configuration, namely, the number of passes of the
tube side fluid and the extent to which the baffling of
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1.1.5-2 1 .l DESCRIPTION OF HEAT EXCHANGER TYPES / 1.1.5 Types of Heat Exchange Equipment

the shell causes the shell-side fluid to be well mixed over
the cross section.

Not all no-phase-change heat exchangers are of
shell-and-tube type. An alternative construction involves
the provision of more-or-less flat plates, by which the
two fluids are separated and through which the heat is
transferred. Such plate heat exchangers are used when
the pressure difference between the two streams is not
excessive, and when easy cleanability is desired. They are
often employed in the food and pharmaceutical indus-
tries.

C. Evaporators, boilers, and reboilers

When the function of the heat exchanger is to cause one
of the fluid streams to change from the liquid to the
vapor phase, it is common for a modified shell-and-tube
construction to be employed. Compared with the
no-phase-change equipment discussed in Sec. B, vapor-
producing heat exchangers are usually supplied with
enlarged spaces within which separation of the vapor
from the liquid can occur.

When the vapor is formed in the tube-side fluid,
these phase-separation spaces are either enlarged upper-
level headers, or else they are additional vessels con-
nected with the headers. When it is the shell-side fluid
that is evaporated, the shell may be provided with a
tube-free region, possibly of enlarged diameter; but there
ae many variants, with the shell vertical or horizontal,
and with or without provision of external �down-
comers,� permitting liquid to recirculate to the bottom
of the shell. Tube-side evaporators also often allow for
such a recirculation, which may be either natural (i.e.,
driven by gravity) or assisted (e.g., by a pump).

D. Condensers

Gravitational separation of liquid and vapor also plays an
important part in the functioning of condensers, of
which many designs exist, their nature determined
largely by the ratio of the condensed to the uncon-
densed components in the fluid stream being cooled.

Even when the cooled stream is nominally wholly
condensible, as is true of stream condensers for power
stations, inward leakage of air may make it necessary to
extract some uncondensed fluid, and the flow velocities
must be such that the upward flow of air will not entrain
any of the (nominally) downward-flowing water. This
requirement is met by the provision of lanes between
banks of tubes; and baffles are employed to ensure that
there is not short-circuiting from the steam inlet to the
air outlet.

In power station condensers, the steam is usually on

the shell side, and the cooling water runs through
horizontal tubes. In the process industry, tube-side
condensation is common, and, in those circumstances,
the tubes are usually vertical.

E. Cooling towers

Cooling water passing through the condenser of a power
station, or used in a chemical plant, often has to be
cooled, in its turn, by contact with the atmosphere.
Devices for effecting this are called cooling towers. They
may be broadly classified by reference to:

Whether contact between the water and the air is
direct or indirect; and

Whether the circulation of the air is procured by
gravitational or mechanical effects.

The smallest running cost is provided by gravi-
tationally actuated, that is, natural-draft, cooling
towers. These consist of tall chimneys, open at the base
to atmospheric air, which is drawn in past heat exchange
surfaces situated near the opening. The taller the
chimney, the larger the air flow; but capital cost
increases as a consequence, so that an economic
optimum height exists.

Mechanical-draft cooling towers are shorter and
therefore cheaper to build, but the fans in them, which
cause the air to circulate, absorb appreciable quantities
of electrical power. Once again, an optimum must be
sought.

When water is not in short supply, so that the
inevitable vaporization loss can be tolerated, and when
the resulting pollution of the atmosphere by moisture
can be tolerated, the air is allowed to make direct
contact with the water. The reasons are that the
latent-heat-of-vaporization effect enlarges the cooling
capacity of a given quantity of air; and that, for
natural-draft towers, the low molecular weight of
steam increases the buoyancy of the air in the chimney.
Direct-contact heat transfer is common in both
mechanical- and natural-draft equipment.

Indirect-contact cooling towers, as the name
implies, provide that the cooling water is separated from
the air by a solid barrier, usually the wall of a metal
tube. The tube wall is often provided with fins on the air
side to facilitate heat transfer. Such indirect-contact
towers (often called dry, as opposed to wet direct-
contact ones) are expensive to construct but they do
prevent loss of water to the atmosphere.

The foregoing classification fails to cover all types;
for example there now exist wet-dry towers and some
designs employ both gravitational and mechanical
effects.
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F. Drying plant G. Furnaces

In some heat exchangers, vaporization of water (or some
other liquid) is desired. Evaporators, mentioned above,
serve this purpose, as do dryers, in which a solid material
enters with a high moisture content and should leave
with a lower one as a consequence of interactions with a
second stream of fluid.

Drying equipment varies very much in its configura-
tion and mode of operation, depending on the material
to be dried. Thus, milk powder may be manufactured by
spraying milk into hot gases resulting from combustion
of a fuel; paper is dried by being conveyed over the
surface of a steam-heated rotating drum while air is
blown over it; textiles are dried by being exposed to an
array of steam or air jets while being drawn along a
conveyor track, and so on.

The use of the combustion products of a fuel and air as
one of the streams in a heat exchanger has been
mentioned on more than one occasion. When the
combustion of the fuel takes place inside the heat
exchanger, rather than in an external combustion
chamber (as in a gas turbine plant), the equipment may
be called a furnace or fired heater.

Heat exchangers of this type take many forms,
depending on the nature of the fuel (gaseous, liquid, or
solid); the material to be heated (which may be oil in
tubes lining the furnace wall, or a pool of molten iron,
or a stack of solid clayware  articles); and the magnitude
of the throughput that must be achieved. Apart from
stressing the importance of radiative transport of heat,
there is little of general character that may be said.

I
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1.1 DESCRIPTION OF HEAT EXCHANGER TYPES 1.1.6-1

1.1.6
Unsteady operation

D. Brian Spalding

A. Transient behavior of steady-state
heat exchangers

Although not emphasized, it has been implied above,
and is true, that all the heat exchangers mentioned in
Sec. 1.1.5 are designed for steady-state operation.
However, every heat exchanger operation must have a
beginning and an end, and the requirements of industrial
use necessitate changes from one steady state to another.
Each such change occupies a finite amount of time, and
it may be that the sum of the transitional periods forms
an appreciable fraction of the whole time of operation
of the heat exchanger.

This is one reason why the quantitative study of the
unsteady behavior of heat exchangers is often desirable,
for performance predicted solely on the basis of a
succession of steady states may be considerably at
variance with reality.

There is another reason: sometimes the start-up and
shut-down performance of a heat exchanger has implica-
tions for the safety of a plant, especially when the
transient is unexpected, resulting perhaps from a power
failure. Thus, thermal stresses may result from rapid
changes of temperature and water hammer effects,
associated with the sudden stopping of slugs of liquid,
can cause fractures of pipes and fittings.

B. Periodically operating heat exchangers
(regenerators)

Some heat exchangers are essentially unsteady in opera-
tion. They are of the kind known as regenerators, and

their characteristic feature is that the fluids that are
exchanging heat occupy the same space, in repeated
succession; this was mentioned in Sec. 1. l.lH.

A typical example of a regenerator is that of an
industrial furnace in which a pool of molten glass is
heated by a flame playing over its surface. The task of
the regenerator is to preheat the combustion air by
extraction of heat from the combustion products. This is
effected by passing air and combustion products, in
turn, through the same labyrinth of bricks. When the
combustion gases pass through, the bricks are heated and
the gases cooled; when the air passes through in its turn,
the air is heated and the bricks are cooled. This sequence
of events recurs periodically.

In order that the supply of air to the furnace can be
continuous, there are normally at least two regenerators
for each furnace; the air is switched from the one to the
other by a periodically actuated valve, and the combus-
tion gases flow into the one that is not being used to
heat air.

Regenerators are of two main types. In one, such as
the example just given, the solid heat transferring
material is futed; in the other, the solid material rotates
continuously past ports from which hotter and colder
fluids are alternately admitted.
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS 1.2.0-I

1.2.0
Structure of the section

D. Brian Spalding

n Whereas Sec. 1.1 has been concerned with qualita-
tive descriptions, the concern of Sec. 1.2 is with
quantitative concepts needed for the design of heat
exchanger equipment.

Section 1.2.1 reviews the relevant concepts from the
subject of thermodynamics. The treatment of the
various topics should be adequate for most purposes;
however, readers who are concerned with, say, nonideal
mixtures will have to turn to specialist works for further
explanations.

Section 1.2.2 introduces and defines the important
notions of interphase heat flux and mass flux, and of the
interaction coefficients between the phases. Although
the relationships between heat flux and temperature
difference, and between mass flux and concentration
difference, are rarely quite linear, it is still useful to
divide the one by the other and to give the resulting
coefficients prominence in the resulting relationships.

The designer needs to ascribe values to the coeffi-
cients that must be used; and, since their values depend
on local fluid velocities, properties, and geometric
factors, the designer needs to know the formulas that
describe these relationships. Although such formulas are
provided, for particular situations described in other
parts of this handbook it is necessary to introduce here

the terms in which such relationships can be described.
This involves, in particular, the definition of the widely
used dimensionless groups, such as the Nusselt and
Stanton numbers. Some of the more common formulas
are also presented by way of example.

Section 1.2.4 applies the conservation equations of
mass and energy to complete heat exchanger equipment;
the relationships generated form part of the mathe-
matical foundation of heat exchanger theory. Section
1.2.5 applies the equations to cross sections of the
equipment, thereby generating the ordinary differential
equations that must be solved when the performance of
a heat exchanger is to be predicted by conventional
means.

Section 1.2.6 goes further; it applies the conserva-
tion equations to infinitesimal volume elements of the
equipment. The result is the set of partial differential
equations that must be solved when a more thorough
analysis of heat exchangers is made, that is, one that is
free from assumptions about the distributions of fluid
temperature and velocity across a section through the
equipment. These differential equations are the founda-
tion of the numerical approach to heat exchanger
analysis discussed in Sec. 1.4.
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS 1.2.1-l

1.2.1
Thermodynamics: Brief notes

on important concepts

D. Brian Spalding

A. Temperature

For present purposes, temperature is that property of
matter, differences of which are cause of heat transfer. It
is an intensive property. Its symbol in this book is T, and
it is measured in kelvins (K) or degrees Celsius (�C).

B. Specific internal energy

The specific internal energy u of a material is the
extensive property which changes as a consequence of
heat and work transfers in accordance with the linear
relationship

MAu=Q-W (1)

where M stands for the mass of the material, A signifies
�increase of,� Q is the symbol for the heat transferred to
the material, and W is the external work done by it
during the transaction. The units of u are joules per
kilogram (J/kg).

C. Specific enthalpy

The specific enthalpy h of a material is the extensive
property that is related to the specific internal energy U,
to the pressure p, and the density p by the relationship:

h=u+!!
P

(2)

Like U, h is usually a function of two variables, for
example, pressure and temperature; its units are joules
per kilogram (J/kg).

Pressure is here understood as the force that the
material exerts on its surroundings, normal to its surface,
per unit area of that surface; its units are newtons per
square meter (N/m�). Density is the mass of the material
per unit volume; its units are kilograms per cubic meter
(k/m3 >-

Specific enthalpy is of particular importance in heat
exchanger practice because it enters the steady-flow
energy equation

where i stands for the mass rate of flow (kg/s), A again
stands for �increase of,� (h + u2 /2 + g,z)  is the sum of
the enthalpy, the kinetic energy, and the gravitational
potential energy, Q is the rate of heat transfer into the
region under study, and @, is the �shaft work,� that is,
the work transmitted to the outside, as by the shaft of a
turbine. In many heat exchanger circumstances, the only
terms of importance in this equation are M, Ah, and Q.

D. Quality

In a two-phase mixture, for example, of steam and
water, the �quality� x is the mass of fluid, per unit mass
of mixture, that is in the vapor phase; its units are
kilograms per kilogram (kg/kg), and its value must
always lie in the range 0.0-l .O.

The specific enthalpy of a two-phase mixture is
related to the specific enthalpies of the saturated liquid
and vapor, hl and h,, respectively, by

h=h[(l-x)+h,x (4)
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1.2.1-2 1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.1 Thermodynamics

A similar relationship holds for the reciprocals of the
densities,

I l - x  +A-rr-
P PI Pg

(5)

where PI and pg are the densities of the saturated liquid
and vapor, respectively. As a consequence, h and p may
be connected by

x _ h-4 _ UP- UPI

h‘?  -4 ‘IPg - IlPl
(6)

This relationship is useful in the design of boilers. Note
that x has just been defined in terms of the quantities of
the two phases that are present in a defined volume of
space, but another definition is sometimes used that
relates to flow rate ratios. Consider a two-phase mixture
flowing in a duct, and suppose that the mass flow rate of
liquid is IV& whereas that of gas is Mg; then the flow
quality x is defined by

XE n;r,

nil +ni,
(7)

where X and x will have the same value only when the
two phases are flowing at the same velocity. This
sometimes occurs in practice, for example, when the
subdivision of one phase and its dispersion in the other
are on a very fine scale; but it is exceptional.

In some parts of the two-phase-flow literature, the
term �quality� is used where �flow quality� is meant.
The reader is advised to check what definition is implied
in every particular case.

E. Mass fraction

The composition of mixtures of materials having differ-
ent chemical natures may be described in many ways.
The most convenient for heat exchanger purposes is by
reference to the mass fractions xi of the various
components. These are defined by the statement that xi
stands for the mass of species i per unit mass of
mixtures; its units are kilograms per kilogram (kg/kg).

An implication of the definition is that the sum of
all xi)s equals unity. Thus,

c Xi = 1 (8)
all i

The specific enthalpy of a mixture, it is useful to
mention, is sometimes given accurately enough for
purposes of heat exchanger design by the relationship

h= 1 Xihi (9)
all i

where hi is the specific enthalpy of species i at its

prevailing partial pressure. This is true of ideal mixtures,
for example, mixtures of permanent gases at pressures
well below the critical pressure. However, in the most
general case, the relationship of h to Xi is nonlinear. The
reader must turn to specialized works for advice.

F. Specific heat capacities

It is not the purpose of this handbook to supply all the
knowledge of thermodynamics that a heat exchanger
designer will need, but rather to refresh the designer�s
memory about the most commonly needed concepts. In
relation to specific heat capacities at constant volume
and constant pressure, therefore, it suffices to give their
definitions and to indicate that they can often be
regarded as constants for the material.

The definitions of the two specific heat capacities
are, respectively,

au
&= cl0
and

(10)

(11)

where the right-hand sides denote differentiation with
respect to temperature, with u or p being held constant
when the differentiated quantity is u or h, respectively.

In general, c, and cp for any particular substance
are functions of temperature and pressure. However,
they are often slowly varying properties and, over the
range of temperatures likely to be encountered in a heat
exchanger, the variations can frequently be neglected.
This is the practice that is followed throughout most of
this handbook.

A consequence is that it is possible to represent the
specific enthalpy of a single-phase material by the
relationship

h = cp(T- To) (12)

where TO is an arbitrarily chosen base temperature.
For an ideal mixture, the specific enthalpy can be

correspondingly written as

h=z xicp,iu- To,J
all i

(13)

where Cp,  i and To,i are the cp and To of species i.
This is a useful working approximation for nonideal

mixtures also, but of course the problem of ascribing a
value to the cp,is has to be solved.

Sometimes it is useful, for a material of which the
specific heat varies with temperature, to define the
average specific heat, Cp, r2, by

o 1983 Hemisphere Publishing Corporationr 7KML A



1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.1 Thermodynamics 1.2.1-3

/

T2 cp dT
T,

h2 s T, VT,

which has of course the same meaning as

= hz -h,
ch1,2  - T, _ T,

(14)

Because steady flows, to which cp is more relevant than
C are so prevalent in heat exchanger practice, the
&bol c is sometimes used without subscript, to stand
for the constant-pressure specific heat capacity, cp.

G. Interphase equilibrium

In all practical heat exchanger situations, the fluids
immediately on either side of an interface between a
liquid and a vapor, or between two liquids, can almost
always be taken as being in thermodynamic equilibrium,
even though fluxes of heat and matter across the
interface are in progress. The reason is that although the
finite fluxes must entail some departures from equi-
librium, the actual magnitudes of these are often
negligibly small. The only exceptions to this rule would
occur at very low pressures (far below those prevailing,
for example, in any steam condenser), in condensation
of liquid metals, and in fast transients.

Consequences of the existence of equilibrium are
that (1) the temperatures of the gas and liquid immedi-
ately on either side of the interface are equal, and (2)
the mass fractions of a given species of the mixture on
either side of the interface are related to each other, and
to the temperature and pressure, in a known way. Thus,

Xi,g =Xi,gfXi,l,  P, T) (16)

where xi,s and Xi,/  are respectively the gas- and
liquid-side mass fractions of species i, and p and T are
respectively the pressure and temperature.

An example of special importance is that of the
mass fraction of steam in air, adjacent to a body of pure
water, as illustrated in Fig. 1. Since, for the water, xi,l
equals 1 .O by definition, the relationship is

xH,o,g = xH,o,gtn,  T+ (17)

To be more specific, Eq. (17) may be rewritten, with the
presumption that the molecular weights of steam and air
are 18.0 and 29.0, respectively, as

29.0 p 11.0 -�
xH,O,g  = - � - - -

18.0 PH,O 18.0 >
(18)

where pH,O stands for the partial pressure of water
vapor in contact with liquid water at the prevailing
temperature, and is obtainable from steam tables.

1.0 -

0.0
Liquid *------+  Gas

Distance

Figure 1 Distributions of T and xH,O along  a normal to the
interface between water (on the left) and air (on the right).

When &,O equals p, XH,O,g  equals unity, for here
the temperature equals the boiling point. For all lower
values OfPH,O,  xH,O,g is less than unity. Equation (18),
together with the &,O x T relationship from steam
tables, is needed for the design of direct-contact cooling
towers, of drying plants, and of steam condensers.

H. Conservation laws

The steady-flow energy equation, in the form relevant to
heat exchangers, has already been cited as Eq. (3). There
is a corresponding equation for the conservation of a
chemical species i:

A(&fxi)  = tij (19)

where 2 stands, as before, for the total mass flow rate in
the stream, summed for all species, and 6fi stands for the
mass transfer rate of species i into the stream; it is
presumed, in this relationship, that all components of
the mixture travel at the same velocity, that is, that axial
diffusion is absent. In contrast to Eq. (3), Eq. (19) has
the k inside the bracket on which A operates; for $f
varies as a result of the mass transfer, as a rule. Indeed,
there exists an equation for the conservation of total
mass:

(20)

These conservation laws, coupled with equations for the
heat and mass fluxes, are the foundation of the theory
of heat exchangers.

It should be noted that h and x were first defined as
local values and then used, in Eqs. (3) and (19), as values
representative of a stream in a duct. Since h and x are
often not uniform across such a stream, the h and x used
in the two cited equations are, strictly speaking, flow
average quantities.

Nomenclature for  Section 1.2.1 appears at the end of Section 1.4.3.
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS 1.2.2-l

4.2.2
Flux relationships

D. Brian Spalding

A. Individual and overall heat
transfer coefficients

Equa t ion  1.1.2(3)  is repeated here, by way of a
reminder:

4 = U(T, -T*) (1)

where (i is the heat flux from stream 1 to stream 2,
having cross-sectional average temperatures T1 and T2,
per unit area of interface, and U is the overall heat
transfer coefficient.

It is now time to raise and answer the questions of
what precisely is meant by the interface area, and what
is the relation of U to the individual resistances to heat
transfer represented by the solid wall (if it exists)

separating the two fluids, the deposits of dirt that may
cling to the surfaces of the wall, and the low-velocity
fluid �films� that adjoin those deposits or, if they are
absent, the wall itself.

Figure 1 illustrates the temperature profile dis-
continuities of slope at locations a (inner surface of
inner deposit), b (outer surface of inner deposit and
inner surface of tube wall), c (outer surface of tube wall
and inner surface of outer deposit), and d (outer surface
of outer deposit). It can also be seen that the fluid
temperatures lie both above and below T1 and T2, for
these are defined as flow averages, that is, averages for
the duct cross sections in which each element of area is
weighted by the specific heat c times the local mass flow
rate pu. Thus,

,T

Figure 1 Illustration of the temperature distribution in the neighborhood of a tube wall, with dirt deposits on its inner
and outer surfaces, across which heat is transferred from an inner fluid at bulk temperature T, to an outer fluid at bulk
temperature T2.
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T
1 Of 2

(2)

where the averages are taken over the whole of the cross
section of the ducts in question.

Let 01, and adz now represent the film heat
transfer coefficients on the inside and outside of the
tube, respectively; let (Y& and CY~  represent heat transfer
coefficients for the two dirt deposits; and let (Ybc
represent the heat transfer coefficient for the tube wall
itself. olQ and od2 will have to be obtained from one of
the �correlations� discussed later; and CQ, (Ybc,  and cwd
will all be related to the�relevant material thicknesses 6
and thermal conductivities h by

hbc‘kbc =-
&bc

bcud =-
6cd

(5)

Each heat transfer coefficient, to be meaningful,
must be associated with an area A. When this is done,
the fact that the heat flow through all the elements in
question is the same leads to

U-W, - 7�2) = G~AIATI  - To)

= LYabAabtTa  - Tb)

= abcAbc(Tb - Tc)

= %Axi(Tc  - Td)

= adzAdz @d - T2 1

(6)

Here A&, Ab,-,  Acd can most appropriately be taken
as the arithmetic means of the inner and outer surface
areas of the materials in question; and A,, and Ad2 are
best taken as the surface areas pertaining to locations a
and d, respectively. The area A without subscript,
associated with U, requires arbitrary definition; it can be
set equal to any of the other areas, for example.

Elimination of T,, Tb, T,, and Td now leads to the
following important connection between the overall
coefficient U and the individual coefficients ol, etc.:

-1
(7)

Evidently, the relationships is best understood as imply-
ing that the reciprocal of (IA  is the overall resistance to
heat transfer, and that this is equal to the sum of the
individual resistances (alaA 1,)-’ , (q,A,b)-�  , and so on.

In the case of heat transfer across a plane wall, all
the areas take identical values. Then Eq. (7) reduces to

-lu = (f-3)

This equation is also often used for tubular heat ,transfer
surfaces, by the device of arbitrarily selecting one of the
areas, for example, A,, as the reference area in all the
transfer coefficient definitions.

B. Individual and overall mass
transfer coefficients

Although the mass transfer coefficient 0 was introduced
in Eq. 1.1.2(4)  in association with U, the overall heat
transfer coefficient, the reasonable presumption that /I
too is an overall coefficient was not there disclaimed;it
is time now to disclaim it. The reason is that, although it
is possible to treat /I as an overall coefficient, it is rarely
useful to do so because of the different roles of
concentration in the two phases that the interface
usually separates.+

As a rule, when mass transfer occurs across a phase
interface, there are only two resistances to consider: that
opposing diffusion between the bulk of the first phase
and the interface, and that opposing further diffusion
from the interface onward to the bulk of the second
phase.

For the sake of concreteness, let the first phase be a
gas and the second a liquid, and let attention be focused
on the transfer rate per unit area of the ith component
of the mixture, tii. This quantity can be related to
gas-side and liquid-side coefficients, /3i,g and Pi,l,  respec-
tively, thus:

& = Pi,, P&i, 1 - xi,g) (9)

~i=Pi,lPl(Xi,l-xi,2) (10)

Here xi,g and Xi,/  are, respectively, the mass
fractions of component i in the gas and liquid phases
immediately adjacent to the phase interface; Xi.1  and
xi,2 are of course the flow average mass fractions of the
two streams; pg and p/ are the densities of the two
phases at interface conditions.

To proceed further, one must introduce a term,
sometimes called the Henry number, He, for the ratio of
gas-side to liquid-side mass fraction in thermodynamic
equilibrium:

+If two gas-phase streams, for example, were separated by a
porous metal wall, and some component of the gaseous mixture
were to diffuse from one stream to the other, there would be an
exact parallelism with heat transfer, and the notion of an overall
coefficient as the reciprocal of the sum of individual coefficients
would be useful. However, this situation rarely arises.
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With the aid of this quantity, both Xi,g and Xi,/  can be
eliminated from Eqs. (9) and (10). The result is#ii
xi. 1 - He Xi,2 (12)

The expression on the right can obviously be
regarded as a kind of overall mass transfer coefficient;
but it is worth noting that to yield the mass transfer
rate, it must be multiplied not by (xi, r - xi,2 ) but by
(Xi, r - He Xi,,);  SO it is not the overall coefficient that
was in mind when Eq. 1.1.2(4)  was introduced.

Fortunately, in many problems it is the gas-side
resistance alone that is important. There is therefore no
need to puruse the matter further here.

C. Simultaneous heat and mass transfer

In the remainder of this section, attention is confined to
the air-steam-water system. The problem considered is
how one can calculate the heat transfer rate when both
heat transfer and mass transfer take place simultaneously
at the air-water interface.

The general answer is that it is necessary to solve
simultaneously the equations governing:

Liquid-side heat transfer
Gas-side heat transfer
Gas-side mass transfer
The equilibrium composition on the gas side of the

interface
The energy equation accounting for the latent heat

of vaporization

These five equations permit the following five
unknowns to be determined:

(ir, the liquid-side flux
&, the gas-side heat flux
ti~*o, the vaporization (or condensation) rate
x~,~,~, the gas-side mass fraction+ of steam at the

interface
Tg,l,  the temperature at the interface

tIn the present work, the concentration variable xH,O
represents the mass of water vapor per unit mass of mixture.
However, it is also common to represent the composition in
terms of the ratio of the mass of H,O to the mass of air (often
called dry air). The advantage of so doing is that, for practical
purposes (air being scarcely soluble in liquid water), the
reference mass is often a constant, whereas the total mass of
vapor-phase mixture, flowing in a cooling tower for example,
varies with its moisture content. For the same reason, the
specific enthalpy is also presented, in specialist publications, in
terms of joules per kilogram of dry air. This practice is not
adopted in Part 1 of this handbook because the advantage does

This matter is discussed at length in [l], where an
account will also be found of the simplified treatment
that now follows. The essential points to note are the
following:

1. The water-side heat transfer coefficient is
ordinarily much greater than the gas-side coefficient in
cooling tower and drying plant situations, and so exerts
little resistance to the transfer process.

2. It is the heat transfer rate to (or from) the liquid,
4r, which is of major interest.

3. By a fortunate accident, if the specific enthalpies
of both air and water are defined to be zero for O�C,  the
equations reduce to

46 =PgPg@1 -h2) (13)

where hr is the specific enthalpy of the bulk of the air
stream and h2 is the specific enthalpy of air saturated
with water vapor at the temperature of the bulk of the
water stream, T2.

4. The expression for h, is

hr = [Cl -XH,O,l)Cp,air +XH20,1Cp6maml(T1  - ToI

+ xH,O,l  Aho (14)

where To is 0°C and Ah0  is the latent heat of
vaporization of steam at that temperature.

The expression for h2, on the other hand, is
correspondingly

h2 = [O -XH,O,sat,2)cp,air  +XH,0,sat,2Cp,steaml

x 0�2  - To) + XH,O,sat,Z  uo (1%

where XH,0,at,2  is the mass fraction of steam in
saturated air at T2.

5. The value of fiRpI:  is equal to the value of

ffglcp ,air .
Consideration of Eqs. (13)-(15)  shows that the heat

transfer rate to the water increases with both the
temperature and the steam content of the air, and it is
therefore not zero when the temperatures of the two
phases are equal.

The first recognition of the approximate validity of
the equations for air and water under near-atmospheric
conditions appears to have been made by Merkel [2].

D. General remarks

The concepts of the heat transfer and mass transfer
coefficients are so convenient, and so reminiscent of
electrical circuit theory, that there is some danger that
their validity may be presumed to be unlimited. A few
remarks on their limitations are therefore in order.

not justify the departure from standard thermodynamic conven-
tions. However, the reader of specialized works is warned to take
careful note of the units employed.
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First, it must be pointed out that the equations of
Sec. C already indicate a kind of breakdown of the heat
transfer coefficient concept, for the heat flux (to the
liquid) is not proportional to the temperature difference
alone. Other examples could be found, for example,
those involving chemical reaction rather than phase
change.

Second, the values of the coefficients are by no
means independent of the ,values of the property
differences that multiply them. In the case of heat
transfer by natural convection, it is well known that the
coefficient increases with the imposed temperature
difference. In the case of mass transfer, there are further
nonlinearities, which are discussed extensively in [l] .

Third, there are circumstances in which nonuni-
formities of temperature or concentration along the
interface are so steep as to affect the values of the
transfer coefficients, and even to change their sign. In
these circumstances, it is best to work with the fluxes
and property differences directly, avoiding all reference
to coefficients.

Fourth, and the last remark notwithstanding, it is
useful to generalize the transfer coefficient concept by
way of the definition of a conductance, gO, which enters
the following relationships:

62 -@4#l (16)

(17)

Here B, is a dimensionless �driving force� for mass
transfer, and $I is a conserved property of the fluid,
either concentration or specific enthalpy. The subscripts
b, i, and t stand, respectively, for bulk of fluid stream;
interface on the stream side; and transferred substance.
Here tin is defined as positive when the mass transfer is
directed from the interface into the bulk of the fluid.

The full implications of Eqs. (16) and (17) are

explained in [l] , but the following notes suffice for
present purposes:

g+ has the units kg/m2 s.
g$ may be identified, in simple heat transfer

circumstances, as o/cP, with $ identified as h, and 4 as
&z/(hi - ht).

gG may be identified as &pi,  with $ standing for xi,
when the values of xi are much smaller than unity, that
is, the mixtures are dilute.

In many circumstances it is advantageous to think in
terms of gG rather than of 01 or 0, because g0 can be
readily given a physical significance as the Reynolds
flux, and because it can often be given an approximate
numerical value with little labor of computation.

The Reynolds flux is the mass of material from the
bulk of the stream, per unit interface area and time,
which, if it were brought into equilibrium with the
interface, would effect the transfer of heat and mass that
actually occurs. It is just such a bringing-into-equilibrium
with respect to velocity, temperature, and concentration
that is envisaged in the thinking that leads to the
well-known Reynolds analogy.

Another significance of g@ is that it is equal to the
exchange coefficient of entity @ divided by the thickness
of a stagnant film of fluid that exerts the major
resistance to heat and mass transfer; the exchange
coefficient is equal to the diffusion coefficient times the
density when r$ stands for concentration, and to the
thermal conductivity divided by the specific heat when $
stands for enthalpy. The notion of the stagnant film is
the conceptual foundation of many treatments of mass
transfer in chemical engineering texts, and indeed it has
great physical appeal. The phenomenon of diffusion
through a stagnant film, in this context, is sometimes
called a Stefan flow.

Nomenclature and References for Section 1.2.2  appear at the end of Section 1.4.3.
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS 1.2.3-1

1.2.3
Transfer coefficient dependences

D. Brian Spalding

A. Introduction

Whether in terms of cy, /3, or g,+, a major part of the
analyst�s concern is with ascribing numerical values to the
interaction coefficients. These depend on the properties
of the fluid, on the velocity of flow over the surface, on
the shape and size of the interface, and on other factors.

What is derived is a formula, or set of formulas, of
the kind

CY = @, L, q,, P, u, 17, AT, . . .+ (1)

where of. . .) represents �o  as a function of. . . ,�  and
the quantities in the bracket represent all those expected
to influence the value of (Y, namely, the thermal
conductivity, a linear dimension, the specific heat, the
density, the velocity, the viscosity, the temperature
difference, and so on.

Such formulas exist, although not yet in sufficient
measure, and they are usually expressed, for compact-
ness and for maximum generality, in terms of dimension-
less quantities such as the Stanton or Reynolds numbers.
Therefore, in order to facilitate the presentation of the
formulas, the next few sections are devoted to introduc-
ing and discussing the more important of these quantities.

B. Stanton number?

The Stanton number is the ratio of the conductance to
the mass velocity of the stream. Thus, in terms of the
general conductance gO, the definition is

fin French literature, the Margoulis  number is used for what
is here called the Stanton number.

St, z !Q
ni (2)

where ti is the mass velocity of the stream flowing over
the surface (i.e., the product of the density p and the
velocity v), and St is the Stanton number related to
property $J.

Usually the Stanton number is connected with heat
transfer alone. Then the definition can be regarded as
implying that

St = z- (3)
CPrn

which is the conventional relation.
In practice, Stanton numbers often lie in the range

0.001-0.01. They have the significance of the ratio of
the Reynolds flux to the mass flux of the mainstream.

A remark that must be made about all the dimen-
sionless quantities that will be introduced is that when
the properties of the fluid vary within the field, it is not
enough to refer to the specific heat cP; one must
add, for example, �evaluated at the bulk field condi-
tion.

Indeed, it is not sufficient to refer to the mass
velocity of the stream without qualification: one could
have in mind, for example, the total mass flowing in a
duct divided by the cross-sectional area of the duct; or
the maximum mass velocity in the cross section; or the
mass velocity far upstream of the point in question; and
so on. There exist no universally agreed prescriptions for
such auxiliary aspects of the definitions.
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1.2.3-2 1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.3 Transfer Coefficient Dependences

C. Nusselt and Sherwood numbers

The heat transfer coefficient (Y appears also in another
dimensionless quantity, the Nusselt number Nu, defmed

by

where L is a typical dimension of the apparatus, and h is
the thermal conductivity of the fluid. Obviously, further
prescription is needed of precisely what dimension is in
question (such as duct diameter), and just where the
thermal conductivity is to be measured (such as at the
interface, at the bulk condition, or in some reference
state).

A simple example of a heat transfer formula
embodying the Nusselt number is

!+ (5)

This is valid for heat transfer to the surface of a
sphere of diameter D from an infinite stagnant medium
of thermal conductivity h in which the sphere is
suspended. This formula is useful when, for example, it
is necessary to compute the rate of temperature rise and
the rate of subsequent vaporization when a spray of
droplets is injected into a hot gas.

An analogous quantity for mass transfer is the
Sherwood number Sh, defined by

(6)

where 6 is the diffusion coefficient of the species in
question.

The values of the Nusselt and Sherwood numbers
vary more widely, in practice, than do those of the
Stanton number. Usually their values exceed unity, for
they can be given the significance of the ratio of L to the
thickness of the laminar layer adhering to the interface
(the so-called stagnant film) that would have the effect
of resisting transfer to the same extent as the actual
flow. This fum is much thinner than the typical
dimension as a rule.

Both the Nusselt and the Sherwood numbers, when
expressed in terms of the relevant conductance, g+, are
equivalent to the quantity g,&/FO, where I0 is the
acchange  coefficient for the entity @I.  This will be
recognized, after perusal of the next section, as a Peclet
number based on the Reynolds flux.

The exchange coefficient Fd is equal to X/cp when
heat transfer is in question, and to p6 when mass
transfer is in question. Its units, in either case, are
kg m/s; these, it is worth noting, are the same as those of
viscosity.

0 1983 Hemisphere I

D. The friction coefficient f

A dimensionless quantity frequently appearing in heat
transfer studies is the friction coefficient f, defined by

fEL=&
pv2 vm (7)

where r is the shear stress exerted by the fluid at its
boundary, p is the fluid density, and v is the bulk
velocity of the fluid. Other symbols for f may be found
in the literature, for example, cf/2. Further, the same
symbols may be found having significances  differing
from those used here by factors of 2, 4, 8, etc.; the
reader should be wary.?

The friction coefficient is in many respects akin to
the Stanton number. Indeed, the famous Reynolds
analogy between heat transfer and friction can be
expressed by the equality

St =f (8)

in which, as throughout below, f is defmed by Eq. (7).
This approximate equality is closest to the truth

when the flow is of a gas along a smooth wall. If the wall
is made rough, St falls below f, as it does also for a
nonmetallic liquid; for a liquid metal, on the other hand,
St is usually much greater than f.

Equation (8)  despite its approximate character, is
still useful to designers in that it usually provides results
of order-of-magnitude correctness, with very little com-
putational labor.

E. Reynolds and Peclet numbers

If the mass velocity in the stream, m, is multiplied by
the typical length and divided by the viscosity of the
fluid, n, the resulting dimensionless quantity is called the
Reynolds number, Re:

(9)

The Reynolds number measures the relative im-
portance of the inertial stresses to the viscous stresses,
for, if v is a typical velocity, so that rri equals pv, it is
clear that Eq. (9) can be written as

+The so-called Fanning friction factor is defined as r/@u* /2),
that is, as one-half of the above f. Schlichting [41], on the other
hand, employs a dimensionless friction coefficient A, which
equals one-quarter of the Fanning factor and therefore one
eighth of the fof Eq. (7).

Probably the Fanning factor is the most widely used; and it
appears in the well-known Moody chart (Fig. l), representing the
resistance to steady flow of a fluid in a pipe of circular cross
section. The abscissa is the Reynolds number (see below), and
the parameter E/D  is the ratio of the roughness dimension E to
the pipe diameter D .
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Figure 1 Fanning friction factors. Adapted from Perry’s Chemical Engineers’ Handbook, McGraw-Hill, 1963, p. S-20, Fig.
S-25.

Re=$$- (10)

where the numerator represents the inertial stress and
the denominator is the viscous stress.

The Reynolds number plays an important part in alI
formulas representing the hydrodynamic behavior of real
fluids. For example, the friction factor for fully devel-
oped flow in a smooth-walled pipe can be represented by
the formula

f=E

for laminar flow, and

f = 0.026 Re-�� (12)

for turbulent flow, where the L appearing in Re is the
pipe diameter.

If F$ appeared in the denominator of Eq. (9)
instead of n, the resulting dimensionless quantity would
be called the Peclet number, Pe,, of property 4:

Pe ZGLQ,
rcb

(13)

o 1983 Hemisphere I

Usually, Peclet numbers are referred to only in
connection with heat transfer, for which the definition
becomes

Per 5f!L (14)

Both Reynolds and Peclet numbers vary over very
wide limits in practical equipment, for example, in the
range 10-10�.  Of course, the precise definition of L, for
example, influences the magnitude.

In a few situations, it is possible to relate the
Nusselt or Stanton number to the Peclet number alone.
Thus, when heat transfer occurs between a liquid metal
stream in laminar motion and a flat plate, its rate is given

by

Nu = 0.565 Pe�� (15)

where the length appearing in the definition of Nu and
Pe is that of the plate. More usually, both the Reynolds
number and the Peclet number influence the heat
transfer rate.

blishing Corporation



1.2.3-4 1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.3 Transfer Coefficient Dependences

F. Prandtl, Schmidt, and Lewis numbers

The ratios of the transport properties of a fluid in
respect of momentum, heat, and material transport are
given names and symbols as follows:

Momentum/heat, the Prandtl number

Momentum/matter, the Schmidt number

Sc s s = Pr Le

Heat/matter, the Lewis+  number

(16)

(17)

(18)

For gases, all these quantities are of the order of
unity, because heat, mass, and momentum transport
take place by way of molecular motion. For nonmetallic
liquids, the Prandtl numbers and Lewis numbers exceed
unity, and the Schmidt numbers, being the product of
the Prandtl and Lewis numbers, are still higher; the
reason is that momentum transport is easy in liquids,
that heat transport is less so, and that diffusion takes
place only with,difficulty.

In liquid metals, the motion of the electrons
facilitates heat transport. Therefore Prandtl numbers are
much smaller than unity, and Lewis numbers are much
greater than unity.

It has been remarked above that both the Reynolds
and Peclet numbers influence the Nusselt and Stanton
numbers, as a rule. Usually, however, only the Reynolds
number appears in the relevant formula; the place of the
other is taken by the Prandtl or Schmidt number, this
substitution being made possible because both the latter
have the nature of the Peclet number divided by the
Reynolds number. Some examples will now be given.

For the flat plate in laminar flow, with moderate Pr,

Woe = 0.332 Re1�2  Pr1�3 (19)

For the flate plate in turbulent flow, with moderate
R,

Nqoc  = 0.0295 ReOs Pr�3 (20)

For fully developed turbulent flow in a smooth-
walled tube,

Nulo,  = 0.023 Re0.8  Pr�3 (21)

For flow outside and normal to a circular-sectioned
tube, deep within a tube bank,

tSometimes the Lewis number is defined as the reciprocal of
the expression given here.

N&i, = 0.3 Re0.6  Pr1�3 (22)

The Chilton-Colburn analogy between friction and
heat transfer is

St =f Pr -2�3 (23)

In all these relations, the quantity L should be taken
as either plate length or tube diameter, according to the
configuration in question.

G. Grashof and Rayleigh numbers

When body forces play a significant role, it is customary
to represent them in terms of dimensionless groups in
which their magnitudes are compared with those of
viscous shear. Usually the body force is that of gravity,
measured by the gravitational acceleration g,. The two
most commonly occurring dimensionless quantities are

The Grashof number

Gr=L3gnp*
v2

(24)

The Rayleigh number

Ra=-L3g,pcp$ (25)

where Ap is a typical density change associated with the
changes of temperature or composition.

Examples of heat transfer formulas involving the
Grashof number are as follows:

For a vertical flat plate in laminar flow,

Nu = 0.535 Grn4  Pr1�3 (26)

For a vertical flat plate in turbulent flow,

Nu = 0.135 Gr1�3  Pr1�3 (27)

Grashof and Rayleigh  numbers can attain large
values (3.6 X 109) in practice; usually, when there is an
imposed (forced convection) flow, body-force effects are
insignificant unless Gr exceeds, say, 103.

From. Eqs. (24)  (29, and (16), it is evident that the
following identity holds:

RasGrPr (28)

H. Other dimensionless quantities

Whenever two commensurable physical quantities are
brought into relationship, a dimensionless ratio can
result; and usually the name of some scientific worker
can be found to be appropriate to it. Some of these
names are thought to be useful, and are remembered;
others fall into decay. Among the more memorable in
heat transfer contexts are the following:
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The Fourier number

F o -  cyL2
P

where f stands for time; it can be regarded as dividing
elapsed time by the time that is typically sufficient to
effect temperature equalization.

The Froude number

(30)

This represents the relative importance of fluid inertia
and gravitational potential, and is relevant to the flow of
liquids with free surfaces.

The Graetz number

Gz-Pe g
0

(31)

where D is the cross-stream dimension of a duct, which
also appears in the Pe definition, and L is the distance
from its entrance; the Nusselt number in laminar pipe
flow depends on it.

The Weber number

we =V2PL
u

where u stands for the surface tension of the fluid; this
influences, for example, the tendency of liquid droplets
to become fragmented while in flight.

There are many other dimensionless quantities that
though they lack names, will be found to influence heat
transfer behavior. These include the following:

Geometric ratios, for example, length/diameter;
pitch/diameter; free volume/total volume

Velocity ratios, for example, swirl velocity/axial
velocity; streamline angle

Temperature ratios, for example, stream tempera-
ture/surface temperature

Enthalpy ratios, for example,

Tin - Tout
�  Ah

where Ah stands for the latent heat of vaporization
Other property ratios, for example, vapor density/

liquid density; fluid conductivity/solid conductivity

These, and many more, will make their appearance in
this handbook.

I. Correlations

The heat and mass transfer coefficients needed by the
heat exchanger designer must be obtained, as has already
been stated, from formulas connecting them with the

0 1983 Hemisphere I
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known (or guessed) conditions of the flow situations.
These formulas may represent the results of a theoretical
analysis or may derive from experimental data, but they
will nearly always be expressed in terms of dimensionless
groups. The typical form, of which examples have been
encountered above, is

St = St-Re, Pr, Gr,$, z,z,. . . -

Frequently, the formulas have power law form; for
example,

St = constant  ReexPonent  prexnonent (34)

and, if so, they are usually valid over only a restricted
range of Reynolds and Prandtl numbers. Sometimes the
relations are represented by way of graphs or nomo-
grams, although the widening use of the digital computer
is rendering these obsolete.

Because relationships such as Eqs. (33) or (34) are
so often derived by correlating experimental data and
finding formulas to fit, they are usually called correla-
tions. Many will be found later in this handbook. Here it
is necessary to make only general remarks:

Correlations are rarely capable of predicting the
transfer coefficients accurately within +lO%,  partly
because of inaccuracies in the experiments from which
they were derived, and partly because the conditions to
which they must be applied are seldom precisely those
for which they are valid. They must therefore be used
with caution.

Despite the facts that heat transfer research has
been in progress for many years, and that publications of
that research clog library shelves, the designer frequently
searches in vain for correlations that will fit the
conditions even approximately. This is partly a conse-
quence of the inaccessibility of most published material,
a defect that this handbook seeks to remedy, but it is
mainly a consequence of the fact that if it takes 10
experiments to determine the influence of a single-
argument function, it would take lo6 experiments to
determine the behavior of a six-argument function like
that of Eq. (33); and, in truth, more than six dimension-
less quantities may influence the Stanton number.
Although the experienced specialist can afford to dismiss
some of the arguments as being without influences in the
circumstances that concern him or her, it remains true
that the experimental path to general correlations is a
prohibitively expensive one.

The absence or inadequacy of correlations can be
made good, when the need is great, either by the making
of expensive ad hoc experimental studies, or by the
conduct of detailed theoretical analyses, based on
solution of the relevant differential equations. The
former is often difficult, expensive, and time consuming;

blkhing Corporation
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and the latter may overstrain the available resources of
physics, mathematics, or computing power. Discussion
of these, in any case, lies beyond the scope of this
handbook.

However, although the use of correlations to give
accurate heat transfer or pressure drop predictions often
leaves much to be desired, their utility is far from
negligible; indeed, they are the basis of most practical
heat exchanger designs. Very simple correlations can be
usefully employed so as to yield order-of-magnitude
results, or upper and lower bounds for the heat transfer
rates, prior to the initiation of more precise experi-
mental or theoretical studies; and sometimes these
cheaply obtained prognostications show that the more
precise and expensive studies will not be worth carrying
out. This is especially true when effects of fouling, of
uncertain physical properties, and of other imponder-
ables are impairing the accuracy of prediction.

Sometimes, available experimental data on pressure
drop can be interpreted in terms of skin friction, and
some kind of �analogy� between friction and heat
transfer can be invoked by means of which the cor-
responding heat transfer coefficient can be computed.
How this may be done is described in the next section.

J. Relations between transfer coefficients
for heat, mass, and momentum transfer

At the end of Sec. 1.2.1D,  the Reynolds analogy was
mentioned; its nature, and the further formulas to which
it has given rise, will now be described.

Reynolds [3] in 1874 made a proposal for the
relation between friction and heat transfer that has
already been expressed in Eq. (8): the Stanton number is
approximately equal to the friction factor. His recom-
mendations were based primarily on observations relat-
ing to gases.

Widely used by chemical engineers, and founded on
experiments covering a wide range of fluids, is the
much-later-published Chilton-Colbum  analogy [4],
namely,

St zfQ-2'3 (35)

where St stands for the Stanton number, whether for
heat or mass transfer, f is the friction factor defined in
accordance with Eq. (7), and u stands for the Prandtl
number or the Schmidt number according to whether it
is heat or mass transfer that is in question. This
relationship implies that the heat transfer coefficient (11
increases with the thermal conductivity of the fluid, but
in accordance with only the two-thirds power; the mass
transfer coefficient p is similarly dependent on the
appropriate diffusion coefficient.

The Chilton-Colburn analogy implies that the ratios

of heat, mass, and momentum transfer coefficients are
independent of the actual level of the friction factor.
Starting, however, with Prandtl [S] and Taylor [6],
numerous authors have proposed that the relationship
between the Stanton number, friction factor, etc.,
should be of the form

(St)-�  = b(uf-1’2 + f-l) (36)

where a and b are constants, at least one of which
depends on cr. The underlying concept is that the overall
resistance to heat and mass transfer usually consists of
two parts: one is associated with the semilaminar layer
of fluid immediately in the vicinity of the solid wall, and
the other is associated with the turbulent fluid lying at a
greater distance. The two terms on the right-hand side of
Eq. (36) express these two influences quantitatively.

It is a in Eq. (3) that depends more strongly on the
value of (I (i.e., of Pr or SC, as appropriate). Expressions
for it have become more elaborate with increase in the
number of experimental observations to be fitted.
Among the best documented are those of Jayatillaka
[7], for u > 0.7, and of Elhadidy [8] for u < 0.7. They
are

a = 8.32 $
314

020.7: D 1- 1

X [ 1 -I- 0.29 exp (-0.007 8u)]

u<0.7:

-1n 1; +4.6(:r�l  - 11) (38)

The value of b, which has the significance of a
turbulent Prandtl-Schmidt number, is commonly taken
as being around 0.9.

Equation (36), coupled with the recommendations
just made as to how a and b are to be computed, permit
heat and mass transfer data to be computed from
friction data, or from each other for that matter If being
regarded as an unknown to be eliminated between two
equations (36),  one for each u]. The procedure is
expected to be valid when the transfer surface is mooth
and when the Reynolds number of the flow is high
enough for the major part of the flow to be turbulent.
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When the surface is rough, or when the available Friction is undesirable in heat exchangers because it
values off contain a large component of �form drag� as increases the pressure drop across the equipment, and
distinct from �skin friction drag,� the values of Stanton hence the power that must be expended in pumping the
number predicted by Eq. (36) are likely to exceed those fluids through it. Other things being equal, a high ratio
that will prevail in practice; the equation is then an of St to f is therefore desired.
�overoptimistic� one from the point of view of the Some further implications of the heat transfer-
engineer for whom heat transfer is desirable and friction friction interrelationships for equipment design are
is undesirable. described in Sec. 1.2.41.

Nomenclature and References for Section 1.2.3  appear at the end of Section I.4.3.
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS 1.2.4-l

1.2.4
Balance equations applied

to complete equipment

D. Brian Spalding

A. Relation between enthalpy changes

Let a control volume be considered, enveloping a heat
exchanger, through which there flow two streams,
denoted by subscripts 1 and 2. Then the steady-flow
version of the first law of thermodynamics leads to

~,(h,,,,  -h,in)+~~(hz,out  -h,,in)=O (1)

where ni stands for the mass flow rate and h for the
specific enthalpy.

Of course, it is here implied that kinetic energy,
heat transfer to the outside, and shaft work input are all
negligible, but anyone with elementary knowledge of
thermodynamics will know how to include the relevant
terms when necessary, by reference, for example, to Eq.
1.2.1(3).

Equation (1) is of great use in connecting the inlet
and outlet states of the streams that interact in a heat
exchanger.

B. Relation between temperature changes

If the two streams passing through the heat exchanger
experience no phase change, Eq. (1) can be expressed in
terms of temperature changes as follows:

Mjlcp,l(Tl,out -rl,i�)+jlj2cp,2(T2,0ut-Tz,in)=o

that is,

d, AT, f d2 AT, = 0 (2)

where cII,r and cp,a are the average specific heats at
constant pressure of the two streams, over the indicated

temperature ranges; these quantities multiplied by the
mass flow rates are given the symbols Cr and CZ, and
the temperature ranges are given the symbols AT, and
AT, .

It may happen that one of the materials experiences
a phase change while the other does not. For example, in
the steam generator of a nuclear power plant, the
primary fluid (hot water) does not change phase,
whereas the secondary one does. In such a case, the
appropriate form of equation would be

Here, note has been taken of the phase change in stream
2 by the inclusion of the latent heat of vaporization of
the latter, Ah2; and the steam leaving the generator is
supposed to be dry saturated, that is, of 100% quality
(x2 = 1.0).

C. Relation between concentration changes

When there is a mass transfer process within the
apparatus, it may be necessary to carry out a mass
balance for a particular chemical species denoted by
subscript i. Provided that this species is neither created
nor destroyed by chemical reaction within the appara-
tus, and provided that the flow is steady, the inlet and
outlet mass fractions, xi, of i in the two streams are
connected by

h,o�*x,,o�*  -~Linx,,in +&,ou*XZ,out
4r2&XZ,~ = 0 (4)

o 1983 Hemisphere Publishing Corporationr 1
t6DiL A
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where the subscript i to x has been omitted for ease of
writing and reading.

Comparison of this equation with Eqs. (l)-(3)
reveals that it allows the mass flow rate in a given stream
to be different as between inflow and outflow. This is of
course a necessity, for the transfer of mixture com-
ponent i from one stream to another is hardly likely to
be balanced by an exactly equal and opposite transfer of
other components.

The stream mass fluxes must, of course, obey the
overall mass balance relation

&out -h,in + fi2,out  -&,in  = 0 (5)

and the differences in the stream mass flow rates can be
connected also with the sum of the mass transfers, as
follows:

~*,out  -&,in  =&ill -h,out

= c ti, l-2 (6)
all i

wherein Mi,r+2 is the mass species i transferred from
stream 1 to stream 2.

D. Approximate relation between enthalpies
for the water-steam-air system

In cooling tower design, it is useful to make use of
certain simplifications in the equations that result, by a
fortunate accident, when the enthalpy base is chosen so
that h is zero for both air and water at 0°C (see Sec.
1.2.2C. Further, the increase of mass of the air stream,
resulting from its increased moisture content, is small
enough to be neglected.

In these circumstances, it remains permissible to
employ Eq. (1) for the simultaneous heat and mass
transfers that occur within the apparatus. To be more
specific, one should write

ni,,in @a, out - h,,in)+~w,in@w,,ut  -hw,inPO  ( 7 )

where the subscripts a and w, replacing 1 and 2, stand
for the air and water, respectively, and the approximate
nature of the balance is represented by the = sign.

For safety�s sake, it will again be emphasized, Eq.
(7) is valid only when the specific enthalpies are defined
as in Eqs. 1.2.2(4)  and 1.2.2(15).  The matter is discussed
at considerable length in [ 1 ] .

E. �Average� interaction coefficients
and driving forces

Although the stream-to-stream coefficients for heat and
mass transfer vary from point to point within the
equipment, and although the differences of temperature

0 1983 Hemisphere F blishing  Corporation

and concentration vary still more widely as a rule, it is
common practice to focus attention on formulas involv-
ing space average quantities. Thus, for heat transfer in
the absence of mass transfer, the formula is

0 I-+~ = A  U(T, - Tz) (8)

where dr+2 denotes the heat transfer rate from stream
1 to stream 2, A stands for the total amount of interface
area within the heat exchanger, U is the local overall
heat transfer coefficient, and the bar over U(TI - T2)
signifies that the space average of this quantity is in
question. The latter can be defined formally by

\ WI - Tz)dA
U(T, -T2)=  ” A (9)

where dA  is the element of interface area and JA
signifies integration over the whole area.

A question that immediately arises is how
U(TI  - T2) is to be evaluated. The answer will be given
below (see Sets. 1.3 and 1.5). However, it can immedi-
ately be seen that, if U is taken as uniform (a common
presumption), the question reduces to that about the
space average value of the temperature difference,
T, - T2, where T1 and T2 are the local temperatures.
This difference is bound to be smaller than Tl,i,  -
Ts,tn, but how much smaller? The answer depends
partly on the flow configuration (the topic of Sec.
1.1 .l), partly on whether or not phase changes are
present, and partly on whether the heat exchanger has a
large or small surface area (the topic of Sec. F).

Because of their importance, and in anticipation of
later developments, the following useful statements are
now made concerning T1 - T2.

T1 - T2 is often called the �effective� or �mean�
temperature difference and given the symbol ATM.

ATM  is often conveniently calculated from the
relationship

AT, = ATLM  F (10)

where AT,,  is called the logarithmic mean temperature
difference, defined below, and F is a correction factor
that is unity for counter-flow heat exchangers under
ideal conditions and less than unity for all other
configurations (see Sec. H for further discussion).

The definition of the logarithmic mean temperature
difference (also referred to as LMTD) is

AT,, E (Tl,in - T2,od - (Tl,out - T2,in)
h [(Tt,in - Tz,out)/(Tl,out  - Tl,in)I (11)

which implies that ATM is the logarithmic mean of the
temperature differences (Tl,i, - Tz,out)  and (Tl,,,t  -
T2,h  ). If the heat exchanger is of the counter-flow
variety, these are the temperature differences prevailing
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at the two ends, but the definition is more generally
valid.

The employment of Eq. (10) replaces the problem
of determining the effective temperature difference
AT,  by that of determining the correction factor F; the
advantage is that F is dimensionless, equals unity for
counter-flow exchangers and less than unity for all
others, and can be deduced from graphs and formulas to
be described later.

For future reference, Eq. (8) will be brought into
relation with Eqs. (1) and (2) as follows:

1. The general heat exchanger case:

d l-+2 =A U(TI  - TTZ)  =fiz,out -h,,in)

=fi,(h,,in --hl,out) (12)

2. The case of no phase change:

s1+2  =A U(T1 -T,) = 62 AT,

= 6, AT,

3. The water-steam case:

(13)

C&1-2 =h&& -hP~w,dhv,out  -hv,in)

=&,in&,in - ha,out) ( 1 4 )

Here, Eq. (13) has been generalized, the II subscript to d
signifies that it is the heat transfer on the liquid side of
the interface that is in question, and a and w replace 1
and 2 as subscripts to conform with the notation of Eq.
(7). The approximation in the latter contributes the 21
signs.

The determination of the appropriate average value
of (h,  -h,) is no less a problem than that  of
determining an average temperature difference.

F. The number of transfer units, NTU

The size of a heat exchanger can be measured meaning-
fully only in relation to the amount of material that it
has to process. A measure sometimes chosen in practice
rests directly on Eq. (3); it is called the number of
transfer units of the exchanger, is sometimes abbreviated
to NTU, and is here given the symbol NTUr  or NTUz
with the definitions:

NTU EE1
61

NTU k!!2 .
c2

(15)

Evidently it is necessary, when settling the NTU of a
heat exchanger, to state which stream, 1 or 2, is to be
referred to, for, as a rule, 6, will not equal 6,.

When a cooling tower is in question, it is conven-

tional (because convenient) to use the water stream as
the reference, for only this has its enthalpy change
proportional to the temperature difference. Then the
definition is

pqu = . Api3 (16)
wv,incp,w

G. Heat exchanger effectiveness
in the absence of phase change

The NTU of a heat exchanger or cooling tower is
important for determining its performance. This per-
formance is often defined in terms of the effectiveness
E, which stands for the actual heat transfer rate divided
by the maximum possible heat transfer rate.

Now the maximum possible heat transfer rate,

ema* Y is that which would cause the one of the streams
with the smaller ficP product, that is, Cmtn , to leave the
exchanger at the inlet temperature of the other. Thus,

&ax = Cnin ATmax (17)

where AT,,, stands for (T,,h - T2,ti).  Hence the
effectiveness E is given by

(18)E= -!i?e
&lax
AUATM  =NTU  ATM

= &in ATmax m�n  ATmax
(19)

Here it is noticed that:

NTU,i, stands for the number of transfer units
based on the smaller value of 6.

Equation (19) permits the effectiveness E of a heat
exchanger to be computed, in principle, as the product
of (1) a measure of the size of the heat exchanger, viz.,
NTU,i,,  and (2) the ratio of the mean temperature
difference to the maximum possible temperature differ-
ence.

The latter quantity, viz., ATM/AT,,  , is always less
than unity; and its value depends both on the flow
configuration of the exchanger (e.g., parallel-, counter-,
cross-flow) and on the values of both NTU,tn  and of
6,16,.

Because of the connections between ATM/AT,,  ,

NTUmin and 6,/e, (to be discussed, among other
things, in Sec. 1.3) it is convenient to express the
effectiveness E as a function of NTU,i�  and 6,/6,
directly. One may thus write

E = E-NTU,i,  , 3 , flow configuration-
c2

(20)

Examples of the E function are to be found in Figs.
1.3.1(l)  and 1.3.1(2).
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The purpose of heat exchanger analysis (also called
rating) is to predict the value of E, for given values of A,
d ratio and configuration. Heat exchanger design has a
somewhat different emphasis, namely, to select a con-
figuration, and a corresponding value of A, that will
result in a desired change of fluid stream temperature.
These differing tasks have given rise to a number of
different methods for expressing the relations that
describe heat exchanger performance, as the following
section will reveal.

H. Some conventional representations
of no-phase-change heat exchanger performance

A. C. Mueller, in the Handbook of Heat Transfer [9],
distinguishes three methods of presenting heat exchanger
performance:

The F-correction-factor method
The P-NTU method
The 8 method

The concepts employed in each of these methods
are now introduced, and their interrelations made plain.
The actual use of the concepts for the representation of
performance are deferred to Sets. 1.3 and 1.5.

(a) The F correction factor method

F has already been defined in Eq. (lo), here rewritten as

ATMF=
ATLM

(21)

In use, F can be employed to yield the required heat
transfer area from the equation

A= Q
UFAT,, (22)

where its position in the denominator shows how its fall
in value below unity tends to increase the necessary area.

F can also be employed so as to yield the
effectiveness E of the heat exchanger, by combination of
Eqs. (19) and (22):

ATLM
E = NTUminF ATm, (23)

Before F can be used, its value must be known, and
it is common to express it as a function of the ficP ratio
and of the proportional temperature change of one of
the streams. The symbols commonly employed are R
and P, respectively, with definitions

Rr �2
c,

(24)

and

p E Tz,out  - T2,in = AT2- -

Tl,in - T2,ti ATmax (25)

Thus

F = FfR,  P, configuration) (26)

Algebraic expressions, graphs, and tables have been
determined for the F function, under certain simplifying
assumptions. An example of a graphical representation
of the function is shown in Fig. 1, which is valid for 1-2
multipass exchangers.

The quantity P is a kind of effectiveness; its
definition differs from that of E in that it refers to
whatever stream is given the subscript 2, whereas E
refers to the stream of minimum 6. It therefore follows
that

forR’F<l,PaE
1

(27)

andforR= F>I,P=ER (28)
1

Many heat exchanger specialists prefer to work with
P rather than E, because its definition, Eq. (25), refers
always to a single stream (number 2) without the
necessity to determine which d is the smaller.

Inspection of Fig. 1 shows that F diminishes as
either P or R increases; the first influence expresses the
fact that it is hard to attain a high effectiveness, and the
second influence expresses the difficulty of raising the
temperature of a fluid stream of large mass flow rate.

(b) The P-NTU method

Since P is the effectiveness of the heat exchanger in
transferring heat to stream 2, it may itself conveniently
be expressed in terms of the number of transfer units,
for a given ratio of d quantities. We may thus write

P = PfNTU2,  R, flow configuration) (29)

whereby the NTU2  definition of Eq. (15) has been

F

0.6 -

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 1 Mean temperature correction factor F versus per-
formance  parameter  P for various flow ratios R,  for 1-2
multipass heat exchangers with uniform U. From Hartnett and
Rohsenow (91.
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0.8 -

0.7 -

0.6 -

0.5 -

0.4 -

0.3-

0.2-

0.1 1 10
NTU

Figure 2 Performance parameter P (= stream 2 effectiveness)
versus number of transfer units NTU,,  for various flow ratios R ,
for l-2 multipass heat exchangers with uniform U. F r o m
Hartnett  and Rohsenow 191.

chosen, to accord with the definition of P; both refer to
stream 2.

This function can be employed for the determina-
tion of the performance of a heat exchanger, without
any necessity to calculate AT,, or F. It is convenient
for rating, but less so for design.

Figure 2 represents the same information contained
in Fig. 1, but in PfNTU,  R) form. Inspection shows
that the performance of the heat exchanger improves
with increase in NTU and diminution of R. The former
increase represents the value of increasing the heat
transfer area, and the latter expresses the fact that it is
easier to heat a smaller flow than a larger one.

It will be observed that P can reach unity (i.e., the
effectiveness attains lOO%),  even for indefinitely large
NTU, only for R (�  C!�J6,)  equal to zero. There is not
otherwise any way in which this class of heat exchanger,
that is that of 1-2 multipass configuration, can cause
stream 2 to leave at the entering temperature of stream
1.

Only the portion of Fig. 2 lying to the left of the
F = 0.8 line is of much practical significance, for heat
exchangers operating to the right of the line would
seldom be uneconomical. Because of the concentration
of curves on the left, the diagram is not very convenient
for use in design.

(c) The 8 method

The definition of 0 is

eF ATM
ATmax

0 is useful because when its value is known the
effectiveness of the heat exchanger can be computed
directly, as Eq. (19) makes plain, from

E=NTU,in  0 (31)

Alternatively, if reference is to be made to stream 2
rather than to the one of minimum 6, the performance
parameter P can be computed directly from the relation

P=NTUz 0 (32)

0 can of course be expressed, like P itself, as a
function of NTUz and R, and the result can be given
algebraic, tabular, or graphic form. An example of the
last of these is supplied in Fig. 3, which has been taken
from the VDI Wd’rmeuth [IO]. Here, 8 is the param-
eter, E, is the ordinate, and E2 (i.e., P) is the abscissa;
values of R can be read from the scales on the right-hand
and upper margins. NT&  does not appear directly, but
its value can be determined for any point on the diagram
by way of Eq. (32). 0 is also employed, plotted against
P, with R and NTU as parameters, in Sec. 1.5. The
reasons for using this representation in combination with
the F-factor method are given in Sec. 1 S.1.

I. Pressure drop and pumping power

Both heat transfer and momentum transfer depend, as
Reynolds recognized in 1874, on similar processes of

TI, in

tkrrg 0,��

+ R-1
TI, out

0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1.0

0.9
0.9

0.8 0.8

0.7 0.7

0.6 0.6

2 0 . 5 0 . 5  tR

0.4 0.4

0.3 0.3

0.2 0.2

0.1 0.1

0
-+ E,

Figure 3 Variation of E, with E,, for various 8. for a multi-
pass heat exchanger with one outer pass and two, or a multiple
of two, inner passes [ 10 J .
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fluid motion. Since the number of transfer units has now
been introduced as a measure of the heat transfer
capability of a heat exchanger, it is useful to introduce a
parallel measure of its friction properties, namely, NVH,
the number of velocity heads? of pressure drop. NVH is
defined by

ME Pin -Pout
Pref &?f

(33)

where pin and Pout refer to the inlet and outlet pressures
of the stream in question, Prer refers to the density of
the fluid in a reference state, and v,,r refers to its
velocity at a reference cross section.

If, as is usual, two fluid streams flow through the
equipment, there are two values of NVH to be calcu-
lated. For the shell-side fluid, the reference velocity is
best computed by dividing the mass flow rate A? by Pref
times the cross-sectional area of the shell; and for the
tube-side fluid the total cross-sectional area of a single
pass of tubes is appropriate. Thus,

it
Vref =

Pref &ef
(34)

where Srer is the maximum area available to the fluid
stream. The reference density is conveniently taken as
that for the fluid in its inlet state.

Combination of Eqs. (33) and (34) leads to

- E (pi, - pout)* (35)

Since NTU has been related by its definition, Eq.
(15),  to a heat transfer coefficient, U, it is useful to do
the same to NVH. For this purpose the effective friction
factor, fen is introduced by way of the relationship

t&f A Pref &f = (Pin - Pout&?f (36)

in which A is the heat transfer area employed in the
definition of NTU. Elimination of @in  -pout) then
leads to

-=fef+ (37)
ref

Comparison of heat transfer and friction per-
formance can be effected by dividing NTU by NVH. The
result is

1NTU _ �ref
N-W-I  Mcp feff (38)

and, since @cp  is an overall conductance and M/S,,

+As in the case of the friction factor (Sec. 1.2.3),  definitions
of velocity head may differ. Thus, some authors would insist
that the term stands for &efuief. In Part 1 of this handbook,
however, the view is taken that such numerical factors are best
omitted from such definitions.

reference value of G, the �mass velocity� appearing in
the definition of the Stanton number, Eq. 1.2.3(2),  the
equation can be meaningfully expressed in terms of an
effective Stanton number S&E,  as follows:

N T U  S&-r-=-
- feff

(39)

In Sec. 1.2.31, methods were provided of computing
the ratio of Stanton numbers to friction factors; for
example, the easy-to-use Chilton-Colburn formula, Eq.
1.2.3(35), indicates that the ratio may be of the order of
(Pr)-2�3, so that, if gases are in question, St/f is of the
order of unity.

Whatever value of St/f is given by the Chilton-
Colburn (or other) formula, there are at least two
reasons why the value of Steff/feff (and so of NTU/NVH)
will be appreciably lower. The first is that it is the
overall heat transfer coefficient that has entered into the
definition of S&f; but it is the usually much-larger film
coefficient that appears in St. The second reason is that
f,ff has been deduced from the overall pressure drop in
the stream in question, and this pressure drop, which
contains contributions from baffles and other flow
restrictions as well as from friction of heat transfer
surfaces, is probably several times as great as that which
would equal f&!&f, that is, which would balance the
�skin friction� alone.

However, a separate point needs now to be made:
although the ratio of NTU/NVH  may have to be
accepted by the designer as having some value dis-
tressingly below unit, he or she still has some control
over the pumping power that is expended for a futed
NTU. Pumping power, P, is expressible (if there is no
very large density change in the heat exchanger) as

p = Pin -Pou t
II4 Pref

(40)

that is, as

(41)

Therefore the pumping power, per unit mass of material
pumped, can be reduced by lowering vref, that is, by
increasing S,,,, the cross-sectional area of the heat
exchanger.

Of course, increasing ,Smf ordinarily increases other

dimensions of the heat exchanger, and in most circum-
stances the capital cost of the equipment will also be
increased thereby. The designer must then conduct an
economic analysis, in which running costs are balanced
against capital costs, before he or she can determine the
optimum values of Vref,  Sref,  and so on.
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.4 Balance Equations 1.2.4-7

J. The choice of formulation dimensionless mean temperature difference 0, the
performance can be determined.

Heat exchanger analysts and designers are not united
about which formulation of heat exchanger performance
parameters is to be preferred. It would therefore be
unwise to do more than explain that choice is possible,
and that it can be based on reason.

For the analyst who knows what the heat transfer
area and flow configuration are but whose task it is to
determine the performance, it is convenient to use
formulations in which the numbers of transfer units are
inputs; then, either by way of the effectiveness E, or the

The designer, on the other hand, knows what
performance is desired and so can evaluate the log-
arithmic mean temperature difference, and also the
quantity P [Eq. (25)]. What the designer needs to find
out is the effective mean temperature difference, which
can conveniently be done by way of the temperature
difference correction factor F. If this is known, which is
often the case provided that U is uniform, the designer
can proceed to evaluate the necessary heat transfer area
without considering the number of transfer units at all.

Nomenclature and References for Section 1.2.4 appear at the end of Section 1.4.3.
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS 1.2.5-l

1.2.5
The differential equations

governing streams

D. Brian Spalding

A. The differential equations for enthalpy

Figure 1 represents an elementary portion of stream 1 in
a heat exchanger. The length of path in the flow
direction is dzl , and the associated interface area is dA.
If the flow is steady, and effects of kinetic heating,
external work, and gravitational potential energy are
negligible, the application of the steady-flow energy
equation, 1.2.1(3),  yields

&dhl- . da4~-
dz,

-41-2 dz,

where (ii +2 is the heat flux per unit area from stream 1
to stream 2. This heat flux can of course be calculated
from

41�2  = U(Tl - r2> (2)

where U, T, , and T2 are all local values.
Figure 1 also shows, displaced to one side, the

Figure 1 Control volumes for derivation of differential balance
equations.

corresponding control volume for stream 2. For this
control volume, the differential form of the steady-flow
energy equation is

IQ, 2 =41*2  g (3)
2 2

The similarities and differences between Eqs. (1)
and (3) are obvious, and they can be usefully exploited
by combination as follows:

n;l dh�+M
’ dz,

dko
’ dz, (4)

Here it should be noted that in the case of a
parallel-flow heat exchanger, dz, and dz2  are equal in
both magnitude and sign, whereas, for a counter-flow
heat exchanger, dzl and dz2  are equal in magnitude but
opposite in sign. For cross-flow configurations, the
equations are not useful, for the condition of each
stream depends on at least two position coordinates, not
one.

B. The differential equation for temperature

If there is no phase change in stream 1 at the point in
question, Eq. (1) can be expressed as

(5)

and, if stream 2 is without phase change, its differential
equation becomes

(6)
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1.2.5-2 1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.5 Differential Equations

Direct combination, and elimination of 4r+a,  then
yields:

c s+d
’ dz,

dkO
’ dz2

However, there is also another interesting method of
combination, which comes from multiplying Eq. (6) by
(Cl/C2)(dz2/dz,)  and subtracting it from Eq. (5). The
result is

6, $(Tl  -T2)=-&2$ (8)
1

Here the subscript has been dropped from the z in dA/dz
to make plain that dA/dz,  and dA/dz2  have the same
essentially positive value whether parallel flow or
counter flow is in question.

The final step in this development is to eliminate
the heat flux from Eq. (2); a differential equation results
in which the temperature difference (T, - T2) is the
dependent variable. It is

T1 -T2 dz,

It is this equation that, upon solution, yields the
logarithm of which mention has already been made in
the logarithmic temperature difference. This solution is
presented in Sec. 1.3.1B.

C. The differential equation for concentration

Although little use is made of them in this handbook,
the analogous differential equations for concentration,
being easy to derive and present, are given here. They are

and

dA
lXi.2) = ~i,l-tZ  -&-

2

Combination by simple addition leads to

g @flXi,l) + g-@f2xi,2)  = 0
1 2

A further combination is possible, by introduction
of Eq. 1.2.2(12),  which leads to an equation having
(xi, 1 - He xi,a) as its dependent variable. This is
analogous to Eq. (9)  but not so neat. Details can be
found in [l] , but they are not needed there.

D. The approximate differential equation
for enthalpy in the steam-air-water system

It will be remembered from Sec. 1.2.2C that, by what
was called a fortunate accident, the energy and mass

exchanges between water and air can be expressed in an
especially simple form. Renewed attention is now be
given to that system, which is especially relevant to
cooling towers. The differential forms of the balance
equations, given in Sec. 1.2.4B,  are as follows:

(13)

Addition yields

n;r dha f&f dhw-o
a dz, w dz, (15)

The heat flux can be conveniently introduced (after
obvious minor notation changes) from Eq. 1.2.2(  13). A
useful result is then

dh(w)/dzw=RoBg(/Mw(ha-hs)da/dzw
W

Now ha can be expressed as a linear function of h,, by
integration of Eq. (15); however, h, is a nonlinear
function of h,, dictated by the partial pressure-
temperature curve of steam in air. Integration of Eq.
(16) must therefore proceed numerically. The log-
arithmetic mean enthalpy difference can therefore be
used in cooling tower calculations only under infrequent
circumstances.

E. Some remarks about the solution
of the equations

Nonlinearity has just been mentioned in connection with
the h,(h,) function. There are other nonlinearities that
may arise, even when the concern is with heat transfer
uncomplicated by mass transfer. For example, the
overall heat transfer coefficient U in Eq. (9) may depend
on the local temperature levels, as when the viscosity of
the fluid diminishes with rising temperature. Further,
the specific heats may vary significantly with tempera-
ture, as when one of the fluids is near its critical point.

Analytical solution may still be possible when the
equations are nonlinear. For example, if U were a simple
function of temperature difference (T1 - T2),  for
example, a constant times (T1  - I�,)  raised to some
power, solution would be easy. However, such ases are
rare.

In practice, solutions of the equations given above
are obtained in two ways: for the case of uniform U,

cp,ly and cp,2 the analytical solutions are employed
that will be described in Sec. 1.3.1; but when any
nonlinearities are present, solutions are obtained
numerically, that is, by stepwise integration.
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F. Closure

In the foregoing section, the fluid enthalpies, tempera-
tures, and compositions have been presumed to depend
on a single space variable, namely, z; the differential
equations are therefore what are called ordinary ones, to
distinguish them from the partial differential equations
that are needed when two or more independent variables
(space or time) play a part.

In real heat exchangers, fluid properties do vary in
two or three space dimensions, and every departure from
the steady state entails attention to the time dimension

1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.5 Differential Equations 1.2.5-3

also; so partial differential equations are needed for the
realistic analysis of heat exchanger phenomena. These
are the subject of Sec. 1.2.6.

Nevertheless, it is mainly on the one-dimensional
equations that conventional analysis and design pro-
cedures are based. Some readers may therefore prefer to
skip Sec. 1.2.6, proceeding directly to Sec. 1.3, which is
devoted to analytical solutions. Section 1.2.6 can be
returned to later, as a prelude to the understanding of
Sec. 1.4, which is concerned with numerical solution
procedures.

Nomenclature for Section 2.5 appears at the end of Section 1.4.3.
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHPS 1.2.6-1

1.2.6
Partial differential equations
for interpenetrating continua

D. Brian Spalding

A. Introduction

The differential equations given in Sec. 1.2.5 are useful
if the two fluids flow in parallel or counter flow, or in
some combination of these. They cannot be used,
however, in cross-flow situations, for these give rise to
two- or three-dimensional temperature variations.

The task of the present section is to develop the
differential equations that govern the temperature dis-
tribution in cross-flow and more complex situations.
Mass transfer and phase-change effects will be neglected
for simplicity; a more advanced treatment, allowing for
these effects, is to be found in [ 111.

It has been common practice for heat exchanger
theorists to suppose that they know quantitatively the
pattern of flow adopted by the fluids in the equipment,
and that their task is to predict the resulting temperature
distributions. This is the first level at which the
differential equations can be approached: the velocities
appearing in them can be regarded as known functions
of position.

However, knowledge of actual flow patterns in, say,
baffled shells, is in fact very unreliable; little more is
known than that the common assumptions are con-
siderably at fault. It therefore becomes desirable to be
able to calculate the velocity fields on the basis of the
best general information that is available concerning
flows in media containing distributed resistances (such as
baffles per banks of tubes).

To do this involves solving the differential equations
for the velocity fields as well as those for the tempera-
ture fields. These equations will therefore also be
developed in the present section. Section 1.4 describes

methods for numerically solving all these equations and
leading to detailed predictions of heat exchanger per-
formance.

Because it is as easy to formulate and solve the
equations for the transient case as those for steady flow,
it is the former that will be presented. They can
therefore serve for the description of regenerator flows
as well as for those appearing in recuperators.

In order to mark clearly the two levels of approach,
Sec. B is concerned with the temperature equations
only; the equations for velocity are dealt with in
Sec. C.

B. Differential equations for temperature

(a) Independent variables

Because most heat exchangers are cylindrical in form, it
is convenient to employ the 19, r, z coordinate system, in
which 8 stands for angular position, measured from an
arbitrarily chosen plane enclosing the axis; r stands for
distance from a symmetry axis (which is usually either
vertical or horizontal, but may be inclined); and z stands
for distance measured parallel to the axis from a plane
lying normal to that axis.

Figure 1 pictures the coordinate system, with the
axis placed vertically. It may be useful to imagine that
the cylinder depicted there represents the shell of a heat
exchanger in which tubes run mainly along vertical lines
of constant 8 and r, whereas baffles are horizontal
surfaces or constants; however, the equations to be given
in no way depend on such a presumption.
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1.2.6-2 1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.6 Partial Differential Equations

Figure 1 Illustration of the 0 - r - z polar coordinate system
used for describing temperature and velocity fields.

(b) Dependent variables

The dependent variables considered will be T1 and T2,
the temperatures of the two fluids that are supposed to
flow through the heat exchanger, and T,,,, the tempera-
ture of the metal of the intervening tube walls.

Analysis proceeds as though these three variables,
and others for that matter, vary continuously in space.
Of course, this is not so, for the first fluid, second fluid,
and metal are coarsely interspersed, rather than finely
mixed. However, the idea of the three interpenetrating
continua is convenient and leads to no disadvantage if
properly recognized as a fiction.

(c) Porosities

The fact that the whole of space is not accessible to each
material is introduced into the analysis by way of
volume fractions RI, R2, and R, . These represent the
local fractions of the volume of space that are occupied
by fluid 1, fluid 2, and metal, respectively. As a matter
of definition, all three quantities lie between zero and
unity, and they obey the additive relationship

RI +Rz +R, = 1 (1)

The manner of calculating the R’s is straight-
forward. Let it be supposed that fluid 1 is the tube-side
fluid, that the tubes have external diameter D, and
internal diameter Di, and that they are spaced in a
rectangular array with distances between their centers
denoted by X and Y.

Then the number of tubes per unit cross-sectional
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area is l/XY, and the internal volume of unit length of a
single tube is nDf/4. Therefore the expression for RI is

Correspondingly, the expression for R2, the propor-
tion of volume accessible to the shell-side fluid, is

Finally, the proportion of volume occupied by the
metal is

(4)

The R’s, which were defined in terms of volumes,
are also conveniently used as dictating free area propor-
tions, and so for defining velocities. The velocities of the
two fluid phases in the coordinate directions 8, r, and z
will  be given the symbols ul, u2, ul, u2, wl, ~2,
respectively, and these are so defined that, for example,
the mass flow rate of fluid 1 per unit area of space in the
0 direction is given by plul  RI, that of fluid 2 is given
by p2u2R2,  and so on.

(d) The energy equations

The interpenetrating continua idea allows the thermal
behavior of the contents of the heat exchanger to be
described by partial differential equations, as follows:

For fluid 1, the temperature field is governed by the
equation

where c1 stands for the constant-pressure specific heat
of fluid 1, A, stands for its effective thermal con-
ductivity, account being taken of turbulence and other
factors, and i,,+ 1 stands for the rate of heat transfer,
per unit volume of exchanger space, from the metal to
fluid 1.

The following terms have been omitted because
they are of little importance in heat exchangers:

The term RI splat, representing the effect of
changes of pressure p on the temperature

The terms representing the kinetic energy of
motion, and the effect of viscous dissipation of energy
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Terms representing chemical changes within the
fluid

Terms representing phase changes

The last of these, of course, cannot always be neglected
in practice, but the method of analysis can be straight-
forwardly extended to phase-change situations by the
replacement of temperature by enthalpy.

It should also be noted that constancy of specific
heat is not being presumed, so a simple method of
extending to phase-change situations can be easily
envisaged: for the one-degree temperature range enclos-
ing the boiling point, the specific heat can be artifically
raised to equal the latent heat of vaporization. Of
course, this device applies only to the change of phase
within a single stream; transfer of mass from one stream
to another requires the more extended treatment
described in [ 1 l] .

The energy equation for fluid 2, that is, in the shell,
can be written in a similar manner as

(6)

where, of course, AZ is the effective thermal c o n -
ductivity of the second fluid, and (i,,,-,*  is the heat flux
to it from the metal per unit exchanger volume.

It may be remarked that the r�s inside the brackets
in the second terms of both Eqs. (5) and (6) could be
cancelled. This is not done, however, because u lr and
u2r, representing the angular momenta per unit mass, are
the quantities that are obtained from the hydrodynamic
analysis, discussed in Sec. C.

The energy equation for the metal is, of course,
simpler, for the metal does not move. The equation is

Here A, stands for the effective thermal conductivity of
the metal, anti account has been taken of the fact that
the heat transfers to fluids 1 and 2 are taken from the
metal.

(e) Common (but unnecessary) simplifications

It is common to neglect the thermal conductivity effects
in the metal entirely, on the grounds that they are
negligible. Then Eq. (7) reduces to

It is also common, with one exception, to neglect
the thermal conductivity effects in the fluids, the
equation of which then reduces to

The one exception is when it is presumed that intense
mixing takes place in one or two directions. Thus, if it
were to be supposed that the shell-side fluid is fully
mixed over constant z planes, then A2 would be set to a
large number in the a/%�  and a/h terms, and to zero in
the a/az term.

This practice, incidentally, is a good illustration of
how the A�s can, and normally should, exhibit direc-
tional properties. Obviously, it is easier for heat to be
conducted in tube-side fluid in the tube-length direc-
tions, in which the fluid is continuous, than it is in either
of the other two directions, in which it is interrupted;
this can be selected by giving A1 a different value
according to whether it is the 8, r, or z component of
the gradient of T1 that is in question.

The word �unnecessary� has been inserted
parenthetically in the above heading. This means
�unnecessary from the point of view of practicability of
solving the equations�; the simplifications have been
made, in the past, mainly because efficient equation-
solving devices were not available. The coming of the
digital computer has changed this.

(f) The heat fhm terms

The heat flux terms 4, -.,1 and 4,,2 can be written as

(i m-+1 = u(Tm - TI> (11)

qm+2 = uz(Trn  -TQ) (12)

Here the U, and U, are partial volumetric heat transfer
coefficients, representing the ease with which heat can
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1.2.6-4 1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.6 Partial Differential Equations

flow through one half of the metal thickness, and
through the adjacent dirt and fluid films, to the core of
the relevant fluid stream.

Ui and U, can be, and usually will be, functions of
the local fluid temperature and velocities, as well as of
the purely geometric quantities. As a rule, U, and U2
will both increase with R,, which represents the
amount of metal that is present per unit volume.

(g) The steady state

Often it is required to analyze only the steady-state
temperature distribution in a heat exchanger. Then
solution of the differential equation for T, can be
dispensed with, for this reduces to

im-+l  + 4m+2  = 0 (13)

from which can be deduced, by way of Eqs. (11) and
(la,

T
m

= UlTi  +U2T2

Ul + u2

and

.
4m-t1 =qm-*2 =

T2 - TI
Wl + uu2

(14)

The expression in Eq. (15) can then be substituted
into the differential equations for T1 and T2, solution of
which is what is needed to predict the heat exchanger
performance. If it should be desired subsequently to
know what is the metal temperature at any point, all
that is needed is to deduce it from T1 and T2 via Eq.
(14).

(h) The prediction of heat exchanger
performance

The solution of the differential equations. which can be
obtained by the numerical methods described in Sec.
1.4, yields three-dimensional distributions of tempera-
tures at all times: T1 (0, r, z, t j, T&9, r, z, t), and
Tm-@,  r, z, fj.

If the steady-state solution is provided, the distribu-
tion functions are simply T&3,  r, z j, T2@, r, z j, and
T,@, r, zj.

These distribution functions are provided by the
computer either as tables of numbers, representing
temperatures at particular locations and instants, or as
graphs.

In order to convert these results into terms familiar
to the heat exchanger specialist, very minor adaptations
are needed; these can, of course, be done by the
computer. Thus, it will usually be desired to know what
are the outlet temperatures of the streams 1 and 2. This

information can be deduced from the temperature fields
by simple integration, weighted appropriately by the
mass flux (density X velocity) distributions.

The heat transfer rate can then be deduced either
from these quantities, together with an overall heat
balance, or the quantities irn+,  and 4m+2 can be
integrated over the whole volume of the heat exchanger.

(i) Application to a cross-flow heat exchanger

Although it is not intended to follow the analysis very
far, a useful link between this section and the material of
Sets. 1.3 and 1.4 may be provided by indicating how the
equations derived so far could be applied to the
prediction of the steady-state behavior of an idealized
cross-flow heat exchanger.

Such a heat exchanger can be represented in a
two-dimensional manner, so variations in the t!I direction
will be neglected. It will further be presumed that fluid 1
flows only in the r direction and fluid 2 only in the z
direction, and that mixing occurs, if at all, only in
directions at right angles to the direction of flow. The
differential equations for T1 and T2 then become

(16)

;@ P2 2w2c2T2)  =i $ TI - T2

l/U1 + vu2

(17)

As indicated above, in order to conform with the usual
idealized assumptions, the A�s will be set either to zero
(for no mixing) or a large number (for �perfect�
mixing).

In the classical cross-flow heat exchanger problem,
the termsRlp1u1cl,R2p2w2c2,and(1/Ui  + l/U,)are
regarded as constants, and the variation in r as small
enough to be neglected. Thus the equations can be
condensed to

aT1 aT1
Cl ar=C2az  +G(Tz -TI)

and

aT2 aT2
GaZ=Cs F+W�~  -T2)

(18)

(19)

where Ci through C, are constants.
It is at this point that the analysis will be broken

off. Solution of these equations by numerical means is
straightforward, and the results of some such solutions
appear in Sec. 1.3.1.
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C. Differential equations for velocity
and pressure

(a) The physical principles
and phenomena involved

When guessing or idealizing the distributions of velocity
in the shell of the heat exchanger ceases to be
satisfactory, these distributions can be computed by
reference to the principles of conservation of mass and
energy. These principles can be expressed in terms of
partial differential equations; and, if information can be
provided about certain auxiliary functions appearing in
these, the equations can be solved. Solution simul-
taneously with the solving of the temperature equations
leads directly to the prediction of heat exchanger
performance.

The auxiliary functions are algebraic expressions of
the laws of momentum transfer; and they correspond to
the A�s and U�s that appeared in the temperature
equations. Specifically, they concern the mjxing of
nearby streams of the same fluid with each other (the
counterpart of the A�s), and the losses of momentum
that occur when fluid is forced through tube bundles,
along baffle surfaces, and so on (the counterpart of the
Us).

In shell-and-tube heat exchangers, the flow pattern
of the tube-side fluid truly is known from the start; it is
therefore necessary to predict the velocity distribution
only in the shell-side fluid. There will be four differential
equations to solve, one for each velocity component,
and one for the pressure. The first three equations are
those for momentum conservation; the pressure is
obtained from the mass conservation equation.

The momentum equations exhibit a �source� term
for which there is no counterpart in the energy
equations. This is the buoyancy term, representing a
source of momentum in the vertical direction propor-
tional to the difference between the density of the fluid
at the point in question and that which is the average for
that horizontal level. In the following equations, the
convention that the z direction is vertical will be
retained; if the shell were inclined to the vertical,
buoyancy terms would appear in the equations for u and
u, as well as in that for w.

(6) The mass conservation equation

The conservation-of-mass principle dictates the following
relationship between the density and the velocity com-
ponents:

$@P) + $ $ (Rpur)  + ; $ (Rpur)  + ; (Rpw) = 0

(20)

Here, no subscript has been supplied, for ease of writing.
If fluid 2 is that in the shell, as implied earlier, it is of
course subscript 2 that would be appropriate.

If the flow is steady, or if the fluid can be regarded
as incompressible, a simpler equation applies, namely,

$ $ (RPd + ; $ (Rpur)  + $ (Rpw) = 0 (21)

(c) The momentum equations

The differential equation for the conservation of angular
momentum, ur, is

a ap
+~(RPwuT)=-R~-~~~ (22)

where p stands for the pressure of the fluid, and fe is a
force per unit exchanger volume, acting in the negative 0
direction, and expressing all frictional effects, whether
between one part of fluid 1 and another or between
fluid 1 and some solid structure.

The differential equation for momentum conserva-
tion in the r direction is

~(RPU)  + -$ $ (Rpur  u) + ; $ (Rpur u)

a ap+z&Rpwu)=-Rr+Rp  r3(ur)2-fr (23)

where f,. represents the force per unit exchanger volume
in the negative Y direction, again expressing all frictional
effects. The term containing (~1)~ represents the centri-
fugal force.

The differential equation for momentum conserva-
tion in the z (i.e., vertical) direction is

& (Rpw) i- $ $ (Rpur w) + i $ (Rpur w)

+$(Rpww)=-Rg-/;  +g&-p) (24)

where f, represents all the frictional effects acting in the
negative z direction and the term g,(p - p) represents
the effect of the gravitational acceleration, g,, in causing
the fluid to tend to rise when its density p falls below
the average density j. The latter quantity may be
defined as a constant for the whole exchanger, or it may
be a function of z.

(d) The friction terms

As has already been explained, the terms fe, f,, and f,
account for frictional effects of two kinds: what might
be called �internal friction,� and momentum losses
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1.2.6-6 1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.6 Partial Differential Equations

caused by the presence of the solid structure of tubes,
baffles, and so on.

The first kind of effect can be expressed in terms of
effective viscosity, and of gradients of velocity, in the
manner that is familiar from texts on hydrodynamics,
However, in order to save space, and because the terms
are frequently unimportant in heat exchangers as com-
pared with the others, no attempt will be made here to
write out the full expressions. Instead, the viscous
components will be simply given the symbols f,,e, fqr,
mdf,,,, to indicate their connection with viscosity, and
left in the equations to be evaluated or ignored as
appropriate.

domain at the instant at which the process starts. Such
information is hardly ever available directly; however, it
often suffices to suppose that the conditions within the
heat exchanger at the start are those that are appropriate
to steady-state operation with the initially prevailing
boundary conditions; the transient analysis can then
proceed to determine what transpires as a consequence
of the specified changes in the boundary conditions.

(f) Discussion of the mathematical problem

The other parts of the f terms will be written as
products of quantities fi, f,‘, f,‘, with the relevant
velocity. This practice indicates that the magnitudes of
the terms increase with the velocity; but the linearity is
only superficial, because it is to be understood that the
f�s can all depend on the velocities in complex ways.

Comparison of the momentum equations with the
energy equations shows that solution of the former is
likely to be appreciably harder than solution of the
latter. Not only are the equations more numerous, but
they are more obviously nonlinear and interlinked.

These practices can now be represented by the
equations

fe =f@+; f'ur (25)

fr=fQr+f'u (26)

fi =fqzffSw (27)

and the appropriate substitutions can be made in the
three momentum equations.

Nonlinearity could be present in the energy equa-
tions, even though the mass flow rates were prescribed,
because of dependencies of the U�s on the T’s; and
interlinkages are effected through the temperature
differences appearing in the heat flux terms. However,
nonlinearity in the momentum equations appears even in
the convection terms, where one velocity multiplies
another; and, since all pairs of velocities are multiplied
together, the interlinkages are also more extensive.

(e) Initial and boundary conditions

In order to complete the specification of the mathe-
matical problem represented by the differential equa-
tions and the auxiliary functions, it is necessary to apply
boundary conditions, and, if the flow is not of the
steady-state variety, initial conditions are required as
well.

If there were any lingering hope that analytical
methods could be employed to solve the equations, the
foregoing discussion proves the hope vain, for analytical
methods for interlinked equations are rare, and for
nonlinear ones they are almost nonexistent. It follows
that numerical methods must be used. Once this decision
has been made, the problem of solving the momentum
equations differs from that of solving the energy
equations more in magnitude than in quality; as Sec. 1.4
explains, both problems are, nowadays, readily soluble.

(g) The nature of the solution
In the heat exchanger context, the boundary condi-

tions usually take the form of:

Specifications of finite-fluid velocity, temperature,
and phase at the inflow ports

Setting all velocity components to zero at the solid
boundaries of the flow domain (shell walls)

Setting the temperature gradients normal to, and at,
these boundaries equal either to zero (for a well-
insulated shell) or to a constant times the difference of
temperature from that of the surroundings (for a shell
exhibiting surface heat loss)

What will result from solving the equations is a set of
three-dimensional velocity fields, for successive instants
of time, together with the concomitant pressure fields:

ufe, r, z, tj

40, r, z, 0

wff% r, 4 Q-

Pfe, r, z, Q-

If the problem is one of transient flow, all the above
quantities may vary with time.

The initial conditions required for transient-flow
problems entail, ideally, a specification of the distribu-
tion of all the fluid variables throughout the flow

The pressure field, or rather that part of it which
yields the pressure difference between inlet and outlet,
will tell the designer how much power must be used to
force the fluid through the shell. It will also tell much
more, should it be necessary to know it, about forces on
baffles, headers, and so on, but this information can be
held in the computer until it is needed. The practically
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1.2 DEFINITIONS AND QUANTITATIVE RELATIONSHIPS / 1.2.6 Partial Differential Equations 1.2.6-7

oriented designer does not have to be inundated with
numbers merely because the computer has calculated
them.

The velocity fields, of course, are needed to put the
solution of the temperature equation on a sound basis,
for they replace the guesses that, at the level of
discussion in Sec. B, had to be made for the terms PUT,
PV, and PW.

The velocity fields also permit the best available
knowledge concerning the connections between the
convective heat transfer coefficients and the local
relative velocities to be employed when the quantity U,
is computed. It is true that this best available knowledge
is still not very good, especially when the flow direction
is neither normal nor parallel to the tubes in the bank,
and when indeed the mean streamlines are strongly
curved. Nevertheless it is useful to be able to discover
where the relative velocities are high and where they are

low, so that at least the worst nonuniformities of heat
transfer coefficient can be brought to light.

In summary, the valuable results that can result
from a complete solution of the momentum and energy
equations are as follows:

More accurate predictions of performance
Insight into the ways in which the actual flow

pattern departs from the ideal one
Quantitative knowledge of transient behavior
A stimulus to acquire further general knowledge of

convective heat transfer formulas (e.g., concerning
oblique flow in tube banks) so as to increase the realism
of predictions

This theme is taken up again in Sec. 1.4. Next,
� however, attention is given to those (rather few)

situations for which analytical solutions can be pro-
cured.

Nomenclature and References for Section 1.2.6 appear at the end of Section 1.4.3.
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1.3 ANALYTIC SOLUTIONS 1.3.1-1

1.3.1
Uniform-transfer-coefficient

solutions for the no-phase-change
heat exchanger

D. Brian Spalding

A. Introduction

In this section, solutions are assembled of the ordinary
differential equations for temperature appearing in Sec.
1.2.5B; these are valid for heat exchangers of idealized
(one-dimensional) multipass parallel- and counter-flow
types, such as are described in Sec. 1 .l .l.

Solutions are also provided of the partial differential
equations for temperature appearing in Sec. 1.2.6B;
these are valid for heat exchangers of multipass cross-
flow types, which are also illustrated in Sec. 1.1.1.

The solutions are valid for heat exchangers without
change of phase. However, if any stream should both
enter and leave at the same temperature, having changed
phase meanwhile, the solutions can still be used; this is
effected by the device of imagining that there is a small,
arbitrarily chosen temperature rise between the sat-
urated liquid and saturated vapor states, 6Tlg,  say; this
could be 10-soC,  for example. Then the specific heat
equivalent to the latent heat of vaporization, cP,lR, is
given by

(1)

If this specific heat is inserted into the heat exchanger
equations, these become capable of predicting the
with-phase-change behavior. The heat transfer coeffi-
cient U is presumed uniform.

The solutions are presented in both algebraic and
graphic form, various formats of the latter being
illustrated. Additional solutions and alternative repre-
sentations are provided in Sec. 1.5.

B. Single-pass counter flow

For a counter-flow heat exchanger, dz2/dzl  in E q .
1.2.5(9)  equals -1. If the inlet of stream 1 is at the
lower value of zr , integration of the equation yields

U-1 ,out - T2,in) = (Tl,in - T2,d exp (NW

- NTU,) (2)

Now the effective temperature difference can be
related to the temperature changes in the two streams by
equations derived from the definitions of the numbers of
transfer units, NTUr  and NTU2  [Eq. 1.2.4(15)],  and
that of the effective temperature difference itself [Eq.
1.2.4(13)  with U taken as constant]. Thus,

ATM = T, - T2 = Tl,in - Tl,out
NTU,

T= 2,out - T2,in

mu2
(3)

from which it is easy to derive

ATM  = (Tl,in - :;;t) 1 $;ut - T2,d

1 2

= (Tl,in - T2,out> - (Tl,out  - T2,d
NTUr  - NT& (4)

Now Eq. (2) can be rearranged to yield:
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.

so that combination of Eqs. (4) and (5) yields a useful
expression for the mean temperature difference in terms
of the inlet and outlet temperatures of the two streams.
It is

TM = rygl- Tz,out)  - (Tl,out - T2,in)
,in - T2,oUt)/(Tl,out  - T2,in)l (6)

Expressed in words, this equation states that the mean
temperature difference causing heat transfer from one
stream to the other is equal to the logarithmic mean of
the temperature differences that prevail at the two ends
of the exchanger.

Comparison of Eq. (6) and Eq. 1.2.4(  11) shows that
the symbol AT,, has already been provided for this
particular expression: For a single-pass counter-flow heat
exchanger, ATM  equals ATLM.

It is important to be aware of how the expression in
Eq. (6) behaves when the temperature changes in the
two streams become equal, as occurs when C, equals Cz
(and R = 1, therefore).

For algebraic convenience, let Eq. (6) be rewritten
as

(7)

Expansion of the logarithm as a series gives

Y
ATM + (AT, - ATy ),A$ i[;:Tx  - ATy)lATy]  2

+ . . .

Y
--f [I + $(A;: ATy)lATyI (8)

Since the denominator of Eq. (8) can be expanded by
the binomial theorem to give

ATM r~ AT, 1 - $(a~, - AT,)
ATY 1

it can be concluded that

ATM --+(a~, + AT,)

(9)

(10)
Thus, as is easily understood, the logarithmic mean
temperature difference reduces to the arithmetic mean
of the temperature differences prevailing at the two ends
of the heat exchanger.

The results of the analysis can now be expressed in
terms of the three methods described in Sec. 1.2.4H.

(a) The F-correction-factor method

The fact that ATM  and AT,,  are identical for the
counter-flow heat exchanger with uniform U implies,
f rom Eq.  1.2.4(21),  that F equals unity for the
single-pass counter-flow exchanger.

0 1983 Hemisphere P

Number of transfer units, NTU,

Figure 1 Effectiveness versus number of transfer units for a
counter-flow heat exchanger with uniform U, for various values
of flow ratio R.

(6) The P-NTU2 method

In order to determine the expression for the per-
formance parameter Pin terms of the number of transfer
units NTU, , and the flow ratio R, it is necessary only to
eliminate the temperatures from Eq. 1.2.4(25)  and Eqs.
(2) and (3). The result is

p = 1 - exp [-NTU2  (1 - R)]
1 - R exp [-NTU2(1  - R)] (11)

This equation implies that P increases with the increase
of NTU2  and with decrease of R. Figure 1 represents the
behavior graphically, for values of R between 0 and 1
(C2 < C,), for which P and E are identical.

When R tends to unity, Eq. (11) becomes indeter-
minate. However, conventional limit analysis reveals the
following behavior:

R-tl: P-, NTU2
1 + NT&

(12)

(c) The 6 method

Since 19 is connected to Pand NTU2  by Eq. 1.2.4(32),  it
is easy to deduce the following relation between 0 and
the two NTUs:

~-.!- 1 - exp [-NTU2(1  -R)]
NTU2  1 - R exp [-NTU2(  1 - R)] (13)

which may be expressed more symmetrically as

O= exp (NTU2)  - exp (NTUI )
NTU2  exp (NTU,)  - NTUl  exp (NTU,)

(14)

As the flow ratio tends to unity, and so NTUl and
NTU, become equal, these expressions reduce to
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1.3 ANALYTIC SOLUTIONS / 1.3.1 Uniform-Transfer-Coefficient Solutions 1.3.1-3

R+l: 8+ 1
1 + NTU

C. Single-pass parallel flow

For a parallel-flow heat exchanger, dz2/dz1 in Eq.
1.2.5(9)  equals +l. Integration of that equation there-
fore yields

T1 ,out - Tz,out = (Tl,in  - T2,in) exp HN�UI

+ N-N)1 (16)

Now Eq. (3) being no more than a matter of
definition combined with a heat balance, is valid for any
configuration of heat exchanger. With its aid, the
effective mean temperature difference can be expressed
as

AT, = (Tl,in  - T2,in)  - (Tl,out  - T2,out)

NTUz + NTU2
(17)

and this can be combined with Eq. (1) with the result

AT, = (Tl,in  - Tl,in) - (Tl,out  - T2,ot.t)

In [(Tl,in  - T2,inY(Tl,out  - rz,out>I (18)

This equation differs from Eq. (6), which was the
equivalent result for the counter-flow heat exchanger,
only in the �in� and �out� subscripts of T,, and these
changes correspond precisely to the fact that stream 2
now enters at the same end of the exchanger as does
stream 1, whereas previously it entered at the opposite
end. It follows that the expression for the mean
temperature difference of both counter-flow and
parallel-flow heat exchangers is still the logarithmic
mean, TI,M; this can be defined generally, in the manner
of Eq. (7)  as

AT,, =
AT, - AT,

In @LIATy)

where AT, and AT, stand for the temperature differ-
ences between the streams prevailing at the two ends of
the heat exchanger.

The results of this analysis can now be represented
in terms of the three methods described in Sec. 1.2.4H.

(a) The F-correction-factor method

The ratio of the effective mean temperature difference
for a parallel-flow exchanger to that for a counter-flow
exchanger with the same number of transfer units and
the same flow ratio can be expressed, with the aid of the
B�s  given by Eq. (26) below, and Eq. (14) above. This
however is not what is required in the F-correction-
factor method, for F is defined as the ratio of the mean
temperature differences for the same values of P and R.

The formula for F defined in this way is
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F = o/t
In I [2 - p(1 + R - n)1/[2 - p(1 + R + ?)I I

(20)

where

l-/=&=7

and

R # 1:
R+l

�  E In I(1 - P)/(l  - PR)l

R=l: -E=
1 - P

P (23)

The general shape of the FfP, R) function cor-
responding to these expressions is similar to that
appearing in Fig. 1.2.4(l),  but there are quantitative
differences.

(b) The P-NTU2 method

The performance parameter P, which is also the effec-
tiveness based on stream 2, E2, can be determined by
elimination of temperatures from Eqs. (3) and (17),  and
Eq. 1.2.4(25).  The result is

p= 1 -exp [ - ( R  + l)NTU,]
R+l

(24)

This equation shows that P increases as NTU2  increases
and R diminishes; Fig. 2 represents its implications
graphically.

Comparison of Figs. 1 and 2 shows that the
counter-flow heat exchanger is always superior to (i.e.,
has a higher P value than) the parallel-flow heat
exchanger, for a given number of transfer units and flow

ratio.

0 I I I I 1
0 1 2 3 4 5

Number of transfer units, NTU,

Figure 2 Effectiveness versus number of transfer units for a
parallel-flow heat exchanger with uniform U, for various values
ofR.
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1.3.14 1.3 ANALYTIC SOLUTIONS / 1.3.1 Uniform-Transfer-Coefficient Solutions

(c) The 8 method

The ratio of the effective mean temperature difference
to the maximum temperature difference, that is, 8, is
simply P/NT&. Thus,

e = 1 - exp [-CR + l)N�W  1
(R + I)NTU*

or, more symmetrically,

e = 1 - exp [--(NTUl  + NTU2  >I
NTU, + NT&

(25)

(26)

D. Cross-flow exchangers

There are three cross-flow configurations that require
attention:

1. Neither stream is laterally mixed.
2. Both streams are laterally mixed.
3. One stream is laterally mixed and the other is

not.

For case 1, there exists an exact solution of the
relevant equations first published by Nusselt [39,  401
and discussed by Stevens et al. [35],  also, Eckert and
Drake [ 121. present an approximate formula, namely,

P = 1 - exp
I

exp (-NT&  Rrl)  - 1

R77 I

where n is defined by

q z NTU;*22

For case 2, [5] gives the formula

P = {[l - exp (-NTU2)]  -�

+ R [ 1 - exp (-R NTU,)]  - 1)-r

(28)

(29)

For case 3, when it is stream 1 that is unmixed, [5]
(and the more accessible [35]  also) gives

P = 1 - exp
-[ 1 - exp (-R NTU2)]

P (30) .

and, when it is stream 2 that is unmixed, the same
reference gives

P = R-’ (1 - exp {-R  [l - exp (-iv,)]  }) (31)

Of course, other quantities, such as 8 and F, can be
deduced from the above expressions for P, by way of the
appropriate definitions,

E. Other configurations

The more complex the flow configuration, the more
complex the corresponding analytical expression, if it
exists, for the performance parameters of the heat
exchanger. Thus, for exchangers in which the shell fluid
flows in a single pass and the tube fluid in two, or a
multiple of two, passes, the P quantity can be expressed
in terms of NT&  and R as

~ 1 - exp (-NTU,dm)

(32)

Reference [ 131, from which this formula is taken,
contains numerous further expressions and their graphic
counterparts for a wide variety of flow configuration.
Section 1.5 also contains a comprehensive collection of
equations, graphs, and tables, so there is no need to
provide further material here.

Nomenclature and References for Section 1.3.1 appear at the end of Section 1.4.3.
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1.3.2
Other analytic solutions

D. Brian Spalding

W Prior to the advent of the digital computer, the
ingenuity of research workers in heat exchanger theory
was exercised in devising analytical solutions for idealiza-
tions of heat exchanger phenomena that were somewhat
closer to reality than the uniform-U, steady-state ideal-
ization of Sec. 1.3.1 136,  371.

Thus, it is possible to allow U to vary with either
position or temperature difference without thereby
rendering the equations of parallel- or counter-flow
exchangers totally intractable, and transient effects have
also been treated analytically in simple cases.

However, this whole stream of work has been
rendered obsolete by the ease with which numerical
solutions can be produced, nowadays, by recourse to a
digital computer and the appropriate computer program.
Numerical methods can allow much greater departures
from ideality, and therefore closer representations of

reality, than were ever envisaged by the workers with
analytical methods, and they do it without significantly
greater penalty. It therefore appears that there is no
need in this handbook to review the analytical work that
has just been referred to.

Even the formulas and charts of Sec. 1.3.1 are more
of educative than practical value, for when it is easy to
do so, one might as well take nonuniformities of heat
transfer coefficient, and of fluid properties, into account
right from the start. Graphs have been provided in this
handbook because of their central place in the thinking
of heat exchanger specialists. However, there is little
doubt that the attention given to the graphic representa-
tion of idealized configurations will diminish in the
future. The reasons should be fully apparent by the time
that Sec. 1.4 has been read.
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1.4 NUMERICAL SOLUTION PROCEDURES 1.4.1-l

1.4.4
Cases with prescribed

flow patterns

D. Brian Spalding

A. Introduction

This section discusses how the behavior of a heat
exchanger can be computed when the idealizations of
Sec. 1.3 are too remote from reality, because, for
example,

The flow is transient; or
The heat transfer coefficient is nonuniform; or
The fluid properties are nonuniform; or
The geometry of the inlet flow, and the leakiness of

the baffles, are expected to cause large departures from
the ideal flow pattern.

The last point, involving calculation of the flow pattern,
is dealt with in Sec. 1.4.2; in the present section,
attention is confined to problems in which the flow
pattern can be presumed.

In almost all real heat exchangers, temperatures are
distributed in a three-dimensional manner, for even
when the major part of the configuration is axisym-
metrical in character, the nozzles and headers through
which fluid enters and leaves the exchanger almost
inevitably involve departures from that symmetry.

A natural-draught cooling tower of hyperboloidal
form is an exchanger that conforms as closely as any to
the axisymmetrical ideal, yet a small amount of (neces-
sarily horizontal) wind makes conditions within and
around the tower three-dimensional. This section, there-
fore, focusses  on the prediction of three-dimensional
flow phenomena.

The application of numerical methods to heat
exchanger design has a long history, which has led to
many publications. There is an even vaster literature

concerned with the application of numerical methods to
problems of fluid flow, and of heat and mass transfer in
general. Anyone wishing to trace origins and compare
alternatives will find it easy to begin (although hard to
make an end) by turning to the appropriate specialized
textbooks and journals.

B. Discretization

(a) Subdivision of space

Discussion is conducted, as is done in Sec. 1.2.6, by
reference to the 8 - r - z (i.e., cylindrical polar) co-
ordinate system [Fig. 1.2.6(l)].

Numerical methods work with a limited set of
numbers; it is therefore advisable to divide the space to
be considered into a finite number of continuous
nonoverlapping subdomains, usually called cells, and to
associate one value of each dependent variable with each
cell.

Specifically, let the cylindrical space representing
the heat exchanger be subdivided by three sets of
surfaces: planes of fured 0, cylinders of futed T, and
planes of fued z. Then the resulting spatial subdivision
may be as illustrated in Fig. 1. There is no need for the
intervals of 8, r, and z to be uniform, and as a rule there
are advantages in making them nonuniform, so as to
concentrate particular attention on parts of the heat
exchanger that are of special concern.

Let it now be supposed that the dimensions of the
cells are large compared with those of the heat transfer
surfaces, for example, the tube diameters, as Fig. 2
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Figure 1 Discretization of the cylindrical heat exchanger space
by planes or cylinders of constant 8, r, z.

illustrates. Since it is necessary to ascribe values T, , T2,
and T,,, to the values of the tube-side fluid, shell-side
fluid, and metal, respectively, it is clear that some
averages must be taken. These averages are defined as
those that, when substituted into the algebraic equations

Figure 2 Illustration of the fact that many tubes or other heat
transfer elements may fit into the cross section of a single cell.

to be developed, give the correct fluxes of energy, etc.,
for the control volume surfaces as a whole.

It may aid the imagination to conceive of these
average temperatures as existing at some �typical�
points within the cells. It is for this reason that the dots,
representing these typical points, have been placed
within the cells illustrated in Fig. 1.

Figure 3 illustrates a single cell to a larger scale, and
introduces some notation that will be useful. The central
point is denoted by P, and the central points of
neighboring cells on the �north,� �south,� �east,� and
�west,� �high,� and �low� sides are denoted appro-
priately by N, S, .!?, W, H, and L. A �memory� point,
P-7, is also shown; this is supposed to represent the point
P, and so, of course, the cell surrounding it, at the
immediately previous instant of time. The six faces of
the cells are given the symbols n, s, e, W, h, 1 in the
appropriate order. The main use of all these letters will
be as subscripts to symbols for temperature, density,
velocity, etc., indicating to what cell volume or cell wall
the latter apply.

The subdivision of space is performed, for a heat
exchanger study, at the beginning of the computation.
The cell wall locations are neither required nor allowed
to vary as the computation proceeds.

(b) Subdivision of time

Just as space is subdivided into finite intervals, so is
time, as the above mention of the �immediately previous
instant� has revealed. The calculation proceeds more like
a digital clock than one with imperceptibly moving
hands, but the size of the time interval is adjustable.
Thus, in the analysis of the response of a heat exchanger
to a sudden change in inlet temperature, it might be
appropriate to employ small time intervals at first, so
that rapid changes could be perceived by the com-
putation; the subsequent more gradual reversion to the

Figure 3 Representation of a typical cell, with central point P;
neighbor points M, S, E, W, H, and L; and face points n, s, e, w,
Jr, I, P represents point P at the immediately prior instant of
time.
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steady state might well be computed by way of a series
of larger time intervals.

C. Finite-difference equations

(a) Nature of the finite-difference equations

If there are ne subdivisions of space in the ~9 direction,
n, is the r direction, and n, in the z direction, there will
be nenrnz values of each of the three dependent
variables rr, T,, and T, to compute at each instant of
time. The n�s are typically of the order of 10; so around
3 000 values require computation at each time. The
question now arises: how are they to be computed?

The answer is this: a set of algebraic equations for
the variables is contrived, in which each variable, T,p,
say, is connected with the values pertaining to six
neighbors (TIN,  T,s, TIE, T,w, TIH, T,L)  and to the
relevant earlier time value, T,p-. The equations are
called finite-difference equations for historical reasons;
but the name is now more misleading than helpful,
because of the presence in the literature of invalid
generalizations about equations with that name.

The equations are normally given a linear appear-
ance, of which the following is typical:

@P = aN@N  + w#%  + aE@E + aW@JW + aH@H  + aL#L

f ap@p- + SplaN  + as + aE + aw + aH

+aL +ap- -Si (1)

Here $ stands for any one of the dependent variables T, ,
T, , T,,, , and the coefficients LZN, etc., are characterized
by the following statements:

They are all greater than or equal to zero.
They represent the effects of convection and diffu-

sion (aN  increases with the magnitude of the wind from
the north).

They may be functions of the $J�S  (as when the
effective conductivity is temperature-dependent), which
explains why only an appearance of linearity can be
claimed for the equations.

The quantities Sp and $J are representative of the
linearized source of the entity of which 4 measures the
amount, in accordance with the equation

Source of $I E Sp + Skf#~p (2)

(b) Origin of the equations

Finite-difference equations such as Eq. (I),  of which
there will be 3 X nonrnZ, are best obtained from the
relevant partial differential equations for the three
variables, T, , T,, T, (see Sec. 1.2.6),  by integration of
these equations over the relevant cell volumes.

When this integration has been formally completed,
resulting in an equation with treble and quadruple
integrals for the faces and the volume, respectively,
further progress can be made only by way of the
prescription of interpolation procedures. This human in-
put is inevitable and just, because it is humans who have
decided to remove some of physical reality from atten-
tion by replacing the continuum for which the partial dif-
ferential equations held by the finite set of subdomains.

The interpolation procedures recommended here are
as follows:

Evaluate all fluxes through cell walls in terms of
values prevailing at the end of the time instant.

Evaluate convective fluxes through cell walls by
imagining that the average @ value at a wall is that
prevailing on the �upwind� side of that wall.

Evaluate diffusive fluxes at walls by reference to the
4 values at the center points of the cells adjoining that
wall.

Treat the movement through time as a convective
flux in which (density X area X velocity X time interval)
is replaced by (density X volume).

Evaluate sources in terms of the $J values prevailing
at the end of the time interval.

These are not the only practices that could be
advocated with plausible justification, but they have
served well and will continue to do so.

(c) Some details

As a consequence of these recommendations, the coeffi-
cient aN when @I stands for a temperature, for example,
can be computed from the expressions

aN = 1@P  ’ RN)&@&  + cd (3)

D = 1 AP + AN
n 2 rN - rp

(4)

If v, > 0: c, = 0 (5)

If v, < 0: cn = -PN%v+I (6)

Here Rp and RN are the volume fractions accessible to
the fluid in question, A stands for thermal conductivity,
A,, is the area of the northern face of the cell, D,, is the
diffusional (i.e., conductive) contribution to the heat
flux, C, is the convective contribution to the heat flux,
and CpN  is the specific  heat appropriate to the tempera-
ture range from Tp to TN.

The other a’s are computed in the same way, except
for ap- , which is given by

ap- = RpVppp- (7)

where Vp is the volume of the cell and pp- is the density
of the fluid at the start of the time instant in question.
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II.  A straightforward solution procedure

If it is supposed that all the flow velocities are known,
that values can be ascribed to all the A�s, and that the
volume fractions are all deducible from the prescribed
heat exchanger geometry, all the a�s in the finite-
difference equations can be evaluated for the time
interval in question.

If it is further supposed that the volumetric heat
transfer coefficients U1 and U, , appearing in the energy
equations of Sec. 1.2.6B,  are also known for every
location, it is also possible to ascribe values to the Sp�s
and Sb�s,  for, typically :

Sp = U X cell volume X T, (8)

Si, = -U X cell volume (9)

Solution can now proceed, for a particular time
step, by the simple method known as the Gauss-Seidel
relaxation procedure. In this method, the values of all
variables in store are brought successively into accord-
ance with the finite-difference equations for which they
occupy the left-hand position, and for which the in-store
values of the neighboring values are substituted into the
right-hand side. Since, if points are being visited in a
south-to-north order. a northward move adjusts the
temperature by reference to which the just-vacated
southerly point was adjusted, it is obvious that the
process must be repeated many times. What is not
obvious, but is true, is that if it is repeated many times,
the magnitudes of the adjustments that are necessary
become smaller and smaller, so that, finally, they are
negligible. The solution is then said to have converged,
whereafter attention can be given to the next time step.

Because repeated adjustments, that is, iterations, are
needed, the opportunity repeatedly presents itself to
change the values of the coefficients if there is any
reason for so doing. There is a reason if they exhibit
nonlinearity, for example, if the heat transfer coeffi-
cients depend (as they always do to some extent) on the
temperatures or temperature differences; and there
would be no point, in that case, in not updating the
values. This is how it can be asserted that, when
numerical methods are employed, nonlinear problems
present no special difficulty.

E. More economical solution procedures

In practice, the Gauss-Seidel procedure is rarely
employed in computer codes designed for the eco-
nomical solution of large-scale problems. Instead,
methods of successive adjustment of variables are
employed that allow the solution to be approached more
rapidly. �Alternating direction implicitly,� �strongly

0 1983 Hemisphere F

implicit,� and �successive overrelaxation� are names for
procedures, or parts of procedures, that are commonly
used.

These matters are for the numerical methods
specialist. From the point of view of the readers of this
handbook, the only statement necessary is that many
methods of solution do exist and that, if the appropriate
ones are employed, the solution of a problem in which
the heat exchanger volume is represented by a few
thousand cells is not an expensive matter. More time and
money are likely to be consumed in specifying the
problem adequately, so that all the relevant information
is supplied to the computer, than in actually solving it.

F. The utility of calculations based
on prescribed flow distributions

It may be useful, now that an insight has been provided
into how numerical predictions of heat exchanger
performance can be made, to examine a list of uses to
which the procedure can be put. In doing so, it must be
remembered that, in what has been presented so far,
ability to prescribe the flow pattern has been presumed.

(a) The sensitivity to the j70 w
pattern prescription

It may be that a heat exchanger has been designed on
the basis of conventional presumptions about where
cross flow exists, and where parallel flow or counter-
flow; and it may be suspected that the true flow pattern
deviates from the presumed one appreciably. Does it
matter? How much does it matter, in a variety of
circumstances?

Such questions are easy to answer. One makes a
series of systematically differing presumptions about the
flow pattern, spanning the range that can be expected in
practice; then, by examining the extent to which these
changes alter the thermal performance of the heat
exchanger, one determines what features of the flow
pattern, if any, are crucial.

What if the flow distribution in the tubes is not
uniform, either because some tubes had to be removed,
or because of poor header design? The probable effect on
thermal performance can be estimated in the same way.

(b) Transient performance

The way in which the outlet temperatures from a heat
exchanger will vary with time, as a consequence of
arbitrary changes to the rates or temperatures of the
inflowing streams, is easy to compute with the aid of a
numerical method of the kind described, but difficult or
impossible without.
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(c) Infruences of nonuniform heat transfer
coefficients

Viscous liquids, for example, exhibit strongly varying
heat transfer coefficients if significant temperature
changes occur as they flow through the heat exchanger.
This nonlinear interaction necessitates a numerical
procedure for its correct modeling.

This part is often recognized, in practice, by the
performance of one-dimensional numerical computa-
tions, but much of the reality is missed thereby.
Unevennesses of temperature that exist in the cross
section of a heat exchanger lead to unevennesses in mass
flow distribution also; a kind of instability can even
result, according to which the dependence of resistance
coefficients on temperature acts so as to increase the
resistance to flow in regions that are already in dis-
proportionately slow motion. Such effects can be
detected only by two- and three-dimensional analyses.

(d) Parametric studies

The paucity of existing performance charts for prac-
tically occurring situations is commented upon in Sec.
1.3. Possession of a general numerical solution procedure
would enable as large a number as necessary of these
charts to be generated. Then the designer would more
often be able to get the needed answer from existing
manuals, and would less frequently need to resort to the
computer. There is undoubtedly still some scope for
such parametric studies, and for the publication of their
results.

G. The influence of the fineness
of discre tiza tion

The user of numerical procedures for simulating
continuum-flow processes has always to effect a compro-
mise between the requirements of accuracy and of
economy; and the fineness of the discretization of space
is that which determines whether the choice is optimal.

If the discretization is coarse, which is to say that
the exchanger volume is represented by a rather small
number of cells, the accuracy of prediction is low, but
so, also, is the computational expense. A fine discretiza-
tion, on the other hand, that is, subdivision into a very
large number of cells, produces high accuracy, but the
cost of the computation is often unacceptably large.

Let it be supposed that a single heat exchanger
problem is computed several times, and that the number
of cells into which the exchanger is divided is doublec
for each computation. It will be found that the
effectiveness of the exchanger, when plotted against the
number of cells, will tend to an asymptotic value (Fig.
4). When the effectiveness is sufficiently close to the

/
�redicted  /

Asymptotic value

x
E x

x
x

0�

Number of grid points

Figure 4 Illustration of the influence of fineness of discretiza-
tion on the predicted heat exchanger effectiveness.

asymptotic value for practical purposes, the discretiza-
tion can be regarded as fine enough; the results are then
termed grid-independent, and regarded as acceptable.
Since the cost of computation increases in proportion to
the number of grid points (or even more steeply with
some methods), there is no point in using a finer grid.

No general rule can be given as to how many cells
are needed to ensure grid independence, for the neces-
sary number depends on the flow configuration, the
number of transfer units, the way in which the heat
transfer coefficient varies with (say) temperature, and
indeed on the precision of prediction that is required; 10
cells may suffice for one problem, whereas 1 000 may be
needed for another. Usually, therefore, it is necessary to
perform a computation with differing discretization
finenesses, in order to establish the satisfactoriness of
the results.

It is worth noting that the necessary fineness can be
reduced by taking care to employ the most suitable
effective heat transfer coefficient CJ, appearing in Eqs.
(8) and (9) for these equations give the heat sources as
proportional to the differences between the representa-
tive temperatures of fluid and metal in the cell; and, if

I

I
(a)

(6)

Figure 5 (a) Multipass shell-and-tube heat exchanger with
baffles. (b) Idealized heat exchanger.
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1.4.1-6 1.4 NUMERICAL SOLUTION PROCEDURES / 1.4.1 Cases with Prescribed Flow Patterns

the cell is large, the variations of temperature within the
cell should be allowed for. The best way to understand
this idea is by regarding the individual cell as a
microexchanger, having a small but finite number of
transfer units, for which the value of f3 [see Eq.
1.3.1(25)]  is less than unity. What value depends, of
course, on NTU and on the local flow configuration; and
the equations of Sec. 1.3.1, and the graphs of Sec. App.
1.5 provide guidance as to its choice. The U of Eqs. (8)
and (9) should be 0 times the U.

Approaching the subject from the microexchanger
point of view, the heat exchanger analyst may scarcely
recognize that he or she has begun to use tinite-
difference procedures; and the specialist in the latter
may not recognize the merit of introducing 0 into the
formulas. A recent reference that is representative of the
former approach is the paper by Gaddis and Schhrnder
[38],  from which Fig. 5 has been reproduced.

Nomenclature and References for Section 1.4.1 appear at the end of Section 1.4.3.
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1.4 NUMERICAL SOLUTION PROCEDURES 1.4.2-l

1.4.2
Cases in which the flow patterns

must be calculated

D. Brian Spalding

A. Introduction

It has been seen that the energy equations can be solved
by numerical analysis, and that the solution is in no way
hindered by the existence of the nonlinearities and
interlinkages between equations. Why, then, should not
the momentum and mass continuity equations also be
solved numerically? Their nonlinearity and interlinked-
ness may exceed that of the energy equation, but is
there reason to suppose that this quantitative change
entails a qualitative one also?

As will be shown, the momentum and continuity
equations can indeed be solved numerically, and
although the interlinkedness does present a special
problem, it is one that is amenable to a simple solution.

Of course, suitable input information must be
provided. It is no longer necessary to specify the velocity
components at every point, but it is necessary to supply
formulas for the resistances to flow, in the various
directions, presented by the tubes, baffles, and other
features.

It is the flow in the shell only, as a rule, that
requires this treatment, for the tube-side fluid is so well
controlled by its confinement within the tubes that
conventional procedures suffice for determining its
distribution. However, there do exist heat exchangers-
for example, those of plate type-in which numerical
solution of the flow distribution equations is needed for
both fluids.

The direct-contact cooling tower is another device
for which it may be desirable to solve the equations of
motion for the water as well as for the air, for the

friction between the two fluids may cause the water to
depart appreciably from a purely vertical flow direction.

In general, therefore, it may be necessary to solve
six momentum equations. However, present purposes are
adequately served by concentrating on the three equa-
tions appropriate to a single fluid.

B. Discretization

The subdivision of space into the non7 n, cells used for
temperature remains useful when velocities are to be
computed; and the very same cells will be employed
when the pressure is being adjusted so as to satisfy the
continuity equation. However, additional cells are
required to allow the velocity components to be
computed.

Figure 1 illustrates the locations of these additional
cells. They can be imagined as formed by taking the cells
used for temperature and pressure and displacing them
by half a 0 interval to make the ur cells, by half an r
interval to make the u cells, and by half a z interval to
make the w cells. This arrangement of cells, which
results from the fact that velocities are being computed
for locations that lie on the walls of the temperature and
pressure cells, is sometimes known as the �staggered
grid.�

C. Finite-difference equations

Equation 1.4.1(l) can serve to describe the fmite-
difference equations for the variables ur, u, and w, as
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Figure 1 Illustrations of the cells employed for the setting up of
finite-difference equations for ur, u, and w.

well as those for the temperatures, provided only that it
is recognized that the locations of all the points must be
regarded as having shifted half an interval in the
appropriate direction, viz., the 0 direction when $ stands
for ur, the r direction when 4 stands for u, and the z
direction when 4 stands for w.

The convection cont r ibu t ions  to  the  fmite-
difference coefficients are not now quite so easily
calculated, for the velocities at the new control volume
boundaries have to be determined by interpolation;
however, this presents no difficulty.

The source terms now contain several components,
namely :

Forces exerted on the control volume by pressure
differences

Centrifugal forces
Buoyancy forces
Forces associated with the flow resistance of tube

bundles and baffles
Such of the internal friction forces as are not easily

included within the a�s

Each of these can be represented in terms of the
variables provided in a straightforward way.

The mass conservation equation, however, requires
special attention. It can be represented as

b,+b,+be+bw+b/,+bz+R@P--P-)=0

(1)

where the b’s represent the amounts of mass outflow
during the time interval; for example,

If u* > 0: bn = &@N  + RPI&PP+, (2)

If u, < o : bn = ~(RN + RP&PNU~ (3)

Here �upwind� densities multiply velocities, as was
already tacitly shown in Eq. 1.4.1(6).

From Eq. (1) there is derived a finite-difference
equation for the pressure, or rather for a correction to
the pressure. The procedure is as follows. Before the
converged solution has been achieved, the velocities in
store will not, in general, satisfy Eq. (1). If the in-store
values of b’s are indicated by an asterisk, and the
necessary corrections to them by a prime, Eq. (1) can
then be rewritten as

b:, + b; + b:, + bl, + bi, + b; = -RV(pp - pp-)

-b,*-b;-bb,*-b;-b;-b+Ep (4)

Next, the primed b’s are supposed to be linearly
related to pressure adjustments, denoted by p�, which
are to be made at nearby points. Thus,

b:, = b;@b - ph) (5)

b:, = b&+ - pi) (6)

(7)

(8)

b;, = b&j, - p;I) (9)

b; = bi’@b - pi) (10)

The coefficients bg, by, etc., are actually obtained
by differentiation of the finite-difference equations for
the velocities (to which the b’s are proportional) with
respect to the Sp’s (which contain the pressures).

Substitution of Eqs. (5) through (10) into Eq. (4)
leads to

-I- bypi + Ep/b$ -I- bl+ bi + bk + bj: + bf�

(11)

This equation, the finite-difference equation for the
pressure correction, bears a great formal similarity to the
general finite-difference Eq. 1.4.1(l).  It is necessary only
to identify p’ with $J, b” with a, and Ep with Sp, and to
put Sb equal to zero.

Equation (11) completes the set of finite-difference
equations that must be solved.

D. A straightforward solution procedure

Section 1.4.1D,  indicates how the Gauss-Seidel point-
by-point adjustment procedure, applied iteratively to all

0 1983 Hemisphere Publishing Corporation



1.4 NUMERICAL SOLUTION PROCEDURES / 1.4.2 Calculating Flow Patterns 1.4.2-3

the grid nodes, can lead fmally to a converged solution
to the temperature equations. The counterpart of this
procedure, which solves the associated velocity equa-
tions, can now be described.

There are six velocities associated with each
temperature cell. Let it therefore be supposed that a
Gauss-Seidel adjustment is made to each of these six
velocities by reference to the appropriate fmite-
difference equation immediately after the temperatures
have been adjusted.

Now let these velocities be substituted into the
expressions for the b’s. It will be found, in general, that
the mass conservation principle is not satisfied by them,
that is, that the quantity Ep, defined by Eq. 1.4.1(4), is
not zero. This is a sign that the pressure at point P needs
adjustment, and the velocities also.

The increment to pp that is needed, namely, p> can
now be obtained from Eq. (1 l), which reduces, because
the neighboring p�s  are zero (neighbor values not being
adjusted in a single-point adjustment procedure), to

EP
pi = b; + b; + b; + b; + b; + b; (12)

The final step is to evaluate the associated correc-
tions to the b�s, viz., b;, bl, b:, etc., and to apply the
corresponding corrections to the stored values of the six
velocities. Then attention can pass to the next point.

This procedure, if conducted in an iterative manner
over the whole field, will lead finally to a set of values of
temperatures, pressures, and velocities that satisfies all
the fmite-difference equations as closely as is desired. Of
course, it takes longer than the procedure for the
temperatures alone, for more variables have to be
computed; nevertheless, the increased expense has
brought with it freedom from the necessity to prescribe
(often without real knowledge) the velocity distribu-
tions.

E. More economical procedures

Just as the energy equations can be solved by procedures
that are more economical than the Gauss-Seidel one, so
can the complete set of equations be solved by pro-
cedures that, because they handle more than one point
at a time, can greatly reduce the convergence time as
compared with what would result from direct applica-
tion of the procedure described in Sec. D.

There is no need to describe these here, for the
reader is more likely to wish to become a user of an
established computer program than one who develops
the methodology further. It should therefore be suffi-
cient to state that the available methods provide
solutions at an expense, in terms of computer time, that
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is acceptable in many practical circumstances, and that
the continued improvements in computer software and
hardware are steadily reducing the costs.

F. Some uses to which numerical procedures
for solving all the equations can be put

In addition to the uses for numerical procedures
described in Sec. 1.4.1 F, there are further ones that may
be envisaged once the velocity fields are capable of being
computed. Consideration of the following list may
excite interest and stimulate the finding of further
uses.

(a) Detection of the role of buoyancy forces

Heat exchangers are large; the fluids within them are
often in fairly slow motion, so as to reduce pumping
costs; and temperature variations are present. These are
circumstances liable to give rise to buoyancy-induced
flows that, though they may sometimes be advan-
tageous, may on other occasions have deleterious effects
on performance.

In boilers, of course, the buoyancy forces are often
employed as the main or only means of promoting
circulation of the water past the heating surfaces, but in
other types of heat exchanger the effects of buoyancy
may have been disregarded during the design phase.

A numerical procedure allows such effects to be
quantified. Indeed, it is easier to conduct the relevant
�numerical experiment� than it would be to perform a
physical one even on the most elaborately instrumented
apparatus, for, in the computation, the gravitational
acceleration can be easily �switched off� by setting the
value of g, to zero, but a visit to outer space is needed
before the equivalent effect can be achieved in practice!

(6) Influences of baffle leakage

A baffle is a resistance to flow that is highly directional:
it impedes flow normal to it, but augments only slightly
the resistance to flow along its surface.

Such directional resistances are easy to introduce
into the numerical procedure, mainly by way of the $J
terms; and 5�;  for UT  and u can be zero while that for w
is very large.

All baffles are leaky to some extent, and the effects
of this leakiness can be predicted only by a complete
calculation, of the kind indicated above, that takes
account of the resistances to flow in all directions and so
computes how the various velocity components adjust
themselves to comply with the loss of momentum and
mass conservation.
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(c) Fouling, corrosion, vibration, thermal stress

Heat exchanger performance deteriorates in the course
of time as a consequence of deposition of material that
builds insulating layers on heat transfer surfaces.

Sometimes the deposited material interacts deleteri-
ously with the material of which the heat exchanger is
composed, which is thereby corroded, or suffers other
damage.

Effects of this kind are strongly influenced by
details of the flow pattern, for deposition occurs most
readily in regions of low velocity, and even in regions of
the equipment where the average velocity is sufficient to
prevent deposition, there may be small subregions where
this condition is not satisfied. These small departures
from the average may suffice to put the heat exchanger
out of commission, with serious economic consequences.

Numerical prediction procedures that disclose
details of velocity distributions are especially useful for
the light they can cast on processes of this kind, for they
indicate where deposition is likely to occur, and they
can also be useful in determining what design changes,
such as provision of flow redistribution plates, are likely
to be advantageous.

Flow-pattern predictions can also reveal regions in

which tubes are likely to vibrate as a consequence of the
high velocity of the fluid flowing between them, and
detailed knowledge of the temperature distribution in
the tubes, tube supports, and shell permits thermal
stresses, both steady and transient, to be computed.

It therefore follows that, even when the thermal
performance of a heat exchanger is so insensitive to the
flow pattern (under design conditions) that the complete
numerical study is regarded as unnecessary by the
thermal specialist, the structural designer may need to
commission such a study for his or her own purposes.

G. References

So far, few publications have appeared in which calcula-
tions of flow patterns in heat exchangers, and of their
influence on performance, have been presented. How-
ever, two papers by Patankar and Spalding [14, 151,
provide preliminary exemplifications of what can be
achieved; and [16]  gives a more extensive discussion of
possible applications. Further information about the
numerical procedures outlined above can be found in
[17], [18], [19], and [201.

Nomenclature and References for Section 1.4.2 appear at the end of Section 1.4.3.
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1.4.3
Special applications of numerical

solution procedures

D. Brian Spalding

A. The prediction of two-phase flows

When a liquid stream begins to boil, or a vapor phase to
condense, two new factors have to be taken account of
by the numerical analyst. The first is that rather larger
changes take place in the density and in other properties
of the fluid, while the temperature remains practically
constant. Thus, the variable property problem, which
will have been dealt with to some extent in connection
with the single-phase fluid, here assumes a greater
quantitative significance.

The second factor is that the two phases, although
present in the same region of the heat exchanger, and
fairly intimately interspersed, may be proceeding in
different directions and at different velocities. Typically,
the vapor is likely to travel upward at a greater velocity
than the liquid, because the pressure gradient, which is
shared by the two phases (apart from surface tension
effects, not affecting the argument) exerts the same
upward force on each per unit volume, whereas the
gravitational field exerts a much greater downward force
per unit volume on the liquid than on the vapor.

This second factor substantially increased the
numerical analyst�s task, for he or she must now
calculate two sets of velocity components rather than
one, and the relevant equations are interlinked not only
by their common pressure but also by interphase
momentum transfer terms, which depend on the relative
velocities of the two phases.

This is a branch of numerical fluid mechanics that is

undergoing rapid and intense development. The problem
of obtaining solutions to the equations has been solved,
and the need is now for an increase in knowledge
concerning the interphase transfer laws.

It must be recognized that to regard the problem as
that of obtaining just two sets of velocity components is
itself an idealization that will not always be acceptable,
for at any particular point, not all particles of the
liquid phase will be proceeding at the same velocity. A
familiar example in which wide velocity differences
occur is the fountain formed when water flows from a
nozzle vertically upward into the atmosphere; all the
water falls down again, and so, in the absence of a
significant lateral wind, there is a large volume near the
axis of the fountain in which both upward-moving and
downward-moving water can be found.

Likewise, when the vapor is dispersed within the
liquid in the form of bubbles, it is possible to observe
situations in which the larger bubbles are moving upward
while the smaller ones are moving downward. It follows
that to ascribe a single velocity to the vapor phase is a
distortion of reality.

In general, therefore, a two-phase flow may require
a more elaborate treatment than the six-velocity-
component one outlined above. However, there is much
work to be done with the latter before further advances
are seriously envisaged.

Some account of problems and methods of the
numerical treatment of two-phase flows will be found in
[ill, WI, auf [431.
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B. Turbulent flow in empty spaces

In the foregoing account of numerical prediction pro-
cedures, the emphasis has been on heat exchanger shells
that are extensively ftied by tubes and baffles, the
presence of which dominates the flow. However, there
are often some regions that are free from such inclu-
sions, and sometimes, as when the dominant mode of
heat transfer is by radiation, the shell may be entirely
empty.

Because of the large sizes of practical equipment,
Reynolds numbers are high; the flow is therefore
turbulent. The question therefore arises: Are the equa-
tions that have been presented in Sec. 1.2.6 and in the
pesent section capable of describing and predicting
turbulent flow in empty spaces?

The answer is that the equations, although still
valid, must be augmented by further differential equa-
tions that will predict important features about the
turbulence, and how its properties are distributed in
space.

The topic touched upon here is that of �turbulence
modeling,� introductory accounts to which can be
found in [21]  and [22]. A few remarks will be made
here, so that the essence of the matter can be appreci-
ated.

What the energy and momentum equations need to
obtain from a turbulence model is a set of values of the
effective thermal conductivity and the effective viscos-
ity, for all relevant locations of the finite-difference grid.
The concept implicit in most turbulence models is that
these transport properties are functions primarily of the
local fluctuation energy of the turbulence and of the
local size of the eddies (more elaborate presumptions are
sometimes also made).

What a turbulence model therefore often supplies is
a pair of differential equations, to be solved simultane-
ously with the equations of energy and momentum, the
dependent variables of which are either the fluctuation
energy and the length scale themselves, or some quanti-
ties from which they can be derived.

The problem of turbulent flow in an empty space is
therefore somewhat (but only somewhat) more complex
than that of flow in a space filled with flow obstruc-
tions: the number of equations rises by two, because of
the turbulence model, and these equations are strongly
linked with those for velocity; but the equations for the
temperatures of the tube-side fluid, and of the metal,
have disappeared by way of compensation.

It is therefore quite easy to make predictions of
turbulent flow in empty spaces, and many successful
computations (in the sense of quantitatively in accord
with reality) have been made and reported in the
literature. This is not to say, however, that agreement
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with experiment is always good, or that all problems
concerned with the development of turbulence models
have been solved. Particular uncertainty still attaches to
those regions of flow in which buoyancy effects are
influential, and to those in which the effective transport
properties are not much greater than the laminar ones.
Research can be expected to have to continue to this
topic for many years before even the fairly modest (in
this respect) needs of heat exchanger designers are fully
met.

C. Flows involving chemical reaction

Although the emphasis in this handbook is on �unfired�
heat exchanger equipment, it may be useful in the
present context to examine briefly the special problems
that arise when numerical prediction procedures are
applied to flow and heat transfer phenomena in which
an exothermic chemical reaction, for example, the
combustion of a fuel, plays a significant role.

Usually the combustion takes place in empty spaces,
and the flow is turbulent. Therefore the remarks of Sec.
B are relevant. However, there are further complications:
specifically, if the behavior of the flame is to be
predicted (and the heat transfer rate can scarcely
otherwise be computed), it is necessary to solve at least
some partial differential equations having concentration
as their dependent variables.

There is one situation that permits fairly satis-
factory predictions to be based on the solution of a
single additional equation; this may be that for the
concentration of any chemically inert constituent, such
as nitrogen; or it may be the equation for the mass
fraction of a chemical element, regardless of the
chemical species between which it is distributed; or yet
again the equation for the mass fraction of material
derived from the fuel system, irrespective of whether or
not the fuel has reacted chemically.

This special situation is characterized as follows:

The fuel enters in a separate stream from the
oxygen.

The chemical reactivity of the fuel is such that the
fuel burns just as soon as it encounters oxygen (the
so-called physically controlled or mixed-is-burned
phenomenon).

The flow is fully turbulent.

It is a situation that is quite commonly approached
in furnaces and other heating equipment, and it is easy
to handle numerically because there is only one addi-
tional differential equation, and that is one, as it
happens, without any complicated source terms.

Of the more general situation, in which the chemical
reactions proceed too slowly for the mixing rate to be
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1.4 NUMERICAL SOLUTION PROCEDURES / 1.4.3 Special Applications 1.4.3-3

limiting, it is appropriate to record the following major
facts:

Most chemical reactions proceed by way of many
intermediate stages, so that a complete description may
involve quantitative concern with some tens of concen-
tration variables.

Although knowledge of the rate constants of the
reactions into which these species enter is never as
complete or as precise as would be desirable, such
progress has been made by chemical kineticists in recent
years that shortage of rate constant information is
seldom the major cause of inadequacy of predictions.

When the flow is laminar, numerical solution pro-
cedures are available for solving the flame prediction
problem, albeit often at rather great expense (because
there are many equations to solve, and because fine grids
are needed for thin-reaction zone regions).

When the flow is turbulent, uniting knowledge of
chemical kinetics with knowledge of turbulence presents
special difficulties that have not yet yielded to entirely
general and valid solution procedures.

Consequently, the prediction of kinetically in-
fluenced turbulent combustion phenomena must still be
regarded as a matter for the research worker rather than
for the practicing engineer. However, there are reasons
for hope that this situation may soon change.

This brief account will close by drawing the reader�s
attention to a few sources of further enlightenment,
namely, [23], [24], [25],  and [26].

D. Flows involving radiation

Often a major mode of heat transfer from a flame is by
way of radiation. It is therefore appropriate to touch
upon the question of how radiative transfer can be
incorporated into numerical solution procedures.

In principle, of course, the Hottel zone method
[27] can be applied. In practice, this becomes enor-
mously expensive if it is to take account of the strong
nonuniformities of concentration and temperature that
exist in practical combustion chambers, and that are
brought to light by the prediction procedures of the
kind under discussion here. In practice, therefore, it is
seldom used in conjunction with these procedures.

What is used, as a rule, is some variant of the flux
method, usually ascribed to Schuster [28] and Hamaker
[29]. Examples of its use in furnace calculations are
represented by [30], [31],  and [32].  It involves the
solution of additional finite-difference equations, rather
simpler in form than those given earlier (because
radiation is neither convected nor stored), but soluble by
similar techniques.

Whereas the finite-difference equations for tempera-
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ture, concentration, and velocity are in full conformity
(when the grid is fine enough) with the basic differential
equations, it is not true, unfortunately, that the finite-
difference equations of the radiation flux method
exhibit that conformity, no matter how fine (or coarse)
the grid. The reason is that all versions of the flux
method that have existed until now overidealize the
angular distribution of radiation, treating it as being
collected into bundles having direction normal to the
main cell surfaces. This idealization, essential if the
problem is to be numerically tractable, ignores an
important feature of real radiation phenomena, namely,
that radiation travels obliquely as well.

No solution to this difficulty has yet been found
that is simple enough for practical use. Consequently,
radiative transfer problems can still be only approxi-
mately solved.

It ought to be mentioned, however, that this mathe-
matical difficulty is not the only hindrance to the re-
liable prediction of radiation from flames, for knowledge
of the local radiative properties of the gases is required,
and those are wavelength-dependent and often not
known. As a last source of difficulty, it should be further
remarked that often the most active radiating species in
a flame is the soot that is suspended in it, and the kinetics
of soot formation and oxidation constitutes one of the
least well-documented chapters of chemical kinetics.

Radiation from flames must therefore also be
regarded as the research worker�s preserve at the present
time.

E. Calculation of heat transfer coefficients

The last topic in this section is the role of numerical
methods in predicting heat transfer coefficients, that is,
as a replacement for the experimentally based �correla-
tions� that are discussed in Sec. 1.2.3.

This application requires a radical change of scale in
the object of study. Instead of being concerned with the
heat exchanger as a whole, attention is confined, for
example, to a short length of a single passage between
three heat exchanger tubes in a bank. Then, of course,
the problem becomes one of turbulent flow in an empty
space, of the kind discussed in Sec. B; on the other hand,
the space in question is now much smaller, and the
characteristic Reynolds number will also be smaller.

This last feature is important for if now the solution
of the finite-difference equations is to lead, as it well
may, to predictions of Nusselt number-Reynolds number
relationships, these equations must hold for regions close
to the walls in which the turbulent contributions to the
transport properties may not be much greater than the
laminar contributions. This is just that domain in which,
as has been stated above, turbulence models are least
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well developed; therefore the extent to which heat Nevertheless, prospects for future progress along
transfer formulas can currently be obtained in this these lines are good. References [33]  and [34] expatiate
manner is severely limited. upon this theme and contain further relevant references.

NOMENCLATURE FOR SECTIONS 1.1.0-l .4.3

A

a

;
b
b
b’
b”

b*
c

c

G cp
cu
Cf
D
D

E
E
F

Fo
Fr
f

interface area across which heat transfer occurs,
m*
coefficient in finite-difference equation, kg/m* s
a constant
dimensionless driving force for mass transfer
mass flow rates across cell boundaries, kg/m* s
a constant
corrections to b, kg/m* s
differential coefficient of b’ with respect to p�,
kg/N s
approximate value of b, kg/m* s
product of mass flow rate and constant-pressure
specific heat capacity, W/K
�upwind� specific heat times density times
velocity, W/m*  K
constant-pressure specific heat capacity, J/kg K
constant-volume specific heat capacity, J/kg K
friction factor
diameter, m
thermal conductivity divided by internode dis-
tance, W/m*  K
effectiveness of a heat exchanger
error in continuity equation, kg/s
ratio of effective temperature difference to
logarithmic mean temperature difference
Fourier number
Froude number
friction coefficient

fe ,fr,fz friction terms in momentum equations,
N/m3

fveTfqr>fqz components of fe, f,, f, dependent on
intraphase viscous action, N/m3

f;, f,", fl remaining components of fe , fr, f,, divided
by the relevant velocity component, N s/m4

ni product of density and velocity, kg/m* s
Gr Grashof number
GZ Graetz number
g conductance, kg/m* s

gn gravitational acceleration, m/s*
He Henry number
h specific enthalpy, J/kg
Ah latent heat of vaporization, J/kg
L length dimension, m
Le Lewis number
M mass of material, kg
A mass flow rate of material in a stream, kg/s
m,, Rij, etc. mass transfer rate across an interface per

unit interface area, kg/m* s

r+rvOr  mass transfer rate across an interface per unit
volume of the space within which the interface
area is distributed, kg/m3 s

NTU number of transfer units
NVH number of velocity heads (pressure drop)
Nu Nusselt  number
43, nry nz number of subdivisions of the 8, r, and z

P
P

Pe
Pr

P
P�

Ei
Li

4VOl

R

R
Ra
Re

;

dimensions
heat exchanger performance parameter
power needed to pump a fluid through a heat
exchanger, W
Peclet number
Prandtl number
pressure, N/m*
pressure correction, N/m*
quantity of heat, J
rate of heat supply or exchange, W
heat transfer rate across an interface per unit
interface area, W/m*
heat transfer rate across an interface per unit
volume of the space within which the interface
area is distributed, W/m3
ratio of mass flow X specific heat capacity
products for a heat exchanger
porosity, i.e., fraction of volume accessible to a phase
Rayleigh number
Reynolds number
radius, m
cross-sectional area of a fluid stream, m*

S,, $, contributions to the source of a transported
property at grid point P, various/s

SC Schmidt number
Sh Sherwood number
St Stanton number
T temperature, �C
t time, s
u heat transfer coefficient, W/m*  K
uvor volumetric heat transfer coefficient, W/m3  K
u specific internal energy, J/kg
u velocity (component in 0 direction), m/s
V volume, m3
u velocity (component in r direction), m/s
W quantity of work, J

% rate of performance of shaft work, W
We Weber number

x
velocity (component in z direction), m/s
spacing of tubes in one direction, m

X mass fraction
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x quality
22 flow quality
Y spacing of tubes in a second direction, m

Z distance in axial (or flow or vertical) direction, m

;
individual heat transfer coefficient, W/m2 K
individual mass transfer coefficient, m/s

a01 volumetric mass transfer coefficient, s-l
r exchange coefficient, kg/m s
AT,, logarithmic mean temperature difference, K

mean temperature difference causing heat trans-
fer, K
increase in
diffusion coefficient, m2 /s
dynamic viscosity, kg/m s
parameter in expressions for F and P
ratio of effective to maximum possible tempera-
ture difference
angular coordinate
parameter in expression for F
effective thermal conductivity, W/m K
thermal conductivity, W/m K
density, kg/m3
surface tension constant, N/m
either Prandtl number or Schmidt number, as
appropriate
shear stress, N/m2
a transported fluid property, various

min, max streams of minimum or maximum mass
flow rate times specific heat capacity, respec-
tively

max largest possible
ref reference
N, S, E, W, H, L north, south, east, west, high, low

neighbors of a grid point, respectively
n, s, e, w, h, 1 control volume faces separating a grid

point from its N, S, E, W, H, Z, neighbors,
respectively

P grid point under consideration
P- the same grid point at the previous time instant
a air
b bulk
i component i
i interface
m metal
S saturation condition of gas phase adjacent to

liquid
t transferred substance
w, H20 water
4 Y ends of a heat exchanger
1,2 streams in a heat exchanger
1, 2,3 coordinate direction
. . . -+... from . . . to . . .
lot
XC

Subscripts

eff effective
in, out entry and exit points, respectively, of fluid

streams
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1.5 MEAN TEMPERATURE DIFFERENCE 1.5.1-1

1.5.1
Introduction

J. Taborek

A. Background

This section presents charts (together with their associ-
ated equations) for use in the performance evaluation or
design of specific industrial heat exchanger configura-
tions. The methods selected for these working charts are

1. F-correction-factor method (see Sets. 1.2.4 and
1.3.1

2. 8-NTU method (see Sets. 1.2.4 and 1.3.1

Since the two methods are derived from the same
basic equations, they must give the same answer.
However, one or the other of the two methods may be
advantageous for specific calculations. In particular:

1. The F-correction-factor method has the unique
advantage that it directly represents the departure of the
effective temperature driving force AT, for any flow
system from the best possible value for counter flow
ATLJ~.  The method is particularly suitable for process
heat exchanger calculations where usually the tempera-
ture profiles and heat balances are specified from the
process conditions but the heat transfer rate U and often
the heat exchanger surface A are not known. As a matter
of fact, the overall heat transfer rate U will usually be a
function of the design configuration considered. The
problem to be solved is then to select an exchanger
design type that would operate with the highest possible
effective temperature driving force or, for that matter,
eliminate quickly such design types as may be not
operable at all.

2. The B-NTU  method is particularly suitable for
preliminary evaluation of systems where the coefficient

U can be considered known and constant (as in compact
heat exchangers) and/or the surface A can be controlled
by addition of incremental moduli without affecting the
rate 17,  such as plate exchangers and �compact� plate-fin
units. In many of these cases, the overall plant eco-
nomics are strongly dependent on the optimum utiliza-
tion of the available AT versus capital investment in heat
transfer surfaces. The heat transfer area and usually one
of the terminal temperatures are not fixed a priori but
are chosen as a result of the economic optimization or
design process.

B. Conditions for validity

In Sec. 1.2.4, three of the primary assumptions for
validity of the F-correction-factor and 0 methods are
stated, namely, that the overall heat transfer coefficient
U, the flow rate, and specific heat of the two streams are
constant through the heat exchanger. The assumptions
of constant U is never exact but is often accepted for
practical reasons. In addition, a number of other
assumptions are implicit to the definition of the log
arithmic mean temperature difference, and thus the F
and 0 charts. These include, in approximate order of
importance:

1. For pure counter flow or cocurrent  flow, the
temperature of either fluid is uniform over any cross
section of its path. In other words, the thermal history
of any particle in either stream is identical to any other
particle in that stream, that is, complete mixing, no
stratification or bypassing.

2. For baffled shell-and-tube exchangers, the heat
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1.5.1-2 1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.1 Introduction

transferred in each baffle compartment is small com-
pared to the overall; that is, the number of baffles is
large (usually 25).

3. There is no change of phase of either fluid in
only a part of the exchanger. If condensation or boiling
occurs, it must do so uniformly over the entire surface
and in such a way that equal quantities of heat are
exchanged for equal changes of the fluid temperature.
This produces a linear plot of heat exchanged versus
temperature. Isothermal boiling or condensation com-
plies with these conditions.

4. There is equal heat transfer in each tube or shell
pass.

5. Heat losses to surroundings are negligible.

C. Definitions of quantities

An arbitary heat exchanger is illustrated in Fig. 1. An
amount of heat Q is transferred between streams 1 and
2. The F-correction-factor and 0 methods use the
following definitions (see Sec. 1.2.4 for details). First,
the general defining equation is

Q = UA AT,,, (1)

where U is the overall heat transfer coefficiency, A is the
exchanger surface area, and AT,,, is a suitably defined
effective mean temperature difference. For a pure
counter current flow, with the assumptions given in Sec.
B, AT,,, becomes ATLM, the logarithmic mean tempera-
ture difference, defined as

Equally, Q can be defined by the heat balances of
streams 1 and 2,

Q = Cl [CT, >i - CT1 lo 1 = Cz [CT* >o - (Tz >iJ (3)

where C1 and C, are the �heat capacities� of the two
streams (MCP).

For configurations other than counter flow, a
correction factor F is defined as

AT,
F = AT,, (4)

The relationships for F are conveniently formulated in
terms of the parameter R (ratio of stream heat capacity
or stream temperature differences) and P (�thermal
effectiveness�).

Arbitrary Heat Exchanger Configurslmns IT, ,” stream I, Flow Rate P
Contacting Streams I and 2 ,T,,, srresm 2. Flow Rate P2

Figure 1 Flow streams to arbitrary heat exchanger.
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R= $= (T~)i-(Tl)o
(Tz >o - CT2  Ii

p = SzIo - (Tz)i
(Tl)i  - U�zh

(5)

(6)

The �thermal effectiveness� P is the ratio of the
change of temperature of stream 2 and the maximum
possible difference between the inlet temperatures of the
two streams. The term ATM can also be expressed in
terms of the R and P parameters as follows:

ATLM = (Tlh - (TI)o ,C R - l
R

\
!n

t
I(1 - f�)/(l - fW1 g+ 1

(7)

The term in braces will be frequently repeated in the
derivations and it is therefore assigned a symbol 6 :

R - l 1 - P
’ = In [(I -P)/(l - PR)]  R+l =P Rel (8)

The number of transfer units for stream 2 (NT&)
is defined as

mu
2
_ AU = (Tzlo - (T2h

c2 AT,

The NTU value itself has only a vague physical signifi-
cance as roughly a �heat exchanger size factor,� being
proportional to the product of U and A. The original
reason for introducing the NTU method was that the
unknown heat balance case, where both outlet tempera-
tures are unknown, can be solved without reiterative
calculations-a chore impossible with the F method.
Further interpretation of the NTU methods is given in
detail in Sec. 1.2.4. Of the various methods representing
NTU, the 8 method was selected because it is graphically
compatible with the F-correction-factor method.

The parameter 0 is defined as

e = (T, )F’(Tz)i (10)

The charts are such that knowing two of the three
parameters, P, R, and NTU2,  8, and thus AT, can be
directly determined. Only the 0 method permits this
convenience. Note that the above variables are inter-
related as follows:

NTU,  = A
P

’ = Fp6 = N’W

D. AT,,, -8-NTU2  -F charts and how to use them

Based on the definitions in Sec. C, a series of graphic
charts have been calculated, based on equations docu-
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1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.1 Introduction 1.5.1-3

NTU,

1

R = Constant

0 1.0

� =
CT2  ),, - CT,  );
CT,  ji - CT2  ji

Figure 2 Schematic relation of the F-P and 8-P-NTLJ,  charts.

mented in subsequent sections. The charts are arranged
in a dual configuration, as schematically represented in
Fig. 2:

1. 0 versus P versus NTU2,  with R = const as
parameter

2. Fversus P, with R = const as parameter

Notice that the interrelation of all the parameters can be
easily established by visual inspection.

Graphs are presented as figures in Sec. 1.5.2 for the
most common shell-and-tube exchangers and in Sec.
1.5.3 for a number of typical cross-flow configurations.
In the, following examples the use of the charts is
demonstrated.

(a) Case I: Calculation of effective mean
temperature difference AT, knowing
inlet and outlet temperature of both streams

This case can be solved using the F-factor charts as
follows:

1. Calculate R and P from Eqs. (5) and (6).
2. For the particular configuration, read the F value

corresponding to the calculated R and P from the F
chart (or calculate Fusing the equations given).

3. Calculate ATM from Eq. (2).
4. Calculate AT, = F ATLM  [Eq. (4)]  .

Alternatively, the 0 charts may be used:

1. Calculate R and P from Eqs. (5) and (6).
2. Read 0 from upper charts for particular con-

figuration (or calculate e from equations given).
3. Calculate AT, from Eq. (10).

Note that in the latter case, NTU2  can be read directly
from the charts.

(b) Case 2: Calculation of outlet temperature
of both streams where C, , C,, U, A,
and the stream inlet temperatures are known

This case can be dealt with via the 8 charts as follows:

1. Calculate R from Eq. (5) and NTU2  from Eq.

(9).
2. From the 0 chart, read off the value of P

corresponding to the calculated value of R and NTU2.
(Alternatively, P can be calculated from the equations
presented.)

3. By rearranging Eq. (6), determine (T2)0  from P
and the inlet temperature values.

CT2  10 = P[(T,  h - CT2 hI + (7�2  >i (13)

4. Calculate (T,),  from Eq. (5):

0�1 lo = (TI Ii - RKT,),  - (7�2 )il (14)

The F-correction-factor method would require a reitera-
tive procedure for the same calculation.

(c) Case 3: Calculation of required area A
where inlet and outlet temperatures of both
streams are known and the overall coefficient
U is also assumed to be known

Here, the 0 charts may be employed as follows:

1. Calculate R and P from Eqs. (5) and (6).
2. Read the value of NTU2  corresponding to the

calculated R and P from the 8 chart.
3. Calculate A from

A = NT&C2

U
The same calculation can be achieved using the F-
correction-factor charts, but this involves the additional
calculation of ATLM.  Furthermore, the values of NT&
obtained via the 0 method can be useful for comparative
purposes.

(d) Case 4: Relationship between NTUz , F
and Fmi,  using visual inspection of charts

The relationship between NTU2  and F can be read from
the dual graphs. This is useful since good practice
requires operation above a certain minimum F factor
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(Fmin). If the system is operated at too low a value of F,
it falls into the region where large decreases in F occur
for small differences in P. Thus, the performance is very
sensitive to deviation from the given temperatures.

There is no straightforward criterion for definition
of the value of Fmin. In principle it is a judgment of
how much the exchanger designer is willing to sacrifice
on loss of AT,,, for potential gain in other effects or cost
of the unit. Two typical examples can be shown to
illustrate this problem.

1. If outlet temperatures form a cross, (T,)o >
U-z),> a low value of F factor may result. A simple

remedy is to use two (or more) exchangers in series,
which will result in higher F values. This, however,
causes a considerable cost increase, and the designer may
decide to take the F-factor penalty and larger-size single
unit.

2. A single tube-pass TEMA E shell-and-tube ex-
changer is considered to be in counter flow and
therefore to have no limitation on temperature cross

with F = 1. However, tube-side flow velocity for such a
tube-pass arrangement may be inherently low, resulting
in low tube-side CY  and increased fouling. Switching to
two (or more) tube-passes will improve these problems
at a cost of having an F-factor penalty to AT,,,. Again,
an engineering judgment will be necessary to arrive at
the best possible solution, which in most cases is not
quite obvious.

The suggestion has been made to limit Fmin  so that
no outlet temperature cross will result. This criterion
provides reasonable values of Fmin  m 0.8 for TEMA E
and J shells, but is too restrictive for units in series and
multitube-pass cross flow (Fmin  z 0.95), where larger F
penalties can be tolerated and economically justified.

In summary, the best generalized recommendation
that can be given is to use Fmin  z 0.8 but to assure that
this value on the F curves does not fall into the steeply
decreasing region characteristic of low and high values of
R. Otherwise, sound engineering judgment is the ulti-
mate criterion.

Nomenclature for Section 1.5. I appears at the end of Section 1.5.3.
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1.52
F and 8 charts for shell-and-tube

exchangers

J. Taborek

W Charts for the following types of common shell-and-
tube exchangers are presented in the following figures.
Descriptive material, comments on proper usage, and
documentation of equations from which the graphs have
been constructed are included with each specific con-
figuration.

1. Counter flow
2. Cocurrent flow
3. TEMA E shell, 1-W
4. TEMA E shell, 2 in series
5. TEMA E shell, 3 in series
6. TEMA E shell, 4 in series
7. TEMA E shell, 5 in series
8. TEMA E shell, 6 in series
9. TEMA J shell, one tube pass

10. TEMA J shell, 2N tube passes
11. TEMA G shell, 2N tube passes
12. TEMA F shell, partition

thermal leakage

Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
Fig. 6
Fig. 7
Fig, 8
Fig. 9
Fig. 10
Fig. 11

Fig. 12

A. Counter flow

Counter flow is included here only as being the best
possible temperature-driving force utilization. For this
case, by definition, AT,,, = ATLM  and F = 1 .O. The 0
method representation is given in Fig. 1.

Credit and thanks is given to Mr. John Ward of AERE,
Hanvell,  U.K., for computer calculation of the graphs presented
in this section and Sec. 1.5.3.

The intercept of the R = const curves at 8 = 0 occurs at

P 1
= -max

IR R21.0
= l.�lR,*.o

The line of R = 0 is the same for all the flow systems, as
it corresponds to fluid 2 being isothermal. In such a case,

- P
e=ln(l -P) R=0I

(3)

B. Cocurrent flow

Cocurrent flow AT,,., can be calculated directly from the
ATIN, but is presented here in the F-factor form, as it is
the least effective flow configuration. The principal
limitation is, of course, that the cold fluid outlet
temperature must be below the hot fluid exit
temperature-an unacceptable limitation in many cases,
particularly where heat recovery is involved.

All other flow systems will be somewhere between
the pure counter current and cocurrent flow. However,
before dismissing cocurrent flow as undesirable, let us
make the following observations.

1. Cocurrent flow produces the most uniform tube
wall temperature between hot end inlet and cold end
outlet, thus minimizing the thermal stress.

2. The highest wall temperature is lower than for
counter flow, thus eliminating, in appropriate cases,
problems associated with high wall temperature, such as
fouling, material selection, etc.

3. In the case of flow reboilers, cocurrent flow
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3 (T, Ji - (T, Jo
R= ~ = (Tt)o-(T,)i

T, and T, are interchangeable

- NTU, = AU/C,

1.0 1.0

0.9

1.2
0. B

0. 7 1.4

+? 1.6
N 0. 6

e& � 1.8

a �+? 0. 5 2.0
r(

b
0. 4 2.5

II
a

3. 0
E.  3

4.0

0. 2 5.0

a. 1

0. E
0. a 0. 1 0. 2 0. 3 0. 4 0. 5 8. 6 0.7 0. 6 0. 9 I.0

* P - Thermal Effectiveness = (~l)i((~,)i

Figure 1 Mean temperature difference relationships: counter flow.

produces the highest AT at the entrance of streams, thus
potentially contributing (in appropriate cases) to early
initiation of nucleate boiling, which would not occur
with counter flow.

The following equations are readily deduced from
the basic definitions.

-CR + 1)
F=Un[1-P(R+1)]

me pm,x at F = 0 is defined as

(4)

The results are shown in Fig. 2.

C. TEMA E shell-and-tube flow arrangements

This section will cover the most common flow arrange-
ments in shell-and-tube exchangers, that is, a variety of
shell flow geometries and tube pass arrangements.

0 1983 Hemisphere I blishing Corporation

(a) TEMA E shell with even number
of tube passes (l-2N)

In commonly accepted nomenclature, the single shell
pass (1) and the even number of tube passes (2N)  are
designated as a 1-W configuration. This practice will be
used in the following sections.

Under the assumption that the shell fluid is
�mixed,� that is, not stratified along the flow path,
Underwood [ 1 ] performed the original integration for a
1-2 flow system, which after some rearrangements
appears as

F=(6)~ {[2--p(l  +R-;)],[2-P(1  +R+q)]}

(6)

where

rl=diFT-i- (Q)

Underwood also proved that it is immaterial whether
tube-side flow direction in the first pass in counter flow
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i;N
e

2 ’a K
c

II
0

R= >=
(Tl)i - Vi)0

1 (T2Jo -(T,),

T, and T, are interchangeable

NTU, = AU/C,

0.6

0.5

0. 4

0.3

0. 2

0. I

0.0

1.6

0.9

0.6

0. 7

0. 6

n * 0. 2 0. 3 0 . 40 . 50. 6 0. 7 0. 6 0. 9 1.0
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0.0 0. I 0.2 0: 3 0: 4 0.5 0.6 0.7 0.9 0.9 1.0

+ P - Thermal Effectiveness = p, ji _ (T2ji

Figure 2 Mean temperature difference relationships: cocurrent  flow.
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(shown in Fig. 3) or cocurrent  flow with respect to shell
flow. Subsequently [2] , four tube-pass arrangements
were analyzed, but the differences were found to be very
small compared to the validity of basic assumptions.
Therefore, Eq. [6] is considered valid for any even
number of tube passes. For an infinite number of tube
passes, the correction factor F charts will transit to that
of cross flow with both fluids mixed (see Sec. 1.5.3).
Even for this extreme case, the F values above 0.7 are
within 2% of the l-2N solutions.

The asymptotic value of P is reached at

P 2
max = l+R+rl

(6) Multiple E shells in series, each
with two or any even number of tube passes

If the temperature range is very large, for example,
(T,), s (T,),, a single unit with 2N tube passes would
not be acceptable (P>P,,,) (see Figs. 4-8). In such
cases (if counterflow is excluded for other reasons),
resort is taken to employing several units where both the
shell-side and tube-side flow are in series. Using M
identical units of the TEMA E shell type in series, the F
factor (or NT&)  can be calculated from Eq. (6) if,
according to Bowman [2], the P parameter is expressed
as follows:

1 -(xyM
P=R-Ql/M

p*
= M-P&f-  1) Rcl (8)

R#l

x = PoR - 1
P, - 1 (9)

and where R and PO are based on the overall terminal
temperatures of the system.

The asymptotic Pmax values can be determined
from

P
zM - 1 2M

max =
Z”--R  R#t =m+fi R=l

(10)

where

Z,vR+l
q+R-1

and 17 is defined in Eq. (ti).
Although it has never been proven mathematically,

according to Gardner [3], the same procedure will apply
to any series of identical exchangers, with identical
inlet-outlet configurations of each unit.

D. TEMA J shell divided-flow exchanger

The divided-flow J shell is used mainly to accommodate
very low pressure drops. As only one-half the stream

0 1983 Hemisphere F
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traverses one-half the length, the shell-side pressure drop
is only about one-eighth that of a TEMA E shell. A
schematic sketch of the flow is shown in Fig. 9. Notice
that a single nozzle inlet is shown (usual arrangement)
and that the shell outlet temperatures from the two
outlet nozzles will not be the same. The temperature
profile refers to the mixed outlet temperature. Con-
sequently, if two J shells in series should be calculated
by Eq. (8), the shells will have to be connected so that
the second shell again has a single nozzle entry-an
inconvenience in piping arrangement. If the second shell
is connected with two inlet nozzles to the two outlet
nozzles of the first shell, the AT, relations do not
strictly apply and may be on the unsafe side. The AT,
analysis for J shells is well summarized by Jaw [4].

(a) J shell with single tube pass

The solution for this case (see Fig. 9) is identical to that
for the TEMA E shell (1-m with the fluid �unmixed�
and is due to Gardner [5].

2R + &R+o.5)

2R - $-CR +“‘) Rfo.5

=I- 1+1/G
2+h@ R - o . 5

where $J is defined as

C#J = exp & = exp (NT&)
0

ln@=&=NTU, =f

The Max values can be calculated as

P*ax =1-2-l
2R + ’ R>o.s

= 1oolR<o.5

(1 la>

(1 lb)

Ok)

(12b)

(13)

In definition of R and P, T, represents the shell-side
fluid and T, and Tz cannot be interchanged.

(b) J shell with two or any even
number of tube passes

Jaw [4] analyzed cases with two and four tube passes
and found that the results are within very small
differences. Extending the number of tube passes to
infinity, the case becomes identical to that of mixed-
mixed cross flow, as derived by Gardner [6]. Again, the
differences were found to be negligible compared to the
two-tube-pass solution in the region of interest, that is,
F > 0.5. Therefore, Gardner�s solution is recommended
for any even number of tube passes.

blishing  Corporation
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(TIJi - (T,jo
(Tz)o L (T&

T, and T, are interchangeable

-NTU, = AU/C,

1.0

0. 6

0. 1

AR-.-
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0.9

0. a
I ‘u \I\,\ \ \ 1 \ \
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0.6 - I \\\.I\\ \I\\\
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0. 1 0.2 0: 3 0. 4 0.5 0.6 0.7 0. s 0.9 1.0

--w P - Thermal Effectiveness =
Uplo - (Tz)i
(T1 ji _ CT2 ji

Figure 3 Mean temperature difference relationships: one E shell with any even number of tube passes (shell fluid mixed).
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tk

(Tl)i, + h @Jo,
I c

T, and T, are interchangeable

F NTU, = AU/C,
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a e
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w P - Thermal Effectiveness =
CT2  10 - 02 Ii
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Figure 4 Mean temperature difference relationships: two E shells in series, each with two or any even number of tube
passes.
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Figure 5 Mean temperature difference relationships: three E shells in series, each with two or any even number of tube

passes.
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R= >= (Tl >i - 0�1  Jo
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+ NTU, = AU/C,
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Figure 6 Mean temperature difference relationships: four E shells in series, each with two or any even number of tube
passes.
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II
Ql

r,

(T1  )i - (Tl)o
(Tz 10 - (T2 )i

T 1 and T, are interchangeable

__) NTU, = AU/C,

0. 9

0. e

0. 7

0. 6

0. 5

0. 4

0. 3

0. 2

0. 1

0. 0

1.0

0. 9

0. e

a. 7

0. 6

0.5

0.4

0. 3
0.0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. e 0. 9 1. a

__) P - Thermal Effectiveness
(T2  10 - (Tz )i

= (T1 ji _ (T2  li

0.1

Figure 7 Mean temperature difference relationships: five E shells in series, each with two or any even number of tube

passes.
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Figure 8 Mean temperature difference relationships: six E shells in series, each with two or any even number of tube
passes.
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Figure 9 Mean temperature difference relationships: TEMA J shell, one tube pass.
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Figure 10 Mean temperature difference relationships: TEMA J she& two or any even number of tube passes, and
mixed-mixed cross flow.
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1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.2 F and 6 Charts 1.5.2-13

R= g= (T,a - (T,Jo

1 0’2 Jo - (Tt)i

T, and T, are not interchangeable
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Figure I1 Mean temperature difference relationships: TEMA G shell, two or any even number of tube passes.
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1.5.2-14 1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.2 F and 6 Charts

( R
p= ($2-1  +$!l-lnle >

-1
___ - - (14) J = j--& [(I + G + 2RG)e’  + 2RD]

The derivation assumes that the tube-side fluid enters at
the side of shell outlet nozzles. Notice from Fig. 10 that
the curves form a Pmax at values approximately cor-
responding to F = 0.5 and bend backward to lower P
values at the 0 = 0 intercept. Operation in the region
below Pm,, is not recommended.

Comparison of the F values for one tube pass to 2N
tube passes indicates that one-tube-pass solutions result
in higher thermal effectiveness.

E. TEMA G shell split-flow exchanger
with 2N tube passes

In TEMA G shells, the flow is split into two streams
separated by a longitudinal baffle (see Fig. 11). The
shell-side pressure drop is approximately the same as for
an E-type exchanger. Under the assumption that the
tube-side fluid enters at the shell outlet nozzle side, the
thermal effectiveness is substantially higher than for an
E (1-w exchanger.

The solution of this case is due to Schindler and
Bates [7] and appears after some rearrangements as
follows :

(15)

G= I-emb =-
2R - ’ R#o.s 2’ R - o . 5

(20)

Stream 1 in definitions of R and R is on the shell side
and cannot be interchanged with stream 2. Definition of
6 is in Eq. (8), Sec. 1.5.1.

F. TEMA F shell

The F shell has a longitudinal baffle dividing the shell
into two compartments. If used, as is usual, with two
tube passes, the arrangement results in pure counter flow
with F = 1. For four tube passes, the configuration
would be treated as two E (1-m exchangers in series.

There are two inherent problems in the F-shell
application:

1. As the longitudinal baffle is exposed on one side
to the hot end of the stream and on the other side to the
cold end of the stream, there is a thermal conduction

\ \ \ I \ Ill\ Xl N\
I

0 . 8

-1 - P - l
I I I II II I I I I _

- =3025 2 0  15 IO 7.5 5 2 11 - (R)(P) 1 I I I

I I I I I I _-.
0.002 0.003 0.005 0.007 0.01 0.02 0.03 0.05 0.07 0.1 0.2 0 . 3

R2X2Y

Figure 12 Correction factor Fb for thermal leakage through longitudinal baffle in TEMA F shell exchangers.
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1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.2 F and fl Charts 1.5.2-15

heat exchange that decreases the effectiveness of the
thermal profile. A method to account for this ineffi-
ciency was first developed by Whistler [8] and later
rearranged into a dimensionless form by Rozenman and
Taborek [9]. It can be expressed as an additional
correction factor Fb as follows:

A T ,  =F(Fb)ATm (21)

For a two-tube-pass arrangement, F = 1 .O. The baffle
correction factor Fb is expressed as

Z6
Fb = In [(l + Zx)/(l - Z X ) ] (22)

Z=~4PY+(R-l)2 (23)

x= p
2-PR-P (24)

y = Ab ub
A uo (25)

where, in consistent units,

A = total outside surface of the tubes
Ab = surface of the longitudinal baffle
U, = overall heat transfer coefficient
ub = heat transfer coefficient through the partition,

defined as

(26)

CY~ = convective coefficient at the baffle, usually
assumed equal to the shell-side coefficient

Lb = baffle thickneSS

6 = defined in Eq. 1..5.1(8)
Xb = thermal conductivity of the baffle material

Graphic representation is shown in Fig. 12.
2. The baffle can be welded to shell wall, in which

case there is no leakage between the two shell halves.
However, in most cases the tube bundle is removable for
cleaning, and in such case a flexible sealing strip will
effectively seal leakage of the fluid at the higher pressure
in the shell inlet compartment to lower pressure at the
outlet compartment. However, the seals are often
damaged at times of tube bundle removal and the
consequent leakage will further-and sometimes sub-
stantially-deteriorate the effective temperature profne.

This case has been analyzed in [9] . The difficulty is
in assigning the proper value of the seal gap, which can
only be estimated.

Nomenclature for Section 1.52 appears at the end of Section 1.5.3.
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1.5 MEAN TEMPERATURE DIFFERENCE 1.5.3-l

1.5.3
Fand 0 charts for cross-flow

arrangements

J. Taborek

W In this section we present solutions to the most
common cases of cross-flow heat exchanger configura-
tions. A very complete reference on this general subject
is the work of Stevens et al. [l] , where analytical
solution of numerous configurations are given-many of
them of rather academic interest only. However, there
are no numerical or graphic solutions included. Another
very useful reference with a good bibliography is by
Nicole [2], which is devoted specifically to air-cooled
units.

A. Definition of terms

(a) Mixed and unmixed streams

The analytical developments distinguish two extremes of
fluid: �mixed� or �unmixed.� The following definitions
are based partially on [2].

Complete mixing implies that all the fluid in any
given plane normal to the flow has the same tempera-
ture, although this temperature does change in the
direction of flow. Unmixed flow implies, on the other
hand, that temperature differences within the fluid in at
least one direction normal to the flow can exist but that
no heat flux due to these differences occurs.

When the fluid is unmixed, the terminal tempera-
ture of either stream is defined as that which would
result after complete mixing.

The three possible basic flow combinations for a
single-pass cross-flow exchanger, if it is assumed that
either fluid is completely mixed or unmixed, are shown
here schematically. It is assumed that there is no
variation of temperature in the third dimension.

tA
Both fluids mixed Fluid A unmixed Both fluids unmixed

Fluid B mixed

Bowman et al. [3] noted in 1940 that a method of
calculating the AT, when either or both fluids are only
partially mixed does not exist; this is still the case. They
also noted that AT, is lower when either fluid is mixed
than when both are unmixed.

In many real-life exchangers, the actual flow will be
partially mixed, although for high-fin tubes the fins
under close spacing will act as flow straighteners and the
flow will closely approach the �unmixed� case.

(b) Pass arrangement

In multipass arrangements in cross flow, the overall
direction of flow of the one fluid relative to the other is
either counter current or cocurrent. True counter-
current flow yields the maximum attainable temperature
difference, whereas cocurrent flow yields the smallest
temperature difference for the same terminal tempera-
tures. Hence, multipass air coolers are almost invariably
of the counter-cross-flow type except in unusual cases,
such as where low pour points or a high viscosity index
of the process fluid may dictate the use of cocurrent
cross flow. Primarily the counter-cross-flow type where
the process fluid flows in alternate directions in alternate
passes will be considered in this section. Some cases of
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1.5.3-2 1.5 MEAN TEMPERATURE DIFFERENCE / 1 S.3  F and 8 Charts for Cross-Flow Arrangements

cocurrent cross flow are discussed later. Stevens et al.
[4] noted that the multipass arrangement where the
flow is in the same direction in each pass yields a slightly
higher AT,,, for the same terminal temperatures. For
obvious practical reasons, such arrangements are seldom
used in the process industry. Nicole [2] lists a few cases
for cocurrent cross flow with two and three passes, but
the results obtained by numerical methods are not
shown, the reader being referred to the extremely
hard-to-obtain [4].

(c) Temperature profile considerations

For all nonisothermal conditions, all the restrictive
limitations underlying the L.MTD  validity (see Sec.
1.5.1) must be respected with the addition of the
following condition: The flow of both fluids is evenly
distributed over the total jlow  area In air-cooled
exchangers this condition is assumed to be reasonably
satisfied, although some air maldistribution, occasionally
quite severe, will exist. The effects on the validity of
AT, have never been investigated, and it is a common
industrial practice to assume that compensating errors
will restore a reasonable balance. Some caution, espe-
cially in cases of close temperature approaches, is indi-
cated. Similar comments of caution apply to the tube-
side fluid distribution in the inlet headers, especially if
viscous fluids or two-phase mixtures are involved.

Some additional observations regarding cross-flow
AT, are of interest. In any cross-flow arrangement
(even when both streams are completely mixed), the
temperatures of the two streams may cross. The greater
the number of passes in a counter-cross-flow arrange-
ment, the larger will be the attainable temperature cross,
and for the extreme case of very large number of passes,
AT, will approach that of counter flow.

For single-tube-pass, multiple-tube-row configura-
tions, the effectiveness increases with the number of
rows to approach the values of unmixed-unmixed cross
flow. This is practically true for F > 0.8 for a number of
tube rows larger than four.

Graphic solutions in the form of 8 and F charts are
included for the most common cross-flow configurations
as figures in this section, with equations and comments
to proper usage.

1. Unmixed-unmixed cross flow (Fig. 1)
2. One tube pass, one tube row (Fig. 2)
3. One tube pass, two tube rows (Fig. 3)
4. One tube pass, three tube rows (Fig. 4)
5. One tube pass, four tube rows (Fig. 5)
6. Two tube passes, two tube rows, unmixed

between passes (Fig. 6)
7. Three tube passes, three tube rows, unmixed

between passes (Fig. 7)

0 1983 Hemisphere I
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8. Four tube passes, four tube rows, unmixed
between passes (Fig. 8)

9. Two tube passes, four tube rows, mixed between
passes (Fig. 9)

B. Solutions of Tm  for mosf common
cross-flow configurations

(a) Unmixed-unmixed cross flow

This is an industrially important flow arrangement
representing the case of a large number of unmixed
channels in both streams. The original solution is due to
Nusselt [S] , later reformulated into a more manageable
equation by Mason [6].

where 6 is defined in Eq. 1.5.1(8) and

N=NTU=F+

(1)

(2)

Figure 1 was calculated from this equation withp = 10.
Even with high-speed computers, the trial-and-error
calculations are rather lengthy. An alternative method
using numerical integration is faster, as described in Ref.
PI.

(b) Mixed-mixed cross fro w

This case has no industrial application known to the
author and is shown here only as an extreme of the
cross-flow arrangements. The solution quoted here is
shown in Fig. 1.5.2(  10) and is identical to TEMA J shell
with 2N tube passes.

(c) One tube pass and one, two, three,
or four tube rows

These flow configurations, shown schematically in Figs.
2-5, represent important industrial design arrangements.
Essentially a number of tube rows n is connected to a
common header in parallel.

The general solution for these cases is shown by
Nicole in [2]. In our nomenclature, noting that Nicole�s
p = PR, q = P, and r = 0 = FP6 = P/NTU2, the equation
becomes

blishing  Corporation
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(T& (T2 )o
C- (T. j: - CT. LR=/= >I�1  X1��

1 Cr, 10 - (Tr )i

T, and T, are interchangeable

- NTU, = AU/C,

1. a

0. Q

0. a

0. 7

0.5-1 \ 1 \i\.:\.,

0. 1 0. 2 0. 3 0. 4 0.5 0. 6 0. 7 0. 0 0. 9 1. 0

CT2 )o -
P - Thermal Effectiveness

CT2  Ii
- = (~l)i-

Figure 1 Mean temperature difference relationships: cross flow, both fluids unmixed.
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C
R= &=

fl,a - Pl)O
1 Cr,)o  - cT*)i

T, and T, are not interchangeable

wo (T1 Ii

g#+Y+#+
(Tl Jo (Ta)i

- NTU, = AU/C,
1.0
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2.0
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0. 0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1.0

- P - Thermal  Effectiv~eaa  =
(T,)o - (Ta)i
cT,ji  _ T, i

Figure 2 Mean temperature difference relationships: cross-flow unit, one tube row, unmixed.
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Figure 3 Mean temperature difference relationships: cross-flow unit, two tube rows, one pass, unmixed.
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14
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02 Jo - CT2 )i

T, and;, are nof interchangeable
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- P - Thermal Effectiveness = q~~(~2)i

Figure 4 Mean temperature difference relationships: cros+flow unit, three tube rows, one pass, unmixed.
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Figure 5 Mean temperature difference relationships: crospflow  unit, four tube rows, one pass, unmixed.

o 1983 Hemisphere Publishing Corporationr 7KDib A



1.5.3-8 1.5 MEAN TEMPERATURE DIFFERENCE / 1 S.3  F and 0 Charts for Cross-Flow Arrangements

P  =  (l/R) (1 - [(n exp  (MR))/(l  + Zrz: Xi=o (i)

X Ki exp (-[(i - j)(P/rzr)]  Ci=, (nKR)k/k!})]}-’

(3)

where

f = (i I;,,!

that is, the number of combinations of i taken j at a
time, and

K =  1 -exp(---&)=  I - e x p  (-5)

(3a)

The expansions of Eq. (3) are shown in [2]. It
should be mentioned that identical solutions were
obtained by Gardner in 1946 [7] but never published.
In our nomenclature, the solutions for the various tube
rows are as follows:

1. One tube row, Fig. 2:

p= ;.(I -@R)
(4)

2. Two tube rows, Fig. 3:

P = f [I - e-2KR(I  + RK2)]

3. Three tube rows, Fig. 4:

(5)

,
,sKR

+ RK2(3 - K) + (3,2)R'K;] -' (6)}

4. Four tube rows, Fig. 5:

P = ( l /R)  {I - {[e4KR ]/[I + RK2(6 - 4K + K2)

+ 4R2K4(2  -K) + (8/3)R3K6]}-'1 (7)

For a larger number of tube rows, the solution
approaches that of unmixed-unmixed flow (Fig. 1).

(d) Multitube-pass arrangements with equal
numbers of multiple tube rows (U-bend sections)

A schematic representation of these flow arrangements is
shown in Figs. 6-8. They are essentially U-bend sections
with flow in tube passes alternating the flow direction in
each subsequent tube row. The solutions are based on
[2]. Again, the same solutions have been derived in the
unpublished [7].

Using the general formula

0 1983 Hemisphere I
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the expressions for A are as follows:

1. Two tube rows, two passes (Fig. 6):

@R (9)

2. Three tube rows, three passes (Fig. 7):

A=K~-f-RK(I-Z)le�R+(l-~)II�XR

(10)

3. Four tube rows, four passes (Fig. 8):

A=$;+$)+K(1-2)

[;-;K(l-;)e2Kj+(l-$e4KR  (11)

4. Five tube rows, five passes (no figure):

+ [K(l  -;K+kK3)  -3RK2(l  $]e3-

,sKR

5. Six tube rows, six passes (no figure):

(12)

A=; 1 -KKK2  -;K3 +;K4

+ ;K2 - &K3 +

;K3 + SK4 - RK2
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C2 0�1  Ii - (T1 Jo
R= q = (T&-(TJi

T1 and T, are not interchangeable

- NTU, = AU/C,

1 . 0

0. g

0 . 6

0. 6

(T*)o
*:)i

+ + (T ).
t t (Tl)O

2 1

1.6

1.6

2 . 0

0. 0 0. 1 0. 2 0. 3 0. 4 0. 5 0 . 6 0. 7 8. e 0. 9 1. 0

- P - Thermal Effectiveness =
(T2)o - (T2)i
(Tl)i _ (T2)i

Figure 6 Mean temperature difference relationships: cross-flow unit, two tube rows, two passes, unmixed between passes.
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1 P,), - (T*)i

T, and T, are not interchangeable

- NTU, = AU/C,
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P Thermal Effectiveness
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(Tl)i - 0�2)i

.
Figure 7 Mean temperature difference relationships: cross-flow unit, three tube rows, three passes, unmixed between
passes.
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T1 and T, are not interchangeable

- NTU, = AU/C,
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Figure 8 Mean temperature difference relationships: cross-flow unit, four tube rows, four passes, unmixed between passes.
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R= C, = v,)i-(T,)o
5 (Tz)o - (Ta)i

T, and T, are not  interchangeable
- NTU, = AU/C,

1.0

a 0

a0

a 7

a6

a 5

a4

a 3

a2

ai

a 0

1. a

a 0

a 0
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01 )i
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- P - Thermal Effectiveness =
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01 )i - (Ta)i

Figure 9 Mean temperature difference relationships: cross flow, four tube rows in two passes, two tube rows per pass,
mixed at the header.

0 1983 Hemisphere Publishing  Corporatkm

tml

-.



1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.3  F and 0 Charts for Cross-Flow Arrangements 1.5.3-13

Beyond six tube rows and six passes, the solutions for all
practical purposes approach that of pure counter flow,
at least in the region of industrial interest, that is,
F> 0.8. Even the 44 solution is already so close to the
counter-flow solution that figures for the 5-5 and 6-6
arrangements are not shown and the equations are
documented for archival purposes only.

(e) Multitube-pass arrangements with
any number of tube rows, mixed
or unmixed between tube passes

The variety of the possible flow arrangements between
tube passes and tube rows, mixed or unmixed, either in
the flow through the exchanger itself or between passes,
is extremely numerous and beyond the objectives of this
handbook. Many solutions to such cases are given in [l ]
and [8], but only a limited number are of industrial

A

CP
Cl
c2

F
FIllill
Fb
ni
P

interest. Furthermore, as noted in the very pertinent
�Discussion� to [I] by Landis, many of the solutions
are within 2% of the base cases. Realizing the number of
assumptions underlying the validity of the solutions
(many of which are at least somewhat violated), it
appears that some rational simplification could be
established-a challenge to future researchers. From the
many possible solutions, explicit or obtainable only by
numerical integration, a relatively simple case but
common in practice is presented here for two passes
with four tube rows, that is, two tube rows per pass, Fig.
9. The analytical solution in [2], in terms of Eq. (8),
appears as

(4 - K + 2RK’) + e4KR

+,(, -; +$)(I ~~~~$1 +m2)-2
(14)

NOMENCLATURE FOR SECTIONS 1.5.1-1.5.3

heat exchanger total surface area, m2
specific heat capacity, J/kg K
heat capacities of streams 1 and 2, respectively
[Eq. 1.5.1(3)],  J/kg
LMTD correction factor
minimum recommended value of F
longitudinal baffle correction [Eq. 1.5.2(21)]
flow rate, kg/s
thermal effectiveness [Eq. 1.5.1(6)]

R correlational parameter [Eq. 1.5.1(5)]
NTU2  number of transfer units defined in Eq. 1.5.1(9)
U overall heat transfer coefficient, W/m2  K
6 auxiliary term [Eq. 1.5.1(S)]

AT, effective temperature difference, K
ATM log mean temperature difference, K
8 temperature effectiveness parameter, defined in

Eq. 1.5.1(10)
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.1-1

1.6.1
IntrZion

E. S. Gaddis

4 Single-phase multipass shell-and-tube heat ex-
changers provided with segmental baffles have a more
or less cross flow through the tube bundle. Baffle-
induced shell-side flow might influence the effective
mean temperature difference and hence the effective-
ness of the heat exchanger. The influence of the baffles
on the exchanger effectiveness and on the mean temper-
ature difference is ignored in most present thermal de-
sign calculations. This can be justified in the following
cases:

1. Large number of baffles.
2. Heat capacity rates k, and k, (t = kc) of the

two streams differ greatly from one another.
3. Number of transfer units (NTU) is small.

If neither of the above conditions is fulfilled, the
error in computing the effectiveness of the heat ex-
changer due to ignoring the influence of the baffle-
induced shell-side flow may not be small. In such cases
it is possible to use numerical methods, as described in
Sec. 1.4, to evaluate the thermal performance of the
apparatus. The heat exchanger can be divided into a
number of cells (subexchangers) as shown in Fig.
1.4.1(5). The purpose of this section is to illustrate with
numerical examples the calculation procedure and to
present rules that enable the engineer to choose the flow
configuration with the highest heat exchanger effective-
ness.

Nomenclature and References for Section 1.6 appear at the end of Section 1.6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.2-1

1.6.2
Calculation procedure

E. S. Gaddis

H In this section the cross flow of the shell-side fluid
across the tube bank between two adjacent baffles or
between a baffle and the adjacent tubesheet is regarded
as one pass. This usage should be distinguished from
the more general one shell-side pass, which means that
the fluid flows from one end of the shell to the other,
with baffles treated as only a minor interruption of the
basically one-dimensional flow. According to the
present designation, the heat exchanger in Fig.
1.4.1(5a) has seven shell passes. Figure 1 in this section
shows one of the heat exchanger cells. Leakage and
bypass currents are ignored in this analysis. It is as-
sumed in further calculations that stream 1 is the stream
with the lower heat capacity rate. The following equa-
tions may be written in the steady state:

Q, = C,(T:�-  T,? (1)

Qc = 4,(r;, - Ty) (2)

0, = E,k,(T:  - TJ (3)

where E, is the effectiveness of the cell, defined by

E = T;�-  T�
c

T; - T,’ (4)

It is convenient to carry out the calculations with dimen-
sionless temperatures defined by

e = T- T,,
T,, - T,,

(5)

where T,, and TTi  are the heat exchanger inlet tempera-
tures of stream 1 and stream 2, respectively. It is clear
that for all cells 0 I 0 I 1 and the dimensionless heat
exchanger inlet temperatures are 8,i = 0 and CJi = 1.

t,, T;, 0;

1 t,,T;', 0;

Figure 1 Heat exchanger cell.

Equations (l)-(3)  with Eq. (5) give the following di-
mensionless equations:

0: = a0/ + bei (6)

e:= e&f +fl:

where

(7)

a=l-EC

b = EC

e-l-REC

f - REc

+ (0 I R I 1)
2

(8)

(9)

(10)

(11)

(12)

The numerical value of the cell effectiveness EC  may or
may not be the same in all cells (see Sec. 1.6.9). It is
assumed at this stage that. the cell effectiveness is
known; this is discussed in Sec. 1.6.7. The constants a,
b, e, and f in Eqs. (6) and (7) can be evaluated (R is
known). Equations (6) and (7) may then be written for
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1.6.2-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.2 Calculation Procedure

each cell. For a heat exchanger of NC cells there are 2N,
equations in 2N, unknowns; these are the dimensionless
outlet temperatures of both streams in each cell. The
inlet cell temperatures for each stream are identical with
the exit temperatures of the preceding cells, and the
dimensionless inlet temperatures of the heat exchanger
are known. The solution of the algebraic linear equa-
tions gives the required temperature distribution.

The effectiveness E of the heat exchanger is by def-

E - T,, - T,,

Tzr  - T,,
= %l (13)

where T,, is the heat exchanger outlet temperature of
stream 1. The effectiveness of the heat exchanger is
thus identical with the dimensionless heat exchanger
outlet temperature of the stream with the lower heat
capacity rate.

inition

Nomenclature and References for Section 1.6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.3-1

1.6.3
Numerical examples

E. S. Gaddis

n A shell-and-tube heat exchanger has two tube
passes and two segmental baffles. The flow configura-
tion of the idealized heat exchanger is shown in Fig. 1;
both heat exchanger inlet nozzles are in the same cell. It
is required to calculate the effectiveness of the heat ex-
changer and to calculate the outlet temperatures of both
fluids. The following data are given:

Mass flow rate &!,  = M, - 0.083 4 kg/s
Specific heat capacity c, = c, - 10�  J/kg K
Inlet temperature of cold fluid T,, =I 10°C
Inlet temperature of hot fluid T2,  = 60°C
Cell effectiveness E, = 0.4

It is assumed that E, is constant in all cells; a calculation
of the value of EC  is carried out in the example in Sec.
1.6.7.

Calculations:

6, = A&c, = 0.083 4 x 10� - 83.4 W/K

c:, = A&c, = 0.083 4 x 10�  = 83.4 W/K

Both streams have the same heat capacity rate; it is as-
sumed that stream 1 is the tube-side stream

Eq. 1.6.2(8): a = 0.6

Eq. 1.6.2(9): b = 0.4

Eq. 1.6.2(12): R = 1.0

Eq. 1.6.2(10): e - 0.6

Eq. 1.6.2(11): f= 0.4

The 12 equations for the 6 cells are given in Table
1. The solution shown in Table 1 was obtained by itera

Figure 1 Flow configuration for the heat exchanger in the example.

tion methods. A constant temperature profile was as-
sumed for each stream at the first iteration step (0,�  - 0
and @�  - 1.0); better numerical values were obtained
in the following iteration steps. The computations were
carried out in the flow direction of each stream, substi-
tuting for the temperatures on the right-hand side of the
equations the last calculated numerical values. Table 1
shows that the solution has converged after about eight
iterations. More sophisticated methods, e.g., successive
over-relaxation (see Sec. 1.4),  may be used to acceler-
ate convergence.

Eq. 1.6.2(13): E = 0.54

Eq. 1.6.2(5): T,, = (Tz,  - T,iFL,  + T,i

= (60 - 10) x 0.54 + 10

= 37°C

T2o = (r,i  - T&o + T,>

- (60 - 10) x 0.46 + 10

= 33°C
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1.6.3-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL. BAFFLES / 1.6.3 Numerical Examples

�lbble  1 Equations for the example in Sec. 1.6.3 and their solution by iteration methods

Iteration step

Equation� 1 2 3 4 5 6 7 8 9 10

e;,, - 0 . 4 0 0.400 0.400 0.400 0.400 0.400 0.400 0.400 0.400 0.400
e;,, - 0.68;,, + 0.48;,, 0 0.640 0.554 0.486 0.463 0.454 0.450 0.449 0.448 0.448
e;,, - 0.68;,, + 0.48;;,, 0 0.784 0.585 0.503 0.475 0.465 0.460 0.458 0.458 0.458
e;,, - 0.684,) + 0.48;;,, 0 0.870 0.605 0.518 0.482 0.468 0.463 0.461 0.460 0.459
wi,, - 0.68;;,, + 0.48;,, 0 0.922 0.655 0.559 0.523 0.509 0.503 0.501 0.500 0.500
e;;,, - 0.68;;1,, + 0.48;;,, 0 0.953 0.633 0.576 0.554 0.545 0.542 0.540 0.540 0.540

eii,, - 0 . 6 1.0 0.600 0.600 0.600 0.600 0.600 0.600 0.600 0.600 0.640
e;;,, - 0.68;;,, + 0.48;;,, 1.0 0.729 0.622 0.584 0.569 0.564 0.561 0.560 0.560 0.560
e;;,, - 0.68;;,, + 0.4e;;,, 1.0 0.785 0.615 0.557 0.534 0.525 0.522 0.521 0.520 0.520
e;;,, - 0.68;;,, + 0.486,) 1.0 0.631 0.529 0.494 0.481 0.475 0.473 0.472 0.472 0.472
e;,, - 0.68;;,, + 0.48;,, 1.0 0.635 0.539 0.491 0.474 0.467 0.464 0.463 0.462 0.462
e;;,, - 0.68;0, + 0.48;,, 1.0 0.694 0.557 0.496 0.474 0.466 0.462 0.461 0.461 0.460

�Numbers between brackets indicate cell number in Fig. 1.6.3(l).

The temperature distribution (outlet cell temperatures) of the tube-side fluid (stream 1) leads, depending on the
is shown in Fig. 2a. flow direction of stream 2, to the flow configurations

If the flow direction of the shell-side fluid (stream shown in Figs. 2b and c. The numbering of the cells in
2) is reversed, the flow configuration in Fig. 2d is ob- Fig. 2 is carried out always in the flow direction of
tained. On the other hand, reversing the flow direction stream 1, and cell 1 is located always at the same posi-

1 2 3 4 5 6
(a) Cell number

60 1.0

E
50 0.8
:wzN
l-a

40 - -0.6
=- :.-
l-a

30 0.4

20 0.2

10 0

,;,;,,,60E

1 2 3 4 5 6
(b) Cell number

1 2 3 4 5 6
(Cl Cell number (d) Cell number

Figure 2 Temperature distribution inside the heat exchanger for different flow configurations.
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1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.3 Numerical Examples 1.6.3-3

tion. The temperature distribution in the other three
cases is shown also in Fig. 2; the computed heat ex-
changer effectivenesses are as follows.

For the flow configuration in Fig. 2b:
For the flow configuration in Fig. 2c:
For the flow configuration in Fig. 2d:

E = 0.63
E - 0 . 5 4

E = 0.63

Thus, two of the four flow configurations (Figs. 2a
and c) have the same lower effectiveness; the other two
flow configurations (Figs. 2b and d) have the same
higher effectiveness. It is seen in Fig. 2 that the temper-
ature distributions for the two streams, even for the

flow configurations with the same effectiveness, are dif-
ferent. For example, the outlet temperature of stream 1
for the two flow configurations with the same higher
effectiveness (Figs. 2b and 6) is 41.5 �C. Nevertheless,
stream 1 has a monotonic temperature distribution for
the flow configuration in Fig. 2b and has a maximum of
47.5 �C  at the outlet of cell 4 for the flow configuration
in Fig. 2d. Knowledge of the highest or the lowest tem-
perature of each fluid might be important in certain
cases, for example, when phase change, polymeriza-
tion, crystallization, etc. must be avoided inside the heat
exchanger.

Nomenclature and References for Section 1.6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.4-1

1.6.4
Rules for highest

heat exchanger effectiveness

E. S. Gaddis

W The effectiveness of a shell-and-tube heat ex-
changer with segmental baffles depends on the relative
position of the inlet and outlet nozzles for both fluids,
among other parameters. As demonstrated in Sec.
1.6.3, some flow configurations lead to the same higher
and others to the same lower heat exchanger effective-
ness. The inlet nozzle of stream 2 may be located rela-
tive to the inlet nozzle of stream 1 at four different
positions. The four possible geometries (G) are shown
in Fig. 1 and hereafter are called G. 1, G.2, G.3, and
G.4. The relative position of the outlet nozzles for each
geometry depends on the number of passes for each
stream, whether this number is even or odd. In general:

E = f(E,,,, Ec.z, . . . , Ec.i+,,  R G, M, N) (1)

For the case where the cell effectiveness EC  is constant

E = fE, R, G, M, N> (2)

Here M and N are the numbers of passes for stream 1
and stream 2, respectively.

The rules illustrated in Fig. 2 were obtained from
computations carried out for a large number of flow
configurations [ 1, 21, and were verified in a variable-
geometry heat exchanger [2].  It is seen in Fig. 2 that
each flow configuration pair with the same lower or the
same higher heat exchanger effectiveness has a common
property: one of the two flow configurations can be ob-
tained from the other by reversing the flow direction for
both streams. Reversing the flow direction for only one
of the two streams leads to a flow configuration of one
of the other pair with either higher or lower heat ex-
changer effectiveness. it is possible to distinguish be-
tween the flow configurations with lower and with

0 1986 Hemisphere F
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Figure 1 Relative position of the inlet nozzles for the two streams.

higher heat exchanger effectiveness by the following
rule: each flow configuration with the lower heat ex-
changer effectiveness has either both inlet or both outlet
nozzles in the same cell, and each flow configuration
with the higher heat exchanger effectiveness has an inlet
and an outlet nozzle in the same cell.

There are different rules for flow configurations
with both odd numbers M and N. In that case, G. 1 al-
ways has the lowest and G.4 always has the highest heat
exchanger effectiveness; the other two geometries, G.2
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1.6.4-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.4 Rules for Exchanger Effectiveness

N M
Equal lower heat Equal higher heat
exchanger Effectiveness exchanger Effectiveness

even

Figure 2 Heat exchangers with different flow configurations and equal heat exchanger effectiveness values.

mble 1 Rules for heat exchangers with odd
numbers of passes M and N

N
iii

Higher heat exchanger effectiveness
in direction of arrow -

>l G.l G.2 G.3 G.4
- 1 G.l G.2” G.3” G.4
<I G.l G.3 G.2 G.4

�G.2 and G.3 are identical when R - 1.

and G.3, have heat exchanger effectivenesses that al-
ways lie between those of geometries G. 1 and G.4 (see
Table 1). Reversing the flow direction of both fluids,
when both M and N are odd, does not change the geom-
etry G of the heat exchanger.

Nomenclature and References for Section 1.6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.5-1

1.6.5
Special case

of two tube passes

E. S. Gaddis

n The special case of two tube passes has a simple
flow configuration, which enables a quick calculation of
the heat exchanger effectiveness [3]. The computation
procedure is described by an example. Consider the
heat exchanger treated in Sec. 1.6.3 with geometry G. 1.
This heat exchanger is illustrated once more in Fig. la,
while Fig. lb is intended to clarify the type of connec-
tion between the cells. It is seen in Fig. lb that parallel
flow (P) exists between cells 2, 3, and 4 and counter
flow (C) between cells 5 and 6.

The effectiveness of a heat exchanger composed of
two units coupled in parallel flow or in counter flow
may be evaluated from the following equations (4).

For parallel flow:

E = E,,, + Eu,z  - (1 + Wu.,Eu.z (1)
and for counter flow:

(2)

where E.,, and Eu,2  are the effectivenesses of the two
coupled units. The effectivenesses E, E,.,, and E,,* are
defined by Eq. 1.6.2(13)  with the appropriate tempera-
tures. For the special case where E.,, = E,,* = E. and
R = 1, the heat exchanger effectiveness is given by:

For parallel flow:

E = 2E,(l - E.) (3)

and for counter flow:

(4)

0 1986 Hemisphere F
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Figure 1 Steps for evaluating the effectiveness of a heat exchanger
with two tube passes.

Combining cells 2 and 3 and cells 5 and 6 in Fig. 1
in part heat exchangers yields the following relation-
ships:
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1.6.5-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.5 Special Case of Two Tube Passes

where EC,, is the effectiveness of cell i and E,,, is the
effectiveness of a part heat exchanger from cell i to cell
.i.

Cell 4 and the part heat exchanger from cell 2 and
cell 3 are connected in Fig. lc in parallel. Thus

EP.2-4 = E,,, + Ec.4 - (1 + Wp.z-,Ec..,

In a similar way in Fig. Id

(7)

and in Fig. le

E - &,, + E,,,, - (1 + W$p,z., (9)

Assuming, as in the example in Sec. 1.6.3, that
EC,, = . + . = EC, = E, - 0.4 and R = 1 yields

Ep.2.3 - 2E,(l  - EC) = 0 . 4 8 0

E 2E
P.54 - c = 0.571

1 + EC

EP.24 = 0.496

EP.24 - 0.699

E = 0.54

It is worth mentioning that the part heat exchanger from
cell 2 to cell 6 has an effectiveness EP,z., = 0.699.
Thus, the heat exchanger effectiveness E increases by
about 30% if for that geometry the heat transfer surface
in cell 1 is insulated.

It is seen in Fig. 1 that reversing the flow direction
for both streams does not change the type of intercon-
nection (parallel or counter) between two adjacent cells,
between a cell and the adjacent part heat exchanger, or
between two adjacent part heat exchangers. This ex-
plains why the effectiveness of a heat exchanger does
not change when the flow direction for both streams is
reversed. On the other hand, reversing the flow direc-
tion for one of the two streams changes the type of
interconnection between the heat exchanger compo-
nents; the effectiveness of the heat exchanger, depend-
ing on the available interconnections with parallel and
with counter flow, either decreases or increases.

Nomenclature and References for Section I. 6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.6-1

1.6.6
Heat exchangers

with longitudinal baffles

E. S. Gaddis

n A shell-and-tube heat exchanger with a longitudinal
baffle, as illustrated schematically in Fig. la, may be
treated as two units coupled in parallel flow or in
counter flow.

Example: The heat exchanger in Fig. la is pro-

longitudinal baffle

qTJ+Jz -+TJqJIz

p a r a l l e l  f l o w (Cl c o u n t e r f l o w

Figure 1 A shell-and-tube heat exchanger with a longitudinal baffle;
shell-side nozzles are located near the tube-side nozzles.

0 1986  Hemisphere P lblishing  Corporation

vided from each side of the longitudinal baffle with two
tube passes and two segmental baffles. It is required to
calculate the heat exchanger effectiveness given the fol-
lowing data:

Cell effectiveness E, = 0.4
Ratio of heat capacity rates R = 1

The calculations are as follows.
Case of parallel flow (Fig. la, left): The effective-

ness Eu,,  of unit 1 with geometry G. 1 was calculated in
the example in Sec. 1.6.3. It is clear from the rules
given in Fig. 1.6.4(2) that the two coupled units shown
in Fig. lb, left, have the same effectiveness (geometries
G.l and G.3). Thus,

E,,, = Eu,z - E. - 0.54

From Eq. 1.6.5(3)

E = 2 x 0.54(1  - 0.54) = 0.5

For parallel flow the heat exchanger has an effective-
ness that is lower than the effectiveness of each unit.

Case of counter flow (Fig. la, right): The effec-
tiveness of unit 1 with geometry G.4 is 0.63 (see the
example in Sec. 1.6.3). Also in this case, both units
(G.2 and G.4) have the same effectiveness. From Eq.
1.6.5(4)

E = 2 �  o�63  = 0 77
1 + 0.63 *

Counter flow is thus superior not only because of the
higher heat exchanger effectiveness attainable by virtue
of the counter-flow coupling between the two units, but



1.6.6-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.6 Longitudinal Baffles

qJ-qT+
p a r a l l e l  f l o w

(al

lb)

(c) c o u n t e r f l o w

Figure 2 A shell-and-tube heat exchanger with a longitudinal baffle;
shell-side nozzles are located apart from the tube-side nozzles.

also because of the higher effectiveness of each unit.
Shell-and-tube heat exchangers provided with seg-

mental baffles and a longitudinal baffle are customarily
illustrated as in Fig. la, with the shell-side nozzles lo-
cated adjacent to the tube-side nozzles. Presumably it is
considered that this layout alone with counter flow (Fig.
la, right) yields the highest heat exchanger effective-
ness. This is certainly the case when the heat exchanger
is provided with an odd number of tube passes from
each side of the longitudinal baffle. The number of shell
passes from each side of the longitudinal baffle, induced
by the segmental baffles, is bound to be odd by the
construction. Let us consider the layout in Fig. 2a with
an even number of tube passes from each side of the
longitudinal baffle and with the shell-side nozzles lo-
cated apart from the tube-side nozzles. It can be shown
by the rules in Fig. 1.6.4(2) that the layout in Fig. 2a
yields the same lower and the same higher heat ex-
changer effectiveness for parallel and for counter flow,
respectively, as the layout in Fig. la [3].

Nomenclature and References for Section 1.6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.7-1

1.6.7
Cell effectiveness

E. S. Gaddis

n The cell effectiveness EC,  required for evaluating
the heat exchanger effectiveness, may be expressed by
(see Sec. 1.2.4)

EC  = f(NTU,,  R, cell flow configuration)

where

(1)

NTU = UA,c A (2)

Apart from a few tube rows in the baffle cut near the
shell, the shell-side flow is more or less across the tube
bundle. The numerical value of the cell effectiveness
lies between those for cross flow with both fluids un-
mixed and for cross flow with the shell-side fluid later-
ally mixed. Comparing the numerical values of cell ef-
fectiveness for the two limiting cases shows that both
values in the range NTU, I 1 are practically equal [2].
Since the number of transfer units of a cell is seldom
higher than unity, either of the two relationships may be
used. A number of the available equations are reviewed
in Sets. 1.3.1 and 15.3.

Example: It is required to evaluate the cell effec-
tiveness for the heat exchanger treated in Sec. 1.6.3
given the following additional data:

Total heat transfer area A = 2.5 m*
Overall heat transfer coefficient U = 143 W/m* K

It is assumed that the heat transfer area is the same in
each cell and that the overall heat transfer coefficient is
constant in the heat exchanger.

Calculations:

Number of cells in the heat exchanger N, = 6
Heat transfer area in each cell A, = (2.5/6) - 0.417 m�

Equation (2): number of transfer units of a cell

NTU, =
143 x 0.417 _ o 715

83.4 .

Since NTU, < 1, the cell effectiveness may be evalu-
ated from an equation for one of the two limiting cases.
The equation for cross flow with one fluid laterally
mixed is simpler than that for cross flow with both flu-
ids unmixed, and is thus used hereafter for calculating
Ec.

For the case where the fluid with the lower heat
capacity rate is laterally mixed (shell-side flow), the cell
effectiveness is given by [5]

E -
1 - exp(- R NTUJ

R I
(3)

and for the case where the fluid with the higher heat
capacity rate is laterally mixed, the cell effectiveness is
given by [5]

E = 1 - exp{ -R[l - exp( - NTUJ]}
c R (4)

When R = 1, Eqs. (3) and (4) become identical, or

E, = 1 - e x p {  - [l - exp(  -NTU,)]} (5)

Even in the case R # 1, Eqs. (3) and (4) yield, in the
range NTU, 5 1, almost the same value (maximum de-
viation < 1%). Substituting in Eq. (5) gives cell effec-
tiveness EC = 0.4.

Nomenclature and References for Section 1.6 appear at the end of Section 1.6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.8-1

1.6.8
Comparison

of the conventional method
and the cell method

E. S. Gaddis

n As mentioned in Sec. 1.6.7, the cell effectiveness is
not very sensitive to the flow configuration inside the
cell (NTU, I 1). Considering the case of constant cell
effectiveness in all cells, substituting from Eq. 1.6.7( 1)
in Eq. 1.6.4(2)  and rearranging gives

E = f(NTU, R, G, M, N-j (1)

The number of transfer units of the heat exchanger
NTU is related to the number of transfer units of the
cell NTU, by

N T U  = F = MNNTU, (NTU, = constant) (2)
I

The dependence of the heat exchanger effectiveness
on the number of transfer units for the heat exchanger
geometries treated in Sec. 1.6.3 is shown in Fig. 1. For
comparison, the heat exchanger effectiveness evaluated
by the conventional method (ignoring baffle-induced
flow) is also shown in Fig. 1 (dashed line). The effec-
tive mean temperature difference in the latter case was
evaluated from the equations presented in Sec. 1.5, and
Eq. 1.2.4(19)  was used to relate the heat exchanger ef-
fectiveness to the effective mean temperature differ-
ence .

The following remarks can be made:

1. The conventional method fails to show the de-
pendence of the effectiveness on the relative position of
the inlet and outlet nozzles.

2. The heat exchanger effectiveness obtained by
the conventional method lies between the higher and
lower values obtained by the cell method.

; O,l

R-l
cell method

t/

conventional methodconventional method

;
0 J

0 1 2 3 L 5 6 7

N u m b e r  o f  T r a n s f e r  U n i t s  (NTU)

Figure 1 Comparison of the conventional method and the cell
method for the heat exchanger treated in Sec. 1.6.3.

3. The conventional method shows a monotonic
dependence of the heat exchanger effectiveness on the
number of transfer units. The cell method shows a simi-
lar behavior for flow configurations G.2 and G.4; the
other two flow configurations (G.l and G.3) have a
maximum at about NTU = 3.

4. At low NTU values both methods predict practi-
cally the same heat exchanger effectiveness. The differ-
ences between the higher and the lower values obtained
by the cell method diminish.

Nomenclature and References for Section 1.6 appear at the end of Section 1.6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.9-1

1.6.9
General remarks

E. S. Gaddis

H The numerical examples presented in Sets. 1.6.3
and 1.6.6 are for the case where the cell effectiveness is
constant. This implies that the number of transfer units
in a cell NTU, is constant. To accommodate the shell
nozzles, the designer is obliged in many cases to use a
spacing between the baffles and the tubesheets which is
different from the spacing between the neighboring baf-
fles. In such cases, and in many other cases, the overall
heat transfer coefficient and the cell heat transfer area
are different in the different cells. This leads to different
numbers of transfer units NTU, and different cell effec-
tiveness values EC. However, the calculation procedure
does not change.

a
A
AC
b

:
e
E
EC
EU
E,

f
G

The cell method was applied in Sec. 1.6.3 for one
of the most common shell configurations (TEMA: E
shell) and extended in Sec. 1.6.6 for the case where the
shell is provided with a longitudinal baffle (TEMA: F
shell). The cell method can be applied equally well for
other shell flow configurations with segmental baffles,
e.g., shells with divided flow (TEMA: J shell). The
heat exchanger may be divided into a number of cells;
the inlet and outlet temperatures in the different cells
are then related to one another, as in the cases dis-
cussed, by using the information obtained from the flow
configuration in the layout of the heat exchanger consid-
ered.

Nomenclature and References for Section I. 6 appear at the end of Section I. 6.9.

NOMENCLATURE FOR SECTIONS 1.6.1-1.6.9

dimensionless constant [Eq. 1.6.2(8)]
total heat transfer area in the heat exchanger, mZ
heat transfer area in a cell, mZ
dimensionless constant [Eq. 1.6.2(9)]
constant-pressure specific heat capacity, J/kg K
heat capacity rate (=&lc),  W/K
dimensionless constant [Eq. 1.6.2( lo)]
heat exchanger effectiveness, dimensionless
cell effectiveness, dimensionless
unit effectiveness, dimensionless
effectiveness of a part heat exchanger composed
of a number of cells, dimensionless
dimensionless constant [Eq. 1.6.2(1  l)]
geometry of a heat exchanger defining the relative

position of the inlet nozzles for the two streams-
G.l, G.2, G.3, and G.4 [Fig. 1.6.4(l)]

M number of passes for stream 1
ii mass flow rate, kg/s
N number of passes for stream 2
NC number of cells in a heat exchanger
NTU number of transfer units of a heat exchanger, di-

mensionless [Eq. 1.6.8(2)]
NTU, number of transfer units of a cell, dimensionless

[Eq. 1.6.7(2)]

8, rate of heat exchange in a cell, W
R ratio of heat capacity rates of two streams, dimen-

sionless [Eq. 1.6.2(12)]
T temperature, �C

0 1986 Hemisphere Publishing Corporation



1.6.9-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.9 General Remarks

u overall  heat transfer coefficient,  W/m� K
0 dimensionless  temperature  [Eq.  1.6.2(S)]

Superscripts
I at cell inlet
w at cell outlet

Subscripts

1 for stream 1 (stream with lower i7)
2 for  stream 2 (stream with higher 6)

li
lo
2i
20
i
i-j

for  stream 1 at heat exchanger inlet
for  stream 1 at heat exchanger outlet
for  stream 2 at heat exchanger inlet
for stream 2 at heat exchanger outlet
for cell i or unit i, where i stands for a number
for a part  heat exchanger from  cell i to cell j,
where i and j stand for  numbers  and j > i

REFERENCES FOR SECTIONS 1.6.1-1.6.9

1. Gaddis, E. S., and Schliinder, E. U., Temperaturverlauf und iibertragbare  Warmemenge  in Rohrenkesselapparaten  mit Umlenkblechen,
Verfahrenstechnik,  vol. 9, no. 12, pp. 617-621, 1975.

2. Gaddis, E. S. iiber  die Berechnung des Austauscherwirkungsgrades und der mittleren  Temperaturdifferenz in mehrglngigen  Rohrbiin-
delwarmeaustauschem  mit Umlenkblechen, Vetidrenstechnik,  vol. 12, no. 3, pp. 144-149, 1978.

3. Gaddis, E. S., and Vogelpohl, A. ijber den Wirkungsgrad und die mittlere Temperaturdifferenz von Rohrbiindelwlrmeiibertragem  mit
Umlenkblechen und zwei rohrseitigen Gangen, Chem. Eng.  Process., vol. 18, pp. 269-273, 1984.

4. VDI Wiirmeatlas,  Sec. N, 3d ed., VDI-Verlag, Dusseldorf, 1977.
5. Kays, W. M., and London, A. L., Compact Heat Exchangers, 3d ed., McGraw-Hill, New York, 1984.
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I N D E X

A
Absorption of thermal radiation:

in gases, 2.9.5-l/2.9.5-12
gas mixtures, 2.9.5-l l/2.9.5-12
measurement, 2.9.5-2/2.9.54
molecular, 2.9.5-8/2.9.5-11

in solids, 2.9.2-212.9.2-3
characteristics, 2.9.2-l/2.9.2-2
measurement, 2.9.2-3

Absorption coefficient, 2.9.5-2
Absorption spectra in gases, 2.9.5-4/2.9.5-8
Absorptivity:

of particles, 2.9.5-l
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
Acentric factor:

definition, 5.1.1-1,5.2.1-3
in hydrocarbons, 5.2.1-3/5.2.14

Acetic acid saturation properties, 5.5.1-27
Acetone saturation properties, 5.5.1-27
Acetylene saturation properties, 5.5.1-15
Ackerman correction factor in condensation, 2.6.3-6
Acoustic vibration of heat exchangers, 4.6.4-3/4.6.44
Active systems for augmentation of heat transfer:

in condensation, 2.6.6-l/2.6.6-3
definition, 2.5.11-3
in forced convection, 2.5.11-4/2.5.11-9
in free convection, 2.5.1 l-8/2.5.11-9

Additives:
effect on friction factor, 2.2.2-7
use in heat transfer augmentation, 2.5.11-2,2.7.94

Adiabatic flows, compressible, in duct, 2.2.2-13
Advanced models for furnaces, 3.11.7-l/3.11.7-5
Aggregative fluidization,  2.2.6-l
Agitated beds, heat transfer to, 2.8.34

A slash between two page numbers (e.g., 2.7.3-22/2.7.3-26)
indicates a range of those pages.
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Agitated vessels, 3.14.1-1
approximate overall heat transfer coefficients in, 2.1.2-5
equipment used in, 3.14.2-l/3.14.24

gas sparging,  3.14.2-l/3.14.2-2
mechanical agitators, 3.14.2-1
vessel internals, 3.14.2-213.14.24

heat exchanger, description of, 3.1.2-5/3.1.26
heat transfer correlations for, 3.14.3-l/3.14.3-8

with anchors and helical ribbons, 3.14.3-l/3.14.34
with nonproximity agitators, 3.14.3-l/3.14.3-3
scraped-wall pipe and related equipment, 3.14.34/3.14.3-6

Ahmad  scaling method for critical heat flux in flow boiling of
nonaqueous fluids, 2.7.3-8

Air:
properties of dry and saturated, 3.12.2-6
saturated liquid/vapor properties, 5 5.1-29
superheated gaseous, thermodynamic properties,

5.5.2-815 5.2-9
Air-activated gravity conveyor, 2.3.3-2
Air-cooled heat exchangers:

comparison of air and water as coolants, 3.8.1-1
cooling air supply: by fans, 3.8.7-l/3.8.7-3

by natural draft, 3.8.8-l
costing, 4.8.3-l/4.8.3-3
custom built, 3.8.2-l/3.8.2-2
description, 3.1.24/3.1.2-5
finned tube bundles for, 3.8.4-l/3.8.4-2
finned tube systems for, 3.8.3-l/3.8.3-3
mechanical design, 4.4.1-l/4.4.1-7

for cold climates and viscous fluid, 4.4.1-7
components, 4.4.1-214.4.1-6
nomenclature for, 4.4.1-2
structural design factors, 4.4.1-6/4.4.1-7

special features, 3.8.9-l/3.8.94
sound emission from, 3.8.9-l

thermal rating, 3.8.5-l/3.8.5-5
tubeside flow arrangements, 3.8.6-l

Albedo for single scatter in radiation, 2.9.7-2
Aluminum, spectral characteristics of anodized surfaces, 2.9.2-16
Ammonia, saturated properties of, 5.5.1-29
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I-2 HEAT EXCHANGER DESIGN HANDBOOK / Index

AMTD (see Arithmetic mean temperature difference)
Analogy between heat and mass and momentum transfer,

1.2.36/1.2.3-7,2.1.5-l/2.1.54
Analytic solutions for heat exchangers, 1.3.1-1/1.3.2-l
Analytical solution of groups, for calculation of thermodynamic

properties of nonhydrocarbons, 5.2.2-315.2.2-g
tables of constants for, 5.5.4-l/5.5.4-6

Anchor agitators:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Andrade equation for variation of viscosity with temperature,
5.1.4-3

Anelasticity, 5.4.5-5
Angled tubes, use in increasing flooding rate in reflux

condensation, 2.6.2-812.6.2-g
Aniline, saturation properties, 5.5.1-26
Anisotropy of elastic properties, 5.4.54/5.4.5-S
Annular dispersed flow (see Annular flow)
Annular distributor in shell-and-tube heat exchangers, 3.3.5-11
Annular ducts:

critical heat flux in flow in, 2.7.3-20
forced convective heat transfer in single phase flow:

laminar flow, 2.5.1-3/2.5.14
with liquid metals, 2.5.13-l/2.5.13-2
turbulent heat transfer in, 2.5.1-6, 25.1-10/2.5.1-11

free convective heat transfer m closed-end: horizontal,
2.5.8-14/2.5.8-16

vertical (heated on vertical curved surfaces),
2.5.8-13/2.5.8-14

single phase flow and pressure drop in, 2.2.2-7/2.2.2-10
Iaminar  flow, 2.2.2-712.2.2-g
turbulent flow, 2.2.2-912.2.2-10

Annular fins, efficiency, 2.5.3-9
Annular flow:

critical heat flux in, 2.7.3-2212.7.3-30
hydrodynamics in horizontal tubes, 2.3.2-2512.3.2-26
hydrodynamics in vertical tubes, 2.3.2-19/2.3.2-21

deposition and entrainment correlations, 2.3.2-2 1
interfacial roughness relationship, 2.3.2-20
triangular relationship for, 2.3.2-10

regimes of occurrence of: in horizontai  flow, 2.3.2-312.3.24
in inclined tubes, 2.3.2412.3.2-5
in systems with phase change, 2.3.2-612.3.2-7

Ammli (see Annular ducts)
Arc welding of tubes into tube sheets:

on inner face, 4.2.6-10
on outer face, 4.2.6-8

Archimedes number, 2.2.1-11
Area of tube outside surface in shell-and-tube heat exchangers:

charts for, 3.1.4-6,3.3.10-5
Argon, saturated properties, 5.5.1-30
Arithmetic mean temperature difference, definition, 3.1.4-2
Armstrong, Robert C., 2.2.8-1/2.2.8-13,2.5.12-l/2.5.12-16
ASME VIII code, for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-2
index to, 4.3.2-l/4.3.2-11

ASOG (see Analytical solution of groups)
Assisted convection:

around immersed bodies, 2.5.9-l/2.5.9-4
in vertical channels, 2.5.9-2/2.5.9-6

Asymmetric loading, in heat exchangers, 4.1.2-2/4.1.2-g
Augmentation of heat transfer, 2.5.11-l/2.5.1  1-12,

2.6.6-l/2.6.64,2.7.9-1/2.7.9-5
active systems for: definition, 2.5.1 l-3

in forced convection, 2.5.11-8/2.5.11-g

in free convection, 2.5 .114
compound systems for, 2.5.1 l-9
in boiling, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-3/2.7.94

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.6.6-212.6.6-3
in vapor space, 2.6.6-l/2.6.6-2

in kettle reboilers, 3.6.26
in shell-and-tube heat exchangers using low finned tubes,

3.3.11-2/3.3.11-3
passive systems for: definition, 25.1 l-1/2.5.11-3

in forced convection, 2.5.114/2.5.11-8
in free convection, 2.5.11-3

performance evaluation criteria for, 2.5.11-g/2.5.1  l-10
Austenitic chromium-nickel steels, as material of construction,

4 5 . 2 4
Average phase velocity in multiphase flows, 2.3.14

B
Baffle leakage in shell-and-tube heat exchangers:

numerical methods for predictions of, 1.4.2-3
recommended design procedures for accounting for,

3.3.1-l/3.3.11-5
Baffle pipes in agitated vessels, 3.14.2-3/3.14.24
Baffles in shell-and-tube heat exchangers:

constructional features affecting thermal design:
clearances, 4.2.5-7

aoss type, 4.2.5414.2.5-5
longitudinal type, 4.2.5-8
maximum pitch, 4.2.5-7
support type, 4.2.5-514.2.56
thickness, 4.2.5-7

disk-and-doughnut, 3.3.11-2
double segmental, 3.3.1 l-2
leakage effects associated with (see Baffle leakage, Leakage

effects)
number of, calculation of, 3.3.6-4
segmental, recommended characteristics of, 3.3.5-7/3.3.5-10

Baker flow regime map for horizontal gas-liquid flow, 2.3.2-3
Balance equation (applied to complete equipment),

1.2.4-l/1.2.4-7
average interaction coefficients and driving forces for,

1.2.4-211.2.4-3
conventional representations of heat exchanger performance

by, 1.2.4411.2.4-5
differential form of, 1.2.5-l/1.2.5-3

for enthalpy, temperature and concentration,
1.2.5-l/1.2.5-3

solution and closure, 1.2.5-211.2.5-3
for enthalpy, temperature and concentration changes,

1.2.4-l/1.2.4-2
NTU and effectiveness in, 1.2.4-3/1.2.44

Band dryer:
description, 3.13.24
practical design, 3.13.7-l/3.13.7-2

Banks of tubes (see Tube banks)
Barrels for shell-and-tube heat exchangers (see Shells)
Basket-type evaporator, 3.5.2-l/3.5.2-3
Bauer, R., 2.8.1-l/2.8.1-14,  2.8.2-l/2.8.2-8
Bayonet tube heat exchangers, constructional features of,

4.2.3-914.2.3-10
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HEAT EXCHANGER DESIGN HANDBOOK / Index I-3

Beer-Lambert law, 2.9.5-S
Bell, Kenneth J., 3.1.1-l/3.1.4-9
Bell-Delaware method for shell-side heat transfer and pressure

drop in shell-and-tube heat exchangers, 3.3.2-S/3.3.2-6
modified form as basis for recommended procedure,

3.3.3-1/3.3.11-s
Bell and Ghaly method for calculation of multicomponent

systems:
condensation, 2.6.3-4/2.6.3-5
evaporation, 2.7.8-5

Bellows, expansion, for shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
constructional features, 4.2.6-10/4.2.6-l 1
index to U.S., U.K., and F.R.G. codes for, 4.3.2-10/4.3.2-11

Benard cells in free convection in horizontal fluid layers,
2.5.8-l/2.5.8-3

Bends:
boiling heat transfer in tubes with, 2.7.4412.7.4-6
dryout  in tubes with, 2.7.4-212.7.4-4
enhancement of condensation in, 2.6.6-3
multiphase pressure loss in: gas-liquid systems, 2.3.2-17

solid-gas systems, 2.3.3-7
solid-liquid systems, 2.3.44

single-phase fluid flow and pressure drop in, 2.2.2-16/2.2.2-17
loss coefficients for, 2.2.2-16
use of vaned  bends, 2.2.2-1612.2.2-17

Benedict-Webb-Rubin equation of state, 5.2.2-3
Benzene saturation properties, 5.5.1-12
Berenson  equation for pool film boiling from a horizontal

surface, 2.7.2-14
Bergles, Arthur E., 2.5.11-1/2.5.11-12,2.6.6-l/2.6.6-4,

2.7.9-112.7.9-S
Bernoulli equation, application to flow across cylinders, 2.2.4-l
Bimetal tubes, use of in shell-and-tube heat exchangers, 4.2.5-2
Binary mixtures:

bubble growth in, 2.7.6-512.7.6-7
bubble nucleation in, 2.7.6-5
condensation of 2.1.6-212.1.6-3,  2.6.3-7
condensers for, 3.4.4-l/3.4.4-2
constants for, for use in calculation of multicomponent

systems, 5 .5.4-l/5.5.4-9
diffusion and mass transfer in, 2.1.5-l/2.1.54
forced convection boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7.8-6
critical heat flux in, 2.7.8-6/2.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

phase equilibria in, 2.7.6-l/2.7.6-3
pool boiling of, 2.7.7-112.7.7-7

critical heat flux, 2.7.7-412.7.7-5
film boiling, 2.7.76
minimum heat flux, 2.7.7-S/2.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-4
transition boiling, 2.7.7-5

Bingham fluid (non-Newtonian), 2.2.8-7
Biot number:

in conduction, 2.4.3-2
in melting and solidification, 2.4.4-l/2.4.4-2

Black surface:
heat transfer between gas and, 2.9.6-l/2.9.6-2
spectral characteristics of reflectance from selective,

2.9.2-17
Blackbody radiation, 2.9.1-3/2.9.1-S

Blake-Carmen-Kozeny equation, 2.2.5-2
Blasius equation for friction factor, 2.2.2-3
Block-type heat exchanger, 4.4.44
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Blowing (see Injection)
Blunt bodies, drag coefficients for, 2.2.3-7
Boilers:

combustion systems for firing, 3.11.2~2/3.11.2-3
as type of heat exchanger, 1.1.5-2
(See also Reboilers)

Boiling:

augmentation of heat transfer in, 2.7.9-l/2,7.9-5
pool boiling, 2.7.9-1/2.7.9-Z
within tubes, 2.7.9-312.7.9-s

in axial flow reboilers, 3.6.2-6
basic processes, 2.7.1-112.7.1-g

bubble detachment and frequency, 2.7.1-7/2.7.18
bubble growth, 2.7.1612.7.1-7
evaporation, 2.7.1-2
heterogeneous nucleation, 2.7.1-3/2.7.1-S
homogeneous nucleation, 2.7.1-212.7.1-3
sizing of active nucleation sites, 2.7.1-S/2.7.16
vapor formation, 2.7.1-112.7.1-2

of binary and multicomponent mixtures:
basic process in, 2.7.6-l/2.7.6-7
forced convective boiling, 2.7.8-i/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in evaporators, 3.5.7-213.5.7-3
in horizontal tubes, 2.7.4-112.7.4-l

dryout  in (including bends and coils), 2.7.4-l/2.7.4-4
heat transfer rates in, 2.7.44/2.7.46

in kettle and horizontal thermosiphon reboilers,
3.6.2-l/3.6.2-6

pool boiling, 2.7.2-112.7.2-17
boiling curve for, 2.7. l-l
critical heat flux in, 2.7.2-g/2.7.2-13
film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling in, 2.7.2-312.7.2-g
onset of nucleate boiling in, 2.7.2-2/2.7.2-3
transition boiling in, 2.7.2-13

outside tubes and tube bundles, 2.7.5-l/2.7.5-7
single tube in crossflow, 2.7.5-l/2.7.54
tube bundles, 2.7.5412.7.5-7

in vertical tubes, 2.7.3-l/2.7.3-37
critical heat flux, 2.7.3-1212.7.3-30
heat transfer in the region where cAtica1  heat flux has

been exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-1/2.7.3-S
saturated boiling, 2.7.3-1012.7.3-12
subcooled boiling, 2.7.3-S/2.7.3-10

Boiling curve:
in binary mixtures, 2.7.7-l
in pool boiling, 2.7.2-l

effect of surface finish on, 2.7.2-3
for single horizontal tube in crossflow, 2.7.5-l
for tube banks, 2.7.5-4

Boiling length:
definition, 2.7.3-15
quality/boiling length correlations, 2.7.3-15

application of nonuniform heating cases, 2.7.3-19
Boiling number, definition, 2.7.4-5
Boiling point, normal, 5.1.3-1

of commonly used fluids, 5.5.1-l/5.5.1-40
Boiling range (in multicomponent mixtures), influence on

selection of reboilers, 3.6.1-6
very wide, effect on reboiler design, 3.6.4-3

Boiling surface in boiling in vertical tubes, 2.7.34
Bolted channel head in shell-and-tube exchanger, 4.2.4-l
Bolted cone head in shell-and-tube heat exchanger, 4.2.4-2
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Bolting of flanges in shell-and-tube heat exchangers,
4.2.64/4.2.6-S

Boltzmann�s  constant, 2.9.1-3
Bonnet head, in shell-and-tube heat exchanger, 4.2.4-l/4.2.4-2
Borishanski, V. M., 2.5.13-l/2.5.134
Borishanski correlation for nucleate pool boiling, 2.7.2-5
Botterill,  J. S. M., 2.8.4-l/2.8.4-8
Boundary layer:

in combined free and forced convection heat transfer to
immersed bodies, 2.5.9-l/25.9-3

concept, 2.2.1-16/2.2.1-17
equations, 2.2.1-17/2.2.1-18

continuity, 2.2.1-17
internal energy, 2.2.1-18
internal forms of, 2.2.1-20
Levy-Lees transformation of, 2.2.1-18/2.2.1-20
mean kinetic energy, 2.2.1-17
momentum, 2.2.1-17
solutions of, 2.2.1-20/2.2.1-22
turbulent kinetic energy, 2.2.1-18

on flat plate, 2.2.1-22/2.2.1-30
in flow over cylinders, 2.2.3-312.2.3-5
in flow over immersed bodies, 2.2.3-l/2.2.3-2
in heat transfer to flat plates: laminar boundary layer,

2.5.2-1125.2-2
turbulent, 2.5.2-2

theory, 2.2.1-16/2.2.1-30
as example of theory of models, 2.2.1-13

Thickness of (displacement, momentum, energy, density,
temperature); 2.2.1-20

Turbulent: prediction methods for, 2.2.1-26/2.2.1-29
universal laws for, 2.2.1-25/2.2.1-26

Bouss inesq approximat ions :
application in free convective flows, 2.5.7-l
for gravity effect, 2.2.1-10

application to laminar flow in circular duct, 2.2.2-5
Boussinesq number, definition, 2.5.7-2
Bowring  correlations for critical heat flux, 2.7.3-16/2.7.3-18
Bracket supports for heat exchangers, index to U.S., U.K., and

F.R.G. codes for, 4.3.2-7
Branches, mechanical design aspects, 4.1.8-l/4.1.8-2
Brazing in plate fm heat exchanger construction, 4.4.3-3/4.4.34
Bricks, drying of, 3.13.5-2/3.13.5-5
Brinkman  number, 2.5.12-6
British Standards Institute code for mechanical design of heat

exchangers (see BS 1500 code)
Bromley equation for film boiling from horizontal cylinders,

2.7.2-14
BS 1500 code for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-i/4.3.1-3
index to, 4.3.2-l/4.3.2-11

Bubble crowding as mechanism of critical heat flux, 2.7.3-22
Bubble flow:

drift flux model for, in vertical flow, 2.3.2-18/2.3.2-19
regions of occurrence: in horizontal flow, 2.3.2-2/2.3.2-4

in inclined tubes, 2.3.24/2.3.2-S
in shell-and-tube heat exchangers, 2.3.2~5/2.3.2-6
in systems with phase change, 2.3.2612.3.2-7
in vertical Sow, 2.3.2-l/2.3.2-2

Bubbles:
in boiling of binary mixtures: growth, 2.7.6-5/2.7.6-7

nucleation, 2.7.6-5
in boiling of single components: detachment and frequency,

2.7.1-712.7.1-8
growth, 2.7.1-612.7.1-7

nucleation, 2.7.1-l/2.7.1-6
in fluidized beds, 2.2.6412.2.6-7

coalescence, 2.2.6-512.2.6-6
single bubbles, 2.2.6412.2.6-5
spatial distribution, 2.2.6-612.2.6-7

in gas-liquid flow: horizontal tubes, 2.3.2-212.3.24
vertical tubes, 2.3.1-l/2.3.2-2,  2.3.2-18/2.3.2-19

rise velocity of gas bubbles in liquid, 2.3.2-18/2.3.2-19
Buffer layer in duct flow, 2.2.2-l
Bulk viscosity, 2.2.1-2
Bundle-induced convection in kettle reboilers, 3.6.2-2/3.6.2-3
Buoyancy effects:

on developing flows in ducts, 2.2.2-l 1
on flows, 2.2.1-10/2.2.1-11
inducing flow in channels, free convection heat transfer with,

2.5.7-19/25.7-20
on larninar  flow over flat plate, 2.2.1-24

Buoyancy-induced flow in channels, free convective heat transfer
with, 2.5.7-19/2.5.7-20

Burnout (see Critical heat flux)
1,2-Butadiene  saturation properties, 5.5.1-16
1,3-Butadiene  saturation properties, 5 5 l-1 7
Butane saturation properties, 5 5.1-7
Butanol saturation properties, 5.5.1-19
Butter-worth, D., 2.6.1-l/2.6.3-10
f-Butyl alcohol saturation properties, 5 5.1-20
By pass (shell-to-tube bundle):

clearances in shell-and-tube heat exchangers, 3.3.5-14
heat transfer and pressure drop correction factors for,

3.3.6-813.3.6-g
BWR equation of state (see Benedict-Webb-Rubin equation of

state)

C
Cabin heater, 3.11.2-2
Calorically perfect gas, 2.2.1-8
Carbon dioxide:

emissivity of gaseous, 5.5.5-2
saturation properties, 5.5.1-30
superheated gaseous, thermodynamic properties, 5.5.2-2

Carbon monoxide saturation properties, 5 5.1-3  1
Carbon steel as material of construction, 4.5.2-2/45.2-3
Carbon tetrachloride saturation properties, 5.5 .l-3 1
Carmen-Kozeny equation (see BlakeCarmen  Kozeny equation)
Carrean fluid (non-Newtonian), 2.2.8-7
Carryover of solids in fluidized beds, 2.2.6-3
Cavitation as source of damage in heat exchangers, 4.5.3-l
Centrifugal dryer, 3.13.2-4
Ceramics, spectral characteristics of reflectance from, 2.9.2-18
Certification of heat exchangers, 4.7.7-l
Channel emissivity, 2.9.7-11/2.9.7-12
Channel flow, heat and mass transfer in, 2.1.7-l/2.1.7-2
Chapman-Rubescin formula for viscosity variation with

temperature, 2.2.1-9
Chemical formulas of commonly used fluids, 5 .5.1-l/5.5.1-40
Chemical reactions, numerical calculation of flows involving,

1.4.3-2/1.4.3-3
Chen correlation for forced convective boiling, 2.7.3-l l/2.7.3-13
Chenoweth, J. M., 4.6.1-l/4.6.6-3
Chevron troughs as corrugation design in plate heat exchangers,

3.7.1-1, 3.7.3-l 13.7.3-2,  3.7.6-2
CHF (see Critical heat flux)
Chillers, construction features of, 4.2.3-9

0 1983 Hemisphere Publishing Corporationr 1
KDIIL A



HEAT EXCHANGER DESIGN HANDBOOK / Index I-5

ChiltonColburn analogy, 1.2.3-6
Chisholm, D., 2.6.7-l/2.6.7-4,  3.10.1-1/3.10.7-9,4.8.1-l
Chisholm correlations:

for frictional pressure drop in straight channels, 2.3.2-l 1
for pressure drop in singularities, 2.3.2-15/2.3.2-18

Chlorine, saturation properties, 5.5 .l-32
Chloroform, saturation properties, 5.5 .l-26
Choice of heat transfer equipment (see Selection of heat transfer

equipment)
Chugging flow (gas-liquid), in shell-and-tube heat exchangers,

2.3.2-512.3.2-6
Churchill, S. W., 2.5.7-l/25.10-12
Churchill and Chu correlations for free convective heat transfer:

horizontal cylinders, 2.5.7-2 1
vertical plates: laminar flow, 2.5.7-3

turbulent flow, 2.5.7-4
Churn flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Circles, radiative heat transfer shape factors between parallel

coaxial, 2.9.3-3
Circular cylinders (see Cylinders)
Circulation, modes of in free convection: in enclosures heated

from below, 2.5.8-6
CISE correlations for void fractions, 2.3.2-14/2.3.2-15
ClapeyronClausius  relationship (see Clausius-Clapeyron

relationship)
Clausius-Clapeyron relationship:

application in evaporation, 2.7.1-2
in homogeneous nucleation, 2.7.1-3

Cleaning of shell-and-tube heat exchangers, 3.3.4-5
Climbing film evaporator, 3.5.2-4
Closed distillation process, 2.1.7-8
Coalescence of bubbles in fluidized beds, 2.2.6-512.2.6-6
Coatings for corrosion protection, 4.5.2-514.5.2-6
Cocurrent  flow:

F-factor chart for, 1.5.2-3
heat exchangers, 1.1.1-l/1.1.1-2

single-phase temperature pattern in, 1.1.3-l
solutions for, 1.3.1-l/1.3.1-4

0-NTU chart for, 1.5.2-3
Codes, mechanical design:

analytic basis of code rules, 4.3.3-l/4.3.3-2
comparison of principal codes, 4.3.4-l/4.3.4-3

cylinders: external pressure, 4.3.4-l/4.3.4-2
flanges, 4.3.4-214.3.4-3
nozzles, 4.3.4-3
stresses, 4.3.4-l
tubesheets, 4.3.4-2

example of applications, 4.3.6-l/4.3.6-23
guides to national practice in application of, 4.3.5-114.3.5-g

France (SNCT),  4.3.5-6
Germany (Merkblatter), 4.3.54
Holland (Stoomwesen), 4.3.5-5
Italy (ANCC),  4.3.5-7
Japan: high pressure, 4.5.3-9

standard, JIS-B8243,4.3.5-8
U.K. (BS 1500),  4.3.5-3
U.S. (ASME VIII), 4.3.5-2

index to U.S., U.K., and F.R.G. codes, 4.3.2-1/4.3.2-l  1
conical shell, 4.3.2-314.3.24
cylindrical shell and channel, 4.3.2-2/4.3.2-3
dished head, 4.3.24
flanges, 4.3.2-514.3.2-7
flat head, 4.3.2414.3.2-5
floating head, 4.3.2-5
nozzles, 4.3.2-914.3.2-10
shell bellows, 4.3.2-10/4.3.2-11
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supports, 4.3.2-7
tubes, 4.3.2-3
tubesheets, 4.3.2-714.3.2-g

introduction, 4.3.1-l/4.3.1-3
Coiled tubes (see Helical coils, Curved ducts)
Coiled wire inserts for enhancement of heat transfer in boiling,

2.7.9-3
Colburn and Drew method for binary vapor condensation, 2.6.3-7
Colburn and Hougen method for condensation in presence of

noncondensable gases, 2.6.3-6
Colburn equation for single-phase heat transfer outside tube

banks, 3.3.2-l
Colburn j factor:

application in heat exchangers, 3.3.1-2
definition, 2.1.3-4
for flow over tube banks, 3.3.7-l/3.3.74
in plate fin exchangers, 3.9.4-l/3.9.6-2
values of heat transfer in tubes, 2.1.3-7

Colebrook-White equation for friction factor in rough circular
pipe, 2.2.2-3

Coles, law of the wake, 2.2.1-26
Collier, J. G., 2.7.1-l/2.7.8-10
Column internal reboiler (see Internal reboilers)
Combined conductive, convective, and radiative heat transfer,

2.9.8-l/2.9.8-10
Combined free and forced convection heat transfer:

in channels, 25.10-l/2.5.10-10
horizontal channels, 2.5.10-712.5.10-12
vertical channels: laminar assisted convection,

2.5.10-212.5.10-6
laminar opposing convection, 25.106
turbulent, 25.10-b/2.5.10-7

around immersed bodies, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
horizontal plates (transverse flow), 25.9-412.5.9-6
immersed bodies (transverse flow), 2.5.9-6
opposing convection, 2.5.94
slightly inertial flow regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-112.5.9-3
turbulent regime (assisting convection), 2.5.9-4

Combined heat and mass transfer, 2.1.6-l/2.1.64
in condensation of mixtures, 2.1.6-212.1.6-4
in drying, 2.1.6-l/2.1.6-2
in evaporation of binary and multicomponent mixtures,

2.7.8-212.7.8-6
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12/25.7-13

Combining flow, loss coefficients in, 2.2.2-20
Combustion chambers (see Furnaces)
Combustion model for furnaces, 3.11.7-313.11.7-4
Compact heat exchangers (see Plate fin heat exchangers)
Compartment dryers, 3.13.2-3

Compound systems for augmentation of heat transfer, 2.5.1 l-9
Compressible flow:

in ducts, 2.2.2-1212.2.2-14
adiabatic (Fanno) flow, 2.2.2-13
basic equations for, 2.2.2-1212.2.2-13
with constant heat transfer, 2.2.2-1212.2.2-13
over cylinders, 2.2.3-6
inviscid  flow with heat addition, 2.2.2-13
low density effect in, 2.2.2-13

Computer methods for heat exchanger design:
discussion of, 3.3.10-l/3.3.10-2
logic of, 3.1.3-3/3.1.3-4
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Computer methods for heat exchanger design, logic of (Cont.):
design, 3.1.3-3/3.1.34
rating, 3.1.3-3

plate exchangers, 3.7.104
Computer program for Monte Carlo calculations of radiative

heat transfer, 2.9.4412.9.4-5
Concentration, choice of evaporator type for, 3.5.5-l/3.5.5-2
Concentric spheres, free convective heat transfer in, 2.5.8-16
Concurrency corrections in plate heat exchangers,

3.7.8-l/3.7.8-2
Condensation:

combined heat and mass transfer in, 2.1.6-2/2.1.64
dropwise, 2.6.5-112.6.54

calculation of heat transfer in, 2.6.5-212.6.5-3
introduction to, 2.1.7-6
mechanism of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promoters for, 2.6.5-3/2.6.54

fti, introduction to, 2.1.74/2.1.7-6
fiiwise, of pure vapor, 2.6.2-l/2.6.2-19

outside horizontal and inclined tubes, 2.6.2-912.6.2-12,
3.4.6-3

inside horizontal tubes, 2.6.2-12/2.6.2-15,3.4.6-2
interfacial resistance in, 2.6.2-15
liquid metals, 2.6.2-1512.6.2-16
on vertical surfaces, 2.6.2-212.6.2-9,  3.4.6-3

on finned tubes, 3.4.6-3
fogging in, 2.6.7-l/2.6.74

conditions producing supersaturation, 2.6.7-212.6.7-3
design to minimize, 2.6.7-3
effects of, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l

in horizontal tubes, flow regimes in, 2.3.2-7
in plate exchangers, 3.7.12-1
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
introduction to, 2.6.1-l

heat transfer resistances in, 2.6.1-2
modes of, 2.6.1-l/2.6.1-2

of vapor mixture, 2.6.3-l/2.6.3-10,  3.4.6-4
approximate method, 2.6.3-212.6.3-5
binary vapor mixtures, 2.6.3-7
multicomponent mixtures, 2.6.3-7/2.6.3-g
single vapor with noncondensable gas, 2.6.3-5 12.6.3-7

of vapor mixtures forming immiscible liquids, 2.6.4-l/2.6.4-7
eutectic mixtures, 2.6.4-212.6.4-3
with incondensable gases, 2.6.4-S/2.6.4-7
non-eutectic mixtures, 2.6.4-312.6.4-s

Condensation curves:
description, 2.6.3-l/2.6.3-2
differential, 2.6.3-412.6.3-5
integral, 2.6.3-312.6.3-S

Condensers:
approximate overall heat transfer coefficients in, 2.1.2-3
design procedures for, 3.4.9-l/3.4.9-4

overall, 3.4.9-l/3.4.9-2
inside tubes, 3.4.9-213.4.9-3
outside tubes, 3.4.9-313.4.94

discussion of types of, 3.4.3-l/3.4.3-6
horizontal in-tube, 3.4.3-313.4.34
horizontal, outside tube, 3.4.3-413.4.36
vertical in-tube, downflow,  3.4.3-l/3.4.3-2
vertical in-tube, upflow,  3.4.3-213.4.3-3
vertical, outside tube, 3.4.36

fogging in, 2.6.7-112.6.7-4,  3.45-2
heat transfer in, 3.4.6-l/3.4.6-4
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finned tubes, 3.4.6-3
outside horizontal tubes, 3.4.6-3
with mixtures, 3.4.6-4
subcooling in, 3.4.64
inside tubes, 3.4.6-l/3.4.6-2
outside vertical tubes, 3.4.6-313.4.64

introduction to, 3.4.1-I
mean temperature difference in, 3.4.8-l/3.4.8-3
operational problems in, 3.4.5-l/3.4.5-2

fogging, 3.4.5-2
due to limited vapor load, 3.45-l/3.4.5-2
pressure control, 3.4.5-l
venting, 3.4.5-2

pressure drop in, 3.4.7-l/3.4.7-2
selection of type of, 3.4.2-l/3.4.24
temperature patterns in, 1.1.3-l/1.1.3-2
as type of heat exchanger, 1.1.5-2
for use in association with evaporators, 35.4-2
for vapor mixtures, 3.4.3-l/3.4.4-2
(See also Condensation)

Conduction, heat:
basic equations for, 2.4.1-l/2.4.1-2
in melting and solidification, 2.4.4-l/2.4.4-3
periodic change of temperature in, 2.4.5-l/2.454
steady state, 2.4.2-l/2.4.2-3

in bodies with internal heat sources, 2.4.2-3
plane, cylindrical and spherical shells without internal

heat sources, 2.4.2-l/2.4.2-3
thermal contact resistance in, 2.4.6-l/2.4.6-2
transient response to a step change in temperature,

2.4.3-112.4.3-12
one-dimensional systems, 2.4.3-112.4.3-10
multidimensional systems, 2.4.3-1012.4.3-11

Conductors, thermal conductivity of, 5.4.3-215.4.3-3
Cones, vertical:

free convective heat transfer from, 2.5.7-24

Conical shells, mechanical design of:
analytic basis for codes, 4.3.3-l
basic principles of, 4.1.3-2
index to U.K., U.S., and F.R.G. codes for, 4.3.2-3/4.3.24

Connors equation for fluid elastic instability, 4.6.4-2
Conservation equations:

for chemical species, 1.2.1-3
in differential form, 2.2.1-512.2.1-7
in duct flow, 2.2.1-312.2.1-5
in furnaces, 3.11.7-l/3.11.7-2
for gas-liquid flows, 2.3.2-812.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-812.3.2-g

in integral form, 2.2.1-212.2.1-5
for multiphase flows, 2.3.1-412.3.1-7

homogeneous model for, 2.3.14/2.3.1-7
separated flow model for, 2.3.1612.3.1-7

for turbulent flows, 2.2.1-1312.2.1-14
Construction elements of heat exchangers, 4.1.1-214.1.2-3
Contact angle, 2.3.1-2

influence in nucleate boiling, 2.7.1-5,2.7.2-2
Contact resistance:

influence on particle-to-wall heat transfer in packed beds,
2.8.3-3

thermal, 2.4.6-l/2.4.6-4
Continuity equation:

applications in heat exchanger calculations, 1.2.6-5
in boundary layer, 2.2.1-17
in compressible duct flows, 2.2.2-12
differential form in single phase flow, 2.2.1-512.2.1-7
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Continuity equation (Cont.):
in gas-liquid flows, 2.3.2-8/2.3.2-9
integral form in single phase flow, 2.2.2-2
in multiphase flows: homogeneous, 2.3.1-5

separated flow, 2.3.1-25
in turbulent flow, 2.2.1-14

Continuum model, for fluids, 2.2.1-1

Continuum theories, for non-Newtonian fluids, 2.2.86/2.2.8-g
Lodge�s rubber-like liquid, 2.2.8-8
Maxwell model, 2.2.8-7
Oldroyd eight constant model, 2.2.8-8
White-Metzner model, 2.2.8-8

Contraction, sudden, pressure drop in: single-phase flow,
2.2.2-20

two-phase gas-liquid flow, 2.3.2-16/2.3.2-17
two-phase gas-liquid flow, 2.3.2-16/2.3.2-17

Control:
of heat pipes, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

Convection effects, on heat transfer in kettle reboilers:
bundle induced, 3.6.2-213.6.2-3
externally induced, 3.6.2-3

Convective boiling (see Boiling)
Convective heat transfer, single phase:

around immersed bodies: single bodies, 2.5.2-3/2.5.2-8
smooth flat plates, 2.5.2-l/2.5.2-3

augmentation of, 2.5.11-l/2.5.11-12
in combined free and forced convection (see Combined free

and forced convection)
channel flows, 2.5.10-l/2.5.10-12
immersed bodies, 2.5.9-l/2.5.9-7

effect of radiation on, 2.9.8-l/2.9.8-10
in fixed beds, 2.8.2-l/2.8.2-8,  2.8.3-l/2.8.3-3
in flow over tube banks, 2.5.3-112.5.3-16

fined tubes, 2.5.3-612.5.3-16
plain tubes, 2.5.3-l/2.5.3-6

forced convection in ducts, 2.5.1-l/2.5.1-13
laminar  flow, 2.5.1-2/2.5.1-5
turbulent flow, 2.5.1-5/2.5.1-13

in free convection: immersed bodies, 2.5.7-l/2.5.7-31
layers and enclosures, 2.5.8-l/2.5.8-25

with impinging jets, 2.5.6-l/2.5.6-10
in liquid metal systems, 2.5.13-l/2.5.134
with non-Newtonian fluids, 2.5.12-l/2.5.12-16

in channels with viscous heating, 2.5.12-10/2.5.12-14
in channels without viscous heating, 2.5.12-6/2.5.12-10
with dilute polymer solution, 2.5.12-14/2.5.12-15

in packed and agitated beds, 2.8.3-l/2.8.3-9
Conversion factors, for physical properties, 5.5 .l-3
Conveyor, gravity:

air activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-9

Cooling towers:
effect of variation in atmospheric pressure on,

3.12.6-213.12.6-3
hybrid, 3.12.5-113.12.5-5

assisted draft, 3.12.5-3/3.12.5-4
closed-circuit evaporative coolers, 3.12.5-4/3.12.5-5
dry, 3.12.5-l/3.12.5-2
wet-dry, 3.12.5-213.12.5-3

introduction to, 3.12.1-1
mechanical draft, 3.12.4-l/3.12.4-4
natural draft: dry, 3.8.2-l/3.8.2-2,  3.8.8-l

wet, structural design, 3.12.3-6/3.12.3-7
wet, thermal design, 3.12.3-l/3.12.3-6
main features of, 3.12.4-l/3.12.4-2
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thermal performance and design, 3.12.24/3.12.44
packing region in, 3.12.2-l/3.12.2-13

departures from uniform counter flow in,
3.12.2-12/3.12.2-13

heat and mass transfer in, 3.12.2-l/3.12.2-3
packings in, 3.12.2-8/3.12.2-11
state of air leaving, 3.12.2-11/3.12.2-12
theory of thermal design of, 3.12.2-3/3.12.24

testing and acceptance of, 3.12.6-l/3.12.6-2
as type of heat exchanger, 1.1.5-2
water loss from, 3.12.6-2

Cooper, Anthony, 3.7.1-l/3.7.12-2
Copper-base alloys, as material of construction, 4.5.2414.5.2-5
Correlation, general nature of, 1.2.3-5/1.2.3-6
Correspondence principle, in physical properties, 5.1.1-1
Corrosion:

associated with phase separation, 4.5.3-5
associated with welds, 4.5.3-5/4.5.36
erosion/corrosion, 4.5.3-l/4.5.3-2
fretting, 4.5.3-2
gas-vapor phase, 4.5.3-614.5.3-7
materials of construction to avoid, 4.5.2-2145.2-6
in shell-and-tube heat exchangers, 3.3.4-5
vapor blanketing as cause, 4.5.34
in various equipment: reboilers, 4.5.3-5

waste heat boilers, 4.5.3-4
Corrugation design, for plate heat exchangers, 3.7.3-l/3.7.3-2,

4.4.2-314.4.2-4
Costing of heat exchangers:

air-cooled, 4.8.3-l/4.8.3-3
introduction to, 4.8.1-1
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

Countercurrent flow:
critical heat flux in, 2.7.3-26
gas-liquid, in vertical channels, 2.3.2-21/2.3.2-22
heat exchangers, 1.1.1-1

temperature pattern for in single-phase flow, 1.1.3-1
.9-NTU chart for, 1.5.2-2

Counterflow (see Countercurrent flow)
Coupled thermal fields, in transient conduction, 2.4.3-12
Cowie, R. C., 4.8.2-l/4.8.2-5
Creeping flow, in combined free and forced convection around

immersed bodies, 2.5.9-3
Critical density, of commonly used fluids, 5.5.1-l/5.5.1-40
Critical flow, in gas-liquid systems, 2.3.2-26/2.3.2-29

Henry-Fauske model for, 2.3.2-2812.3.2-29
homogeneous models for, 2.3.2-28

Critical heat flux:
in axial flow reboilers, 3.6.2-713.6.2-8
in counter-current flow, 2.7.3-26
enhancement of, in boiling in tubes, 2.7.9-3/2.7.94

pool boiling, 2.7.9-l/2.7.9-2
in evaporators, 3.5.7-3
in flow in vertical annuli, 2.7.3-2012.7.3-21
in flow in vertical tubes, 2.7.3-13/2.7.3-30

nomenclature for, 2.7.3-13
with non-uniform heat flux, 2.7.3-18/2.7.3-20
with uniform heat flux, 2.7.3-1312.7.3-18

in forced convective boiling of binary and multicomponent
mixtures, 2.7.8-612.7.8-7

departure from nucleate boiling, 2.7.8-612.7.8-7
dryout,  2.7.8-7

in kettle reboilers, 3.6.2-4/3.6.2-5
mechanisms of, 2.7.3-2212.7.3-26

annular flow prediction methods for, 2.7.3-2312.7.3-26

blushing Corporation
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Critical heat flux (Cont.):
with nonaqueous fluids, 2.7.3-2612.7.3-30
in pool boiling, 2.7.2-912.7.2-13

geometric effects in, 2.7.2-10/2.7.2-l 1
liquid viscosity effects on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13
Zuber analysis for, 2.7.2-912.7.2-10

in pool boiling of binary and multicomponent mixtures,
2.7.i4/2.7.7-5

in rectangular channels, 2.7.3-20
in rod bundles, 2.7.3-2112.7.3-22
outside single tubes in crossflow, 2.7.5-212.7.5-3
outside tubes in tube banks, 2.7.5-512.7.5-7

correlations for, 2.7.5-612.1.5-7
mechanisms of, 2.7.5-512.7.5-6

Critical pressure:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-6
in pure fluids, 5.1.1-2

Critical Rayleigh number, in free convection, 2.5.8-212.5 8-3,
2.5.8-3/2.5.8-6

Critical temperature:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-5
in pure fluids, 5.1.1-l/5.1.1-2

Critical velocity, in stratification in bends and horizontal tubes,
2.1.4-112.7.4-3

Critical volume, 5.1.1-2
Crocco�s integral, application to boundary layer equations,

2.2.1-19
Cross counter flow heat exchangers, 1.1.1-2

solutions for, 1.3.1-l/1.3.14
Crossflow:

in air-cooled heat exchangers, 3.8.5-113.8.5-5
boiling in over horizontal tubes and tube banks,

2.7.5-I/2.7.54
in cooling towers, 3.12.2-12/3.12.2-13
over cylinders (see Cylinders)
flow induced vibration in, 4.6.1-l/4.6.6-3
heat exchangers: definition of, 1.1.1-2

solutions for heat transfer in, 1.2.64, 1.3.14
pressure drop in gas-liquid, 2.3.2-12
in shell-and-tube heat exchangers, 3.3.6-3/3.3.6-4
temperature difference correction (F-correction) and B-NTU

charts for various configurations of, 1.5.3-l/15.3-13
with both streams mixed, 1.5.3-3
one tube row, unmixed, 1.5.34
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two passes, unmixed, 1.5.3-9

over tube banks (see Tube banks)
Crossflow shells (see X-shells)
Crystallization, choice of evaporator type for, 3.55-2
Curved ducts:

dryout in evaporative heat transfer in, 2.7.4-212.7.44
single-phase fluid flow and pressure drop in,

2.2.2-1412.2.2-16
flow characteristics in, 2.2.2-1412.2.2-15
laminar flow in, 2.2.2-1512.2.2-16
turbulent flow in, 2.2.2-16

-

Cut-and-twist factor, in enhancement of heat transfer in double
pipe heat exchangers, 3.2.3-l

Cyclohexane, saturation properties of, 5.5.1-11
Cyclopentane, saturation properties of, 5 5.1-l 1
Cylinders:

banks of cylinders (see Tube banks)
boiling from outside horizontal in crossflow, 2.7.5-l/2.7.54
characteristics of as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-112.5.9-6
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-112.8.2-8
flow across, 2.2.3-312.2.3-7

circdar,2.2.2-312.2.2-6
noncircular, 2.2.3-612.2.3-7
pressure coefficient in, 2.2.4-2

free convective heat transfer from, 2.5.7-2012.5.7-24
horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-23/2 5.7-24

free convective heat transfer inside horizontal, 2.5.8-14
hollow, radiation and conduction around, 2.9.8-6/2.9.8-7
pool boiling from, 2.7.2-l/2.7.2-15

critical heat flux in, 2.7.2-912.7.2-12
radiative heat transfer on nonisothermal gas in, 2.9.7-3
steady-state thermal conduction in, 2.4.2-l/2.4.2-3
transient conduction in, 2.4.3-112.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
single-phase heat transfer in flow over, 2.5.2412.5.2-5
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
under external pressure, comparison of mechanical design

codes for, 4.3.4-l/4.3.4-2

D
Damage, sources of in heat exchangers, 4.5.3-l/4.5.3-7,

4.6.1-l/4.6.1-2
Damkohler  number:

definition, 2.2.1-l 1
modified form for compressible flows with heat transfer,

2.2.2-12
Damping:

capacity, anelasticity, and, 5.4.5-5
of flow-induced vibration, 4.6.24

Davis and Anderson criterion, for onset of nucleate boiling,
2.7.3-6

Decane, saturation properties of, 5.5.1-10
Degradation temperature, of polymers, 2.5.12-1
�Del� operator (see Differential vector operators)
Delaware method, for shell-side heat transfer and pressure drop,

(see Bell-Delaware method)
Dengler and Addoms correlation, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Density:

definition, 2.2.1-1
fluid with constant, 2.2.1-8/2.2.1-9
fluid with small variations of, 2.2.1-8
of liquid water, 5.5.3-2
of multicomponent liquid mixtures, 5.2.3-l/5.2.3-2
relation with viscosity for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.1-40
of solids, 5.4.1-l/5.4.1-2

graphite and carbon, 5.4.1-1
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Density, of solids (Cont.):
metal alloys, 5.4.1-1
organics, 5.4.1-2
refractories, 5.4.1-l/5.4.1-2

Deposition of droplets in annular flow, 2.3.2-21,2.7.3-24
Design of heat exchangers, introduction, 3.1.1-l/3.1.4-9
Design procedures, for segmentally baffled heat exchangers,

3.3.10-l/3.3.10-8
Desuperheaters for use in association with evaporators, 3.5.4-2
Developing flow in ducts:

single-phase flow and pressure drop in, 2.2.2-10/2.2.2-11
hydrodynamic entrance region in, 2.2.2-10/2.2.2-l 1
various forms and effects on, 2.2.2-l 1

Diathermanous fluid, 2.9.1-1
Differential condensation:

calculation of condensation curves, 2.6.34
description, 2.6.3-112.6.3-3

Differential formulations for nonisothermal gas radiation,
2.9.7512.9.1-g

embedding, 2.9.7-l/2.9.1-8
multiflex methods, 2.9.7-612.9.7-7
radiation diffusion, 2.9.7-512.9.7-6

Differential resistance term in heat exchanger design, 3.3.9-2
Differential vector operators in heat conduction, 2.4.1-2
Diffraction models for radiative heat transfer from surfaces,

2.9.4-l/2.9.4-8
Diffuse surfaces, radiative heat transfer between, 2.9.3-l/2.9.3-17
Diffuse wall passages, radiative heat transfer in, 2.9.3-13/2.9.3-16
Diffusers, single-phase flow and pressure drop in,

2.2.2-1712.2.2-19
effect of inlet conditions, 2.2.2-18/2.2.2-19
with free discharge, 2.2.2-17/2.2.2-18
methods of improving performance in, 2.2.2-19
performance, 2.2.2-17

Diffusion coefficients:
in gases, 5.2.5-3/5.254
in liquids, 5.2.5-l/5.2.5-3

Dimensional analysis:
pi theorem for, 2.2.1-11/2.2.1-12
and theory of similarity, 2.2.1-10/2.2.1-13

Dimensionless groups:
equivalent groups in heat and mass transfer, 2.1.5-2
in fluidization, 2.2.6-212.2.6-3
in free convective heat transfer to immersed bodies,

2.5.7-212.5.7-3
table of, 2.2.1-11

Dimensionless numbers (see Dimensionless groups)
Dimensionless time (see Fourier number)
Dimethyl  propane saturated properties, 5 5.1-6
Direct contact condensation:

introduction, 2.6.1-1
mechanical construction, 4.4.4-614.4.4-7

Direct contact cooling, 4.4.4-8
Direct contact evaporation, 4.4.4-7
Dirt (see Fouling)
Discretization in numerical analysis:

for cases where flow patterns must be calculated, 1.4.2-1
in design of heat exchangers with prescribed flow patterns,

1.4.1-l/1.4.1-6
effect of fineness, 1.4.1-5/1.4.1-6
subdivision of space, 1.4.1-l/1.4.1-2
subdivision of time, 1.4.1-2/1.4.1-3

Disk-and-doughnut baffled heat exchangers, 3.3.11-2
Disk turbine agitator, 3.14.2-l/3.14.2-2

heat transfer in vessel agitated by, 3.14.3-1
Disks, free convective heat transfer from inclined, 2.5.7-25

Dispersed bubble flow (see Bubble flow)
Dissipation of turbulent energy, 2.2.1-20
Distillation, closed distillation process, 2.1.7-8
Distribution:

annular, in shell-and-tube heat exchangers, 3.3.5-l 1
design in fluidized beds, 2.2.6-712.2.6-8

Dittus-Boelter  equation, for single-phase forced convective heat
transfer, 2.7.3-5

Dividing flow, loss coefficients in, 2.2.2-19
DNB (departure from nucleate boiling) (see Critical heat flux)
Donohue method, for shell-side heat transfer in shell-and-tube

heat exchangers, 3.3.2-2
Double-pipe heat exchanger:

approximate overall heat transfer coefficients, 2.1.2-3
description, 3.1.2-l/3.1.2-2
design, 3.2.1-l/3.2.6-2

applications of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters for, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages of, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

Double segmental baffled heat exchangers, 3.3.11-2
Downward facing surfaces, free convective heat transfer from,

2.5.7-1312.5.7-15
Downward flow in vertical tubes, flow patterns in gas/liquid,

2.3.2-2 ,*

Dowtherm A saturation properties, 5.5.1-28
Dowtherm  J saturation properties, 5.5.1-28
Drag coefficient:

for circular cylinder, 2.2.3-3/2.2.34
definition, 2.2.3-2
in fluidized beds, 2.2.6-2
for sphere, 2.2.3-3
on tube in tube bank, 2.2.4-312.2.4-5

Drag force:
on immersed bodies, 2.2.3-212.2.34
on tube in tube bank, 2.2.4-312.2.4-5

Drag reduction, 2.2.8-11/2.2.8-12
effect on heat transfer, 2.5.12-14/2.5.12-15

Drift flux model for two-phase flows, 2.3.1-7/2.3.1-g
Droplets:

deposition and entrainment of, in annular flow, 2.3.2-21
nucleation of in supersaturated vapors, 2.6.7-l/2.6.7-2
use in augmentation of heat transfer, 2.5.11-8

Dropwise condensation:
calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction, 2.1.7-6,2.6.1-l, 2.6.5-l
mechanisms of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promotors for, 2.6.5-3/2.6.5-4

Dry cooling towers, 3.8.2-1/3.8.2-2,3.8.8-l, 3.12.5-l/3.12.5-2
Dry-wall convection, in evaporation (see Postdryout heat

transfer)
Dryers:

classification and selection, 3.13.2-l/3.1  3.2-4
introduction, 3.13.1-l/3.13.1-2
layout and performance data, 3.13.3-l/3.13.3-5

description of drying process in the Mollier chart,
3.13.3-4/3.13.3-5

energy and mass balances, 3.13.3-l/3.13.3-2
Mollier chart, 3.13.3-1
wet bulb temperature in, 3.13.3-2/3.13.34

practical design, 3.13.7-l/3.13.7-3
band dryers, 3.13.7-l/3.13.7-2
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Dryers, practical design (Cont.):
fluid bed dryers, 3.13.7-2
pneumatical conveying dryers, 3.13.7-2
rotary dryers, 3.13.7-2
spray dryers, 3.13.7-213.13.7-3

prediction of drying rates in, 3.13.4-l/3.13.4-5
prediction of residence time in: with nonprescribed material

flow, 3.13.6-l
with prescribed material flow, 3.13.5-l/3.15.5-5

as type of heat exchange equipment, 1.1.5-3
Drying, combined heat and mass transfer in, 2.1.6-l/2.1.6-2
Drying loft, 3.13.2-3
Drying plant (see Dryers)
Drying rates, prediction of, 3.13.4-l/3.13.4-5
Dryout:

introduction, 2.7.3-2
as mechanism for critical heat flux: of liquid film,

2.7.3-2212.1.3-30
under a vapor clot, 2.7.3-22

(See also Critical heat flux)
Ductile fracture as failure mode of heat exchanger, 4.1.1-3
Ducts, single-phase fluid flow and pressure drop in,

2.2.2-112.2.2-25
circular pipes, fully developed flow, 2.2.2-l/2.2.2-7
compressible flow in, 2.2.2-12/2.2.2-14
curved ducts, 2.2.2-1412.2.2-17
developing flow in, 2.2.2-10/2.2.2-l 1
losses in piping components in, 2.2.2-14/2.2.2-20
noncircular ducts, fully developed flow, 2.2.2-712.2.2-10
unstead flow in, 2.2.2-14

Durand correlation for heterogeneous conveyance in solid/liquid
flow, 2.3.4-6

E
E-type shells in shell-and-tube heat exchangers:

recommended calculation methods for pressure drop and heat
transfer in, 3.3.1-l/3.3.10-8

temperature difference correction (F) and &NTU  charts for,
1.5.2-5/1.5.2-10

Edcert  number, 2.2.1-11
Eddy viscosity:

definition, 2.2.2-2
relation to mixing length, 2.2.24

Edwards, D. K., 2.9.1-l/2.9.8-12,55.5-l/5.5.54
EEC code for thermal design of heat exchangers, 4.3.1-3
Effective thermal conductivity of fixed beds, 2.8.1-l/2.8.1-14,

2.8.2-212.8.2-5
Effective tube length in shell-and-tube heat exchangers, 3.3.5-17
Effectiveness of a heat exchanger, defmition, 1.2.4-3,2.1.2-2
Efficiency of fins, 2.5.3-612.5.3-7
Elastic analysis, in mechanical design, 4.1.2-11
Elastic properties of solids:

anelasticitydamping capacity, 5.4.5-5
anisotropy, 5.4.5415.4.5-5
introduction to, 5.45-l -
isotropic materials, 5.4.5-315.454
static and dynamic properties, 5.4.5-2
stress-strain curve, 5.4.5-2/5.4.5-3
tables of, 5.5.8-115.5.8-3

Electric fields, effect on properties of rheologically  complex
materials, 5.3.8-l/5.3.8-2

Electromagnetic theory of radiation, 2.9.2-7/2.9.2-10

Electrostatic fields in augmentation of heat transfer,
25.11-3/2.5.114,2.5.11-g/25.11-9,2.7.9-4

Elhadidy relation between heat and momentum transfer, 1.2.36
Embedding methods for radiative heat transfer in nonisothermal

gases, 2.9.7-l/2.9.1-8
Emission of thermal radiation, in solids, 2.9.2-l/2.9.2-3

characteristics of, 2.9.2-l/2.9.2-2
measurement of, 2.9.2-3

Emissivity:
of gaseous combustion products, 3.11.34
of gases, 2.9.5-l/2.9.5-13

table, 5.5.5-115.5.54
of solids, 5.4.4-115.4.4-6
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
tables, 5.5.7-1155.7-3
total, of solids, table, 3.11.3-6

EMTD (effective mean temperature difference) in air-cooled heat
exchangers, 3.8.54/3.8.5-5

Enclosures:
annuli, free convective heat transfer in: horizontal,

2.5.8-1412.5.8-16
vertical (heated on vertical curved surfaces),

2.5.8-1312.5.8-14
concentric spheres, free convective heat transfer in, 2.5.8-16
free convection heat transfer in, when heated from below,

2.5.8-312.5.8-6
critical Rayleigh number, 2.5.8-3/2.5.8-6
heat transfer rates, 2.5.8-6
modes of circulation, 2,5.8-6

honeycombs, free convective heat transfer in,
2.5.8-2012.5.8-23

horizontal cylinders, free convective heat transfer inside,
2.5.8-14

inclined, free convective heat transfer in, 2.5.8-17/2.5.8-20
large aspect ratios, 2.5.8-17/2.5.8-19
moderate aspect ratios, 2.5.8-20

rectangular, free convective heat transfer in, when heated
from the sides, 2.5.8-6/2.5.8-13

flow patterns in, 2.5.8-612.5.8-8
large aspect ratios, 2.5.8-g/2.5.8-10
with local heating, 2.5.8-13
low aspect ratios, 2.5.8-10/2.5.8-13

Energy, internal (see Specific internal energy)
Energy equation:

in boundary layers, 2.2.1-18
in compressible duct flow, 2.2.2-12
differential form in single-phase flow, 2.2.1-5/2.2.1-7
in gas-liquid flows, 2.3.2-8/2.3.2-g

homogeneous flow, 2.3.2-8
separated flow, 2.3.2-812.3.2-g

in heat exchangers, 1.2.6-2/1.2.6-3
integral form in single-phase flow, 2.2.1-3
in multiphase flows: homogeneous, 2.3-l-5/2.3.1-6

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Enhancement devices:
for condensation, 2.6.6-l/2.6.64
for single-phase heat transfer, 2.5.11-l/2.5.11-12

Enhancement of heat transfer (see Augmentation)
Enlargements in pipes:

single-phase flow and pressure drop in, 2.2.2-17/2.2.2-19
diffusers, 2.2.2-1712.2.2-19
sudden enlargements, 2.2.2-19
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Enlargements in pipes (Cont.):

twophase flow and pressure drop in, 2.3.2-15/2.3.2-16
slow change, 2.3.2-15/2.3.2-16
sudden enlargement, 2.3.2-16

Enthalpy:
changes in streams in heat exchangers, 1.2.4-l/1.2.4-2
of saturated liquids and vapors, 55.1-l/5.5.1-40
(See also Specific enthalpy)

Enthalpy balance equations for cooling towers, 3.12.2-5
Entrainment in annular gas-liquid flow, 2.3.2-l 1, 2.7.3-24
Entrance effects in heat and mass transfer:

comparison of laminar and turbulent flows, 2.1.7-l/2.1.7-2
in turbulent flow heat transfer, 2.5 .l-7

Entrance lengths, hydrodynamic in pipe flow, 2.2.2-10/2.2.2-11
Entrance losses for tube inlet in shell-and-tube heat exchanger,

2.2.1-712.2.7-g
Entropy (see Specific entropy)
Elitvos number:

in bubble departure, 2.7.1-8
definition, 2.3.2-19

Equations of state:
Benedict-Webb-Rubin, 5.2.2-3
Peng-Robinson, 5.1.24
Redlich-Kwong, 5.1.24
Redlich-Kwong-Soave, 5.1.24
van der Waals, 5.1.2-3/5.1.2-4

Equilibrium interphase:
in binary and multicomponent mixture, 2.7.6-l/2.7.64,

5.2.1-l/5.2.1-8
hydrocarbon phase behavior, 5.2.1-3/5.2.1-5
in mixtures of undefined components, 5.2.1-5/5.2.1-g
nonhydrocarbon phase behavior, 5.2.1-5
vapor-liquid, 5.2.1-2/5.2.1-3

introduction, 1.2.1-3
metastable and stable, 2.7.1-1

Equilibrium vapor nucleus, 2.7.1-3
Equivalent sand roughness, 2.2.1-29/2.2.1-30
Ergun equation, for pressure drop in fixed beds,

2.2.5-2
Ethane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of, 5.5.2-2

Ethanol:
critical heat flux table for flow boiling of in vertical tube,

2.7.3-29
saturation properties of, 5.5.1-18

Ethyl acetate saturation properties, 5 5 .l-25
Ethyl benzene saturation properties, 5 5 .l-14
Ethyl ether saturation properties, 5 5.1-23
Ethylene:

saturation properties of, 5.5.1-15
superheated gaseous, thermodynamic properties, 5.5.2-3

Ethylene oxide saturation properties, 5.5.1-24
Euler number:

definition, 2.2.1-11
effect of roughness on, in flow over tube banks,

2.2.4-1412.2.4-15
in flow over tube banks, 2.2.4-512.2.4-12

European Economic Community (see EEC code for thermal
design of heat exchangers)

Eutectic mixtures, condensation of forming immiscible liquids,
2.6.4-212.6.4-3

Evaporation:
flow regimes in, 2.3.2-6/2.3.2-7
at an interface, 2.7.1-2

interfacial  resistance in, 2.1.7-8
introduction to, 2.1.7-6/2.1.7-8
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
in plate heat exchangers, 3.7.12-1
(See also Boiling)

Evaporative coolers, 3.12.54/3.12.5-5
Evaporators:

arrangements for, 3.5.3-l/3.5.3-2
flash evaporation, 3.5.3-2
multiple effect, 3.5.3-l/3.5.3-2
vapor recompression, 3.5.3-2

choice of type of, 3.5.5-l/3.55-2
concentration, 3.5.5-113.5.5-2
crystallization, 3.5.5-2
vaporization, 3.5.5-l

design aspects, 3.5.4-l/3.5.4-2
condensers for, 3.5.4-2
desuperheaters for, 3.5.4-2
hot fluid space in, 3.5.4-1
separators for, 3.5.4-l/3.5.4-2

estimation of heat transfer coefficients in, 3.5.7-l/3.5.7-3
estimation of pressure drop and circulation in, 3.5.6-1
estimation of surface area in, 3.5.8-1
introduction to, 3.5.1-l
as type of heat exchanger, 1.1.5-2
types, 3.5.2-l/3.5.2-7

basket type, 3.5.2-l/3.5.2-3
climbing fti, 3.5.24
falling film, 3.5.24/3.5.2-5
horizontal shell side, 3.5.2-l
horizontal tube side, 3.5.2-513.5.2-6
long-tube vertical, 3.5.2-3/3.5.24
plate-type, 3.5.2-6
short-tube vertical, 3.5.2-l

Exit losses for tubes in shell-and-tube exchanger, 2.2.7-8
Expansion joints, mechanical design of:

basic principles of, 4.1.6-1
constructional details of, 4.2.6-10/4.2.6-l 1

Expansion of tubes into tube sheets:
explosive, 4.2.6-7
roller, 4.2.6-614.2.6-7

Explosive welding of tubes into tube sheets, 4.2.6-8/4.2.6-10
Extended surfaces (see Fins)
Externally induced convection, in kettle reboilers, 3.6.2-3
Extinction coefficient, 2.9.5-l
Extinction efficiency, 2.9.5-l
Extruders, heat transfer in, 3.14.3-5/3.14.3-6
Eyring fluid (non-Newtonian), 2.2.8-7

F
F-correction method:

application to single-pass cocurrent  and countercurrent flow
exchangers, 1.3.1-2/1.3.14,1.5.2-l/1.5.2-2

F-factor charts and equations for various heat exchanger
configurations, 1.5.2-2/1.5.3-12

crossflow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, one pass, unmixed, 1.5.3-7
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 15.34
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
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F-correction method, F-factor charts and equations for various
heat exchanger configurations, crossflow (Cont.):

two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two tube passes, unmixed, 1.5.3-9

double-pipe heat exchangers, 3.2.34/3.2.3-5
E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells  in series, 1.5.2-8
Gshell, even number of tube passes, 1.5.2-l 3
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
single pass cocurrent,  1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells  in series, 1.5.2-7
two E-shells in series, 1.5.26

for calculation of heat exchangers, 1.2.44, 1.5.1-l/1.5.3-12
F-factor method:

for temperature difference (see F-correction method)
tong, for critical heat flux with non-uniform heat flux,

2.7.3-1912.7.3-20
F-type shells:

calculation of heat transfer and pressure drop in, 3.3.1 l-2
discussion of, 3.3.4-3
thermal leakage in, 1.5.2-14/1.5.2-15

Failure modes of heat exchangers, 4.1.1-3/4.1.1-5
corrosion and other damage mechanisms, 4.5.3-l/45.3-7
ductile fracture, 4.1.1-3
high strain fatigue, 4.1.1-5
incremental collapse, 4.1.1-3/4.1-l-5

Falling film evaporator:
description of, 3.5.2413.5.2-5
mass transfer in, 2.1.7-8

Fanning friction factor (see Friction factor)
Fanno flow, 2.2.2-13
Fans in air-cooled heat exchangers:

drive design, 3.8.7-2,4.4.1-4/4.4.1-6
noise emission, 3.8.9-l
power consumption, 3.8.1-113.8.7-2
selection and sizing, 3.8.7-l

Fatigue as failure mode of a heat exchanger, 4.1.1-5,
4.5.3-2/4.5.3-3,4.6.1-2

Ferritic stainless steels, as material of construction,
4.5.2-314.5.24

Fick�s law for diffusion, 2.1.1-2
extensions to multicomponent system, 2.1.5-I
limitations in, 2.1.1-l/2.1.1-4

Film boiling:
in axial flow reboilers, 3.6.2-9
in cross flow over single cylinder, 2.7.5-3/2.7.54
in forced convective boiling on vertical surfaces,

2.7.3-3012.7.3-31
vertical flat plate, 2.7.3-3012.7.3-31
vertical rod, 2.7.3-31

in kettle reboilers, 3.6.2-5
in pool boiling, 2.7.2-1412.7.2-15

Film cooler, approximate overall heat transfer coefficients in,
2.1.24

Film temperature, definition of for turbulent flow over flat
plate, 2.2.1-29

Films in heat exchangers, 1.1.4-2
Filmwise condensation:

description of, 2.6.1-1
of pure vapors, 2.6.2-l/2.6.2-19

inside horizontal tubes. 2.6.2-1212.6.2-M
outside horizontal tubes, 2.6.2-g/2.6.2-12
interfacial resistance in, 2.6.2-15
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with liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-2, 2.6.2-9

Finite difference equations:
application to natural convection in enclosures, 2.5.8-8
for flow pattern calculation, 1.4.2-l/1.4.24
for heat exchangers, 1.4-l-3/1.4.14

Finned-tube banks (see Tube banks finned)
Fins:

application in enhancement of boiling heat transfer,
2.7.9-112.7.94

as augmentation devices, 2.5.1 l-2
in condensation, 2.6.6-212.6.6-3
internally finned tubes, 2.5.11-5/2.5.11-6,2.6.6-2/2.6.6-3
in natural convection, 25.1 l-3/2.5.11-4

on cylinders in tube banks: pressure drop in,
2.2.4-1312.2.4-14

effect on flow over cylinders, 2.2.3-612.2.3-7
free convective heat transfer from, 2.5.7-25
longitudinal (straight): application in double-pipe heat

exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.1-113.2.6-2

low finned tubes: applications in shell-and-tube heat
exchangers, 3.3.11-2/3.3.114

correlation for single-phase heat transfer in flow over,
2.5.3-12/2.5.3-13

use in boiling augmentation, 2.7.9-l/2.7.9-2
radiating, 2.9.84/2.9.8-6
single-phase forced convective heat transfer to banks of tubes

with, 2.5.3-612.5.3-16
efficiency of fins in, 2.5.3-6/2.5.3-11
experimental data compared with correlations for,

2.5.3-13/2.5.3-15
heat transfer correlations for high fms, 2.5.3-11/2.5.3-12
heat transfer wrrelations for low fins, 2.5.3-12/2.5.3-13

types, in heat exchangers, 1.1.4-l
types used in air-cooled heat exchangers, 3.8.3-l/3.8.3-3

Fire-tube boiler, 3.11.2-3
Fired heaters, 3.11.2-l/3.11.2-2
Firsova,  E. V., 2.5.13-l/2.5.134
Fittings, pipe (see Piping wmponents)
Fixed beds:

characteristics of packings in, 2.2.5-2
heat transfer in, with gas flowing through, 2.8.2-l/2.8.2-7,

2.8.3-l/2.8.3-3
contact area resistance in, 2.8.3-2
effective thermal conductivity in, 2.8.2-2/2.8.2-5
fluid-to-particle heat transfer in, 2.5.4-l/2.5.4-6
heat transfer fromwahsof,  2.8.2-5/2.8.2-7,2.8.3-l/2.8.3-3
molecular gas conduction influence in, 2.8.3-l/2.8.3-2
onedimensional temperature fiild in, 2.8.2-7
radiative heat transfer in, 2.8.3-2
twodimensional temperature field in, 2.8.2-l/2.8.2-2

heat transfer in stagnant (with no flow through),
2.8.1-l/2.8.1-14

effective thermal conductivity of, 2.8.1-3/2.8.1-5
heat transfer coefficient from walls  to, 2.8.1-5/2.8.1-10
onedimensional temperature field in, 2.8.1-10/2.8.1-14
two-dimensional temperature field in, 2.8.1-l/2.8.1-2

non-uniform heat transfer in, 2.1.4-3/2.1.44
single-phase flow and pressure drop in, 2.2.5-l/2.2.5-5
voidage  in, 2.2.5-l

Fixed tubesheet, shell-and-tube exchangers:
comparison of codes, 4.3.4-2
mechanical features, 4.2.3-l/4.2.34

Flanges, mechanical design of in heat exchangers:
basic principles, 4.1.7-l/4.1.7-2
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Flanges, mechanical design of in heat exchangers (Cont.):
comparison of codes, 4.3.4-2/4.3.4-3
constructional features, 4.2.6-314.2.6-5
index to U.S., U.K., and F.R.G. codes, 4.3.2-514.3.2-7

Flash evaporation, 3.5.3-2
Flat absorber of thermal radiation, 2.9.2-15
Flat plate:

free convective heat transfer on: inclined and horizontal
plates, 2.5.7-1312.5.7-19

vertical plates, 2.5.7-212.5.7-13
laminar  flow along, 2.2.1-22/2.2.1-24

effect of buoyancy forces, 2.2.1-24
effect of density-viscosity function, 2.2.1-22
effect of Mach number, 2.2.1-23
effect of Prandtl number, 2.2.1-23
effect of suction or injection, 2.2.1-23
effect of wall temperature, 2.2.1-22
effect of wall temperature distribution, 2.2.1-23/2.2.1-24
higher order effects, 2.2.1-24
reference temperature, 2.2.1-23

single-phase forced convective heat transfer in, 2.5.2-l/2.5.2-3
transition flow along, 2.2.1-2412.2.1-25

effect of outer flow turbulence, 2.2.1-24
effect of pressure gradient, 2.2.1-24
heat transfer in, 2.2.1-25
suction on blowing effect, 2.2.1-25
surface roughness, 2.2.1-25

turbulent flow along, 2.2.1-29/2.2.1-30
effect of suction or injection, 2.2.1-30
heat transfer on, 2.2.1-29/2.2.1-30
Mach number effect on, 2.2.1-30
skin friction on, 2.2.1-29

Flat reflector of thermal radiation, 2.9.2-14
Floating head designs for shell-and-tube heat exchangers:

analytical basis for codes for, 4.3.3-l
comparison of codes for, 4.3.4-2
detailed constructional features, 4.2.3414.2.3-7

outside packed type, 4.2.3-7
packed-lantern ring type, 4.2.3-5/4.2.3-6
pull through type, 4.2.3-5
split backing ring type, 4.2.34/4.2.3-5

discussion, 3.3.5-12/3.3.5-13
example of calculation of heat exchanger mechanical de&n

with, 4.3.6-l/4.3.6-23
flanges in, 4.2.6-3
mechanical design of: basic principles of, 4.1.4-2/4.1.4-4

Flooding phenomena:
in gas-liquid flow in vertical tubes, 2.3.2-2112.3.2-23
in reflux condensation, 2.6.2-712.6.2-9,  3.4.3-213.4.3-3
Pushkina and Sorokin correlation for, 2.3.2-22
as source of critical heat flux limitation in countercurrent

flow: in tube banks, 2.7.5-5/2.7.5-6
in tubes, 2.7.3-26

Wallis  correlation for, 2.3.2-22, 2.6.2-8
Flow distribution in plate heat exchangers, 3.7.6-2,

3.7.8-3/3.7.84,4.4.3-3
Flow-induced vibration, 4.6.1-l/4.6.6-3

design considerations, 4.6.6-l/4.6.6-3
introduction, 4.6.1-l/4.6.1-2

sources of damage by, 4.6.1-l/4.6.1-2
prediction procedure, 4.6.5-l/4.65-2
shell-side velocities causing, 4.6.3-l
tube bundle vibration characteristics, 4.6.2-l/4.6.24

amplitude of vibration, 4.6.24
damping, 4.6.24
finned-tube natural frequencies, 4.6.2-3

span lengths, 4.6.2-3
straight tube natural frequencies, 4.6.2-l/4.6.2-3
U-bend tube natural frequencies, 4.6.2-3

vibration phenomena, 4.6.4-l/4.6.4-4
acoustic vibration, 4.6.4-3/4.6.44
combined phenomena, 4.6.44
fluid elastic whirling, 4.6.4-2
parallel flow eddy formation, 4.6.4-3
turbulent buffeting, 4.6.4-2
vortex shedding, 4.6.4-l/4.6.4-2

Flow patterns (see Flow regimes)
Flow quality (see Quality)
Flow regimes:

in combined free and forced convection in channels:
circular pipes, 2.5.10-l/2.5.10-2
rectangular channels, 2.5.10-l 1

in combined free and forced convection around immersed
bodies, 2.5.9-l/2.5.9-4

in condensation forming immiscible liquids, 2.6.4-2
in fixed beds, 2.8.2-2
in fluidtied  beds, 2.2.6-1, 2.2.6-3
in gas-liquid flow, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
inclined tubes, 2.3.2412.3.2-5
shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6,  3.4.7-2
systems with phase change, 2.3.2-612.3.2-7
vertical tubes, 2.3.2-112.3.2-2

influence of free convection on, in horizontal pipe flow,
2.2.2-6

in natural convection in enclosures, 2.5.8-6/2.5.8-8
in single-phase flow in tube banks, 2.2.4-l/2.2.4-3
in single-phase flow over immersed bodies:

boundary layer regime, 2.2.3-l/2.2.3-2
over circular cylinders, 2.2.3-3
over noncircular cylinders, 2.2.3-612.2.3-7

in solid-gas flow, 2.3.3-2
Fluid elastic instability as source of flow-induced vibration,

4.6.4-2
Fluid elastic whirling (see Fluid elastic instability as a source of

flow induced vibration)
Fluid mechanics, Eulerian formulation for, 2.2.1-1
Fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.5-6
Fluidized bed dryer:

description, 3.13.24
practical design, 3.13.7-2

Fluidized bed gravity conveyors, 2.3.3-712.3.3-g
Fluidized beds:

bed-to-immersed tube heat transfer in, 2.8.4-612.8.4-7
bed-to-wall heat transfer in, 2.8.4-l/2.8.4-8

interphase gas convective component, 2.8.4-3
particle convective component, 2.8.4-2/2.8.4-3
predictive methods for, 2.8.44/2.8.4-6
radiative component, 2.8.4-3

fluid-to-particle heat transfer in, 2.5.5-l/2.55-6
introduction, 2.5.1-l/2.5.5-2
low Peclet numbers, 2.5.3-3/2.5.36
recommended equations, 2.5.5-212.5.5-3

single-phase fluid flow and pressure drop in, 2.2.6-l/2.2.6-9
local structure in, 2.2.6X1/2.2.6-8
minimum velocity for fluidization in, 2.2.6-2/2.2.6-3
pressure drop, 2.2.6-2
state diagram for, 2.2.6-2/2.2.6-3
types of fluidization, 2.2.6-l/2.2.6-2

use in augmentation of heat transfer, 2.5.1 l-8
Fluids:

models for, 2.2.1-7/2.2.1-10
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Fluids, models for (Cont.):
calorifically  perfect, 2.2.1-8
constant density, 2.2.1-812.2.1-g
continuum, 2.2.1-l
perfect gas (ideal gas), 2.2.1-7/2.2.1-8
small density variation, 2.2.18

physical properties: mixtures of fluids, 5.2.1-l/5.25-5
pure fluids, 5.1.1-l/5.1.5-3
rheologically  complex, 5.3.1-l/5.3.8-3
tables, 5.5.1-l/5.5.54

Fluorine saturation properties, 5.5.1-32
Fluted tubes, application in evaporators, 2.7.9-3
Flux method, for modeling radiation in furnaces, 3.11.7-5
Flux relationships in heat exchangers, 1.2.2-l/1.2.2-4
Fog formation (see Fogging in condensation)
Fogging in condensation, 2.6.7-l/2.6.74

design to minimize, 2.6.7-3, 3.4.5-2
effects of, 2.6.7-3, 3.4.5-2
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Forced convection heat transfer, single-phase (see Convection
heat transfer)

Forced convective boiling (see Boiling)
Forced flow reboilers:

characteristics, advantages, and disadvantages of, 3.6.1-5
heat transfer characteristics of, 3.6.2-6/3.6.2-10

Forster and Zuber correlation for nucleate boiling, 2.7.24
Fouling:

in double-pipe heat exchangers, 3.2.6-l
in evaporators, 3.5.7-l/3.5.7-2
influence in selection of reboiler type, 3.6.16
numerical methods in the prediction of, 1.4.24
in plate heat exchangers, 3.7.9-l
in reboiler design, 3.6.4-l/3.6.4-2

fouling resistances in reboilers, 3.6.4-2
in shell-and-tube heat exchangers, 3.3.4-5, 3.3.5-14/3.3.5-15

as limiting factor in design, 3.3.10-7/3.3.10-8
as source of damage, 4.5.3-S

Four phase flows, examples, 2.3.1-2
Fourier law for conduction, 2.1.1-2,2.4.1-l

limitations in, 2.1.1-l/2.1.14
Fourier number (Fo):

defmition, 1.2.3-5, 2.1.3-2
in packed beds, 2.8.3-l/2.8.3-3
in solidification and melting, 2.4.4-l/2.4.4-2
in transient conduction, 2.4.3-l/2.4.3-7

Frames for plate heat exchangers, 4.4.2-5/4.4.2-7
France, guide to national practice for mechanical design, 4.3.5-6
Free convection:

augmentation of heat transfer in: active systems for, 2.5.114
passive systems for, 2.5.11-3

combined with forced convection (see Combined free and
forced convection)

effect on laminar flow heat transfer in channels,
2.5.1412.5.1-5

effect of, on single-phase flow in vertical ducts, 2.2.2-l 1
heat transfer around immersed bodies, 2.5.7-l/2.5.7-3  1

generalized solutions for, 2.5.7-25/2.5.7-28
horizontal cylinders, 2.5.7-20125.7-23
inclined and horizontal surfaces, 2.5.7-1312.5.7-19
open ended channels, 2.5.7-19/2.5.7-20
other shapes, 2.5.7-25
s p h e r e s ,  2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7-2312.5.7-24
vertical plates, 2.5.7-212.5.7-13
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influence on friction factor in circular pipe flow,
2.2.2-512.2.2-7

in layers and enclosures, 2.5.8-l/2.5.8-25
circular vertical ammli  heated and cooled on vertical

curved surfaces, 2.5.8-1312.5.8-14
concentric spheres, 2.5.8-16
enclosures heated from below, 2.5.8-3
honeycombs, 2.5.8-2012.5.8-23
horizontal annuli, 2.5.8-14/2.5.8-16
horizontal cylinders, 2.5.8-14
inclined enclosures, 2.5.8-17/2.5.8-20
infinite horizontal layers, 2.5.8-l/2.5.8-3
rectangular enclosures heated and cooled on the sides,
2.5.8-612.5.8-13

occurrence in flow in horizontal circular pipe, Metais and
Eckert diagram for, 2.2.2-6

Free-fall velocity of particles, 2.3.3-3
Free molecule conditions, maximum shear stress, heat flux, and

mass flux in, 2.1.1-2
Free-stream turbulence, effect on flow over cylinders, 2.2.3-6
Freeze protection of air-cooled heat exchangers, 4.4.1-l/4.4.1-2,

4.4.1-7
Fresnel relations in reflection of radiation, 2.9.2-9
Fretting corrosion, 4.5.3-2
Friction coefficient (see Friction factor)
Friction factor:

in circular pipe flow, 2.2.2-l/2.2.2-2
definition, 2.2.2-l
Moody chart for, 1.2.3-3,2.2.2-2

definition, 1.2.3-2
in fiied beds, 2.2.5-3
in flow over tube banks, 3.3.7-l/3.3.74
interfacial, 2.3.2-2112.6.26
liquid film, 2.3.2-10
in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
on the shell side of double-pipe heat exchangers,

3.2.3-513.2.3-6
of solid in solid gas flow, 2.3.3-512.3.3-7

definition, 2.3.3-5
in horizontal pneumatic conveyance, 2.3.3-S/2.3.3-6
in vertical pneumatic conveyance, 2.3.3-5

in systems with heat transfer augmentation: coiled tubes,
2.5.11-7

internally finned tubes, 2.5.1 l-6
roughened surfaces, 2.5.1 l-2/25.11-5
twisted tape systems, 2.5.11-7

Friction multipliers in gas-liquid flow:
correlation for: in singularities, 2.3.2-15/2.3.2-18

in straight channels, 2.3.2-g/2.3.2-12
defmition, 2.3.2-9

Friction velocity definition, 2.2.1-25
Frictional pressure drop (see Pressure drop)
Friedel correlation for frictional pressure gradient in straight

channels, 2.3.2-11
Froude number:

definition, 1.2.3-5,  2.2.1-l 1
in fluidized beds, 2.2.6-212.2.6-3

Fuels, properties of, 3.11.3-2/3.11.3-3
Fugacity, 5.2.1-2
Furnaces:

advanced modelsfor, 3.11.7-l/3.11.7-6
in boilers, 3.11.2-2/3.11.2-3
heat transfer in, 3.11.36

heat sink, 3.11.3-3/3.11.36
heat source, 3.11.3-l/3.1  1.3-3
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Furnaces, heat transfer in (Cont.):
heat transfer of the sink, 3.11.3-6
refractory surfaces, 3.11.3-6

introduction, 3.11.1-1
multizone model for, 3.11.6-l/3.11.64
plug flow model for, 3.11.5-l/3.11.5-2
in process heaters, 3.11.2-l/3.11.2-2
radiation characteristics of row of cylinders backed by

refractory wall in, 2.9.3-12/2.9.3-13
stirred reactor model for, 3.11.4-l/3.1  1.4-6
as type of heat exchange equipment, 1.15-3

G
G-type shells in shelf-and-tube heat exchangers:

description, 3.3.4-3
temperature difference correction factor (fl and 0-NTU

chart for, 1.5.2-13
Galileo number, 2.2.1-11

in bubble rise in liquids, 2.3.2-19
Gas heater, approximate overall heat transfer coefficients in,

2.1.2-3
Gas-liquid flows:

applications of one-dimensional equations, 2.3.2-712.3.2-18
conservation equations, 2.3.2-8/2.3.2-g
correlation for void fraction, 2.3.2-13/2.3.2-15
frictional pressure drop in straight channels,

2.3.2-912.3.2-12
pressure changes across singularities, 2.3.2-15/2.3.2-18
pressure drop in heat exchangers, 2.3.2-12/2.3.2-13

critical two-phase flow, 2.3.2-2612.3.2-29
flow patterns in, 2.3.2-112.3.2-7

horizontal tubes, 2.3.2-212.3.24
shell-and-tube heat exchangers, 2.3.2-512.3.26
in systems with phase change, 2.3.2-6/2.3.2-7
inclined tubes, 2.3.24/2.3.2-5
vertical tubes, 2.3.2-l/2.3.2-2

hydrodynamics of specific flow regimes (horizontal),
2.3.2-2312.3.2-26

annular flow, 2.3.2-2512.3.2-26
slug  t-low, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

hydrodynamics of specific flow regimes (vertical),
2.3.2-1812.3.2-23

annular flow, 2.3.2-1912.3.2-21
bubble flow, 2.3.2-1812.3.2-19
counter-current flow and flooding, 2.3.2-2112.3.2-23
plug-slug flow, 2.3.2-19

in plate heat exchangers, 3.7.12-1
Gas-solid flow (see Solid-gas flow)
Gas sparging, for agitation of vessels:

description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3

Gaseous fuels, properties of, 3.11.3-2
Gases:

as constituent of multiphase flows, 2.3.1-2
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
diffusion coefficients in, 5.2.5-3/5.2.5-4
emissivity of, 2.9.5-l/2.9.5-13

table of, 5.5.5-115.5.5-4
emissivity of combustion product mixtures of, 3.11.34,

5.5.5-315.5.5-4
isothermal, radiative heat transfer in, 2.9.6-l/2.9.6-9

nonisothermal, radiative heat transfer in, 2.9.7-l/2.9.7-13
P-?-T  relationships for, 5.1.2-l/5.1.24
radiation properties, 2.9.5-l/2.9.5-12

equation of transfer for, 2.95-112.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.954
molecular, 2.95-812.9.5-11
physics of, 2.9.54
spectral, band and total property definition,

2.9.5412.9.5-8
superheated, thermodynamic properties of, tables,

5.5.2-115.5.2-11
thermodynamic properties, 5.1.3-l/5.1.3-7
transport properties, 5.1.3-l/5.1.3-7

Gasketed plate heat exchangers (see Plate heat exchangers)
Gaskets:

for flanges in shell-and-tube heat exchangers, 4.2.6-314.2.64
for graphite block exchangers, 4.4.44
in plate heat exchangers, design and properties,

4.4.2414.4.2-5
Geometric optics models for radiative heat transfer from surfaces,

2.9.4-8
Germany, Federal Republic of, mechanical design of heat

exchangers in:
guide to national practice, 4.3.54
index to Merkblatter code, 4.3.2-114.3.2-l 1

Gersten, K., 2.2.1-112.2.3-g
Gibbs phase rule, 5.2.1-1
Girth flanges, in shell-and-tube heat exchangers:

analytical basis for code for, 4.3.3-2
constructional details of, 4.2.6-3

Gn (heat generation number), 2.5.126
Gnielinski, V., 2.5.1-112.5.4-6
Goodness factor, as a basis for comparison of plate fin heat

exchanger surfaces, 3.9.7-l/3.9.7-3
Goody narrow band model for gas radiation properties, 2.9.5-5
Graetz number:

definition, 1.2.3-5,2.1.3-2
in non-Newtonian flows, 2.5.12-612.5.12-7

Graetz problem (see NusseltCraetz  problem)
Graphite, density of, 5.4.1-1
Graphite block heat exchanger, 4.4.44
Grashof number, 1.2.34,2.2.1-11,  2.2.2-6

in free convection over immersed bodies, 2.5.7-2
Gravitational acceleration, effect in pool boiling, 2.7.2-9
Gravity conveyor:

air-activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-g

Gregorig effect in enhancement of condensation, 2.6.6-l/2.6.6-2
Griffith, P., 2.6.5-l/2.6.54
Groeneveld correlation for postdryout heat transfer, 2.7.3-3 1
Groeneveld and Delorme correlation for postdryout heat transfer,

2.7.3-3212.7.3-33
Group contribution parameters tables, 5.5.4-10
Guerrieri and Talty correlations for forced convective heat

transfer in two-phase flow, 2.7.3-8
Guldberg�s rule for critical temperature, 5.1.1-l
Guy, A. R., 3.2.1-113.2.6-2

H
Hagen-Poseville  law, 2.1.1-2, 2.2.2-1, 2.2.2-3
Hagen-Rubens relation, between electrical and optical constants,

2.9.2-10
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Hampson coils (see Helical coils)
Handley and Heggs equation for fixed bed pressure drop, 2.2.5-3
Harris, D., 4.3.6-l/4.3.6-23
Hausen equation for developing laminar flow, 25.1-2
Headers in shell-and-tube heat exchangers, 2.2.7-l/2.2.7-2

inlet distribution header, 2.2.7-512.2.7-6
outlet combining headers, 2.2.7�6/2.2.7-7
tube entry/exit pressure loss, 2.2.7-712.2.7-8

Heads, in heat exchangers:
analytic basis for codes, 4.3.3-l
constructional features of affecting mechanical design,

4.2.6-l/4.2.6-2
index of U.K., U.S.A., and F.R.G. codes for, 4.3.2414.3.2-s
mechanical design of, 4.1.8-1
types of, in shell-and-tube exchangers, 4.2.4-l/4.2.4-2

bolted channel, 4.2.4-l
bolted cone, 4.2.4-2
Bonnett type, 4.2.4-114.2.4-2
high pressure, 4.2.4-214.2.4-3
welded channel, 4.2.4-l

Heat and mass transfer:
combined, 2.1.6-l/2.1.6-4

in condensation, 2.1.6�2/2.1.64
in cooling towers, 3.12.2-l/3.12.2-3
in drying, 2.1.6-l/2.1.6-2
in heat exchangers, 1.1.2-1, 1.2.2-311.2.24
in single-phase free convection, 2.5.7�1212.5.7�13

relations between, 1.2.3-611.2.3-7
state of the art, 2.1.7-l/2.1.7-8

Heat capacity (see Specific heat capacity)
Heat conduction (see Conduction, heat)
Heat exchanger design, introduction, 3.1.1-l/3.1.4-9

approximate sizing of shell-and-tube heat exchangers,
3.1.4-l/3.1.4-9

basic design equation, 3.1.4-1
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference,

3.1.4-213.1.4-3
estimation of overall heat transfer coefficient,

3.1.4�313.1.4-6
estimation of surface area, 3.1.4-6/3.1.4-7
example, 3.1.4-713.1.4-g

fundamental concepts, 3.1.1-l/3.1.1-3
basic design equation, 3.1.1-2
heat transfer coefficients, 3.1.1-1
mean temperature difference, 3.1.1�213.1.1-3

logic of the design process, 3.1.3-l/3.1.34
criteria for successful design, 3.1.3-l/3.1.3-2
relationship among selection rating and design,

3.1.3�2/3.1.34
simplified example of design modification algorithm for

computer, 3.1.3-313.1.34
types of heat exchangers and their applications,

3.1.2-l/3.1.2-6
air-cooled, 3.1.2413.1.2-5
double-pipe, 3.1.2-l/3.1.2-2
mechanically aided, 3.1.2-5
plate fin or matrix, 3.1.2-5
plate heat, 3.1.2-313.1.24
shell-and-tube, 3.1.2-213.1.2-3

Heat exchangers:
agitated vessels, 3.14.1-l/3.14.3-8
air-cooled, thermal design, 3.8.1-l/3.8.94
condensers, 3.4.1-1/3.4.9-S
corrosion and other damage, 4.5.3-l/4.5.3-7
costing, 4.8.1-l/4.8.4-2

an-cooled, 4.8.3-l/4.8.3-3
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

definitions and quantitative relationships, 1.2.0-l/1.2.6-7
balance equations for equipment, 1.2.4-l/1.2.4-7
differential equations for streams in, 1.2.5-l/1.2.5-3
flux relationships, 1.2.2-l/1.2.24
partial differential equations for interpenetrating continua

in, 1.2.6-l/1.2.6-7
thermodynamic concepts, 1.2.1-l/1.2.1-3
transfer coefficient dependences, 1.2.3-l/1.2.3-7

description of, 1.1.0-1/1.1.6-l
equipment forms, 1.1.5-l/1.1.5-3
interactions between streams in, 1.1.2-l/1.1.2-2
interfaces between streams in, 1.1.4-l/1.1.4-2
temperature change patterns, 1.1.3-l/1.1.3-2
types of flow configuration, 1.1.1-l/1.1.14
unsteady operation, 1.1.6-1

design, 3.1.1-l/3.1.4-9
double pipe, 3.2.1-l/3.2.6-2

application of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

F-correction method for, 1.2.44, 1.3.1�2/1.3.14
F-factor charts for, 1.5.2�311.5.3-12
gas-liquid pressure drop in, 2.3.2�12/2.3.2-13
liquid metal heat transfer in, 2.5.13�8/2.5.13-4
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: air-cooled, 4.4.1-l/4.4.1-7

basic principles, 4.1.1-l/4.1.8-3
block type, 4.4.44
direct contact, 4.4.4-614.4.4-8
double-pipe, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
example of design, 4.3.6-l/4.3.6-23
heat pipes, 4.4.4-914.4.4-11
helical (Hampson) coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-314.4.44
plate tin heat exchangers, 4.4.3-114.4.3-g
plate heat exchangers, 4.4.2-l/4.4.2-8
scraped surface, 4.4.4-514.4.4-6
shell-and-tube (codes), 4.3.1-1/4.3.5-l
shell-and-tube (construction), 4.2.1-l/4.2.6-13
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-214.4.4-3

numerical solution methods for: with calculation of flow
pattern, 1.4.2-l/1.4.24

with prescribed flow patterns, 1.4.1-l/1.4.1-6
plate fin, 3.9.1-l/3.9.134
plate, thermal design of, 3.7.1-l/3.7.12-2
P-NTU method for, 1.2.4-4/1.2.4-S, 1.3.1-2
pressure drop in headers, nozzles, and turnarounds, 2.2.7-l
radiant, 2.9.84
representation as interpenetrating continua,

1.2.6-l/1.2.6-7
shell-and-tube (single phase), thermal design of,

3.3.1-l/3.3.11-5
.9 method chart for, 1.5.2-l/1.5.3-12
0 method for, 1.2.4-5, 1.3.1�2/1.3.14

Heat generation number (Gn),  2.3.12-6
Heating media, for reboilers, 3.6.2-10
Heat of vaporization, 5.1.3-215.1.34

of commonly used fluids, 5.5.1-l/5.5.140
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Heat pipes:
axial heat transfer and operational envelope for, 3.10.4-l
characteristics of wicks for, 3.10.6-l/3.10.6-2
circulation and axial heat transfer in, 3.10-2-l/3.10.2-3
introduction to, 3.10.1-l/3.10.1-2
mechanical design of exchangers using, 4.4.4-914.4.4-11
selection of working fluid for, 3.10.5-l/3.10.5-2
start-up and control of, 3.10.7-l/3.10.7-2
temperature distribution and radial heat flux in,

3.10.3-l/3.10.3-2
Heat transfer:

analogy with mass transfer, 2.1.5-l/2.1.54
augmentation of (see Augmentation of heat transfer)
in cooling towers, 3.12.2-l/3.12.2-2
enhancement of, (see Augmentation of heat transfer)
in fluidized beds, fluid-to-particle, 25-S2/2.556
in non-uniform systems, 2.1.4-l/2.1.44

in packed beds, 2.1.4-312.1.44
in shell-and-tube heat exchangers, 2.1.4-l/2.1.4-3

single phase convective (see Convective heat transfer, single
phase)

in transition flow over flat plate, 2.2.1-25
in tubes: Colburnj-factor (larninat  and turbulent), 2.1.3-7

correlations for, 2.5.1-l/2.5.1-11
Nusselt numbers for (laminar  and turbulent), 2.1.3-6

in turbulent flow over flat plates, 2.2.1�2912.2.1-30
by radiation (see Radiative heat transfer)

Heat transfer coefficient:
in agitated vessels, 3.14.3-l/3.14.3-8
in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
average and overall values for, discussion, 1.2.4-211.2.4-3
in bed-to-wall heat transfer in fluidized beds, 2.8.4-l/2.8.4-7
in boiling in a vertical tube, 2.7.3-l/2.7.3-37

variation with quality of, 2.7.3-3
in boiling in horizontal tubes, bends, and coils,

2.7.4-112.7.4-7
in boiling of binary and multicomponent mixtures: forced

convective, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in boiling on outside of single tubes and tube banks,
2.75-l/2.7.5-7

in combined free and forced convection: in channels,
2.5.10-l/2.5.10-10

over immersed bodies, 2.5.9-l/25.9-6
in condensation, 2.6.1-2
in double-pipe exchangers, 3.2.3-313.2.3-3
in evaporators, 3.5.6-I/3.5.7-3
in fmed beds: between wall and bed, stagnant (no flow)

conditions, 2.8.1-S/2.8.1-10
particle-to-fluid, 2.5.4-1,2.8.3-l/2.8.3-3

in flow over tube banks, 2.5.3-l/2.5.3-8
in fluidized beds: particle-to-fluid heat transfer,

2.5.5-l/25.5-6
in free convection: in layers and enclosures, 2.5.8-112.5.8-25

over immersed bodies, 2.5.7-112.5.7-31
individual, definition of, 1.2.2-l/1.2.2-2,2.1.2-6

typical values of, 2.1.2-6
internal, use in transient conduction calculations,

2.4.3-712.4.3-8
with liquid metals, 2.5.13-l/2.5.134
local, definition, 2.5.1-1
mean, along duct, 25.1-l
in moving, agitated, and vibrated beds of particles,

2.8.3-312.8.3-g
in non-Newtonian flows, 2.5.12-l/2.5.12-16
numerical calculation of, 1.4.3-311.4.34
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overall definition of, 1.2.2-1/1.2.2-2,2.1.2-l, 3.1.1-1
in various heat exchangers, 2.1.2-312.1.24

in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7-5-l
in pool boiling, 2.7.2-l/2.7.2-17
radiation, 2.9.8-2
in reboilers, 3.6.2-l/3.6.2-10
on the shell side in shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
in single-phase flow in ducts: laminar flow, 25.1�3125.14

turbulent flow, 2.5.1-S/25.1-11
volumetric, 1.1.2-2

Heat transfer regimes:
in boiling in a vertical tube, 2.7.3-2
in free and forced single-phase convection, 2.5.10-2

Heated cavity reflectometer, 2.9.2-7
Heggs, P. J., 2.2.5-l/2.2.5-5
Helical coils:

in agitated vessels, 3.14.2-213.14.2-3
heat transfer to, 3.14.3-l/3.14.3-2

augmentation of boiling heat transfer using, 2.7.94
convective boiling in, 2.7.4-S/2.7.46
cooler, approximate overall heat transfer coefficients in,

2.1.24
dryout  in evaporative heat transfer in, 2.7.4-312.7.44
Hampson-type for heat exchangers, 4.4.4814.4.4-g
single-phase flow and pressure drop in, 2.2.2-1412.2.2-16,

2.5.1 l-612.5.1 1-7
single-phase heat transfer in, 2.5.11-6/2.5.11-7

Helical inserts, for enhancement of heat transfer in boiling,
2.7.9-3

Helical ribbon agitator:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3�3/3.14.34

Helium:
saturation properties, 5.5.1-33
superheated, thermodynamic properties, 5.5.2-115.5.2-2

Helmholtz reciprocity principle, in radiative heat transfer, 2.9.26
Henry, J. A. R., 2.2.7-l/2.2.7-11
Henry-Fat&e model, for critical two-phase flow,

2.3.2-2812.3.2-29
Henry�s law, for partial pressure, 2.7.6-l
Heptane saturation properties, 5 5 .l-9
Heterogeneous conveyance in horizontal pipes, 2.3.4-312.3.46
Heterogeneous nucleation in boiling, 2.7.1-3/2.7.1-S
Hewitt, Geoffrey F., 2.3.1-l/2.3.2-33
Hexagonal cells, in free convection, 2.5.8-2
Hexane saturation properties, 5 5 .l-8
Hicks equation, for fixed-bed pressure drop, 2.2.5-3
High finned tubes, correlations for single-phase heat transfer in

flow over, 2.5.3�1112.5.3-12
Hohlraum cavity, 2.9.1-3
Holland, guide to national practice for mechanical design of heat

exchangers, 4.3.5-5
Homogeneous condensation (fog formation), 2.6.1-1

effects, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Homogeneous model:
conservation equations for, in multiphase flows,

2.3.1412.3.1-7
in gas-liquid flows: conservation equations, 2.3.2-8

critical flow estimation by, 2.3.2-28
frictional pressure drop correlations based on, 2.3.2-10
pressure drop in singularities calculated by,

2.3.2�1512.3.2-18
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Homogeneous model (Cont.):
in solid-liquid flow, 2.3.4-212.3.4-3

Homogeneous nucleation:
of droplets in supersaturated vapor, 2.6.7-l/2.6.7-2
of vapor bubbles in liquids, 2.7.1-212.7.1-3

table of values of temperature for various substances,
2.7.1-4

Honeycombs:
free convective heat transfer in, 25.8�2012.5.8-23
loss coefficients in, 2.2.2-20

Horizontal cylinders:
free convective heat transfer inside, 2.5.8-14
(See also Cylinders, Horizontal tubes)

Horizontal layers, of fluid, free convection heat transfer in,
2.5.8-l/25.8-3

Horizontal pipes:
hydraulic conveyance in, 2.3.4-l/2.3.4-6
pneumatic conveyance in, 2.3.3-l/2.3.3-2
(See also Pipes, circular; Horizontal tubes)

Horizontal plates (see Horizontal surfaces; Flat plates)
Horizontal shell-side evaporator, 3.5.2-l
Horizontal surfaces:

combined free and forced convection in transverse flow over,
2.5.94/2.5.9-6

free convective heat transfer from, 25.7�1312.5.7-18
downward facing surfaces, 2.5.7�13125.7�15
upward facing surfaces, 25.7�1512.5.7-18

pool boiling from, 2.7.2-l/2.7.2-15
Horizontal thermosiphon reboilers:

calculation procedures for, 3.6-S-213.6.5-3
characteristics, advantages and disadvantages of, 3.6.1-3
thermal design, 3.6.2-l/3.6.26

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.2413.6.2-s
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics of, 3.6.26
mixture effects, 3.6.2-313.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor liquid disengagement in, 3.6.2-6

Horizontal tube-side evaporator, 3.5.2-5 13.5.2-6
Horizontal tubes:

boiling outside with crossflow, 2.7.5-l/2.7.5-4
combined free and forced convection in, 2.5.10-7/2.5.10-l 1

with uniform heat flux, 2.5.10�712.5.10�11
with uniform wait  temperature, 2.5.10-7

combined free and forced convective heat transfer from
outside, 2.5.9-l/2.5.9-6

condensation on inside, 2.6.2-12/2.6.2-15,3.4.6-l/3.4.6-2
annular flow, 2.6.2-15
flow regimes, 2.6.2-1212.6.2-13,  3.4.6-2
stratifying flow, 2.6.2-1312.6.2-14,  3.4.6-2

condensation on outside of, 2.6.2-912.6.2-12,  3.4.6-3
in bundles, 2.6.2�1012.6.2�12
effect of vapor shear, single tube, 2.6.2-g/2.6.2-10
laminar  flow, single tube, 2.6.2-9

condensers with condensation inside, 3.4.3-313.4.34,  3.4.9-3
condensers with condensation outside, 3.4.3-513.4.36,

3.4.9-313.4.94
convective boiling in, 2.7.4-l/2.7.4-7

dryout in, 2.7.4-l/2.7.44
heat transfer in, 2.7.4-412.7.4-6

flow regimes in gas-liquid flow in, 2.3.2-212.3.24
free convective heat transfer from outside of,

2.5.7�2012.5.7-23

heat transfer to, in fluidized beds, 2.8.4-612.8.4-7
hydrodynamics of various two-phase flow regimes in,

2.3.2-2312.3.2-26
annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-2s
stratified flow, 2.3.2-2312.3.2-24

pool boiling from, 2.7.2-l/2.7.2-15
(See also Horizontal pipes; Pipes, circular)

Hottel�s rule, in absorption of radiation by gases, 2.9.5-7
Hsu criterion, for onset of nucleate boiling, 2.7.2-2
Hybrid cooling towers, 3.12.5-l/3.12.5-5

assisted draft towers, 3.125-313.12.54
closed circuit evaporative coolers, 3.12.5413.12.5-s
wet-dry towers, 3.125�2/3.12.5-3

Hydraulic conveyance:
homogeneous and pseudohomogeneous, 2.3.4-212.3.4-3
in horizontal tubes: flow regimes in, 2.3.4-l/2.3.4-2

heterogeneous conveyance in, 2.3.4-312.3.4-6
Hydraulically smooth surface, 2.2.2-l
Hydrocarbons:

phase behavior, 5.2.1�315.2.14
thermodynamic properties, 5.2.2-l/5.2.2-9

Hydrodynamic entrance length, in single-phase flow in ducts,
2.2.2�1012.2.2�11

Hydrogen:
saturated properties, 5.5.1-33
supersaturated gaseous, thermodynamic properties, 5 5.24

Hydrogen chloride saturation properties, 5 5 .l-34
Hydrogen fluoride saturation properties, 5.5.1-34
Hydrogen sulfide saturation properties, 5.5 .l-35
Hydrostatic testing of shell-and-tube heat exchangers,

4.2.6-1114.2.6-13
Hysteresis: in boiling curve, 2.7.2-8

reduction of, using porous surfaces, 2.7.9-3

I
Ideal gas law, 2.2.1-7
Ideal gas, velocity of sound in, 2.2.1-8
Illingworth, A., 4.7.1-1/4.7.10-l
Immersed bodies:

combined free and forced convection around, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
opposing convection, 2.5.94
slightly inertial regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/2.5.9-3
transverse flow, 2.5.9-4/25.96
turbulent regime (assisting convection), 2.5.94

free convective heat transfer to, 2.5.7-l/2.5.7-3  1
generalized solutions for, 2.5.7-2512.5.7-28
horizontal cylinders, 2.5.7�2012.5.7-23
inclined and horizontal surfaces, 2.5.7�1312.5.7�19
open-ended channels, 2.5.7�1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7�23/2.5.7-24
vertical plates, 2.5.7-212.5.7-13

single-phase flow over, 2.2.3-112.2.3-g
circular cylinder, 2.2.3-312.2.3-6
flow regimes in, 2.2.3-l/2.2.3-2
forces exerted on, in, 2.2.3-212.2.3-3
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Immersed bodies (Cont):
noncircular cylinders, 2.2.3-612.2.3-l

single-phase forced convective heat transfer to: flat plates,
2.5.2-112.5.2-3

single bodies, 25.2�312.5.2-8
Immersed tubes, heat transfer to, in fluidized beds,

2.8.4-612.8.4-7
Immersion exchangers, 4.4.4-214.4.4-3
Immersion heaters, 4.4.4-214.4.4-3
Immiscible liquids, condensation of vapors producing,

2.6.4-112.6.4-7
description, 2.6.1-1, 2.6.4-l
eutectic mixtures, 2.6.4-212.6.4-3

Imperfectly diffuse surfaces:
definition, 2.9.4-l
radiative heat transfer between specular surfaces and,

2.9.4-l/2.9.4-11
Impingement damage in heat exchangers, 4.5.3-l
Impingement plate:

constructional features of, 4.2.5-714.2.5-8
effect on inlet pressure drop in shell-and-tube heat exchangers,

2.2.7412.2.7-s
in condensers, 3.4.3-5
(See also Impingement protection)

Impingement protection, in shell-and-tube heat exchangers,
3.35�1013.3.5�11

with condensation, 3.4.3-5
Impinging jets:

single-phase heat transfer in, 2.5.6-l/2.5.6-10
average coefficients in, 2.5.6�3/2.5.64
local coefficients in, 2.5.6�212.5.6-3

Inclined cylinders (see Inclined pipes; Cylinders)
Inclined enclosures, free convective heat transfer in,

2.5.8�1712.5.8-20
large aspect ratios, 2.5.8-1712.5.8-19
moderate aspect ratios, 2.5.8-20

Inclined flow, effect of on heat transfer to cylinders,
2.5.24/2.5.2-S

Inclined pipes:
flow regimes in gas-liquid flow in, 2.3.2412.3.2-5
free convection heat transfer on outside of, 2.5.7�2312.5.7-24
pneumatic conveying (solid/gas flow) in, 2.3.3-2
(See also Pipes, circular)

Inclined plates (see Inclined surfaces; Flat plates)
Inclined surfaces, free convective heat transfer from,

2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-1312.5.7-15
upward facing surfaces, 2.5.7�1512.5.7-18

Inclined tubes (see Pipes, circular; Pipes, noncircular; Inclined
Pipes; Cylinders)

Incondensables (see Noncondensables)
Inconel, spectral characteristics of reflectance from oxidized

surface of, 2.9.2-15
Incremental collapse, as failure mode in heat exchanger,

4.1.1�314.1.1-S
Inert gases, effect on condensation, 2.1.6-312.1.6-4
Injection:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flate plates, 2.2.1-30
effect on laminar flow on flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.1 l-3/2.5.11-9

Inlet effects in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
In-life flow, bundles of tubes (see Tube banks)
In-line tube banks:

correction for heat transfer in, 2.5.3-l/2.5.3-16
finned tubes, 2.5.3-l 1

plain tubes, 2.5.3-2
drag coefficients for tubes in, 2.2.44
pressure drop in with finned tubes, 2.2.4-14
pressure drop in with plain tubes, 2.2.4-712.2.4-8

correction factors for small number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
Inspection (see Testing and inspection)
Insulators, thermal conductivity of, 5.4.3-I/5.4.3-2
Integral condensation:

calculation of condensation curves for, 2.6.3-312.6.34
description, 2.6.3-l/2.6.3-3

Integral fmned tubes:
as augmentation device in natural convection, 2.5.11-3
use in shell-and-tube heat exchangers, 4.2.5-3

Interaction coefficients in heat exchangers, 1.1.2-l/1.1.2-2
Interaction parameters for binary systems, tables, 5.5.4-8/5.5.4-g
Interfacial resistance, in condensation, 2.6.2-15
Interfacial roughness, relationships for, in annular gas-liquid flow,

2.3.2�2012.3.2-21
Interfacial shear stress, effect on filmwise condensation:

on vertical surface, 2.6.2-512.6.2-7
Interfacial tension (see Surface tension)
Intermating troughs, as corrugation design in plate heat

exchangers, 3.7.1-1, 3.7.3-1/3.7.3-2,3.7.6-l
Intermittent flows:

gas liquid, in horizontal and inclined flows, 2.3.2-212.3.2-5
plug flow, in vertical pipes, 2.3.2-19
slug flow, in horizontal pipes, 2.3.2-2412.3.2-25

Internal energy (see specific internal energy)
Internal heat sources, temperature distribution in bodies with,

2.4.2-3
Internal heat transfer coefficient, use in transient conduction

calculations, 2.4.3-712.4.3-8
Internal reboilers (in distillation columns), characteristics,

advantages and disadvantages of, 3.6.1�2/3.6.1-3
Internally finned tubes, heat transfer and pressure drop in,

2.5.11-S/2.5.11-6
International Standards Organization (see ISO)
Interpenetrating continua (as representation of heat exchangers):

partial differential equations for, 1.2.6-l/1.2.6-7
porosity in, 1.2.6-2

Intertube velocity, in tube banks, 2.2.4-3
Inviscid  flow, compressible, with heat addition, 2.2.2-1312.2.2-14
Irvine, T. F., Jr., 2.4.6-l/2.4.64
IS0  codes for mechanical design of heat exchangers, 4.3.1-3
Isobutane saturated properties, 5.5.1-6
Isopentane saturation properties, 5.5 .l-7
Isothermal flow, compressible, in ducts, 2.2.2-13
Isothermal gas, radiation heat transfer to walls from,

2.9.6-l/2.9.6-9
Isotropic materials, elastic properties, 5.4.5-3/S  .4.54
Isotropic scattering, 2.9.5-2
Italy, guide to national practice for heat exchanger mechanical

design, 4.3.5-7

J
J-type shells, in shell-and-tube heat exchangers:

calculation of heat transfer and pressure drop in, 3.3.11-l
description of, 3.3.4-3
temperature difference correction Q and &NTU charts for,

1.5.2�1111.5.2-12
Jacket-type heaters, 4.4.4-314.4.44
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Jacob number, 2.7.1-8
Japan, guide to national practice for heat exchanger mechanical

design:
high-pressure gas control law, 4.3.5-9
standard construction (JISB8243),  4.3.5-8

Jayatillska relation, between heat and momentum transfer,
1.2.3-6

Jens and Lottes correlation for subcooled forced convective
boiling of water, 2.7.3-8

Jet impingement dryer, 3.13.24
Jets, impinging (see Impinging jets)

K
Kapitza number, 2.1.74/2.1.7-5
Kern method, for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-2
Kesler and Lee equations, for critical temperature, critical

pressure, acentric factor and molecular weight,
5.2.1-6/5.2.1-8

Kettle reboilers:
calculation procedures for, 3.6.5-l/3.6.5-2
characteristics, advantages and disadvantages of, 3.6.1-2
constructional features of, 4.2.3-714.2.3-8
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.24/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor-liquid disengagement in, 3.6.2-6

Kirchoffs law, in radiative heat transfer, 2.9.2-2
Knudsen number, 2.2.1-11
K-values, in phase equilibrium, 5.2.1-3

1
Lamella  heat exchangers, 3.1.2-3/3.1.24
Laminar boundary layers (see Boundary layers)
Laminar flow:

combined free and forced convective heat transfer in,
2.5.10-l/2.5.10-11

condensation in vertical surfaces, 2.6.2-212.6.2-4
heat transfer in ducts in, 2.5.1-2/2.5.1-5

augmentation of, 2.5.114/2.5.11-8
in concentric annular ducts, 2.5.1-3
free convection effects in, 2.5.1-4/2.5.1-5
withliquid metals, 2.5.13-l/2.5.13-2
between parallel plates, 2.5.1-3
in straight circular pipes, 2.5.1-2

heat transfer in free convection on a vertical surface in,
2.5.7-3

heat transfer in tube bundles in, 2.5.13-2/2.5.13-3
in circular pipes, 2.2.2-l/2.2.2-2
in ducts, characteristic of plate fin heat exchangers,

3.9.5-I/3.9.5-3
in noncircular pipes, 2.2.2-7/2.2.2-g

Laminar flow control, of boundary layers, 2.2.1-25
Laminar sublayer (see Viscous sublayer)

Lancaster, J. F., 4.5.1-l/4.5.3-7
Large eddy simulation, in prediction of turbulent boundary

layers, 2.2.1-29
Latent heat (see Heat of vaporization)
Laws for turbulent flows:

of the wake, 2.2.1-26
of the wall, 2.2.1-25
velocity defect, 2.2.1-26

Layers of fluid, free convection heat transfer in, 2.5.8-l/2.5.8-3
Le Fevre equations for free convective heat transfer, 2.5.7-3
Leakage between streams, in shell-and-tube heat exchangers,

3.3.44/3.3.4-5,4.6.1-2
Leakage effects, on heat transfer and pressure drop in

shell-and-tube heat exchangers, 3.3.1-l/3.3.11-5
shell-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.64/3.3.6-5
tubes-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.6-5
Lessing rings, characteristic of, as packings for fixed beds, 2.2.5-2
Lienhard and Dhir analysis of critical heat flux in pool boiling,

2.7.2.1012.7.2-12
Lienhard and Eichhorn criterion, for transition in critical heat

flux mechanism in crossflow over single tube, 2.7.5-3
Lift force:

in flow in tube banks, 2.2.4-16
in flow over immersed bodies, 2.2.3-3

Liley, P. E., 5.5.6-l/5.5.7-3
Liquid fuels, properties of, 3.11.3-3
Liquid hold-up, 2.3.1-3
Liquid metals:

heat transfer in, 2.5.13-l/2.5.134
in channel flows, 2.5.13-l/2.5.134
condensation of, 2.6.2-1512.6.2-16
in heat exchangers, 2.5.13-3

Liquid-solid flow (see Solid-liquid flow)
Liquids:

as constituent in multiphase flows, 2.3.1-l/2.3.1-2
physical properties of:

in multicomponent mixtures, 5.2.3-l/5.2.44
rheologically  complex, 5.3.1-l/5.3.8-3
saturated property tables for, 5.5.1-l/5  5.140
specific heat capacity, 5.1.3-7
specific volume, 5.1.2-l/5.1.2-2
surface tension, 5.1.5-l/5.1.5-3
thermal conductivity, 5.1.4-615.1.4-7
thermal expansion coefficient, 5.1.2-2
viscosity, 5.1.4-l/5.1.4-5

LMTD (see Logarithmic mean temperature difference)
Loads, types of in heat exchangers, 4.1.1-1
Local conditions hypothesis, for critical heat flux in flow boiling,

2.7.3-1812.7.3-19
Lockhart and Martinelli correlations:

for frictional pressure gradient, 2.3.2-10
for void fraction, 2.3.2-17

Lodge�s rubber-like liquid (non-Newtonian), 2.2.8-8
Logarithmic driving force in mass transfer, 2.1.5-3
Logarithmic law region, 2.2.2-l
Logarithmic Mean Temperature Difference, 1.2.4-2/1.2.4-3,

2.1.2-2, 2.5.1-1, 3.1.1-2
Longitudinal fins (see Straight fins)
Long-tube vertical evaporator, 3.5.2-3/3.5.24
Loss coefficient, 2.2.2-14

for bends, 2.2.2-16
in combining and dividing flow, 2.2.2-19/2.2.2-20
for diffusers, 2.2.2-1712.2.2-18
values for various fittings, 2.2.2-19/2.2.2-20
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Louvered fins, in plate fin exchangers, 3.9.3-l
Low-alloy steels, as material of construction, 45.2-3
Low-finned tubes:

application in shell-and-tube heat exchangers,

3.3.11-2/3.3.11-3
correlations for single phase heat transfer in flow over,

2.5.3.12/25.3-11
use in boiling augmentation, 2.7.9-112.7.9-2

Lubricants, physical properties of:
classification, 5.3.2-l
lubricant-cooling liquids, 5.35-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2
plastic lubricants, 5.3.4-l/5.3,4-2

Ludwieg-Tillmann formula, for skin friction, 2.2.1-26
Lydersen�s incremental method, for critical parameters,

5.1.1-l/5.1.1-2

M
Macdonald equation, for fixed-bed pressure drop, 2.25-3
Mach number, 2.2.1-11

effect on turbulent flow over flat plate, 2.2.1-30
incompressible duct flows with heat transfer, 2.2.2-12

Maddox, R. N., 5.2.1-1/5.2.5-5,55.1-l/5.5.2-11,  5.5.4-l/5.5.4-9
Magnetic fields, effect on properties of rheologically  complex

materials, 5.3.8-l/5.3.8-2
Manifolds (see Headers)
Martin, H., 2.4.1-l/2.4.54,  255-l/25.6-10
Martinelb and Boelter equations for combined free and forced

convection, 2.5.10-2/25.10-3
Martinelli and Nelson correlations:

for frictional pressure gradient, 2.3.2-1012.3.2-l 1
for void fraction, 2.3.2-14

Mass absorption coefficient, 2.9.5-2
Mass and heat transfer, combined:

in condensation, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2

Mass extinction coefficient, 2.9.5-2
Mass fraction, in multicomponent mixtures, 1.2.1-2
Mass scattering coefficient, 2.95-2
Mass transfer:

analogy with heat transfer, 2.1.5-l/2.15-4
in cooling towers, 3.12.2-2/3.12.2-3
in condensation: in multicomponent mixtures, 2.6.3-712.6.3-g

of binary mixtures, 2.6.3-7
of single vapor with noncondensables, 2.6.3-512.6.3-7

with impinging jets, 2.5.6-l/2.5.6-10
in fixed beds, 2.5.4-212.5.2-6
in fluidized beds, 2.5.5-3125.5-6
in nonuniform systems, 2.1.4-l/2.1.44
volumetric coefficient for, 1.1.2-2

Mass transfer coefficient:
in fixed beds, 2.5.4-l/2.5.4-6
individual definition of, 1.2.2-2/1.2.2-3,2.15-212.1.5-3

Matovosian, Robert, 5.5.5-l/5.5.5-4
Materials of construction, for heat exchangers, 4.5.1-l/45.3-7

materials for corrosive service, 45.2-214.5.26
austenitic stainless steels, 45.24
carbon steel, 4.5.2-214.5.2-3
coatings, 4.5.2-514.5.2-6
copper base alloys, 4.5.2-414.5.2-5
ferritic chromium stainless steels, 4.5.2-3
low alloy steels, 4.5.2-3
nickel based alloys, 45.2-5
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non-metallic materials, 4.5.2-6
titanium, 4-5.2-S

materials for noncorrosive service, 45.2-2
product forms, 45.2-114.5.2-2

shells, channels, covers,  and bonnets, 4.5.2-l/4.5.2-2
tubes, 4.5.2-l
tubesheets, 45.2-1

testing and inspection of, 4.7.2-l
Matrix heat exchangers (see Plate fin heat exchangers)
Matrix inversion techniques, in radiative heat transfer,

2.9.3-712.9.34
Maximum bed-to-surface heat transfer, in fluidized beds,

2.8.4412.8.4-5
Maximum heat flux:

by conduction in solids, 2.1.1-2
in condensation, 2.1.74/2.1.7X1
under free molecule conditions in gases, 2.1.1-2

Maximum mass flux:
in condensation, 2.1.74/2.1.7-6
under free molecule conditions, 2.1.1-2

Maximum shear stress, under free molecule conditions, 2.1.1-2
Maximum velocities (in shell-and-tube heat exchangers),

3.3.5.15,4.5.3-3
Maxwell model, for non-Newtonian fluid, 2.2.8-7
Maxwell velocity of a vapor, as limiting phenomenon in

condensation, 2.1.7-4/2.1.7-6
Maxwell�s equations, for electromagnetic radiation,

2.9.2-712.9.2-g
Mean-beam-length concept, in radiative heat transfer:

tables of geometric mean beam lengths, 2.9.6-5
theory of, 2.9.6-212.9.3

theory of, 2.9.6-212.9.6-3
Mean equivalent temperature, of a surface in combined

convective and radiative heat transfer, 2.9.8-2
Mean phase content, 2.3.1-3
Mean temperature difference:

application in shell-and-tube heat exchangers, 3.3.5-17
concept of, 3.1.1-2/3.1.1-3
effective, in kettle reboilers, 3.6.2-4
in condensers, 3.4.8-l/3.4.8-3
(See also Logarithmic mean temperature difference,

Arithmetic mean temperature difference)
Mechanical agitators, for agitated vessels, 3.14.2-l/3.14.2-2

heat transfer correlations for, 3.14.3-l/3.14.3-6
Mechanical design of heat exchangers:

air cooled heat exchangers, 4.4.1-l/4.4.1-7
basic principles, 4.1.1-l/4.1.8-3

expansion joints, 4.1.6-1
flanges, 4.1.7-l/4.1.7-2
heads, openings and branches, 4.1.8-l/4.1.8-2
introduction to, 4.1.1-l/4.1.1-5
methods of analysis, 4.1.2-114.1.2-g
shells, 4.1.3-114.1.3-3
tube plates, 4.1.4-l/4.1.4-3
tubes, 4.1.5-1

block type, 4.4.44
direct contact, 4.4.4-614.4.4-8
double-pipe exchangers, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
heat pipes, 4.4.4-914.4.4-11
helical (Hampson) coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-314.4.44
plate fin heat exchangers, 4.4.3-l/4.4.3-9
plate heat exchangers, 4.4.2-l/4.4.2-8
shell-and-tube exchangers: constructional features,

4.2.1-l/4.2.6-13
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Mechanical design of heat exchangers, shell-and-tube exchangers:
constructional features (Cont.):
design codes for, 4.3.1-114.3.5-l
example of design, 4.3.1-614.3.6-23

scraped surface, 4.4.4-514.4.4-7
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-214.4.4-3

Mechanical draft cooling towers, 3.12.4-l/3.12.4-2
thermal performance and design, 3.12.4-213.12.44

Mechanical draft fan coolers (see Air-cooled heat exchangers)
Melting, thermal conduction in, 2.4.4-l/2.4.4-2
Melting point of commonly used substances, 5.5.1-l/5.5.140
Mercury:

saturation properties, 5 5.1-35
superheated gaseous, thermodynamic properties of,

5.5.2415.5.2-5

Merkblatter (German) code, for mechanical design of heat
exchangers, 4.3.1-3

index to, 4.3.2-l/4.3.24
Merkel�s  equation, in cooling tower design, 3.12.2-3
Metais and Eckert diagrams, for regimes of convection:

in horizontal pipes, 2.2.6-6,2.5.10-l/2.5.10-2
in vertical pipes, 2.5.10-2

Metastable equilibrium, of vapor and liquid, 2.7.1-1
Methane saturation properties, 5 5 J-4
Methanol saturation properties, 5.5.1-17
Methyl acetate saturation properties, 5.5 .l-25
Methyl-t-butyl ether saturation properties, 5.5.1-23
Metals:

condensation of, 2.6.2-1512.6.2-16
density, 5.4.1-1
liquid, single-phase heat transfer in, 2.5.13-l/2.5  .I34
spectral absorptivity, 2.9.2-1112.9.2-12

Microlayer evaporation, in boiling of binary mixtures, 2.7.6-7
Minimum heat flux in pool boiling:

of binary and multicomponent mixtures, 2.7.7-512.7.7-6
of pure components, 2.7.2.1312.7.2-14

Minimum tubeside velocity, in shell-and-tube heat exchangers,
3.3.5-16

Minimum velocity for fluidtiation, 2.2.6-2
Minimum wetting rate, for binary mixtures, 2.7.8-7
Mirror-image concept, in radiative heat transfer, 2.9.4-l/2.9.4-2
Mirrors, spectral characteristics of reflectance from, 2.9.2-17
Mist flow:

in axial flow reboilers, 3.6.2-9
heat transfer in (see Post-dryout heat transfer)
onset, as mechanism for critical heat flux in reboilers,

3.6.2-812.6.2-g
Mixed convection, occurrence in horizontal circular pipe, Metais

and Eckert diagram for, 2.2.2-6
Mixing length, 2.2.2-4

table of turbulent flow in circular pipes, 2.2.2-3
Mixing vessel (see Agitated vessel)
Mixtures:

of gases, radiation properties, 2.9.5-l l/2.9.5-12
condensers for, 3.4.4-l/3.4.4-2
(See also Binary mixtures, Multicomponent mixtures)

Models, theory of, 2.2.1-1212.2.1-13
Modes of heat transfer, Nusselt description, 2.1.0-2
Molecular gas radiation properties, 2.9.5-812.9.5-l 1
Molecular weight:

of commonly used fluids, 5.5.1-l/5.5.140
Kesler and Lee equation for estimation of in hydrocarbon

mixtures, 5.2.1-7
Molerus, O., 2.2.6-112.2.6-g

Mollier chart, for humid air, 3.13.1-1
description of drying processes in terms of, 3.13.3413.13.3-5

Momentum equation:
in boundary layer, 2.2.1-17
in compressible duct flow, 2.2.1-12
differential form for single-phase flow, 2.2.1-512.2.1-7
in gas-liquid flows, 2.3.2-812.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-812.3.2-g

in heat exchanger calculations, 1.2.6-511.2.6-7
integral form for single-phase flow, 2.2.1-212.2.1-3
in multiphase flows: homogeneous flow, 2.3.1-5

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Monte Carlo methods, in radiative heat transfer, 2.9.4-212.9.4-5
for radiative heat transfer with an isothermal gas,

2.9.6-812.9.6-g
Moody chart:

for critical two-phase flow, 2.3.2-28
for single-phase friction factor in circular pipes, 1.2.3-3,

2.2.2-2
Morcos and Bergles equation, for influence of free convection of

friction factor, 2.2.2-6
Morris, M., 4.3.1-l/4.3.5-11
Mostinski correlations:

for critical heat flux, 3.6.2-5
for nucleate boiling, 2.7.2-6

application to kettle reboilers, 3.6.2-l
Moving bed, heat transfer to, 2.8.3-312.8.34
Moving belt, heat transfer to, 2.1.3-212.1.3-3
Muchowski, E., 2.8.3-112.8.3-g
Mueller, A. C., 3.4.1-l/3.4.9-5
Multicomponent mixtures:

air-cooled condensers for, 3.8.9-213.8.94
boiling of, in kettle reboilers, 3.6.2-313.6.24
condensation of, 2.6.3-7/2.6.3-9,2.6.4-l/2.6.4-7
condensers for, 3.4.4-l/3.4.4-2
diffusion in, 2.1.5-l/2.154
forced convective boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-312.7.8-6
critical heat flux in, 2.7.8-612.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

of gases, radiation properties of, 2.9.5-1112.9.5-12
phase equilibria in, 2.7.6-312.7.6-5
physical properties of, 5.2.1-l/5.2.5-5

diffusion coefficients, 5.2.5-115.25-5
equilibria, 5.2.1-l/5.2.1-8
interfacial tension, 5.2.4-115.2.4-3
thermodynamic properties, 5.2.2-115.2.2-g
thermophysical properties, 5.2.3-115.2.3-g

pool boiling of, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-512.7.76
nucleate boiling, 2.7.7-112.7.7-4
transition boiling, 2.7.7-5

Multidimensional systems, heat conduction in,
2.4.3.1012.4.3-12

Multiflux methods, for radiative heat transfer in non-isothermal
gases, 2.9.7-612.9.7-7

Multipass shell-and-tube heat exchangers, 1.1.1-2
Multiphase fluid flow and pressure drop:

introduction and fundamentals, 2.3.1-l/2.3.1-10
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Multiphase fluid flow and pressure drop, introduction and
fundamentals (Cont.):
classification of multiphase flows, 2.3.1-l/2.3.1-2
conservation equations for, 2.3.1-312.3.1-7
design parameters in, 2.3.1-212.3.1-3
drift flux models for, 2.3.1-7/2.3.1-10

solid-gas flow, 2.3.3-l/2.3.3-10
flow patterns in, 2.3.3-2
pressure drop in, 2.3.3-2, 2.3.3412.3.3-8
principles of pneumatic conveyance, 2.3.3-l/2.3.3-2

solid-liquid flow, 2.3.4-l/2.3.4-7
flow regimes in, 2.3.4-112.3.4-2
pressure drop in, 2.3.4-312.3.4-6

Multiple effect evaporation, 3.5.3-l/3.5.3-2
Multirod clusters (see Rod bundles)
Multizone model, for furnaces, 3.11.6-l/3.11.64
Murray, I., 4.4.4-114.4.4-l 1

N
�Nabla� operator (see Differential vector operators)
Nahme-Griffith number, 2.5.12-6
National practice, in mechanical design, guide to, 4.3.5-114.3.5-g
Natural convection:

as precursor to nucleate boiling, 2.7.2-112.7.2-2
(See also Free convection)

Natural draft cooling towers:
dry, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.125-l/3.125-2
main features of, 3.12.3-113.12.3-2
structural design, 3.12.3-613.12.3-7
thermal performance and design of, 3.12.3-213.12.36

design optimization of, 3.12.3-513.12.3-6
performance away from design point, 3.12.3-6
pressure losses iu, 3.12.3-313.12.3-5
thermal design equation, 3.12.3-213.12.3-3

Natural draft heat exchangers (see Air cooled heat exchangers,
Cooling towers)

Natural frequency of tube vibration in heat exchangers,
4.6.2-l/4.6.24

Navier-Stokes equation, 2.2.1-5
Neon saturation properties, 5.5 .l-36
Neopentane saturated properties, 5.5.1-6
Net free area, in double-pipe heat exchangers, 3.2.3-l
Netherlands, guide to national mechanical design practice, 4.3.5-5
Newton�s law, for momentum transfer, 2.1.1-2

limitationsin, 2.1.1-l/2.1.1-4
NFA (see Net free area)
Nickel-base alloys, as material of construction, 4.5.2-5
Nitrogen:

critical heat flux table for flow boiling of in vertical
tube, 2.7.3-29

saturation properties, 5.5 .l-36
superheated gaseous, thermodynamic properties, 5.5.2-5

Noise, in air-cooled heat exchangers, 3.8.9-l
Nonane saturation properties, 5.5 .l-10
Nonaqueous fluids, critical heat flux in, 2.7.3-612.7.3-30
Noncircular cylinders (see Cylinders)
Noncondensables:

in boiling, 2.7.2-8
in condensation, 2.1.6-2, 2.6.1-2,2.6.3-512.6.3-7,

2.6.4-5 12.6.4-6,  2.6.5 -212.6.5-3
Nondestructive testing, of heat exchangers, 4.7.6-l/4.7.6-2
Nonmetallic materials, for heat exchangers, 4.5.2-6

Non-Newtonian flow:
free convective heat transfer from: spheres, 2.5.7-25

vertical plates, 2.5.7-10/2.5.7-11
properties of rheologically  complex fluids in, 5.3.1-l/5.3.8-3
single-phase fluid flow and pressure drop in, 2.2.8-l/2.2.8-13

experimental characterization of non-Newtonian fluids,
2.2.8-l/2.2.8-6

models for non-Newtonian fluids, 2.2.8-612.2.8-9
turbulent flow of non-Newtonian fluids, 2.2.8-l 1
volume flow rate/pressure drop relations, 2.2.8-912.2.8-l 1

single-phase forced convective heat transfer with,
2.5.12-l/2.5.12-16

in channel flows, 2.5.12-612.5.12-15
equations and dimensionless groups for, 25.12-512.5.12-6
governing physical properties in, 2.5.12-212  5.12-5

Non-uniform heat flux, critical heat flux with, 2.7.3-1812.7.3-22
North, C., 4.8.3-l/4.8.3-3
No-tubes-in-window shells, calculation of heat transfer and

pressure drop in, 3.3.1 l-113.3.1 l-3
Nozzles:

analytic basis for codes for, 4.3.3-2
comparison of codes for, 4.3.4-2
impinging jets from, heat transfer in, 25.6-l/25.6-10

arrays of nozzles, 2.5.6-512.5.6-6
optical spatial arrangement, 25.6-6125.6-g
single nozzles, 25.64125.6-5

in shell-and-tube heat exchangers: constructional features of,
4.2.5-12,4.2.6-214.2.6-3

description of, 2.2.7-l
impingement protection for, 3.3.5-1013.35-11
pressure change across inlet nozzle, 2.2.7-212.2.7-3
pressure change across outlet nozzle, 2.2.7-312.2.74

index to U.S., U.K., and F.R.G. codes for, 4.3.2914.3%10
loss coefficients in, 2.2.2-20

NTU (see Number of transfer units)
Nuclear fuel suspensions, properties of, 5.3.1-215.3.1-3
Nucleate boiling:

augmentation of, 2.7.9-l/2.7.94
in axial flow reboilers, 3.6.2-613.6.2-7
in evaporators, 3.5.7-213.5.7-3
in forced convective boiling of binary and multicomponent

mixtures, 2.7.8-l/2.7.8-2
in forced convective heat transfer in vertical tubes,

2.7.3-112.7.3-12
in horizontal tubes, 2.7.4-l/2.7.4-7
in kettle reboilers, 3.6.2-l/3.6.2-4
outside tubes and tube bundles in crossflow, 2.75-l/2.7.5-7
in pool boiling of binary and multicomponent mixtures,

2.7.7-l/2.7.74
in pool boiling systems, 2.7.2-312.7.3-9

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gases on, 2.7.2-8
influence of gravitational acceleration on, 2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2412.7.2-9
influence of surface conditions on, 2.7.2-712.7.2-g
influence of system pressure on, 2.7.2-7
influence of wettability  of surface on, 2.7.2-9

Nucleation:
augmentation devices for, 2.7.9-l/2.7.9-2
in binary systems, 2.7.6-5
heterogeneous, in boiling, 2.7.1-312.7.14
homogeneous, of vapor bubble in liquid, 2.7.1-212.7.1-3
in supersaturated vapor, 2.6.7-112.6.7-2
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Nucleation sites:
critical size for nucleation: in pool boiling, 2.7.2-2/2.7.2-3

in subcooled forced convective boiling, 2.7.36
enhancement of number and activity of, 2.7.9-l/2.7.9-2
size in binary mixtures, 2.7.6-5
sizing of active, 2.7.1-512.7.1-6

Nuclei, formation in supersaturated vapor, 2.6.7-l/2.6.7-2
Number of transfer units (NTU):

in ah-cooled heat exchangers, 3.8.5-l/3.8.5-5
average value in nonuniform heat transfer in shell-and-tube

heat exchangers, 2.1.4-l/2.1.4-3
as basis for design of plate heat exchangers, 3.7.2-l

rating in, 3.7.7-l
in cooling of slab, 2.1.3-l/2.1.3-2
in cooling towers, 3.12.24/3.12.2-5
in heat exchangers, 1.2.4-3
in particle-to-fluid heat transfer in fluidized beds,

2.5.5-212.5.5-3
in transient heat transfer, definition of, 2.1.2-2/2.1.3-7
(See also f3 or 0-NTU  method)

Numerical methods:
application in furnace prediction, 3.11.7-5
for cases in which flow patterns must be calculated,

1.4.2-l/1.4.2-2
applications, 1.4.2-3/1.4.2-4
discretization, 1.4.2-1
finite difference equations for, 1.4.2-l/1.4.2-2
solution procedure, 1.4.2-2/1.4.2-3

for the solution of heat exchangers with a prescribed flow
pattern, 1.4.1-l/1.4.1-6

discretization, 1.4.1-l/1.4.1-3
finite difference equations for, 1.4.1-3/1.4.14
influence of fineness of discretization, 1.4.1-5/1.4.1-6

special applications of, 1.4.3-l/1.4.3-6
calculations of heat transfer coefficients, 1.4.3-3/1.4.34
flows with chemical reactions, 1.4.3-2/1.4.3-3
flows with radiation, 1.4.3-3
turbulent flow in empty spaces, 1.4.3-2
two-phase flows, 1.4.3-1

in transient conduction calculations, 2.4.3-8/2.4.3-10
Nusselt:

description of modes of heat transfer, 2.1.9-2
equations for condensation: inside horizontal tube, 2.6.2-13

outside horizontal tube, 2.6.2-9
vertical surface, 2.6.2-2

Nusselt-Craetz  problem, in laminar heat transfer in ducts, 2.5.1-2
Nusselt number:

in combined and free and forced convection: around
immersed bodies, 2.5.9-l/2.5.9-6

in channels, 2.5.10-2/2.5.10-11
definition, 1.2.3-2

in finned tube banks, 2.5.3-11
in flow over tube banks, 2.5.3-l/2.5.3-6

forms of correlation for, 2.1.3-4
in free convection over immersed bodies, 2.5.7-2
for heat transfer in tubes, 2.1.3-6
in iamhrar  flow in ducts, 2.5.1-2/2.5.1-5
in liquid metal flow, 2.5.13-l/2.5.13-4
in non-Newtonian flows, 2.5.12-7/2.5.12-16
in nonuniform heat transfer in packed beds, 2.1.4-3/2.1.44
in particle to fluid heat transfer in fixed beds, 2.5.4-l
in plate heat exchangers, 3.7.5-l
in single-phase flow over immersed bodies, 2.5.2-l/2,5.2-8
in systems with heat transfer augmentation,

2.5.11-l/2.5.11-12
in turbulent flow in ducts, 2.5.1-5/2.5.1-11
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Oblate spheroids, free convective heat transfer from, 2.5.7-25
Octane saturation properties, 5.5.1-9
Oldroyd eight constant model, for non-Newtonian fluid, 2.2.8-8
ONB (onset of nucleate boiling):

in pool boiling, 2.7.2-12
in subcooled boiling in vertical tubes, 2.7.3-5/2.7.3-7

One equation models, for turbulent boundary layers, 2.2.1-28
Openings, mechanical design aspects, 4.1.8-l/4.1.8-2
Operational envelope of a heat pipe, 3.10.4-l
Opposed convection:

around immersed bodies, 2.5.9-11
in vertical tubes, 25.106

Optimization methods, for heat exchanger design, 3.3.4-2
Organic solids, density, 5.4.1-2
Orifices:

loss coefficients in, 2.2.2-21
two-phase gas liquid flow, 2.3.2-17/2.3.2-18

OTL (see Outer tube limit)
Outer tube limit, in shelf-and-tube heat exchangers, 4.2.5-9
Outlet effects, in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
Overall heat transfer coefficient, 2.1.2-1

approximate values: in she&and&be exchangers,
3.1.44/3.1.4-5

in liquid metal heat exchangers, 2.5.13-3
in various heat exchangers, 2.1.2-3/2.1.2-4

in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
Overall  power hypothesis, for critical heat flux in flow boiling,

2.7.3-19
Oxygen:

saturation properties, 5.5.1-3 7
superheated gaseous, thermodynamic properties of, 5 5.2-6

Packed beds (see Fixed beds)
Packing relationship, in cooling tower design, 3.12.2-3/3.12.24
Packings, for cooling towers, 3.12.2-8/3.12.2-10
Packings, for fixed beds:

characteristics, 2.2.5-2
effective conductivity of various in fixed beds: beds with gas

flow, 2.8.2-212.8.2-5
stagnant beds, 2.8.1-312.8.1-5

Paikert, P., 3.8.1-l/3.8.9-4
Paints, spectral characteristics of reflectance of surfaces treated

with, 2.9.2-1412.9.2-17
Palen  and Small correlation, for critical heat flux in tube banks,

2.7.5-6
Palen,  J. W., 3.6.1-l/3.6.5-6
Panel immersion exchangers, 4.4.4-2/4.4.4-3
Parallel flow (see Cocurrent  flow)
Parallel plates, (see Plates)
Partial boiling in subcooled forced convective heat transfer,

2.7.3-812.7.3-g
Particle convective component, in heat transfer from fluidized

beds, 2.8.4-212.8.4-3
Particle emissivity, 2.9.7-2
Particle Reynolds number in fixed beds, 2.2.5-2
Particles:

fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.56
free fall velocity of, 2.3.3-3
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Particles (Cont.):
particle-to-wall heat transfer in fluidized beds,

2.8.4-l/2.8.4-8
Particulate fluidization,  2.2.6-l
Pass arrangements, in plate heat exchangers, 3.7.8-l/3.7.8-3
Passes, tube side, 4.2.53/4.2.5-4

�boxed in,� 4.2.54
number of, 4.2.5-314.2.54
partition plates between, 4.2.5-3

Passive methods, for augmentation of heat transfer,
2.5.11-l/2.5.11-3

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.5.114/2.5.11-8
in free convection, 2.5 .ll-3

Pearson number, 2.5.12-6
Peclet number, 1.2.3-211.2.3-3,  2.1.5-2

heat and mass transfer at low, in fluidized beds,
2.5.5-312.5.5-5

in heat transfer in liquid metal systems, 2.5.13-l/2.5.134
in non-Newtonian flow, 2.5.12-6

Peng-Robinson equation of state, 5.1.2-4
application to hydrocarbons, 5.2.2-2

Penner�s rule, in absorption of radiation by gases, 2.9.5-7
Pentane:

normal, critical heat flux for flow boiling of in vertical tube,
2.7.3-29

saturation properties of, 5.5.1-8
Perfect gas (see Ideal gas)
Perforated fins, in plate fin heat exchangers, 3.9.3-l
Perforated plates, loss coefficients in, 2.2.2-20
Periodic variations in temperature, thermal conduction in

bodies with, 2.4.5-l/2.4.5-4
Petroleum properties, 5.3.1-3
Phase change number, 2.4.4-l
Phase envelope, for natural gas mixture, 5.2.1-4
Phase equilibrium:

in binary mixtures, 2.7.6-I/2.7.6-3
in multicomponent mixtures, 2.7.6-312.7.6-4
(See also Equilibrium, phase)

Phase rule (Gibbs), 5.2.1-1
Phase separation, as source of corrosion problems, 4.5.3-5
PHE (see Plate heat exchanger)
Phenol saturation properties, 5.5 .l-20
Phonons, in thermal conductivity of solids, 5.4.3-l/5.4.3-3
Physical properties:

of mixtures of fluids, 5.2.1-l/5.2.5-5
of pure fluids, 5.1.1-l/5.1.5-3
of rheologically  complex media, 5.3.1-l/5.3.8-3
of solids, 5.4.0-l/5.4.5-5
tables of, 5.5.1-l/5.5.8-3
variation with temperature: effect in developing flow,

2.2.2-l 1
effect on flow in tube banks, 2.2.4-1012.2.4-12
effect on flow over cylinder, 2.2.3-6
effect on friction factor in circular pipe flow,

2.2.2-712.2.2-8
effect in heat transfer of flat plates, 2.5.2-212.5.2-3
effect in laminar flow heat transfer in channels,

2.5.1-4
effect in turbulent flow heat transfer in channels,

2.5.1-612.5.1-7
nature of variation, 2.2.1-g
in polymers, 2.5.12-212.5.12-4

Pin fins (see Spine fins)
Pi theorum,  in dimensional analysis, 2.2.1-11
Pipe fittings (see Piping components)

Pipes, circular:
augmentation of heat transfer in, 2.5 .l l-4/2.5.11-9

internally finned for, 2.5.11-S/2.5.114
boiling of binary and multicomponent mixtures in,

2.7.8-112.1.8-1
critical heat flux, 2.7.8X1/2.7.8-7
forced convective (including mass transfer effects),

2.1.8-2/2.1.8-6
nucleate boiling, 2.7.8-l/2.7.8-2

combined free and forced convection in, 2.5.10-l/2.5  .lO-12
in condensers, 3.4.1-l/3.4.9-5
horizontal channels, 2.5.10-712.5.10-11
vertical pipes, 2.5.10-212.5.10-7

flow boiling in: horizontal pipes, 2.7.4-112.7.4-7
vertical pipes, 2.7.3-l/2.7.3-37

free convective heat transfer from outside of,
2.5.7-2012.5.7-24

horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-2312.5.7-24

heat transfer to, in fluidized beds, 2.8.4612.8.4-7
heat transfer to liquid metals in, 2.5.13-l
laminar heat transfer in, 2.5.1-2

in hydrodynamically developed flow, 2.5.1-l
in thermally and hydrodynamically developing flow,

2.5.1-2
pneumatic conveyance (gas solids flow) in, 2.3.3-l/2.3.3-2
radiative heat transfer along, 2.9.3-15/2.9.3-16
roughened surface, radiative heat transfer along,

2.9.4-g/2.9.4-10
single-phase fluid flow and pressure drop in fully developed

flow in, 2.2.2-l/2.2.2-7
effect of free convection on, 2.2.2-512.2.2-7
effect of temperature dependent fluid properties on,

2.2.2-7
friction factor, 2.2.2-l/2.2.2-2
influence of additives on, 2.2.2-7
turbulence characteristics in, 2.2.2-l/2.2.2-5

turbulent heat transfer in, 2.5.1-512.5.1-g
two-phase gas-liquid flow in, 2.3.2-112.3.2-33

flow regimes in, 2.3.2-l/2.3.2-5
hydrodynamics of flow in, 2.3.2-712.3.2-26

use in shell-and-tube heat exchangers for single-phase flow,
3.3.1-l/3.3.11-5

Pipes, noncircular:
triangular ducts: single-phase fluid flow and pressure drop in,

2.2.2-712.2.2-10
laminar flow, 2.2.2-712.2.2-8
turbulent flow, 2.2.2-912.2.2-10

(See also Rectangular ducts, Square ducts)
Piping components:

gas-liquid flow and pressure drop in, 2.3.2-1512.3.2-18
bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-17/2.3.2-18
slow changes in cross section, 2.3.2-1512.3.2-16
sudden contractions, 2.3.2-1612.3.2-17
sudden enlargements, 2.3.2-16

single-phase fluid flow and pressure drop in, 2.2.2-1412.2.2-20
curved ducts, 2.2.2-1412.2.2-17
enlargements, 2.2.2-1712.2.2-19
miscellaneous fittings, 2.2.2-1912.2.2-20

Plain tube banks (see Tube banks, plain)
Plan&s constant, 2.9.1-3
Planck�s law, for spectral distribution of blackbody radiation,

2.9.1-3
Plane shells: steady-state thermal conduction in, 2.4.2-l/2.4.2-3

0 1983 Hemisphere Publishing Corporationr 1tGDiL A
_ -_. . _ - __ . ._. _- . --- -- ~�  �.� --�IT- . -, -



I-26 HEAT EXCHANGER DESIGN HANDBOOK / Index

Plastic analysis, in mechanical design, 4.1.2-l/4.1.2-2
Plate-and-frame heat exchangers (see Plate heat exchangers)
Plate coil baffles, in agitated vessels, 3.14.2-313.14.24
Plate fin heat exchangers, 1.1.4-2, 3.9.1-l/3.9.1-2

approximate overall heat transfer coefficients in, 2.1.24
calculation procedure for a rating problem, 3.9.9-1
correlation of heat transfer and friction data for,

3.9.6-l/3.9.6-2
definition of geometric terms for, 3.9.2-l
description of, 3.1.2-5
goodness factor comparisons for, 3.9.7-l/3.9.7-3
laminar flow surfaces, 3.9.5-l/3.9.5-3
mechanical design, 4.4.3-114.4.3-g

brazing, 4.4.3-314.4.34
construction, 4.4.3-l/4.4.3-3
flow distributors, 4.4.3-3
materials, 4.4.3-714.4.3-8
plate fin-tube construction, 4.4.3-514.4.3-7

multifluid service in, 3.9.12-l/3.9.12-2
pressure drop calculation in, 3.9.10-l/3.9.10-2
procedures for the thermal sizing problems in,

3.9.11-l/3.9.11-2
recent theory and data on vaporization and condensation in,

3.9.13-113.9.134
specifications of sizing and rating problems in, 3.9.8-l/3.9.8-2
surface geometries for, 3.9.3-l
surface performance data for, 3.9.4-l/3.9.4-2

Plate fins, efficiency of, 2.5.3-912.5.3-10
Plate heat exchangers:

approximate overall heat transfer coefficients in, 2.1.24
construction and operation of, 3.7.1-l/3.7.1-3
corrugation design, 3.7.3-l/3.7.3-2
costing, 4.8.4-I/4.8.4-2
description, 3.1.2-313.1.2-4

gasketed plate, 3.1.2-3
lamella  (Ramen),  3.1.2-313.1.24
spiral plate, 3.1.2-3

factors affecting plate design, 3.7.6-l/3.7.6-2
corrugation geometry, 3.7.6-113.7.6-2
distribution, 3.7.6-2

factors governing plate specification, 3.7.2-l
fouling, 3.7.9-l
friction factor correlations, 3.7.4-l/3.7.4-2
heat transfer correlations, 3.7.5-l/3.7.5-2
mechanical design, 4.4.2-l/4.4.2-8

frame design, 4.4.2-514.4.2-7
gasket design and properties, 4.4.2414.4.2-5
plate arrangements, 4.4.2-l
plate construction features, 4.4.2-l/4.4.2-2
plate design features, 4.4.2-314.4.24

methods of surface area calculation, 3.7.10-l/3.7.10-4
overall plate design for, 3.7.7-113.7.7-2
plate arrangements and correction factors for, 3.7.8-l/3.7.8-4

concurrency corrections, 3.7.8-l/3.7.8-2
distribution along port manifolds, 3.7.8-313.7.8-4
end effects, 3.7.8-213.7.8-3
types of pass arrangements, 3.7.8-l

thermal mixing in, 3.7.11-l/3.7.11-2
twophase flow applications, 3.7.12-1

Plates:
characteristic of, as packings for fixed beds, 2.2.5-2
parallel, laminar heat transfer in flow between, 2.5 .l-3

in hydrodynamically developed flow, 2.5.1-3
in thermally and hydrodynamically developing flow,

2.5.1-3
Plate-type evaporator, 3.5.2-6

Plug flow:
regions of occurrence of: in horizontal flow, 2.3.2-212.3.24

in inclined tubes, 2.3.2412.3.2-5
in systems with phase change, 2.3.2-612.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

in vertical channels, 2.3.2-19
bubble rise velocity in, 2.3.2-19

Plug flow model, for furnaces, 3.11.5-l/3.11.5-2
Pneumatic conveyance, 2.3.3-l/2.3.3-2

in horizontal pipes, 2.3.3-l/2.3.3-3
in inclined pipes, 2.3.3-2
in vertical pipes, 2.3.3-l

Pneumatic conveying dryer, 3.13.7-2
P-NTU  method:

application to single pass exchangers, 1.3.1-2/l  .3.14
for calculation of heat exchangers, 1.2.4-411.2.4-5

Poiseuille law (see Hagen  Poiseuille law)
Polarization, of thermal radiation, 2.9.2-1212.9.2-14
Polymers:

degradation temperature, 2.5.12-l
physical properties, 2.5.12-2/2.5.124,5.3.6-l/5.3.7-2

specific heat capacity, 2.5.12-3
thermal conductivity, 2.5.12-2
viscosity, 2.5.12-212.5.12-4

non-Newtonian heat transfer to, 2.5.12-112.5.12-15
Pool boiling, 2.1.7-612.1.7-8

augmentation of heat transfer in, 2.7.9-112.7.9-2
boiling curve for, 2.7.2-l/2.7.2-2
critical heat flux in, 2.7.2-912.7.2-13

geometric effects on, 2.7.2-1112.7.2-12
liquid viscosity effect on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13

film boiling in, 2.7.2-1412.7.2-15
minimum heat flux in, 2.7.2-1312.7.2-14
nucleate boiling, 2.7.2-312.7.3-g

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gas on, 2.7.2-8
influence of gravitational acceleration on,

2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-812.7.2-g
influence of surface conditions on, 2.7.2-712.7.28
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

of binary and multiwmponent mixtures, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-2
transition boiling, 2.7.7-5

onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-13

Porous surfaces, for enhancement of boiling heat transfer,
2.7.9-l

Post-burnout heat transfer (see Postdryout heat transfer,
Transition boiling, Film boiling)

Post-dryout  heat transfer:
correlations for in vertical tubes, 2.7.3-3112.7.3-34

with departure from thermodynamic equilibrium,
2.7.3-3212.7.3-33

empirical correlations, 2.7.3-3112.7.3-32
semi-theoretical, 2.7.3-3312.7.3-34

in evaporators, 3.5.7-3
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Powders:
classification of types of, in tluidized beds, 2.2.6-3/2.2.&t
thermal conductivity under vacuum, 2.1.1-2

Power law fluid (non-Newtonian), 2.2.8-7

forced convective heat transfer to, 2.5.12-l/2.5.12-16
free convective heat transfer to bodies immersed in,

2.5.7-10, 2.5.7-2.5
Prandtl number, 1.2.34,2.1.3-3

effect on lammar flow over flat plate, 2.2.1-23
formulas for, 5.1.4-7
of liquid water, 5.5.34
of saturated vapors and liquids, 5.5.1-l/5.5.5.140
shell-side, in shell-and-tube heat exchangers, 3.3.5-17
turbulent, 2.2.1-19

Pressure coefficient:
for flow over single cylinder, 2.2.4-2
for flow over tube in tube bank, 2.2.4-2

Pressure control of condensers, 3.4.5-l
Pressure drop:

in condensers, 3.4.7-113.4.7-2
in double-pipe heat exchangers, 3.2.3-513.2.3-6
in evaporators, 3.5.6-l
in fluidized beds, 2.2.6-2
in gas-liquid flow, 2.3.2-712.3.2-18

frictional, in straight pipes, 2.3.2-912.3.2-12
in shell-and-tube heat exchangers, 2.3.2-1212.3.2-13
in singularities, 2.3.2-1512.3.2-18
in stratified flow, 2.3.2-2312.3.2-24
in vertical annular flow, 2.3.2-19

in headers, nozzles and turnarounds in shell-and-tube heat
exchangers, 2.2.7-l/2.2.7-11

in internally finned tubes, 2.5.11-512.5.11-6
in multiphase systems, 2.3.1-l/2.3.1-10

in gas-solid flow, 2.3.3-2,2.3.34/2.3.3-7
overall, in cooling towers, 3.12.3-313.12.3-5
in the packings of cooling  towers, 3.12.2-10/3.12.2-l 1
in plate fin heat exchangers, 3.9.10-l/3.9.10-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
and pumping power in heat exchangers, 1.2.4-511.2.4-6
in reboilers,  3.6.3-l
on the shell side of shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
as limitation in design, 3.3.10-6

in single phase systems: in ducts and fittings,
2.2.2-I/2.2.2-25

in fixed beds, 2.2.5-112.2.5-5
introduction and fundamentals, 2.2.1-112.2.1-35
in non-Newtonian fluid flow, 2.2.8-912.2.8-11
in tube banks, 2.2.4-l/2.2.4-17,  3.3.7-l/3.3.74

in vertical tubes with subcooled boiling, 2.7.3-912.7.3-10
Pressure gradient:

effect in transition boundary layer flow over flat plate,
2.2.1-24

(See also Pressure drop)
Process heaters, fired, 3.11.2-l/3.11.2-2
Prolate spheroids, free convective heat transfer from,

2.5.7-25
Promoters, for dropwise condensation, 2.6.5-312.6.5-4
Propane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of,

5.5.2-615.5.2-7
1-Propanol saturation properties, 5.5.1-18
2Propanol saturation properties, 5.5.1-19
Propeller agitator, 3.13.2-l/3.14.2-2

heat transfer in agitated vessels with, 3.14.3-1

Propylene:
saturation properties, 5.5.1-6
superheated gaseous, thermodynamic properties, 5.5.2-7

Propylene oxide saturation properties, 5.5 .l-24
Proximity agitators, 3.14.2-1

heat transfer in agitated vessels with, 3.14.3-3/3.14.3-6
Pugh, S. F., 5.4.5-1/5.4.5-5,5.5.8-l/5.5.8-3
Pulsations, use in augmentation of heat transfer, 2.5.11-8
Pushkina and Sorokin correlation, for flooding in vertical tubes,

2.3.2-22
P-7-T correlations, for pure fluids, 5.1.2-l/5.1.2-4
Pyramid, free convective heat transfer from, 2.5.7-25

Quality, in multiphase flows:
flow quality, 1.2.1-1, 2.3.14,2.7.3-l
static quality, 1.2.1-1, 2.3.1-4

R
Radiant heat exchanger, 2.9.84
Radiating fin, 2.9.8-412.9.8-6
Radiation:

diffusion method, for calculation of nonisothermal gas
radiation, 2.9.7-512.9.7-6

effect in film boiling, 2.7.2-15
effect on heat transfer in packed beds, 2.8.3-2
heat transfer coefficient, 2.9.8-2
m heat transfer from fluidized beds, 2.8.4-3,2.8.4-612.8.4-7
models for, in furnaces, 3.11.74/3.11.7-5
networks, 2.9.3-812.9.3-10

with a gas, 2.9.64
numerical calculation of flows involving, 1.4.3-3
(See also Radiative heat transfer)

Radiation shields, in radiation heat transfer, 2.9.3-1212.9.3-13
Radiative heat transfer:

acting with conduction and convection, 2.9.8-l/2.9.8-10
combined phenomena in, 2.9.8-l
around hollow cylinder, 2.9.8-612.9.8-7
in molecular gas convection, 2.9.8-712.9.8-10
in radiant heat exchanger, 2.9.84
from radiating fin, 2.9.8412.9.8-6
radiation coupled transient heating or cooling,

2.9.8-312.9.84
thermal network analysis of, 2.9.8-l/2.9.8-3

gas radiation properties, 2.9.5-l/2.9.5-13
equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.9.5-4
molecular, 2.9.5-812.9.5-11
physics, of, 2.9.5-4
spectral, band and total property definitions,

2.9.54l2.9.5-8
in furnaces, 3.11.3-l/3.11.7-6
introduction to, 2.9.1-l/2.9.1-5

blackbody radiation, 2.9.1-312.9.1-5
radiant intensity and flux, 2.9.1-212.9.1-3
thermodynamic surfaces and surface systems,

2.9.1-l/2.9.1-2
nonisothermal gas radiation, 2.9.7-l/2.9.7-13
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Radiative heat transfer, nonisothermal gas radiation (Cont.):
differential formulations for, 2.9.7~5/2.9.7-8
equation of transfer for, 2.9.7-112.9.7-2
geometric considerations, 2.9.7-2/2.9.7-3
molecular gas radiation in, 2.9.7-10/2.9.7-13
slab geometry, 2.9.7-312.9.7-s
spectral considerations and scaling approximations in,

2.9.7-812.9.7-10
radiation transfer between perfectly diffuse surfaces,

2.9.3-112.9.3-17
diffuse-walled passages, 2.9.3-13/2.9.3-16
radiation network, 2.9.3-8/2.9.3-10
radiosity-irradiation formulations, 2.9.34/2.9.3-8
refractory surfaces, 2.9.3-8
selected working relations for, 2.9.3-10/2.9.3-13
shape factors for, 2.9.3-l/2.9.34

radiation transfer between specular and imperfectly diffuse
surfaces, 2.9.4-1/2.9.4-l  1

mirror-image concept, 2.9.4-l/2.9.4-2
Monte Carlo algorithms, 2.9.4-2/2.9.4-5
rough walled passages, 2.9.4-g/2.9.4-10
specular and imperfectly diffuse surfaces, 2.9.4-l
specular walled passages, 2.9.4-512.9.4-7
surface models, 2.9.4-7/2.9.4-g

surface radiation characteristics, 2.9.2-l/2.9.2-20
absorption and emission characteristics, 2.9.2-l/2.9.2-3
approximations, 2.9.2-1012.9.2-12
electromagnetic theory and the Fresnel relations,

2.9.2-712.9.2-10
polarization, 2.9.2-12/2.9.2-H
radiation characteristics in thermal design,

2.9.2-1512.9.2-20
reflection and transmission characteristics,

2.9.2-312.9.2-7
between surfaces and isothermal gas, 2.9.6-l/2.9.6-9

calculation of, 2.9.64/2.9.6-8
heat transfer at black wall, 2.9.6-l
mean beam length concept for, 2.9.6-2/2.9.6-3
Monte Carlo solutions for, 2.9.6-8/2.9.6-g
radiation network in, 2.9.6-4
radiosity-irradiation formulation for gas filled enclosure

wall, 2.9.6-312.9.64
wall layer transmission in, 2.9.6-3

Radiators, automotive, construction, 4.4.3-5/4.4.3-7
Radiometers, application in gas radiation property measurement,

2.9.5-3
Radiosity, Stephan�s law for, 2.9.1-3
Radiosity-irradiation formulations in radiative heat transfer,

2.9.3412.9.3-8
for gas-filled enclosure wall, 2.9.6-312.9.6-4

Ramen heat exchanger (see Lamella heat exchanger)
Raoult�s law for partial pressure, 2.7.6-l
Rating of heat exchangers, 3.1.3-2, 3.3.4-l

computer program structure for, 3.1.3-3
Rayleigh  instability, in free convection, 2.5.8-2
Rayleigh  number, 1.2.34,2.2.1-16,2.2.2-6

critical, for instability in free convection: in enclosures heated
from below, 2.5.8-3/2.5.8-6

in horizontal layers, 2.5.8-2/2.5.8-3
in free convection over immersed bodies, 2.5.7-3

Reay,D., 3.13.7-l/3.13.7-3
Reboilers:

approximate overall coefficients in, 2.1.2-3
shell-and-tube, 3.6.1-l/3.6.5-6

calculation procedures for, 3.6.5-l/3.6.5-6
pressure drop in, 3.6.3-l

special design considerations for, 3.6.4-l/3.6.44
thermal design of, 3.6.2-l/3.6.2-10

as type of heat exchanger, 1.1.5-2
(See also Boilers)

Reciprocal mode integrating sphere, for reflection and
transmission measurements in radiation, 2.9.2-7

Rectangles:
closed form solutions for mean beam lengths between,

2.9.64
radiative heat transfer shape factors for opposite and

adjacent, 2.9.3-3
table of mean beam lengths, 2.9.6-5

Rectangular ducts:
combined free and forced convective heat transfer in,

2.5.10-11, 3.9.5-l/3.9.3-3
critical heat flux in flow boiling in, 2.7.3-20
laminar flow in, 2.2.2-712.2.2-g
radiative heat transfer along, 2.9.3-16/2.9.3-17
turbulent flow in, 2.2.2-10

Rectangular enclosures, free convective heat transfer in:
when heated and cooled on vertical sides, 2.5.8-6/2.5.8-13
when heated from below, 2.5.8-3/2.5.8-6

Rectangular fins, for plate fin exchangers, 3.9.3-l
Redlich-Kwong and Redlich-Kwong-Soave equations of state,

5.1.24
application to hydrocarbons, 5.2.2-115.2.2-2

Reduced pressure, correlations for pool boiling using,
2.7.2-512.7.2-7

Reentrance cavities, for enhancement of boiling, 2.7.9-l/2.7.9-2
Reference temperature:

in calculation of friction factor in circular duct, 2.2.2-7
for laminar flow over flat plates, 2.2.1-23
for turbulent flow over flat plates, 2.2.1-29

Reflectance (see Reflectivity)
Reflection, of thermal radiation, from solid surfaces:

characteristics of, 2.9.2-312.9.2-6
measurement of, 2.9.2-612.9.2-7

Reflectivity, of solid surfaces, 2.9.2-3
measurement of, 2.9.2-6/2.9.2-7

Reflectometer, heated cavity, 2.9.2-7
Reflux condensers, 3.4.3-2

flooding phenomena in, 2.6.2-9, 3.4.3-213.4.3-3
Refractories, density of, 5.4.1-l/5.4.1-2
Refractory services, 2.9.3-8

in furnaces, 3.11.3-6
heat transfer by radiation between source, sink and,

2.9.3-l l/2.9.3-12
Refrigerant 12:

critical heat flux table for flow of in vertical tube, 2.7.3-29
saturation properties, 3.5.1-2 1

Refrigerant 13 saturation properties, 5 5.1-2  1
Refrigerant 21 saturation properties, 5.5.1-22
Refrigerant 22 saturation properties, 5.5.1-22
Regenerative heat exchangers, l.l.l-3/1.1.14

periodic operation of, 1 .1.6-l
Regimes of heat transfer, in ducts, single phase flow,

2.5.1-1
Relaminarization,  of turbulent flow, 2.2.1-16
Residence times, in dryers:

with non-prescribed material flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.13.5-2

Retrograde behavior, in phase envelope for natural gas,
5.2.1415.2.1-5

Reynolds number, 2.1.1-3
as limiting criteria for applicability of molecular flux

relationship, 2.1.1-3
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Reynolds number (Cont.):
bubble, 2.3.2-19
definition of, 1.2.3-211.2.3-3

in finned tube bundles, 2.5.3-11
in condensation on vertical surface, 2.6.2-3
in cross flow over tube banks, 2.2.4-l/2.2.4-12,

2.5.3-1/2.5.3-8,3.3.7-l/3.3.74
particle, fixed beds, 2.2.5-2

fluidized beds, 2.2.6-2
shell-side, in shell-and-tube heat exchangers, 3.3.5-16
in two-phase gas-liquid flow, 2.3.2-10

Rheologically  complex materials, properties of:
disperse compositions, 5.3.1-l/5.3.1-3

nuclear fuel suspensions, 5.3.1-2/5.3.1-3
petroleum, 5.3.1-3
two-component composition$5.3.1-l/5.3.1-2

effect of external electric and magnetic fields on,
5.3.8-l/5.3.8-2

lubricants: classification of, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2

polymers, 5.3.6-l/5.3.7-2
Rheology, shear flow experiments used in, 2.2.8-3
Richardson number, 2.2.1-11
Ring cells, in free convection, 2.5.8-2
Ring stiffness, in shell-and-tube heat exchangers, 4.1.2-8/4.1.2-g
Rod bundles:

critical heat flux in flow in, 2.7.3-21/2.7.3-22
turbulent longitudinal flow in, 2.2.2-10

Rohsenow correlation, for nucleate boiling, 2.7.24
application in forced convection boiling in vertical tubes,

2.7.3-712.7.3-g
Roll cells, in free convection, 2.5.8-2
Roller expansion, of tubes into tube sheets, 4.2.6-614.2.6-7
Room, thermal network for combined radiation and convection

in, 2.9.8-3
Rossby number, 2.2.1-11
Rotary dryer, 3.13.24

practical design of, 3.13.7-2
Rotating drums, heat transfer to particle bed in, 2.8.34/2.8.3-5
Rotation, as device for heat transfer augmentation, 2.5.11-4,

2.5.11-8
Roughness, surface:

in augmentation of condensation, 2.6.6-l/2.6.6-2
in augmentation of heat transfer, 2.5.11-2,2.5.11-3/2.5.114
as enhancement device in boiling, 2.7.9-2
completely rough surface, 2.2.2-2
effect in flow in fixed beds, 2.2.54
effect on flow over cylinders, 2.2.3-6
effect in pool boiling: critical heat flux, 2.7.2-13

nucleate boiling, 2.7.2-312.7.2-8
effect on pressure drop in tube banks, 2.2.4-14/2.2.4-15
effect on skin friction in turbulent flow over flat plate,

2.2.1-29
effect in transition flow over flat plate, 2.2.1-25
radiative heat transfer from, 2.9.4-7/2.9.4-10
values for commercial surfaces, 2.2.24

Rough walled passages, radiative heat transfer down,
2.9.4-912.9.4-10

Ruiz,C.,4.1.1-I/4.1.8-3

S
Saddle supports, for heat exchangers, as source of assymetric

loading, 4.1.2-2/4.1.2-g

Sand roughness, equivalent, 2.2.1-29/2.2.1-30
Sardesai,  R. G., 2.6.4-112.6.4-7
Saturated boiling:

in pool boiling, 2.7.2-112.7.2-17
in vertical tubes, 2.7.3-10/2.7.3-12

nucleate, 2.7.3-10/2.7.3-11
two-phase forced convective, 2.7.3-11/2.7.3-12

Saturated fluids, tables of physical properties, 5.5.1-l/5.5.1-40
Saturation pressure, 2.7.1-1
Saturation temperature, 2.7.1-1
Saunders, E. A. D., 4.2.1-l/4.2.6-13
Scaling approximations, in nonisothermal  gas radiation,

2.9.7-812.9.7-10
narrow band scaling: the Curtis Godson approximation,

2.9.7-812.9.7-g
wide-band scaling, 2.9.7-g/2.9.7-10

Scattering bed models, for radiative heat transfer from surfaces,
2.9.4-812.9.4-g

Scattering coefficient, 2.9.5-2
Schack  wide-band model, for gas radiation properties, 2.9.5-6
Schliinder,E.  U., 2.1.1-1/2.1.7-8,3.13.1-1/3.13.6-l
Schliinder equations:

for developing laminar flow, 2.5.1-2
for gas conduction in packed beds, 2.8.3-l

Schmidt number, 1.2.34
Schrock and Grossman correlations, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Schunk, M., 5.1.1-l/5.1.5-3,5.4.1-1/5.4.4-6
Schwier, K., 5.5.3-l/5.5.3-5
Scraped surfaces:

in augmentation of heat transfer, 25.1 l-3
heat exchangers, description of, 3.1.2-6
in heat exchangers, 1 .1.4-2
heat transfer coefficients with, 3.14.3-4/3.14.36
mechanical design for, 4.4.4-514.4.4-6

Scaling devices, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Seider-Tate equation, for heat transfer in heat exchangers, 3.3.2-2
Selection of heat transfer equipment:

for condensation duty, 3.4.2-l/3.4.2-4
dryers, 3.13.2-l/3.13.24
for evaporation, 3.5.5-l/3.5.5-2
general introduction to, 3.1.2-l/3.1.26
rebotiers, 3.6.1-2/3.6.1-6

selection table, 3.6.1-6
Semiconductors, thermal conductivity, 5.4.3-3
Separated flow model:

application to stratified flow prediction, 2.3.2-2312.3.2-24
conservation equations for: in gas-liquid flow, 2.3.2-8/2.3.2-g

in multiphase flows, 2.3.1-6/2.3.1-7
Separators, for use in association with evaporators,

3.5.4-l/3.5.4-2
Series solutions, for one-dimensional transient conduction,

2.4.3-l/2.4.3-7
Serrated fins,  in plate fin heat exchangers, 3.9.3-l
Shah correlation, for boiling in horizontal tubes, 2.7.4-5
Shape factor, in radiative heat transfer between diffuse surfaces,

2.9.3-112.9.34
Shear flow, of non-Newtonian fluids, 2.2.8-l/2.2.8-3
Shear free flow, of non-Newtonian fluids, 2.2.8-312.2.8-6
Shear rate, in fluid, 2.2.8-l

Shear stress:
distribution of wall, in flow over single cylinder, 2.2.3-5
interfacial effect on filmwise  condensation: on vertical

surfaces, 2.6.2-512.6.2-7
turbulent, in pipe flow, 2.2.2-5

Shelf dryer, 3.13.24
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Shell-and-tube heat exchanger:
application of low-fin tubes in, 3.3.11-2/3.3.11-3
approximate overall coefficient in, 2.1.2-3
approximate sizing of, 3.1.4-l/3.1.4-9

basic design equation for, 3.1.4-9
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference, 3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-313.1.46
estimation of surface area, 3.1.4-6/3.1.4-7
example of, 3.1.4-7/3.1.4-g

baffle leakage in, numerical calculation of, 1.4.2-3
condensation in, 3.4.1-1/3.4.1-S
corrosion and other damage of, 4.5.3-l/4.5.3-7
description of 3.1.2-2/3.1.2-3
F-factor and &NTU  charts for, 1.5.2-l/1.5.2-15

E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-8
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

F-type shells, thermal leakage in, 1.5.2-14/1.5.2-15
introduction to design features, 1.1.5-l/1.1.5-2
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: basic principles, 4.1.1-l/4.1.8-3

constructional features of, 4.2.1-l/4.2.6-13
design codes for, 4.3.1-l/4.3.5-11
example of calculations, 4.3.6-l/4.3.6-23

multipass, 1.1.1-2
non-uniform heat transfer in, 2.1.4-l/2.1.4-3
numerical solutions for: with flow pattern calculation,

1.4.2-l/1.4.24
with prescribed flow patterns, 1.4.1-l/1.4.1-6

pressure drop in headers, nozzles and turnarounds in,
2.2.7-112.2.7-11

thermal design, 3.3.1-l/3.3.1  1-5
auxiliary calculations, 3.3.6-l/3.3.6-11
calculation of shell-side heat transfer coefficient and

pressure drop, 3.3.8-l/3.3.8-3
extension to other shell, baffle and tube bundle

geometries, 3.3.11-l/3.3.1  1-3
ideal tube-bank correlations for, 3.3.7-l/3.3.74
input data and recommended practices, 3.3.5-l/3.3.5-17
objectives and background, 3.3.1-l/3.3.1-2
performance evaluation when geometry specified,

3.3.9-l/3.3.9-6
practices of design, 3.3.4-l/3.3.4-5
procedures for segmentally baffled exchangers,

3.3.10-l/3.3.10-8
recommended method: principles and limitations,

3.3.3-l/3.3.3-5
survey of shell-side flow correlations, 3.3.2-l/3.3.26

Shells, for shell-and-tube heat exchangers:
costing, 4.8.2-l/4.8.2-5
inside diameter: metric practice for, 3.3.5-3

U.S. practice for, 3.3.5-3
materials of construction, 4.5.2-l/4.5.2-2
mechanical design: analytical basis for codes, 4.3.3-l

basic principles, 4.1.3-1
constructional features of, 4.2.6-l
index to U.S., U.K., and F.R.G. codes for, 4.3.2-214.3.2-3

Shell-to-baffle clearance, in shell-and-tube heat exchangers,
3.3.5-1313.3.5-14

Sherwood number, 1.2.3-2,2.1.5-2
in particle-to-fluid mass transfer in fixed beds, 2.5.4-l/2.5.4-6

Shipes,  K. V., 4.4.1-l/4.4.1-7
Short-tube vertical evaporator, 3.5.2-l
Shuhnan, 2. P., 5.3.1-115.3.8-3
Silver method, for calculation of multicomponent condensation,

2.6.3-412.6.3-5
Similarity, theory of, 2.2.1-10/2.2.1-13
Simultaneous heat and mass transfer (see Heat and mass transfer,

combined)
Singham, J. R., 3.12.1-l/3.12.64
Single-phase convective heat transfer (see Convective heat

transfer, single-phase)
Single-phase fluid flow:

in ducts and fittings, 2.2.2-112.2.2-25
in fixed beds, 2.2.5-l/2.2.5-5
over immersed bodies, 2.2.3-112.2.3-g
introduction and fundamentals, 2.2.1-l/2.2.1-35
in headers, nozzles and turnarounds, 2.2.7-1/2.2.7-l 1
in tube banks, 2.2.4-l/2.2.4-17

Singularities, two-phase gas-liquid pressure drop across,
2.3.2-1512.3.2-18

bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-1712.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contraction, 2.3.2-1612.3.2-17
sudden enlargement, 2.3.2-16

Sink, in radiation:
heat transfer between source, refractory and,

2.9.3-1112.9.3-12
heat transfer from source to, 2.9.3-10/2.9.3-11

Skin friction coefficient, 2.2.1-20
in flow over cylinders, 2.2.3-5
in flow over tube banks, 2.2.4-312.2.4-5
Ludwieg-Tilhnan formula for, 2.2.1-26
Stratford formulas for, in boundary Layers, 2.2.1-21
in turbulent flow over flat plates, 2.2.1-29

Slab:
heat transfer in cooling of, 2.1.3-l/2.1.3-2
leaching process in, 2.1.5-2
radiative heat transfer in non-isothermal gas in,

2.9.7-3/2.9.7-5,2.9.7-1012.9.7-13
transient conduction in, 2.4.3-112.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
Slip ratio (see Velocity ratio)
Slot, radiative heat transfer along, 2.9.3-15/2.9.3-16
Slug flow:

hydrodynamics of, 2.3.2-2412.3.2-25
mechanism of critical heat flux in, 2.7.3-22
regions of occurrence of, in gasliquid  flow in horizontal

tubes, 2.3.2-112.3.2-5
Slugging, in fluidized beds, 2.2.6-l
Smith, R. A., 3.5.1-l/3.5.8-3
Smoluchowski effect, 2.1.1-2
Snell�s law, in radiation, 2.9.2-9
Solar absorber, 2.9.2-1512.9.2-16
Solar reflector, 2.9.2-16
Soldered fins,  in double pipe exchangers, 3.2.5-l
Solid fuels, properties of, 3.11.3-3
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Solid-gas flow:
flow patterns in, 2.3.3-2
free-fall velocity in, 2.3.3-3
pressure drop in, 2.3.3-2, 2.3.3412.3.3-g
principles of pneumatic conveyance by, 2.3.3-l/2.3.3-2

horizontal pipes, 2.3.3-l/2.3.3-2
inclined pipes, 2.3.3-2
vertical pipes, 2.3.3-l

velocity ratio in, 2.3.34
Solidification, heat conduction in, 2.4.4-l/2.4.4-2
Solid-liquid flow:

flow patterns in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-2/2.3.4-6
principles of hydraulic conveyance, 2.3.4-l

Solids:
as constituents in multiphase flows, 2.3.1-1
physical properties, 5.4.1-l/5.4.5-5

density, 5.4.1-l/5.4.1-2
elastic properties, 5.4.5-l/5.4.5-5
emissivity, 5.4.4-115.4.44
specific heat, 5.4.2-l/5.4.2-2
thermal conductivity, 5.4.3-l/5.4.3-3

total emissivities, 3:11.3-6
Solids circulation, in fluidized beds, 2.2.6-6/2.2.6-7
Sound velocity:

in ideal gas, 2.2.1-8
in two-phase gas-liquid flow, 2.3.2-27

Source, in radiation:
radiative heat transfer between refractory, sink and,

2.9.3-11/2.9.3-12
radiative heat transfer between sink and, 2.9.3-10/2.9.3-11

Spacers, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Spalding, D. B., 1.1.1-l/1.4.3-6
sparging:

for agitation of vessels, 3.1.4-2
of reboilers, 3.6.4-3

Specific enthalpy, 1.2.1-1
of saturated liquids and vapors, 5 .5.1-l/5  5.1-40
of superheated gases, 5.5.2-1/5.5.2-l  1

Specific entropy, of superheated gases, tables of, 5.5.2-1/5.5.2-l  1
Specific heat (see Specific heat capacity)
Specific heat capacity, 1.2.1-2/1.2.1-3

in polymers, 2.5.12-8,5.3.6-2
in pure fluids, 5.1.34/5.1.3-7
of liquid water, 5.5.3-2
of multicomponent mixtures, 5.2.3-8/5.2.3-g
of saturated liquids and vapors, 5.5.1-l/5.5.1-5
of solids, 5.4.2-l/5.4.2-2

Specific internal energy, 1.2.1-1
Specific volume:

of polymers, 5.3.6-2
of superheated gas, tables of, 5.5.2-l/5 5.2-l 1
of the gas phase, 5.1.2-2/5.1.2-3
of the liquid phase, 5.1.2-l

Spectral absorptivity:
in gases, 2.9.5-5
of metals at room temperatures, 2.9.2-l l/2.9.2-12

Spectral emissivity, in gases, 2.9.5-5
Specular surface, 2.9.4-l

radiative heat transfer between imperfectly diffuse surfaces
and, 2.9.4-l/2.9.4-11

Specular-walled passages, radiative heat transfer in,
2.9.4-512.9.4-7

with adiabatic sides, 2.9.4-612.9.4-7
with isothermal sides, 2.9.4-512.9.4-6
with non-isothermal sides, 2.9.4-6

Spheres:
characteristics of, as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-l/2.5.9-6
in transverse flow, 2.5.9-6
in vertical flow, 2.5.9-l/2.5.94

concentric, free convective heat transfer in, 2.5.8-16
drag coefficients for, 2.2.3-2
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.2-8,  2.5.4-112.5.4-7
free convective heat transfer from, 2.5.7-24/2.5.7-25
heat transfer to beds of moving, agitated and vibrated,

2.8.3-312.8.3-8
single-phase forced convection heat transfer to,

2.5.2-512.5.2-8,  2.5.4-l
combined correlation for, 2.5.2-5,2.5.4-l
in restricted channel, 2.5.2-5

transient conduction in, 2.4.3-l/2.4.3-10
numerical methods for, 2.4.3-8/2.4.3-10
series solutions for, 2.4.3-l/2.4.3-7
solutions using internal heat transfer coefficient,

2.4.3-712.4.34
Spherical shells:

mechanical design, of, 4.1.3-l/4.1.3-2
steady-state thermal conduction in, 2.4.2-l/2.4.2-3

Spheroids (oblate and prolate), free convective heat transfer
from, 2.5.7-25

Spine fins:
efficiency, 2.5.3-9
in plate tin exchangers, 3.9.3-l

Spiral heat exchanger:
approximate overall heat transfer coefficients in, 2.1.24
description of, 3.1.2-3/3.1.24
mechanical design of, 4.4.44/4.4.4-5

Spray dryers, 3.13.7-213.13.7-3
Sprays, in heat exchangers, 1.1.4-2
Square ducts:

laminar flow in, 2.2.2-7/2.2.2-g
roughened wall, radiative heat transfer along, 2.9.4-g/2.9.4-10

Stable equilibrium, of vapor and liquid, 2.7.1-1
Staggered tube banks:

application in shell-and-tube heat exchangers, 3.3.5-5
correlations for heat transfer in, 2.5.3-l/2.5.3-16

finned tubes, 2.5.3-11
plain tubes, 2.5.3-2

drag coefficients for tubes in, 2.2.44
pressure drop in, with plain tubes, 2.2.4-8/2.2.4-g

correction factors for overall number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
pressure drop with tinned tubes, 2.2.4-13/2.2.4-14

Stagnant packed beds (see Fixed beds)
Stainless steels:

as materials of construction, 4.5.2-3/4.5.24
austenitic, 45.24
ferritic, 4.5.2-3/4.5.24

spectral characteristics of reflectance from oxidized surface
of, 2.9.2-15

Stanton number, 1.2.3-1,2.2.1-11
startup:

of heat pumps, 3.10.7-l/3.10.7-2
of reboilem, 3.6.4-2

State diagram, for fluidized beds, 2.2.6-2
Static mixer inserts, as enhancement device in condensation,

2.6.6-3
Static quality (see Quality)
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Steels, as material of construction, 4.5.2-214.5.24
austenitic stainless, 4.5.24
carbon steel, 4.5.2-2/4.5.2-3
ferritic stainless, 4.5.2-3/45.24
low alloy steels, 4.5.2-3

Stefan-Boltzmann constant, 2.9.1-3
Stefan�s law, for bladcbody radiation, 2.9.1-3
Stegmaier, W., 2.3.3-l/2.3.3-10
Stephan and Korner correlation, for boiling of binary mixtures,

2.7.7-2
Stephan-Maxwell equations for diffusion, 2.1.5-1
Stirred beds, heat transfer to, 2.8.34
Stirred reactor model, for furnaces, 3.11.4-l/3.11.46
Stirred tanks (see Agitated vessels)
Straight fins (longitudinal fins)

application in double-pipe heat exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.3-l/3.2.3-3

Stratfords method, for solution of boundary layer equations,
2.2.1-21

Stratification, in gasliquid flow (see Stratified flow)
Stratified flow:

as source of dryout in evaporative heat transfer,
2.7.4-l/2.7.44

in bends, 2.7.4-212.7.4-3
in helical coils, 2.7.4-312.7.44
in horizontal tubes, 2.7.4-l/2.7.4-2

prediction of, in horizontal and inclined tubes,
2.3.2-2312.3.2-24

regions of occurrence of: in condensation, 2.3.2-7
in horizontal tubes, 2.3.2-212.3.24
in inclined tubes, 2.3.24/2.3.2-5
in she&and-tube heat exchangers, 2.3.2-5/2.3.2-6

Stream analysis methods, for shell-side heat transfer and pressure
drop in shell-and-tube heat exchangers, 3.3.2-3/3.3.2-6

Stress equation models, for turbulent boundary layers, 2.2.1-29
Stresses:

allowable, comparison of codes for, in mechanical design of
heat exchangers, 4.3.4-l

types of, in heat exchangers, 4.1.1-l/4.1.1-2
Stress tensor:

in non-Newtonian fluids, 2.2.8-2
in single phase fluid flow, 2.2.1-2
in turbulent flow, 2.2.1-15

Stress-strain curve, for solids, 5.4.5-215.4.5-3
Strouhal number, 2.2.3-3

values for: banks of tubes, 2.2.4-15/2.2.4-16
flow over blunt bodies, 2.2.3-7
flow over single cylinders, 2.2.34, 2.2.4-l

in vortex shedding as source of tube vibration, 4.6.4-l/4.6.4-2
Subchannel  analysis, for critical heat flux in rod bundles, 2.7.3-21
Subcooled boiling:

in pool boiling, 2.7.2-112.7.2-17
in vertical tubes, 2.7.3-5/2.7.3-10

fully developed, 2.7.3-712.7.3-8
onset of, 2.7.3-512.7.3-7
partial, 2.7.3-812.7.3-g
single phase convection, 2.7.3-5
void fraction in, 2.7.3-912.7.3-10

Subcooling:
in condensers, 3.4.64
of liquid: effect on critical heat flux, 2.7.3-13

effect on forced convective boiling, 2.7.3-5/2.7.3-10
effect on pool boiling: critical heat flux,

2.7.2-1212.7.2-13
nucleate boiling, 2.7.2-9

of vapor in condensation, 2.6.7-l
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Sublayer, viscous, 2.2.2-l
Suction:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flat plate, 2.2.1-30
effect on laminar flow over flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.1 l-3,2.5.1 1-9

Sudden contractions (see Contraction)
Sudden enlargements (see Enlargement)
Superficial velocity, in multiphase flow, 2.3.14
Superheated liquid, in metastable state, 2.7.1-1
Superheated gases, thermodynamic properties of,

5.5.2-l/5.5.2-11
Superheated vapor, condensation of, on vertical surface, 2.6.2-3
Supersaturation, as cause of fogging in condensers:

conditions producing, 2.6.7-212.6.7-3
description of, 2.6.7-l

Supports, for heat exchangers (see Saddle supports, Bracket
supports)

Suppression of nucleate boiling, 2.7.3-1012.7.3-11
Surface condensers, 3.4.3-5
Surface finish:

effect in pool boiling:
critical heat flux, 2.7.2-13
nucleate boiling, 2.7.2-312.7.2-8

(See also Roughness, surface)
Surface, hydraulically smooth, 2.2.2-l
Surface models, in radiative heat transfer, 2.9.4-7/2.9.4-g

diffraction models, 2.9.4-712.9.4-8
geometric optics models, 2.9.4-8
scattering bed models, 2.9.4-812.9.4-g

Surface roughness (see Roughness, surface)
Surface tension:

devices depending on, for heat transfer augmentation,
2.5.11-2

methods of estimating, 5.1.5-l/5.1.5-2
in mixtures of fluids, 5.2.4-l/5.2.4-3
tables of, for saturated fluids, 5.5.1-l/5.5.140

Sutherland formula, for viscosity variation with temperature,
2.2.1-9

Sutterby fluid (non-Newtonian), free convective heat transfer to,
2.5.7-11

Swirling flow, in augmentation of heat transfer, 2.5.11-2

1
Taborek, J., 1.5.2-l/1.5.3-12,  3.3.1-l/3.3.11-5
Taitel and Dukler flow regime map, for horizontal and inclined

gas-liquid flows, 2.3.2-312.3.24
Tapes, twisted (see Twisted tapes)
Teflon, use in heat transfer enhancement:

in boiling, 2.7.9-l
iu condensation, 2.6.6-l

TEMA (Tubular Exchanger Manufacturers Association):
example of calculation of mechanical design of TEMA type

AJS, 4.3.6-114.3.6-23
mechanical design standards, 4.3.1-2/4.3.1-3

index to, 4.3.2-l/4.3.2-11
recommended baffle characteristics in segmentally baffled

exchangers, 3.3.5-8
specification sheet for exchanger, 3.3.4-2
standards, 3.3.1-1
type designation system, 4.2.2-l/4.2.2-3

Temperature-dependent physical properties (see Physical
properties, variation with temperature)
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Temperature distribution:
in condensation, 2.6.1-2
in fixed beds: in stagnant conditions, 2.8.1-l/2.8.1-2,

2.8.1-10/2.8.1-14
with flow-through bed, 2.8.2-l/2.8.2-2,2.8.2-7

series  solutions for, in transient conduction, 2.4.3-I/2.4.3-7
Ternary mixtures, diffusion and mass transfer in, 2.1.54
Testing and inspection of heat exchangers:

certification, 4.7.7-l
cleanliness and storage, 4.7.9-l
constructions, 4.7.5-l
fittings, 4.7.8-l
materials, 4.7.2-l
nondestructive testing, 4.7.6-l/4.7.6-2
objectives of, 4.7.1-l/4.7.1-2
preparation and dispatch, 4.7.10-l
stages of inspection, 4.7.4-l
welding, 4.7.3-l

Thermal conduction (see Conduction, heat)
Thermal conductivity:

effective, in fixed beds: with flow, 2.8.2-2/2.8.2-5
with no flow (stagnant), 2.8.1-l/2.8.1-14

effective, of wicks in heat pipes, 3.10.3-l
of liquid water, 5.5.3-3
of multicomponent mixtures, 5.2.3-7/5.2.3-8
of polymers, 2.5.12-2
of pure fluids, 5.1.4-5 /5 .1.4-7

gases, 5.1.4-515.1.46
liquids, 5.1.4-7

of rheologicahy  complex materials, 5.3.1-l/5.3.2-3
of saturated vapors and liquids, 5.5.1-l/5.5.140
of solids, 5.4.3-l/5.4.3-3

electrical conductors, 5.4.3-2/5.4.3-3
electrical insulators, 5.4.3-l/5.4.3-2
semiconductors, 5.4.3-3
tables of, 5.5.6-l/5.5.64

of typical tube materials in heat exchangers, 3.3.5-5
Thermal contact resistance, 2.4.6-112.4.64
Thermal design, constructional features affecting, in

shell-and-tube heat exchangers, 3.1.1-l/3.1.4-9,
4.2.5-114.2.5-23

Thermal diffusivity of liquid water, 5.5.3-5
Thermal expansion, effect of, in shell-and-tube heat exchangers,

3.3.44
Thermal expansion coefficient:

in gases, 5 .1.2-3
of liquid water, 5.5.3-3
in liquids, 5.1.2-2
in saturated liquids, tables of, 5.5.1-l/5.5.140

Thermal leakage in F-type shell-and-tube heat exchangers,
1.5.2-14/1.5.2-15

Thermal mixing in plate heat exchangers, 3.7.11-l/3.7.11-2
Thermal network analysis of radiation acting with conduction

and convection, 2.9.8-l/2.9.8-3
Thermal stress:

in heat exchanger shells, 4.1.3-2
numerical methods in the production of, 1.4.24
in tube plates, 4.1.44

Thermodynamic properties:
of saturated fluids, 5.5.1-l/5.5.140
of superheated gases, 5.5.2-l/5.5.24

Thermodynamic surface in radiative heat transfer,
2.9.1-l/2.9.1-2

Thermoexel surface, for enhancement of boiling,
2.7.9-112.7.9-2

Thermosiphon, as form of heat pipe, 3.10.1-l
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Thermosiphon reboilers (see Vertical thermosiphon reboilers,
Horizontal thermosiphon reboilers)

e-NTU  method:
application to single pass wunter and cocurrent flow

exchangers, 1.3.1-2/1.3.1-4,1.5.2-l/1.5.2-2
charts and equations for heat exchanger design,

1.5.2-2/1.5.3-12
for counter flow, 1.5.2-2

cross flow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 1.5.3-4
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 15.35
two tube rows, two tube passes, unmixed, 1.5.3-g

E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-8
Gshell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
single pass cocurrent, 1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.26

for calculation of heat exchangers, 1.2.4-5, 1.5.2-l/1.5.3-12
Thickness of boundary layers (displacement, momentum,

energy, density, temperature), 2.2.1-20
Three-phase flows:

classification, 2.3.1-2
gasliquid-liquid, 2.3.1-2
gas-liquid-solid, 2.3.1-2
solid-liquid-liquid, 2.3.1-2

Thwaites method for solution of boundary layer equations,
2.2.1-21

Tie rods in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Tinker method for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-3/3.3.2-6
Titanium as material of construction, 4.5.2-5
T-junctions, loss coefficients in, 2.2.2-20
Toluene saturation properties, 5.5.1-12
Tong F-factor method, for critical heat flux with nonuniform

heating, 2.7.3-19/2.7.3-20
Toroidal shells, mechanical design, 4.1.3-2
Total emissivity in gases, 2.9.5-5
Transcendental equations in transient conduction, 2.4.34
Transient behavior:

in free convective heat transfer on vertical plates,
2.5.7-912.5.7-10

of heat exchangers, 1.1.6-1
in radiation-coupled heating or cooling, 2.9.8-3/2.9.84

Transition boiling:
in binary and forced convective boiling, 2.7.7-5
in formd convection over vertical surfaces, 2.7.3-30
in pool boiling, 2.7.2-13

Transition flow, heat transfer in free convective flow over
vertical surfaces in, 2.5.7412.5.7-5

Transmission of thermal radiation in solids:
characteristics, 2.9.2-312.9.2-6
measurement, 2.9.2-6/2.9.2-7

Transmissivity of solids:
definition, 2.9.2-3
measurement, 2.9.2-6/2.9.2-7

Transport phenomena, approximate model for in dilute gases,
2.1.1-1
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Transport properties:
of pure fluids, 5.1.4-l/5.1.4-7
turbulent, 2.1.1-3

Transverse flow, combined free and forced convection m,
2.5.9412.5.9-6

Treated surfaces, for augmentation of heat transfer, 2.5.11-l
Triangular duct:

1amina.r  flow in, 2.2.2-9
laminar heat transfer in, 3.9.5-l/3.9.5-3

Triangular fins, in plate fin exchangers, 3.9.3-l
Triangular relationship, in annular gas-liquid flow, 2.3.2-20
Triple interface (gas/solid/liquid), 2.3.1-2
Trouton�s rule, for heat of vaporization, 5.1.3-3
Truelove, J. S., 3.11.1-l/3.11.7-6
True temperature difference, in double pipe exchangers, 3.2.34
Tube-baffle damage, in heat exchangers, 4.5.3-3
Tube banks, finned:

application in kettle reboilers, 3.6.2-6
mechanical design, in air cooled heat exchangers,

4.4.1-214.4.1-s
single-phase flow and pressure drop in, 2.2.4-13/2.2.4-15

correlation for pressure drop for staggered banks with
annular (ring shaped) fins, 2.2.4-13/2.2.4-14

correlation for staggered banks with helical fins, 2.2.4-14
single-phase heat transfer in, 2.5.3-6/2.5.3-16

comparison of experimental data and correlations for,
2.5.3-1312.5.3-15

fin efficiency in, 2.5.36/2.5.3-11
heat transfer correlations for, with high-finned tubes,

2.5.3-1112.5.3-12
heat transfer correlations for, with low-finned tubes,

2.5.3-1212.5.3-13
types used in air-cooled heat exchangers, 3.8.4-l/3.8.4-2

Tube banks, plain:
boiling on outside of tubes within, 2.7.5412.7.5-7

critical heat flux in, 2.7.5-5/2.7.5-7
heat transfer coefficients in, 2.7.5412.7.5-5

condensation in horizontal, 2.6.2-10/2.6.2-12
condensation in vertical, 2.6.2-2/2.6.2-10
flow induced vibration in, 4.6.1-l/4.6.6-3
single-phase flow and pressure drop in, 2.2.4-l/2.2.4-12,

3.3.7-J/3.3.74
description of, 2.2.4-l/2.2.4-3
drag and pressure drop in, 2.2.4-3/2.2.4-12,3.3.7-l/3.3.74
Strouhal  numbers in, 2.2.4-15/2.2.4-16

single-phase heat transfer to, 2.5.3-l/2.5.3-8
with liquid metals, 2.5.13-2
single row of tubes, 2.5.3-l/2.5.3-2,2.5.3-3
tube banks, 2.5.3-212.5.3-8,  3.3.7-l/3.3.74

Tube banks, roughened tubes, effect of roughness on Euler
number in, 2.2.4-14/2.2.4-15

Tube bundles:
characteristics of in shell-and-tube heat exchangers,

3.3.4-313.3.44
(See also Rod bundles, Tube banks)

Tube counts, in she&and-tube heat exchangers:
constructional features affecting, 4.2.5-g/4.2.5-12
simplified equations for, 3.3.5-11/3.3.5-12
tables of, 4.2.5-1314.2.5-23

Tube end attachment, in shell-and-tube heat exchangers:
arc welding: on inner face, 4.2.6-10

on outer face, 4.2.6-8
explosive expansion, 4.2.6-714.2.6-8
explosive welding, 4.2.6-8/4.2.6-10
roller expansion, 4.2.6-614.2.6-7

Tube-in-plate extended surface configurations, fin efficiency of,
2.5.3-10

Tube plates, in shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
basic mechanical principles of design of, 4.1.4-l/4.1.4-4

equivalent plates, 4.1.4-1
perforated, stresses in, 4.1.4-3/4.1.4-4
plates connected by tubes, 4.1.4-2
stresses and edge rotation of unperforated, 4.1.4-l/4.1.4-2
thermal stresses, 4.1.44

comparison of codes for, 4.3.4-2
constructional features of, 4.2.6-S/4.2.6-6,4.5.3-3
double, constructional features of, 4.2.3-10/4.2.3-l 1
index to U.S., U.K., and F.R.G. codes for, 4.3.2-714.3.2-g
materials of construction for, 4.5.2-l

Tubes:
characteristics of, in shell-and-tube heat exchangers,

4.2.5-l/4.2.5-3
bimetal, 4.2.5-2
diameter and thickness, 4.2.5-l
integrally finned, 4.2.5-3
length, 4.2.5-l/4.2.5-2
pitch, 4.2.5-2

circular (see Pipes, circular)
codes for mechanical design of:

analytical basis of, 4.3.3-l
index to U.S., U.K., and F.R.G. codes, 4.3.2-3

flow-induced vibration of, 4.6.2-l/4.6.6-3
natural frequency of, 4.6.2-l/4.6.24

materials of construction for, 4.5.2-l
mechanical design characteristics of, 4.1.5-l
noncircular (see Pipes, noncircular)
recommended dimensions of, in shell-and-tube heat

exchangers, 3.3.54/3.3.5-S
thermal conductivity of typical materials for, 3.3.5-S

Tubesheets, in shell-and-tube heat exchangers (see Tube plates)
Tubeside passes (see Passes, tube-side)
Tubular Exchanger Manufacturers Association (see TEMA)
Tubular immersion exchangers, 4.4.4-2/4.4.4-3
Tubular reactor, nonuniform heat and mass transfer in,

2.1.4-312.1.44
Tunnel dryer, 3.13.24
Turbine agitators:

axial flow, 3.14.2-2
disk, 3.14.2-l/3.14.2-2
flat blade, 3.14.2-l/3.14.2-2
glass coated, 3.14.2-1
heat transfer in vessels agitated by, 3.14.3-1
pitched blade, 3.14.2-1

Turbine exhaust condensers, air cooled, 3.8.9-2
Turbulence:

characteristics in circular pipe flow, 2.2.2-1/2.2.2-S
effect in fii condensation, 2.6.24/2.6.2-S
integral scale of, 2.2.1
limitation of phenomenological transport laws by,

2.1.1-3/2.1.1-4
modeling of, 2.2.1-14/2.2.1-16

in furnace prediction, 3.11.7-2/3.11.7-3
origin of, 2.2.1-16
relaminarization  of, 2.2.1-16

Turbulent boundary layers:
differential methods for, 2.2.1-28/2.2.1-29

large-eddy simulations, 2.2.1-29
one-equation models, 2.2.1-28
stress-equation models, 2.2.1-29
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Turbulent boundary layers: differential methods for (Cont.):
two-equation models, 2.2.1-28
zero-equation models, 2.2.1-28

integral methods for, 2.2.1-2612.2.1-27
Turbulent buffeting, as source of tube vibration, 4.6.4-2
Turbulent energy, integral equation for, 2.2.1-20

dissipation of, 2.2.1-20
production of, 2.2.1-20

Turbulent flow:
in boundary layers, 2.2.1-18
in circular pipes, 2.2.2-1/2.2.2-S
combined free and forced convective heat transfer in channels

in, 2.5.10-6/2.5.10-11
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
in condensation, on vertical surfaces, 2.6.24/2.6.2-S
conservation equations for, 2.2.1-13/2.2.1-14

averaging in, 2.2.1-13
in empty spaces, numerical calculation of, 1.4.3-2
fundamentals of, 2.2.1-13/2.2.1-16
heat transfer in free convective flow over vertical surfaces in,

2.5.74
modeling of, 2.2.1-14/2.2.1-16
of non-Newtonian fluids, 2.2.8-1112.2.8-12
in noncircular pipes, 2.2.2-g/2.2.2-10
in plate heat exchangers, 3.7.10-2/3.7.10-3
relaminarization  in, 2.2.1-16
single-phase heat transfer in ducts in, 2.5.1-S/2.5.1-13

augmentation of, 2.5.11-4/2.5.11-9
concentric annuli, 2.5.1-10/2.5.1-11
in liquid metal systems, 2.5.13-l/2.5.13-2
smooth tubes, 2.5.1-S/2.5.1-9

Turbulent transport properties, 2.1.1-3
Turnarounds, in heat exchangers, 2.2.7-l

pressure losses in, 2.2.7-812.2.7-g
Twisted tapes:

enhancement of boiling heat transfer by, 2.7.9-3/2.7.94
enhancement of condensation by, 2.6.6-3
as inserts for augmentation of heat transfer, 2.5.11-7/2.5.11-8

Two-equation models, for turbulent boundary layers, 2.2.1-28
Two-phase flows:

classification of, 2.3.1-2
liquid-liquid flows, 2.3.1-2
numerical catculation of, 1.4.3-l
(See also Gas-liquid flow, Solid-gas flow, Solid-liquid flow)

Two-shell pas exchanger (see F-shells)

U
& method, 2.1.2-S
umethod, 2.1.2-712.1.2-g
Ulinskas, R., 2.2.4-l/2.2.4-17
Unequal baffle spacing, correction factor for, 3.3.6-l 1
UNIFAC method, for estimation of thermodynamic properties

of mixtures, 5.2.2-615.2.2-g
tables of constants for use with, 5 5.4615  5.4-7

Uniform heat flux:
combined free and forced convection in channels with:

horizontal channels, 2.5.10-7/2.5.10-11
vertical channels 2.5.104/2.5.10-7

critical heat flux in vertical tubes with, 2.7.3-1212.7.3-18
solutions and correlations for free convective heat transfer
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within: horizontal and inclined plates, 2.5.7-18
vertical plates, 2.5.7-612.5.7-g

Uniform wall temperature, combined forced and free convection
in channels with:

horizontal channels, 2.5.10-7
vertical channels, 2.5.10-3/2.5.104

Uniheads, as form of double-pipe heat exchanger, 3.2.4-l
United Kingdom, mechanical design of heat exchangers in:

guide to nationai  practice, 4.3.5-3
index to BSISOO  code, 4.3.2-l/4.3.2-11

United States of America (see U.S.)
Universal laws, for turbulent boundary layers, 2.2.1-25/2.2.1-26

law of the wake of D. Coles, 2.2.1-26
law of the walJ,  2.2.1-25
table of, 2.2.1-27
universal velocity profile, 2.2.1-26
velocity defect law of von Karman, 2.2.1-26

Universal velocity profile, 2.2.1-26
Universal velocity defect law, 2.2.2-2
Unsteady flows:

in ducts, 2.2.2-14
over cylinders, 2.2.3-6

Upward facing surfaces, free convective heat transfer from,
2.5.7-15/2.5.7-18

U.S., mechanical design of heat exchangers in:
guide to national practice, 4.3.5-2
index to ASME VIII code and TEMA standards,

4.3.2-l/4.3.2-11
Usher, J. Dennis, 3.7.1-1/3.7.12-2,4.4.2-l/4.4.2-8,

4.8.4-l/4.8.4-2
U.S.S.R. Academy of Sciences, tables of critical heat flux data

for water, 2.7.3-1712.7.3-18
U-tube bundles, for shell-and-tube heat exchangers,

3.3.5-12/3.3.5-13,4.2.34
vibration of, natural frequencies in, 4.6.2-3

V
Vacuum condensers, air cooled, 3.8.9-2
Vacuum operation, of reboilers, 3.6.4-3
Valves:

loss coefficients in, 2.2.2-20
open, two-phase gasliquid flow pressure losses in, 2.3.2-18

van der Waals equation of state, 5.1.2-3/5.1.24
Vaned bends, single-phase flow and pressure drop in,

2.2.2-1612.2.2-17
Vapor belt, in condensers, 3.4.3-5
Vapor blanketing, as mechanism of critical heat flux, 2.7.3-22

in kettle reboilers, 3.6.2-5
as source of accelerated corrosion, 4.5.34

Vapor injection, effect of on boiling heat transfer in tube bundles
bundles, 2.7.5-S

Vaporization, choice of evaporator type for, 3.5.5-l
in plate-fin heat exchangers, 3.9.13-l/3.9.13-2

Vaporization, heat of (see Heat of vaporization)
Vaporizer, double bundle, constructional features,

4.2.3-9
Vapor-liquid disengagement, in kettle reboilers, 3.6.2-6
Vapor-liquid separation, for evaporators, 3.5.4-l/3.5.4-2

3.5.4-l/3.5.4-2
Vapor pressure, variation with temperature,

5.1.3-J/5.1.3-2
Vapor recompression, in evaporation, 3.5.3-2

blishing Corporation

-. --. �-,__I._, -.. - x. .._^ --.�.._  __._  I -..---*1- ..-.- --..~  .-...-.I ..___.-  _..- _11-_^  �.  -



HEAT EXCHANGER DESIGN HANDBOOK / Index

Velocity defect law:
for turbulent boundary layers, 2.2.1-26
universal, 2.2.2-2

Velocity distribution:
in circular pipe flow, 2.2.2-3
distorted inlet, effect on single phase flow and pressure drop,

2.2.2-11
Velocity fluctuations, in turbulent pipe flow, 2.2.2412.2.2-s
Velocity ratio (slip ratio):

in gas-liquid flow, 2.3.2-13
in solid-gas flow, 2.3.34

Venting of condensers, 3.4.5-2
Vertical cones (see Cones, vertical)
Vertical cylinders (see Cylinders, Vertical pipes, Pipes, circular)
Vertical cylindrical fired heater, 3.11.2-1
Vertical pipes:

annular flow in, 2.3.2-19/2.3.2-21
boiling in, 2.7.3-112.7.3-37

critical heat flux, 2.7.3-12/2.7.3-30
heat transfer in region where critical heat flux has been

exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-1/2.7.3-S
saturated boiling, 2.7.3-10/2.7.3-12
subcooled boiling, 2.7.3-S/2.7.3-10

bubble flow in, 2.3.2-1812.3.2-19
combined free and forced convective heat transfer in:

laminar flow (assisting convection), 2.5 .lO-2/2  5.106
laminar flow (opposing convection), 2.5.10-6
regimes in, 2.5.10-2
turbulent convection, 2.5.10-6

condensation in, 2.6.2-212.6.2-g
effect of interfacial  shear, 2.6.2-S/2.6.2-7
effect of waves and turbulence, 2.6.24/2.6,2-S
laminar flow, 2.6.2-2/2.6.2-4
reflux condensation, 2.6.2-712.6.2-g

condensers with condensation inside, 3.4.3-l/3.4.3-3
downflow, 3.4.3-l/3.4.3-2,3.4.9-2/3.4.9-3
upflow, 3.4.3-213.4.3-3,  3.4.9-3

condensers with condensation outside, 3.4.36, 3.4.94
flooding in: in gas liquid vertical flow, 2.3.2-21/2.3.2-23

in reflux condensation, 2.6.2-712.6.2-g
flow regimes in gas-liquid flow in, 2.3.2-l/2.3.2-2
free convective heat transfer from outside of,

2.5.7-2312.5.7-24
hydraulic conveyance in, 2.3.4-l/2.3.4-3
plug (or slug) flow in, 2.3.2-19
pneumatic conveyance in, 2.3.3-l
(See also Pipes, circular; Pipes, noncircular)

Vertical plates (see Vertical surfaces)
Vertical surfaces:

combined free and forced convective heat transfer to,
2.5.9-l/2.5.94

combined heat and mass transfer on, 2.5.7-12
film boiling in forced convection on, 2.7.3-30/2.7.3-31
filmwise condensation on, 2.6.2-212.6.2-g
free convective heat transfer from, 2.5.7-2/2.5.7-l  3

combined equation for uniform wall temperature case,
2.5.7-512.5.7-6

dimensionless groupings for, 2.5.7-212.5.7-3
laminar flow with uniform wall temperature,

2.5.7-312.5.74
non-Newtonian, 2.5.7-10/2.5.7-l  1
solution for uniform heat flux, 2.5.7-6/2.5.7-g
transient behavior of, 2.5.7-912.5.7-11
transition flow with uniform wall temperature,

2.5.7412.5.7-S

turbulent flow with uniform wall temperature,
2.5.7412.5.7-5

free convective mass transfer to,
2.5.7-1112.5.7-12

pool boiling, from 2.7.2-l/2.7.2-15
Vertical thermosiphon reboilers:

calculation procedures for, 3.6.5-313.654
heat transfer characteristics of, 3.6.2-6/3.6.2-10

convective and nucleate boiling, 3.6.26/3.6.2-7
film boiling in, 3.6.2-9
heat flux limitations in, 3.6.2-7/3.6.2-g
mist flow, 3.6.2-9
temperature profiles in, 3.6.2-g/3.6.2-10

shell-side characteristics, advantages and disadvantages,
3.6.1-S

tube-side characteristics, advantages and disadvantages,
3.6.1-3/3.6.1-S

Vertical tubes (see Vertical pipes)
Vibrated beds, heat transfer to, 2.8.3-512.8.3-6
Vibration:

in augmentation of heat transfer, 2.5.11-3,2.5.114,
2.5.11-8,2.7.94

numerical methods for prediction of occurrence of, 1.4.24
(See also Flow-induced vibration)

Viscometric functions (non-Newtonian flow), methods of
determining, 2.2.84

viscosity:
liquid, effect on critical heat flux in pool boiling, 2.7.2-12
of liquid water, 55.34
of multicomponent mixtures, 5.2.3-2/S  .2.3-6
non-Newtonian, 2.2.8-2
of pure fluids, 5.1.3-1

gases, 5.1.4-1
liquids, 5.1.4-1/5.1.4-S

relation with density for gases, 2.2.1-9
of saturated liquids and vapors, 5 .5.1-l/5  5.140
small variations in, 2.2.1-g/2.2.1-10
variation with temperature:

Chapman-Rubescin formula for, 2.2.1-9
Sutherland formula for, 2.2.1-9

Viscosity number (Vi), 2.3.2-19
Viscous dissipation, influence on heat transfer in non-Newtonian

flows, 2.5.12-10/2.5.12-14
Viscous sublayer, in duct flow, 2.2.2-l
Voidage, in fixed beds, definition, 2.2.5-l
Void fraction, 2.3.1-3

correlations for in gapliquid  flow, 2.3.2-13/2.3.2-15
CISE correlations for, 2.3.2-14/2.3.2-15
drift flux models for, 2.3.2-13/2.3.2-14
homogeneous, 2.3.2-13
Martinelli correlations for, 2.3.2-14

models for in gas-liquid flow :
horizontal stratified flow, 2.3.2-2312.3.2-24
vertical bubble flow, 2.3.2-1812.3.2-19
vertical plug flow, 2.3.2-19

in subcooled boiling, 2.7.3-g/2.7.3-10
Volumetric heat transfer coefficient, 1.1.2-2
Volumetric mass transfer coefficient, 1.1.2-2
von Karman friction factor equation for fully rough surface,

2.2.2-3
von Karman velocity defect law, 2.2.1-26
Vortex shedding:

from single cylinders, 2.2.3-3
as source of tube vibration,

4.6.4-l/4.6.4-2
in tube banks, 2.2.4-1512.2.4-16
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Votator, agitator, 3.14.2-1
heat transfer with, 3.14.3-6

Wallis  correlations:
for flooding, 2.3.2-22

application in reflux condensation, 2.6.2-8
for interfacial friction factor, 2.3.2-21

Wallis criterion, for transition from stratified to annular flow,
applications in condensation, 3.4.6-2

Wall baffles, in agitated vessels, 3.14.2-2
Wall  layer transmissivity, 2.9.7-1212.9.7-13
Wall  temperature:

effect in laminar flow along flat plate, 2.2.1-22
effect of distribution of, in laminar flow along flat plate,

2.2.1-2312.2.1-24
Wake, Coleslaw of the, 2.2.1-26
Waste heat boilers, corrosion and failure in, 4.5.34/4.5.3-S
Water:

critical heat flux values for, in tubes (table), 2.7.3-17/2.7.3-18
emissivity of gaseous, 5.5.5-l/5.5.5-2
liquid, properties of, 5.5.3-1/5.5.3-S
pool boiling curve for, at atmospheric pressure, 2.7.2-l
saturated properties: (O�-SO�C),  3.12.26

(O-647 K), 5.5.1-37
superheated gaseous, thermodynamic properties of,

5.5.2-g/5.5.2-11
Water loss, from cooling towers, 3.12.6-2
Water tube boiler, 3.11.2-3
Wavelengths, of blackbody radiation, 2.9.14/2.9.1-S
Waves, interfacial, effect on film condensation on vertical

surface, 2.6.2412.6.2-S
Wavy fins, in plate fin exchangers, 3.9.3-l
Webb, R. L., 3.9.1-l/3.9.134,4.4.3-1/4.4.3-9
Weber, M., 2.3.3-112.3.4-7
Weber number, 1.2.3-5
Welded channel head, in shell-and-tube heat exchanger, 4.2.4-l
Welded fins, in double pipe exchangers, 3.2.5-l
Welding:

testing and inspection of, 4.7.3-l
of tubes into tube sheets: arc, 4.2.6-8,4.2.6-10

explosive, 4.2.6-8/4.2.6-10
Welds, corrosion of, 4.5.3-514.5.3-6
Wentz and Thodos equation, for fixed-bed pressure drop, 2.2.5-3
Wet-bulb temperature, 3.13.3-2/3.13.34

Wettability, of surface, effect on pool boiling, 2.7.2-9
Whalley  and Hewitt correlations:

for entrainment, 2.3.2-22
for interfacial roughness, 2.3.2-21

White.-Metzner model, for non-Newtonian fluid, 2.2.8-8
Wicking,  in enhancement of heat transfer, 25.11-2
Wicks, for heat pipes:

characteristics of, 3.10.6-l/3.10.6-2
effective thermal conductivity of, 3.10.3-l

Window zone, in shell-and-tube heat exchangers:
calculation of effective areas of, for flow through,

3.3.6-l/3.3.6-2
pressure drop in gas-liquid flow in, 2.3.2-12/2.3.2-13

Winter, H. H., 2.5.12-l/2.5.12-16
Wire inserts, wiled, for enhancement of heat transfer in boiling,

2.7.9-3
Wispy annular flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Working fluid, selection of for heat pipe, 3.10.5-l/3.10.5-2

X
m-Xylene saturation properties, 5.5.1-13
&Xylene  saturation properties 5.5.1-13
pXylene saturation properties, 5.5.1-14
X-type shells (cross flow shells):

application in condensers, 3.4.9-3
description of, 3.3.4-3

Y
Yawed tube banks, pressure drop in, 2.2.4-12
Youngs modulus, 5.4.5-3

table of values of, 5.5.8-2

z
Zero equation models, for turbulent boundary layers, 2.2.1-28
Zivi equation, for void fraction, 2.6.2-14
Zone model, for furnaces (see Multizone model)
Zuber-Findlay model, for two-phase flows, 2.3.1-g/2.3.1-10
Zuber theory, for critical heat flux in pool boiling, 2.7.2-10
%rkauskas,  A., 2.2.4-l/2.2.4-17,  2.5.3-l/2.5.3-16
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GENERAL PREFACE

Ernst U. Schliinder

W The idea to create a Heat Exchanger Design Hand-
book originated at the seminar �Recent Developments in
Heat Exchangers.� organized by the International Centre
for Heat and Mass Transfer (ICHMT) in Trogir, Yugo-
slavia in 1972.

Even though much heat transfer data and correla-
tions were available, this information was scattered
throughout the open literature or buried in the files of
proprietary organizations. For manufacturers, vendors,
and users of heat transfer equipment it was becoming
more and more difficult not only to keep up with the
continually growing heat transfer information but also
to compare data and correlations from various sources.
In addition, these sources were often inconsistent, and
it was difficult for users to decide which data and corre-
lations would serve their own purposes best. Moreover,
over the years many heat transfer publications had
become more analytical and more academic, which
delayed their immediate application by practicing heat
transfer engineers.

Because of this situation, a group of heat transfer
specialists decided to collect heat transfer information
available in the existing open literature and also-as far
as possible-from proprietary sources in order to create
a heat transfer information base. Recommended correla-
tions based on selected experimental material would
then be provided for all heat exchanger design data.

Although there was great enthusiasm for this pro-
ject, not much progress was made until 1974, at the
Fifth International Heat Transfer Conference in Tokyo.
The idea was formulated then of publishing the informa-
tion base under the auspices of the ICHMT by Hemi-
sphere Publishing Corporation, the publisher of the

Centre. Eight representatives of universities, industry,
and proprietary organizations formed the Editorial
Board, which immediately started working on the scope
and organization of this Handbook. As a result of these
joint efforts the following five parts were planned:

Part I presents the theory of heat exchangers de-
fining and explaining all parameters and concepts
needed for thermal and hydraulic design and rating.

Part 2 contains recommended correlations for de-
sign and rating parameters based on evaluated available
information. As far as possible experimental data are
presented together with the recommended correlations
in order to reveal both the consistency of the data as
well as the reliability of the correlations.

Part 3 shows how to apply the material given in
Parts 1 and 2 when solving actual heat exchanger design
and rating problems. Because of the volume of material,
it would be impossible for this part to cover all known
kinds of heat exchangers. Nevertheless, most of the
commonly used types of equipment are discussed in
detail together with related installations such as cooling
towers and combustion chambers.

Part 4 is devoted to the mechanical design of heat
exchangers, which actually cannot be separated from
thermal and hydraulic design. A useful comparison of
some major national standards is included.

Part 5 contains physical property data that are
needed in design calculations in the other four parts.

For each of the five parts, a member of the Editorial
Board agreed to act as Lead Editor. Although each Lead
Editor accepted additional administrative responsibility
for his particular part, the whole Handbook has been a
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cooperative effort with each editor sharing the reviewing
and editorial work for all the material.

A large number of authors-well-known experts in
their fields-have contributed to this Handbook. Each
manuscript went through a review procedure and many
of them were discussed during the regular meetings of
the Editorial Board, which have been held every six
months since 1975.

Nevertheless, this Handbook must be considered as
a first step rather than as a final result. Though the con-
cept was clear, the realization has not been easy and
there is still room for improvement. Additionally, be-
cause new heat transfer data and correlations are pub-
lished each year, a permanent updating procedure has
been established to keep this Handbook current. This
supplementary material will be offered regularly to the

subscribers. To ensure that any future material (in-
cluding personal remarks and comments) can be added
easily, a loose-leaf ring binder format was chosen for
the Handbook.

The users of this Handbook are urged to communi-
cate with us about what is missing and to make sugges-
tions for improving the contents of the book and its
applicability. This kind of interaction and cooperation
between users and editors not only should improve the
quality of the Handbook but also should stimulate
further research work guided by the requirements of
heat exchanger design.

The Editorial Board wishes to thank the publisher as
well as the contributing authors for their most valuable
cooperation.



Preface

Frank W. Schmidt

n The thermal design engineer is forced to base his or
her design on published or proprietary correlations or on
experimental results. It is recognized that there is uncer-
tainty in the accuracy of many of these correlations. The
primary objective of this part of the Handbook is to eval-
uate and present the best available correlations. Whenever
possible, the expected accuracy of the correlations is in-
dicated by comparison with reliable experimental results.

A number of authors have included a discussion of
the basic phenomena, recognizing that in many instances
an engineer unfamiliar with a technical area will refer
to the Handbook for design assistance. Words of caution
are also given when special considerations must be given
to avoid an undesirable or faulty design. Although space
limitations required that only the most general correla-
tions be given, most authors have included an extensive
list of references which will assist users of the Handbook
in their search for more detailed information.

Heat exchangers take so many varied forms that
their design requires correlations that are applicable over
a wide range of transfer processes and exchanger geom-
etries. The Editorial Board, recognizing this, attempted to
cover as completely as possible all the significant areas
associated with thermal transfer devices. As a result, this
part will be of considerable value not only to engineers
concerned with the design and rating of heat exchangers
but to those interested in all aspects of thermal design.

Section 2.1 reviews the fundamentals of heat, mass,
and momentum transfer. Single phase fluid flow in
ducts, in banks of plain and finned tubes, and over im-
mersed bodies is discussed in Sec. 2.2 for both Newtonian
and non-Newtonian fluids. A discussion of flow in tixed
and fluidized beds is also presented in this section.

Extensive coverage of multiphase fluid flow and pres-
sure drop is given in Sec. 2.3. A discussion of the funda-
mentals of these types of flows is followed by a detailed
discussion of gas-liquid, solid-gas, and solid-liquid flows.

Heat conduction is covered in Sec. 2.4. Steady-state
and transient heat conduction with and without changes
in phase are discussed. A section on contact resistance is
also included.

Section 2.5 presents correlations for single phase
convective heat transfer. These include force, free, and
combined free and forced convection. Heat transfer in
Newtonian, non-Newtonian, and liquid metals systems
are discussed. Techniques used to augment heat transfer
are also described.

A very complete section on condensation of pure
vapor, vapor mixtures, and vapor mixtures forming im-
miscible liquids is presented in Sec. 2.6. Dropwise  con-
densation, fogging, and enhancement devices are also
discussed in this section.

Boiling and evaporation is the subject of Sec. 2.7.
The techniques required to predict heat transfer and
vapor formation rate in pool boiling, boiling inside and
outside tubes, and tube bundles of single component
liquids are presented. Boiling if binary and multicom-
ponent mixtures is also discussed.

Section 2.8 discusses heat transfer to gas-solid sys-
tems in fixed beds with and without gas movement,
fluidized beds, and agitated packed beds.

A very thorough discussion of radiation heat trans-
fer is presented in Sec. 2.9. Surface radiation characteris-
tics, radiation heat transfer between specular and diffuse
surfaces and gaseous radiation are discussed in detail in
the section.

.,-. .-.~ __.__.. .“.
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NOMENCLATURE

H The most frequently used symbols for quantities
in heat and mass transfer are listed here according to
the following principles:

1. Capital Roman letters (not italic) denote ab-
solute quantities expressed in either SI basic units or
derived units, e.g., N = kg m/s2, J = N m, W = J/s.

Exceptions: Time (t), variables, coordinates (x, y,
z, r), characteristic lengths in dimensionless numbers
0, d, s).

2. Lowercase Roman letters (not italic) denote the
corresponding specific quantities per unit mass, mole.
length, area, or volume (but not time). A dot over the
symbol denotes an absolute or specific quantity per
unit time.

Exception: Velocity (u, v, w).
A function will be indicated by f j.

Molar quantities are denoted by a tilde (-) over the
symbol.

Exceptions: Gas constant (z), Loschmidt number
(Z). molecular weight (G). chemical potential (y).

3. Lowercase Greek letters are used for coefficients
and physical propertics.

Exceptions: Overall heat transfer coefficient (v).
heat capacity (cP. c,).

Capital Greek letters refer to eddy (turbulent)
quantities; e.g., A denotes eddy thermal conductivity.

4. Dimensionless variables should be denoted by a
superscript �  following the corresponding symbol. e.g.,
11�  for a dimensionless coordinate.

5. Decimal fractions or multiples of the Sl units
may be denoted by the corresponding symbol preceding
the SI unit, e.g. MW = lo6 W.

0 1983 Hemisphere Publishing Corporation



.I.

xv111 HEAT EXCHANGER DESIGN HANDBOOK / Nomenclature

Basic Quantities

Quantity Symbol Unit

Heat rate

Heat quantity

Heat flux

Time

Frequency

Mass

Mass flow rate

Mass velocity (mass flow
per unit area)

Mass flux

Number of moles

Molar mass flow rate

Molar mass velocity

Molecular weight

Density

Concentration

Molar density

Molar concentration

Mass fraction

Mass loading

Molar mass fraction

Molar mass loading

Volume

Volume flow rate

Velocity

Surface area

Cross-sectional area

Length or diameter

Coordinate

Void fraction

Fraction of volume flow
rate

Quality

Flow quality

Work

0
Q=/ddt

4’ = (j/A

t

f

M

ti

ni =il/s

rk, =&,/A

N

lir

ri=iir/s

fi

P

C

P

c”

xi9 Yi

Xi, yi

xi9Ti

Fi, Ti

V

P

u, v, w

A

S

L,D,l,d,s

G,v,r,x,y,z

f

6

X

i

W

W

J

W/m*

S

l/s

kg

k/s

kg/m�s

kg/m2  s

mol

mol/s

mol/m* s

g/m01

kg/m3

kg/m3

mol/m3

mol/m3

hi/kg

kilkgj

ITlOli/IllOl

ITlOli/mOlj

m3

m3/s

4s

mz

m*

m
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Transport coefficients

xix

Quantity

Heat transfer coefficient

Mass transfer coefficient

Overall heat transfer coefficient

Drag coefficient

Friction factor

Emissivity

View factor

Thermal conductivity

Diffusivity

Kinematic viscosity

Dynamic (absolute) viscosity

Thermal diffusivity

Surface tension

Shear stress

Pressure

Pressure drop

Symbol

a

P

u

t

f

E

v12

x

6

V

7

K = hlpcp

u

7

P

&

Unit

W/m2 K

m/s

W/m2 K

-

-

-

-

W/m K

m2/s

m2 /s

k/m s

m�/s

N/m

Pa @J/m2  )

Pa (N/m�  )

Pa @J/m2 )

Thermodynamic  quantities

Quantity Symbol* Unit

Enthalpy (specific)

Internal energy (specific)

Gibbs function free enthalpy  (specific)

Free energy (specific)

Entropy (specific)

Chemical potential

Specific heat capacity

Temperature

Mean logarithmic temperature
difference

h

U

g = h - T s

f = u - T s

S

P

cp’cv

T

ATLM

J/kg
J/kg
J/kg
J/kg
J/kg K
J/k
J/kg K
K, �C

K, �C

*For totals, letters are capitalized, H, U.
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Chemical  reactions

Quantity Symbol unit

Reaction enthalpy; phase-change enthalpy;
latent heat

Energy of activation

Equilibrium constant

Rate constant

Rate of reaction

Activity coefficient

Fugacity coefficient

Stoichiometric factors

Ah J/kg

AE

K
k

i

71

7,

vi

J/k
Various

Various

mol/m�  s

-

-

-

Physical constants

Quantity

Gas constant

Loschmidt number

Avogadro number

Stefan-Boltzmann constant

Acceleration of gravity

Standard acceleration
of gravity

Symbol Unit

R� 8.314 J/mol  K

E 6.0252 l 1O23

z l/m01

cs 5.6697 l lOmE W/m2K4

g m/s2

g,, = 9.8 . . . m/s2

subscripts

Quantity

Wall

Bulk

Mean

Solid

Liquid

Gas

Inlet

Outlet

Symbol

W

b

m

s

52

g

in

out

Q 1983 Hemisphere Publishing Corporption
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Dimensionless  numbers (most frequently  used)

Name Symbol and definition

Archimedes number

Biot number

Effectiveness

Euler number

Fourier number

Froude number

Galileo number

Grashof number

Graetz number

Ar = g13  Aplv�  p = g13 pAp/q2

Bi = c@/&  or o$/&

E

Eu = Ap/@u2  12)

Fo = Kt/l=  = ht/pcP12

Fr = u2 /gl

Ga = 13g/u2 = 13gp2 /v2

Gr = g13 Aplv�p  = g13pAp/q2

Gz = ud2/Kl  = ud2pc,/hl = Re Pr d/l

Knudsen number Kn = lo/l, where lo is the molecular
mean free path

Lewis number

Mach number

Number of transfer units

Nusselt number

P&let number

Phase change number

Prandtl number

Rayleigh  number

Reynolds number

Schmidt number

Sherwood number

Stanton number

Strouhal number

Weber number

h = K/6 = x/PC,6

Ma =G,,,d
NTU

Nu = al/X

Pe = ~11~ = ulpcplh  = Re Pr

Ph = cP AT/Ah,,

Pr = V/K = q/A

Ra=GrPr

Re = ul/v = ulplq = nil/~

SC = v/6  = rj/pLi

Sh = 01/S

St = a/pucV = Nu/Re Pr

Sr = fl/u

We = u2pllo

Dimensionless mass transfer numbers are distinguished from dimensionless heat transfer
numbers by a prime (�),  e.g., Bi� = @l/S. Exceptions: Nu� = pi/S  = Sh and PI�  = v/6
= qlpd = SC
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INTERNATIONAL SYSTEM
OF UNITS (SI): RULES, PRACTICES,

AND CONVERSION CHARTS

J. Taborek

n HEDH is written in SI units because this system has
been officially adopted by all countries and is replacing
the older metric engineering system, the cgs system, as
well as the U.S. customary system. In this section we
shall review the basic rules for use of the SI. However,
recognizing the fact that many references are written in
other unit systems, comprehensive unit conversion charts
are included.

A. Basic SI units

SI is �absolute� in the sense that there are only seven
fundamental, precisely defined basic units from which
all others are derived. The following five units are
important to heat transfer and fluid flow.

length (meter, m): defined in terms of krypton-86
wavelength

mass (kilogram, kg): the mass of an international
prototype, approximately equal to the weight of 1 liter
H2 0 at 4°C

time (second, s): defined in terms of radiation
frequency of the cesium-133 atom

temperature (kelvin, K): defined in terms of the
triple point of water (ice point = 273.15 K)

amount of substance (mole, mol): amount of
substance that contains as many elementary entities as
there are atoms in 0.012 kg of carbon-12. The elemen-
tary entities must be identified when the mole is used
(atoms, molecules, ions).

0 1984 Hemisphere I
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B. Derived SI units with special names

Because SI is defined by the basic units only, there is a
need for establishing definitions for the most frequently
used composite or derived units, mainly for the purpose
of simplifying unit notation. Thus, for example, newton,
N, replaces kg m/s�.

There are a number of derived units that have
special names, signifying their importance: newton,
joule, watt, Pascal, and many others. While the unit
symbols are capital letters (N, J, W, Pa), the spelled out
unit names begin with lowercase letters, that is, newton,
joule, watt, and Pascal.

The most frequently used derived SI units with
special names in the area of heat transfer and fluid flow
are shown in Table 1.

Table 1 Most frequently used derived SI units

Quantity Unit Symbol Dimension

Force
Energy, work,

heat (also
power X time)

Power
Pressure
Frequency
Dynamic

viscosity

newton N kg m/s�
joule J N morkgm*/s*

W s= J s/s

watt W
Pascal Pa
hertz Hz
poise P
c e n t i p o i s e  CP

J/s = kg m�  /s3
N/m2 = kg/m s2

us
0.1 Pa s
mPas

lblishing  Corporation
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C. Prefixes and specification rules

The magnitude of the basic units may often not fit the
practice of specific applications without using a large
number of decimal digits or power of ten multipliers. SI
provides for this by assigning prefixes to the basic units,
as shown in Table 2.

Thus, for example, to express very high pressures
(stresses) in Pa, the megapascal, MPa, is used instead of
lo6 Pa. The preferred graduation is in powers of 103, and
there are only a few exceptions to this rule, such as for
units that are deeply ingrained in common use, such as
centimeter. Some of these are discussed later.

(a) Punctuation and spelling rules

The following general rules should be carefully followed
to maintain SI consistency.

1. Prefutes  are attached directly to the base unit
symbol or a derived unit symbol with a special name,
such as km for kilometer or MW for megawatt.

2. Prefixed units are spelled out in text as one
word, without hyphen, such as meganewton, not mega-
newton.

3. The multiplication of base units can be expressed
by leaving a space between the symbols, such as N s for
newton X second. However, for better clarity, a center
dot is often used, for example, N-s.  This usage becomes
especially important when the symbol m is used, which
can stand for milli or for meter. Thus mN (millinewton)
is clearly distinguished from m-N (meter X newton).

4. A prefix applied to a base unit constitutes a new
unit. When a power is applied to such a unit, the
exponent operates on the prefixed unit as an entity, i.e.,
mm*  = (mm)�.

5. The unit of length in SI is correctly spelled
�metre� (French spelling). This rule will be hard to
enforce in U.S. literature, however, and �meter� will
probably be more commonly used.

Table  2 SI pref=es

Factor Prefix Symbol Status

10�
109
lo6
10�
102
10
lo- �
10-Z
lo-�
10-h
10-V
lo- �2

tera

giga
mega
kilo
hecto
deka
deci
centi
milli
micro
nano
pica

T
G
M
k
h
da
d
C

m

P
n

P

Preferred
Preferred
Preferred
Preferred
Accepted
Accepted
Accepted
Accepted
Preferred
Preferred
Preferred
Preferred

6. Multiple prefxes  are prohibited. This presents
some problems with the unit kilogram (kg), where the k
stands for the prefix kilo and is one of the very few
inconsistencies in SI (a carryover from the older cgs
system). Thus k (for kilo) cannot be used in connection
with kg, as this would result in the unacceptable term
kkg. Equally incorrect is the use of Mg (megagram), as
gram is not a basic SI unit. Thus, the unit used is lo3 kg
or the equivalent unit, metric ton (see below).

Similarly, mkg is not an acceptable way to express
low3  kg, and the more common alternate unit of gram
(g) is used.

D. Alternate units and supplementary
comments

There are as many derived units as the technology
demands, as SI is particularly suitable for this purpose
by the clearly defined unit relations. The Nomenclature
of this handbook contains practically all such units used
in heat transfer and fluid flow, showing the appropriate
SI dimensions. Consequently, these are not repeated
here.

In some cases, strict SI rules are relaxed to respect
generally accepted and deeply established practices. The
following list presents most frequently used exceptions,
together with some additional comments to alternate
units, their definition, and their usage.

length: The unit centimeter (cm) is a very practical
measure for everyday usage (person�s height, 6 ft = 183
cm), and will probably remain in perpetual use.

mass: The unit of kilogram is often too small for
expressing quantities of mass experienced in many
engineering applications. One of the few weaknesses of
SI is the lack of a well-defined alternate unit of mass. As
explained above, the prefixed units (kkg, Mg) are not
acceptable. Instead, an alternate unit for large quantities
of mass is introduced, designated metric ton (symbol t),
t = 1000 kg. While this unit has not yet been accepted as
a recognized SI unit, it is very much in common use.

In the U.S. customary lb,-based system, several
definitions of a unit of mass similar in magnitude to the
metric ton exist. In engineering practice, the following
two definitions of the lb,-based ton are most frequently
used:

�short ton,� which is equal to 2 000 lb,
(exact) and therefore approximately = 907.2 kg

�long ton,� which is equal to 2 240 lb,,,
(exact), and therefore approximately = 1 016 kg

It is important to be aware of these differences in the
inconsistently defined U.S. customary system.

For small quantities of mass, gram (g) is also often
used in place of 10e3  kg.
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time: The unit second (s) should be used whenever
possible, as the alternates of minutes, hours, and days
are nondecimal entities, and thus complicate the system.

However, to express large quantities of mass per
unit of time, the unit hour (h), 3 600 seconds, or the
unit day (d), 86 400 seconds, must be used sometimes.
The time unit minute (min), often used in the U.S.
customary system (gal/min), has no real justification,
except that it is ingrained in some industrial practices.
Otherwise, the differential quantity of a minute, as
compared to a second, can be readily expressed by
prefixes in SI units, to obtain a number with reasonable
digits.

force: The newton is a very small unit of force,
approximately equal to the weight of water in a small
glass. Thus the more practical units of force are often
the kN or MN.

volume: The liter, defined as dm3, is a very popular
unit of volume for everyday use, such as for water and
gasoline. Liter (L) is accepted as a common alternate
unit.

amount of substance: The frequently used units of
the metric engineering system, gram-mol and kg-mol, are
designated in SI as follows: 1 gram-mol = 1 mol (SI),
and 1 kg-mol = 1 km01 (SI). Thus 1 mol = 6.023 X 1O23
molecules.

Table 3 Unit conversion

pressure: The basic unit of pressure, Pascal (Pa =
N/m*), is a very small quantity, equal to the pressure
exerted by about O.l-mm layer of water over 1 mz Thus
in most engineering applications kPa or MPa is more
useful.

Many derived units of pressure are firmly estab-
lished in various branches of engineering and will
probably remain in use indefinitely. The most important
metric-based units are:

bar: has exact relationship to SI (=lOO  kPa)
torr = 1 mmHg  = 0.133 kPa: used for gas

pressure measurements
mm water = 9.8067 Pa: used for very small gas

pressure measurements
at (technical atmosphere) = kgr/cm3  = 98.066

kPa
atm (normal or barometric atmosphere) = 760

mmHg  = 101.3 kPa

temperature: In many engineering applications it is
more convenient to use degrees Celsius rather than the
absolute unit kelvin. The use of Celsius is permitted as
an alternate, with the relationship
T(�C)  = 7�(K) - 273.16 and AT(�C)  = AT(�K)

Physical quantity
G i v e n  i n  -----+ Multiplied by - Gives Approximate or useful
Gives - Divided by t-- Given in relationship

Length ft
in
mil
yard
mile (mi)
km

Area

Volume

Velocity

ft2
id
acre

ft�
U.S. gal
U.S. gal
L (liter)
Brit. gal
U.S. gal
barrel (U.S. pet.)
barrel (U.S. pet.)

ft/P
m/s
ft/min
mi/h
km/h
knots

(See footnotes on page xxix. )

0.3048 m
25.4 (exact) mm

0.0254 mm
0.9144 m

1609.3 m
0.621388 mi

0.092903 m2
645.16 mm2

4 047.0 mz

0.028317 m�
0.003785 m3
3.785 liter (L)
0.2642 U.S. gal
0.004546 m3
0.13368 ft3
0.15898 m3

42 U.S. gal

0.3048 m/s
3.2808 ft/s
0.00508 m/s
1.6093 km/h
0.6214 mi/h
1.852 km/h

3; ftz 1 m
1  i n r 25 mm

1 mi r 1.6 km

100ft2=9mZ
1 in* r 650 mm2

35 ft� = 1 m3
260galrl  m�
1 gal = 3; L
1 L z 0.26 gal

10 ft/s = 3 m/s

100 ft/min  r 0.5 m/s
30 mi/h 2 48 km/h
50 km/h = 31 mi/h
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Table 3 Unit conversion (Continued)

Physical quantity
G i v e n  i n  - Multiplied by - G i v e s Approximate or useful r�---

Gives - Divided by - Given in relationship

Mass

Force

Amount of substance

Mass flow rate

Volume flow rate

Mass velocity
(mass flux)

Energy (work)
(heat)

Power

Heat flux

Heat transfer coefficient

Heat transfer resistance

Pressure

lbrn 0.45359
kg 2.2046
metric ton 2 204.6
ton (2 000 lb,) 907.18

�bf
�b f
kgf
kgf
dyne

4.44822 N = kg m/s2
0.45359 kgf
2.2046 1�  f
9.80665 N
0.00001 (exact) N

lb,-mol
g-m01
kg-mol
mol

453.6 kmol
1.000 mol
1.000 kmol

1 000 kmol

lbm/h
k/s
�+r,/s
lb,/min

0.0001260 kg/s
7 936.51 �b,/h

0.4536 k/s
0.00756 kg/s

U.S. gal/mm
U.S. bbl/day
U.S. bbl/day
fts Is
fts /min

6.309 x 10-s
0.15899
1.84 x 1O-6
0.02832
0.000472

lb,/h ft*
kg/s m2

1.356 x IO-�
737.5

stub
Btu
Btu
kcal
ft lbf
W h

1 055.056 J = N m = W s
0.2520 kcal

778.28 ft lbf
4 186.8 J

1.3558 J
3 600 J

Btu/h
W
kcal/h
ft lbf/s
hp (metric)
Btu/h
tons refrig.

0.2931 W = J/s
3.4118 Btu/h
1.163 W
1.3558 W

735.5 W
0.2520 kcal/h

3 5 16.9 W

Btu/h  ft2
W/m2
kcal/cm*  s

3.1546 W/m2
0.317 Btu/h  ft�

41.868 W/m*

Btu/h  ft* �I�
W/m2  K
kcal/cm2  s �C

5.6784 W/m* K
0.1761 Btu/h  ftz �F

41.868 W/ml K

(Btu/h  ft2 OF)-� 0.1761
(W/m* K)- � 5.6784

lbf/in2  (psi)
kPa
bar

6.8948 kN/m2 = kPa
0.1450 psi

100 kPa

kg
‘bm
“Jm
k

m3 /s
rn� /day
m3 /s
m3 /s
m3 /s

kg/s m*
lb,/h ft*

(W/m* K)-�
(Btu/h  ft2 OF)- r

1 lb, r.45 kg
1 kg- 2.2 lb,
metric ton = 10s  kg

1NmO.l  kgf
= 0.22 lbf

10) lb/h-.13  kg/s

lBtu-1OOOJ
1 kcal=  4 Btu

1 kcal-4 000 J

lo6 Btu/h  = 300 kW

1 000 kW z= 3.5 x lo6
Btu/h

1 000 Btu/h  ft* = 3.2
kWlm*

1 000 Btu/h  ft* �F  =
5 600 W/m2  K

0.001 (Btu/h  ft�  OF)-�  =
0.000 18 (W/m�  K)-r

1 psir7kPa
14.5 psi = 100 kPa

(See footnotes on page xxk)
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Table 3 Unit conversion (Continued)

Physical quantity
G i v e n  i n  - Multiplied by- Gives Approximate or useful
G i v e s  - Divided by - Given in relationship

Pressure (Continued) lbf/ft2 0.0479 kPa
mm Hg (torr) 0.1333 kPa
inHg 3.3866 kPa
mmH*O 9.8067 Pa
inH,O 249.09 Pa

at (kg&m*) 98.0665 kPa
atm (normal) 101.325 kPa

Mass flux lb,/ft* s 4.8824 kg/m* s
lb,/ft* h 0.001356 kg/m* s

1 OOOkPa=  1 MPa=
150 psi

1 inH*O=.25  kPa

atm = 760 mmHg

Physical and Transport Properties

Thermal conductivity

Density

Specific heat capacity

Enthalpy

Dynamic (absolute)
viscosity

Kinematic viscosity

Diffusivity

Thermal diffusivity

Surface tension

Btu/ft h �F 1.7308
W/m K 0.5778
kcal/m h �C 1.163

lbm/ft* 16.0185
kg/m3 0.06243
lb,/U.S. gal 119.7

B tu/lbm a F
k&/kg �C

4 186.8
4 186.8

Btu/lb, 2 326
kal/kgm 4 186.8

W/m K
Btu/ft h �F
W/m K

kg/m3
lb,/ft�
kg/m3

J/k K
J/k K

J/k
J/kg

centipoise (cP) 0.001 kg/m s
poise (P) 0.1 Pa s
CP 1.000 mPa s
CP 1 000 PPa s
lb,/ft h 0.0004 134 Pa s
lb,/ft h 0.4134 CP
CP 2.4189 lb,/ft h
lbm/ft s 1.4482 Pa s

stoke (St), cm* s 0.0001 m* /s
centistoke (cSt) 10-e m* /s
ft* /s 0.092903 m* /s

ft* /s

m* /h 0.0002778 m* /s
ft*/s 0.092903 m* /s
ft* /h 25.81 x lO-6 m* /s

dyne/cm 0.001 N/m
dyne/cm 6.852 x 1O-5 lbf/ft
lbf/ft 14.954 N/m

0.092903 m* /s

steel = 50 W/m K
water (20°C) = 0.6 W/m K
air (STP) = 24 mW/m K

62.4 lb,/ft* = 1 000
kg/m3

1 Btu/lbm�Fr4.2
kJ/kg  K

kg/ms=Ns/m*=Pas

water (lOO�C),  0.31 CP

air (lOO�C),  0.021 CP

Temperature relations: �C  = $ [OF - 32) �C=(�F+40)$-40 AT(�C)  = ; AT(�F) K = �C  + 273.15
�F=$(�C)+  32 �F=(�C+40);-40 AT(�F)  = $ AT(�C) R = �F  + 459.67

Miscellaneous: Acceleration of gravity (standard): g = 9.806 65 m/s*
Gas constant: R = 8 314.3 m N/K kmol
Stefan-Boltzmann constant: 5.669 7 x 1OT8  W/m*  K4

1 . 7 1 4  x  1O-9 Btu/ft* hR4

�Even though the abbreviations s and h were introduced only with the SI, they are used here throughout for consistency.
bNote:  the calorie and Btu are based on theInternational Standard Table values. The thermochemical calorie equals 4.184 J (exact) and

is used in some older texts.

Q 1984 Hemisphere Publishing Corporation

�_ ..- ..-._ -.... -_ . ..- _ ._i. .I._ -,I _ _.__^_..^_  I-.I--. ....^.._I..._
l---T- .-I�-



x x x HEAT EXCHANGER DESIGN HANDBOOK / International System of Units (SI)

LENGTH: meter, m; foot, ft

0 10
5

m 1 2 3 4 6 7 8 9

IIll III1 III1 IIll IIll II11 !lIIlIIII  1 1 1 1  1111.

ft 5 15 25
10 20 3 0

0

m X 3.2803 = ft

ft X 0.3048 = m

AREA: square meter, m* ; square foot, ft*

0 IO
5

m* 1 2 3 4 6 7 8 9

IIII ,111 I,,, Ill1 1 1 1 1 IIll 1 1 1 1 III1 III1 III'
III1 Ill1 III1 IIII 1111 Ill1 III1 Ill1 IIII Ill1 III

ft2 10 20 30 4 0 60 70 80 9 0
50

0 100

m* X 10.764 = ft*
ft* X 0.0929 = m*

VOLUME: cubic meter, m3 ; cubic foot, ft3

0 10
5

m3 1 2 3 4 6 7 8 9

,111 III1 1111 III1 III1 IIII III1 IIII II'1 "I',
I I I  I I  I I I

ft3 50 150 250 350
100 200 300

0

m3 X 35.314 = ft3

ft3 X 0.083 = m3

MASS: kilogram, kg; pound-mass, lb,,,

0 10

kg I 1 ? s 4 ; f 7 ? ? I
lll1IIlllIlll1IllllIllllllllllllllllllll11lllll1l

1’1’1’1’ ‘1’1’1’1’  ‘I’I’I’I’ ‘I’I’I’I’ ‘I’
‘bm

5 15
0 10 2 0

kg X 2.205 = lb,

lb,,, X 0.454 = kg
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VOLUME FLOW RATE: $; -
gal(U.S.)

min

0 0.1

m3-
s

gal(U.S.)

min 200 400 600 800 1 0 0 0 1 2 0 0 1 4 0 0
0

$X 1.585(104)=---
gal(U.S.)

min

ft
V E L O C I T Y :  ;; s

0 10

m
5

T 1 2 3 4 6 7 8 9

I,, I,,, I,,, I,,, ,I,, ,111 ,111 I,,, I,,, I,,,
I I I I 1 I I I I I I I I I I I I I I I I I I I I I

ft
- 5 15 25
S 10 20 30

0

; X 3.28 = �T

4 x 0.305 = y

MASS VELOCITY: 3 ;
IO3 lb,,,

h ft2

0 100
h 50
2 10 2 0 30 4 0 60 70 80 9 0
s m

III, 1111 III1 ,111 I I I I I
I I I I ;“I’, 1’,“‘1~,1:11”‘1’,‘1 ,“I’

IO3 lb,,,

I I I II I I I I ,““, ,

10 20
h ft*

30 40 60 70
50

0

3 x 0.737 = J$

IO3 lb
hftZX  1.356=3
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MASS FLOW RATE: ?; +

0 100
kg 5 0
- 10 20 30 4 0 6 0 7 0 8 0 9 0
S

IO3 l b ,
�~~~�~,�l~~�~l~l~~~~~i~~�l~~~~�lr

h 100 200 300 400
0

500 600 700

1031bA)( 0 12(jh
h � S

FORCE: newton, N = y; pound-force, Ibf

0 100
50

N 10 20 3 0 40 60 70 80 9 0

III, III, ,111 III, ,111 �III IIII IIll III1 III1
I  I I I I  I I I I I I I

Ibr 5 15
10 20

0

N X 0.225 = I&

Ibf X 4.448 = N

ENERGY (WORK): joule, J = N m; Btu

0 1 0 0 0
500

J 100 200 300 400 600 700 800 9 0 0

Btu
0.5

0

J X 0.948(10-3) = Btu

Btu X 1055 = J

POWER OR ENERGY FLOW RATE: kilowatt kw = !!?!a 106, s � h

0

kW 100 200 300 400 500 600 700 800 800 1000

,111 ,,,I ,111 III1 1111 1111 IIll IIll III1 1111
11 1 II If 11 II I I I ,,I I I I I

IO6 Btu 0.5 1.5 2.5
h 1.0 2.0 3.0

0

kWX 3.412(10-3)=F

IO6 Btu
-X 293= kW

h
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HEAT TRANSFER COEFFICIENT: -&;
Btu

hft�

(x10* ) 100
5 0

W IO 20 30 4 0 60 70 80 90
mZK ,,,, 1 ,,,, ],,,,I ,,,, 1 ,,,, 1111],1,,~11,,~~11~~1~~~

I I I I I I I I I I I I I I I I i'r

Btll
h ft2 OF

1 2 3 4 6 7 8 9 11 12 13 14 16 17
5 15

10

Btu
SK X 0.176 = ~

hft* OF

& X 5.68 = &

(X102 I

HEAT FLUX: 3: $

(X103)
0 100

W
5 0

IO 20 30 4 0 60 70 80 80
m? III III, 11Il ,111 III1 'III IIll III' 1111 IIII

I I] II II I I

Btu
II II II I

ii-i? 2 4 6 8 12 14 16 18
2 2 2 4 2 6 28

10 20 3 0
0 (X IO3 )

3 X 0.316 = j$

$X3.16=$

DENSITY: kg !hl
;;;5; ft3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

kg2 100 200 300 4 0 0 500 600 700 800

I I I  III1 'III III1 IIll III1
III1 Ill1 Ill1 IIll IIII

!bft3 10 20 3 0 4 0 5 0

0 0.01 0.02 0.03 0.04 0.05

3 X 0.0624 = 3

3X 16.02=3
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SPECIFIC HEAT CAPACITY: %- -
Btu

kgK� Ib,

0
kJ 1 2 3 4 5

kg K 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
I1 ,111 I I I I I I I I I I I I I I I I I II

Btu
I ' II I[ II l I ' I" 1 II I

Ib, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.1

0 1 .o

kJ Btu
- x  0 . 2 3 9  =Ib,
kg K

Btu

Ib,
X 4.187 = kJ

kg K

T H E R M A L  C O N D U C T I V I T Y :  w-
Btu

mK� i-in

0
W
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2.1 FUNDAMENTALS OF HEAT AND MASS TRANSFER 2.1.0-l

2.4 .O
Introduction

E. U. Schliinder

n The procedures of thermal and hydraulic design of
heat exchangers are based on the laws of thermodynam-
ics and the laws of transport phenomena. The laws of
thermodynamics tell us the conditions under which a
system is in equilibrium, thus establishing the limits
to which extent energy or mass can ultimately be ex-
changed in any type of heat exchanger. These laws,
however, cannot tell us how fast the system moves to
the state of equilibrium, and therefore they cannot tell
us the time that a medium must stay within a heat
exchanger in order to approach the state of equilibrium.
The size of a heat exchanger is directly proportional to
the required residence time of the respective medium,
and therefore prediction of the required residence time
is one of the main objectives in heat exchanger design.
To accomplish those predictions we need additional
information, which is supplied by the equations of
energy, mass, and momentum transfer. These equations
of transport phenomena connect the fluxes of energy,
mass, and momentum with the deviation from the state
of equilibrium by the introduction of appropriate phe-
nomenological flux equations.

The laws of thermodynamics apply a priori and are
well established. They will be referred to as far as neces-
sary in this part of the book, but they will not be de-
rived or explained. The equations of transport phe-
nomena apply a posteriori and are less established. In
some cases they are hypothetical and, to a certain
degree, unproved and therefore the subject of current
research. These relationships, however, are necessary,
and often they provide the missing links in the design
procedures.

The importance of these equations in the field of

o 1983 Hemisphere I
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engineering was pointed out by Wilhelm Nusselt as
early as 1923 [l] . Nusselt was a mechanical engineer,
and most of his publications were devoted to the solu-
tion of problems in this field. Since 1923 the field of
chemical engineering has evolved, raising an awareness
of a vast number of new heat transfer problems. Some
examples are heat transfer with and without phase
change, heat and mass transfer in separation processes,
heat transfer in tubular reactors for catalytic reactions,
heat and mass transfer in porous media and in drying,
and so on.

Heat transfer is also important to those working
in nonengineering fields. Examples of some of these
areas include geology, meteorology, astrophysics, medi-
cine, and biology. The same statement may be made
about mass transfer and momentum transfer.

The objective of Part 2 of this handbook is to
supply engineers and scientists with the basic laws for
the prediction of energy, mass, and momentum transfer
rates. These may then be used together with the laws of
thermodynamics for the design and rating of heat ex-
changers. In the terminology used in this book, heat
exchangers include all types of equipment in which the
transfer of heat is important or even the rate-controlling
process. As a result, equipment such as dryers, tubular
reactors, and so on, are discussed in detail.

Besides the laws of heat and mass transfer, the
laws of momentum transfer are an essential tool needed
in heat exchanger design. The contents of Part 2 are
organized so that the following section deals with the
laws of momentum transfer in fluid flow. Successive
sections then cover the laws of heat transfer by con-
duction, convection, multiphase heat transfer, combined

.bli&ing Corporation
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2.1 .o-2 2.1 FUNDAMENTALS OF HEAT AND MASS TRANSFER / 2.1.0 Introduction

heat and mass transfer, and heat transfer by radiation.
As a result of this structure some overlapping is unavoid-
able, particularly where combined heat and mass transfer
occurs, such as in the condensation of mixtures. In these
cases reference to related sections will be given. This
arrangement follows the classical approach adopted in
other textbooks, as well as handbooks on heat and mass
transfer in heat exchanger design.

A general remark on the various modes of heat
transfer, such as convection and radiation, might be
appropriate. Wilhelm Nusselt pointed out in 1915 [2] :

In the literature one finds very often the statement
that the heat transfer from a solid body to the sur-
rounding follows in general three different mecha-
nisms: radiation, heat conduction and convection.
It is said that, either by buoyancy forces or by
forced air flow, permanently cold eddies of the air
contact the surface of the heated body and heat is
removed from the surface. By the distinction be-
tween heat transfer through conduction and convec-
tion it is suggested that these are two independent
mechanisms. Consequently, one might conclude
that heat could be transferred by convection only
without the help of thermal conduction. However,

this is not true. The truth is, that the basic equation
of Fourier dQ = -h(aT/&r)  dA dt applies to both
heat conduction and convection. If the thermal con-
ductivity, h, of the ambient medium is zero, there
would be no heat transfer, neither through conduc-
tion nor through forced convection. If, however,
the thermal conductivity of the ambient medium is
not zero, then all the heat, except that transferred
by radiation, will be transferred through conduc-
tion. However, the amount of heat transferred may
be increased by the fact that the surrounding
medium has a certain flow velocity and this velocity
affects the aTfan  at the surface of the body.

There is no doubt that Nusselt was completely right
and that only two mechanisms of heat transfer can be
distinguished physically: heat transfer by conduction,
and heat transfer by radiation. In the first case the
carrier of the heat energy is the matter; in the latter case
the heat energy is carried by electromagnetic waves.
Nevertheless, the terms conduction, convection, and
radiation are so commonly used that all three will be
also referred to in this handbook. We shall rely on the
reader to recognize the correct physical meaning of these
terms.

References for Section 2.1.0 appear at the end of Section 2.1.7.
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2.1 FUNDAMENTALS OF HEAT AND MASS TRANSFER 2.1.1-1

2.4.4

Physical mechanisms of transport
phenomena

E. U. Schliinder

n A few introductory remarks on the physical mecha-
nisms of the transport of energy, mass, and momentum
will be made. These may assist the reader in obtaining
a clearer understanding of the concepts of conduction,
diffusion, convection, and radiation.

In stagnant media the transport phenomenon can
be described as a macroscopic effect that is the statisti-
cally smoothed result of a large number of microscopic
events that certain elements of the matter permanently
undergo. Those elements may be molecules, ions, atoms,
electrons, phonons, or photons. The events are usually
collisions between those elements resulting from their
permanent random motions maintained by the principle
of microscopic reversibility. The phenomenological laws
of heat, mass, and momentum transfer have been estab-
lished by Fourier (conduction), Fick (diffusion), and
Newton (shear), and are applicable as long as two con-
ditions are fulfilled:

1. The number of collisions between the elements
themselves in a given volume must be large compared
to the number of collisions between the elements and
the confining walls of the volume.

2. The medium inside a given volume must be
either stagnant or, if moving, the motion must be
reversible.

The first condition may be violated as soon as the
number of elements within a given volume falls below a
certain critical value. This may occur if the given volume
is sufficiently small or if the medium is at a very low
pressure. The second condition may be violated as soon

as turbulent motion appears.? These two limitations
will be discussed in the following sections.

A. Limitation of phenomenological laws
by discontinuity effects

Transport phenomena in diluted gases are fairly well
understood. They will be treated first, followed by a
few remarks on transport phenomena in solids and
liquids.

Transport phenomena in dilute gases are based
on the collisions of randomly moving molecules. A very
much simplified model gives the following expressions
for the heat flux 4, the diffusional flux tii, and the shear
stress r due to a flux of momentum (see also [3]):

1 - - dT
4=-~Pc”%l~~

l- ai?j
fii=-3pw,oz

(l>$

(2)

(3)

where p�  is the molar density, w, is the average velocity
of the gas molecules, u is the mean free path of the

tPotential flow and laminar flow are hydrodynamically re-
versible; e.g., the Euler and Navier-Stokes equations remain un-
affected as the sign of the time coordinate is reversed.

*Within a three-digit section the equation, figure, and table
numbers do not have the three-digit identifier; for cross-
references between sections, the appropriate threedigit number
will be given.
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2.1.1-2 2.1 FUNDAMENTALS OF HEAT AND MASS TRANSFER / 2.1.1 Physical Mechanisms

molecules, fi is the molecular mass, ?�  is the specific
heat capacity per mole, aT/az  is the temperature grad-
ient, X?Jaz is the gradient of the mole fraction of
species j, and du/dz is the velocity gradient. The respec-
tive phenomenological laws are

4 = --X  g (Fourier, 1821) (4)

_ agi
fij = -@ z (Fick, 1855)

T = --Q $f (Newton, 1687)

Comparison of these two sets of equations gives the
transport properties h, 6, and 7) in terms of the molecu-
lar properties 5, w,, u, i@, and F�.  These relationships
do not predict the transport properties as set forth in
Part 5 of this handbook, but they show the limitations
of the phenomenological laws themselves.

Let us consider the conduction of heat through
a gaseous gap of width s. Integration of Eq. (4) yields

The smaller the gap width, the greater the heat flux,
provided that s is much larger than u so that the gas in
the gap can be considered as a continuum. However,
when the gap width s becomes small with respect to u,
collisions between gas molecules are less frequent and
the heat flux becomes independent of s and reaches a
limiting maximum value 4,,, :

4max = - +P”:“w,,,  (T, - T, ) (8)

For a gas at normal pressure, u is of the order of 0.1 pm.
Usually s is much larger than u, so the Fourier equation
(7) normally applies for steady-state conditions. How-
ever, the situation may become completely different
if we look at fine powders under vacuum.

The very poor apparent thermal conductivity of
powders under vacuum is due to the fact that Eq. (8)
becomes rate-controlling. This phenomenon is well
known as the Smoluchowski effect (see Sec. 2.8 and also
Sec. 2.1.7). At normal pressure and with particles of
about a millimeter in diameter, Eq. (8) may become
rate-controlling when the heat is transferred under
transient conditions and the contact time of the par-
ticles is rather short (a few seconds or less). This occurs
in fluidized beds, where the particles collide with im-
mersed heating or cooling coils. It also occurs in other
contact heat transfer devices such as rotary kilns and
rotary dryers.

Similar expressions for a maximum mass flux and
a maximum shear stress may be developed. Again, as s
becomes small relative to u, Eqs. (2) and (3) give

nj,max = --$wm  (T+, 1 - zi, 2 ) (9)

and

7max =-$&w,ll (10)

As an illustration, if a pure substance evaporates
into an absolute vacuum, zi,i is unity and Fi,*  is zero.
Therefore, the maximum rate of evaporation is

nmax,evap -;w,p (11)

Usually this maximum rate of evaporation is much
higher (3.5 kmol/m�  s at normal pressure and tempera-
ture) than the rates occurring in technical equipment.
This is the justification for the commonly introduced
concept that phase equilibrium can be assumed at the
gas-liquid interface in evaporators and condensers.
However, this may not be true if evaporation occurs
under vacuum or in the case of rapid evaporation under
transient conditions such as a flashing process.

The shear stress at the walls of a circular duct in
laminar gas flow according to the HagenPoiseuilles  law,
which is based on Eq. (6), is

where d is the tube diameter. At atmospheric pressure
and room temperature, r/u is of the order of 10e2
kg/m2 s if the tube diameter d is assumed to be of the
order of centimeters. The maximum value for r/u at
the same conditions is, according to Eq. (lo), of the
order of 200 kg/m2 s. Therefore, the shear stress is
usually controlled by Eq. (12). However, if gas flows
through vacuum ducts or through porous media, molecu-
lar flow as represented by Eq. (10) becomes the con-
trolling mechanism.

Heat conduction in solids is accomplished either
by phonon transport (nonmetallic solids) or by electron
transport (metallic solids). In the case of phonon trans-
port the velocity of energy propagation is the velocity
of sound. Therefore the maximum heat flux is given by

qmax = - -$,w,(T, - T,)

where w, is the velocity of sound.

(13)

In the case of electron transport one obtains

(Imax = - ~p”~,w,(T,  - T,) (14)

where w, is the average thermal velocity of the elec-
trons. Comparing the maximum heat fluxes in gases
and solids, both nonmetallic and metallic, one finds
the following numbers:
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Gas,+ 1 bar, 300 K:

4,,, =  0 . 1 0  X  106(T1  -T,)  W/m2

Solid,t  nonmetallic:

i,,, = 1.25 X 109(T,  -T,) W/m*

Solid, § metallic :

cj,,, = 0.50 X 10”(T1 - T2) W/m2

The maximum heat flux for nonmetallic liquids is of
the same order of magnitude as for nonmetallic solids.
In any case the maximum heat fluxes for solids and
liquids are considerably higher than those obtainable
in actual equipment and thus are of little practical value.

The maximum heat flux in the case of radiation
occurs when the surfaces of � the energy-exchanging
bodies are thermally black. Further, if the energy ex-
change by radiation is perfect, that is, there are no
radiative losses to the surroundings, the rate of heat
transfer is given by the Stefan-Boltzmann law,

4 max = C,(T; -T,4) (15)

where all temperatures are in kelvins.
The radiation constant C, is known as the Stefan-

Boltzmann constant and is equal to [4]

C, = 5.67 X 1 Om8 W/m2  K4 (16)

For moderate temperature differences (Ty - T,“),
Eq. (15) may be approximated by

4 max = 4C,T; (T1  - T,) (17)

where  T,,, = i(T, + T,). At room temperature we
obtain

b,,, = 5.8(T1  - T,) W/m2

Although this value is comparatively low, heat transfer
by radiation may become rate-controlling at low tem-
perature differences in a free convection system.

iCalculated  with

J 8 ET
Wm= -,

AM

kkxdated  for glass with

W, = 4 000 m/s

SCalculated  with

we =
J-

3 fC = 100 000 m/s
G
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B. Limitation of phenomenological laws
by turbulence

Another limitation of the applicability of the flux equa-
tions (4)-(6) containing the molecular transport proper-
ties h, 6, and TJ  is the phenomenon of turbulence. Turbu-
lence occurs in gases and liquids as a random motion of
so-called eddies, the size of which is of the order of a
few percent of the confining system. This may be of
the order of millimeters in heat exchanger tubes, centi-
meters in a large cooling tower, or even meters in the
open atmosphere. The eddies appear in fluids at high
flow velocities, within ducts of large diameters, behind
obstacles, and so on. The criterion for the onset of
turbulence is the critical Reynolds number,

(18)

where L is a characteristic dimension. For tube flow the
value of the critical Reynolds number is 2 300 with I,
equal to the tube diameter. The molecular transport
equations (4)-(6) apply as long as the actual Reynolds
number is less than 2 300. Above this number the
turbulent eddies will appear and contribute to the
transport of heat, mass, and momentum.

A large number of models have been suggested to
describe turbulent transport phenomena. None of them,
however, is able to derive the turbulent fluxes com-
pletely from the physical properties of the fluids. One
widely used model involves the introduction of the
turbulent transport properties ht, 6t, and vt. The phe-
nomenological flux equations (4)-(6) are then extended
to

cjt = --(A + A,) E (19)

.

axi
ni,r

= --p"@ +  6 , )  z

Tt = -+I + 174 g (21)

The turbulent transport properties, however, are not
physical properties of the fluid, but depend on the
flow velocity, the distance from rigid walls, and the
geometric shape of the duct, immersed body, free-
stream jet, and so on. They must be evaluated from
experiment for each individual case. In any case, how-
ever, the turbulent fluxes zre larger than the molecular
fluxes (AZ % u) but less than the maximum molecular
fluxes(Az  & a):

4<444max

t i j  < fij,f  < iij,max

T<rt<rmax

lblisbing Corporation
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A rough estimate is that the turbulent fluxes may be-
come from 10 to 100 times greater than the molecular
fluxes.

As a concluding remark, it should be pointed out
that the shear stress in a fluid due to molecular momen-
tum transport does not always follow Newton�s law,

I

Nomenclature for Section 2.1.1 appears at the beginning of Part 2. References appear at the end of Section 2.1.7.

Eq. (6). Sometimes the viscosity 7) depends on the shear
stress itself. Elastic effects are also observed in flowing
fluids. The theory of molecular momentum transfer in
so-called non-Newtonian and viscoelastic fluids is given
in several books [5,6]  and is discussed in Sec. 2.2.8.
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2.1 FUNDAMENTALS OF HEAT AND MASS TRANSFER 2.1.2-1

2.4.2

Industrial applications of heat
and mass transfer

E. U. Schliinder

n After having briefly discussed the physical mecha-
nisms of heat, mass, and momentum transfer, it seems
appropriate to make a few comments on these trans-
fer processes as they are used in heat exchanger design.
The flux equations given in the previous section apply
both locally and instantaneously and must be inte-
grated with respect to time and position in order to
predict the total flux over the surface of the heat ex-
changer. This integration, if done rigorously, is a very
complex procedure, involving the simultaneous solu-
tion of coupled differential equations. This can be
done only with the help of computers. Today a number
of computer programs are available. In addition to these
computer-aided rating and design procedures, shortcut
or hand methods are also available. These represent a
reasonable first approximation. In many cases the hand-
method results are of sufficient accuracy.

In the following sections a brief description of
these various methods will be given, starting with the
simpler ones and proceeding to the more sophisticated
ones.

A. The u method

If heat is to be transferred from medium 1 to medium 2,
both being separated by a solid wall (see Fig. l), one
starts with the following flux equation:

4 = @�(TI,,,  - T,,,v> (1)

Here u is the overall heat transfer coefficient. It is as-
sumed to be independent of the average fluid tempera-
t u r e s  Tl,,, and Tz,~�, time t, and position x, y. It is

Figure 1 Heat transfer from medium 1 to medium 2, separated
by a solid wall.

further assumed that medium 1 and medium 2 are stag-
nant fluids occupying the volumes V, and I�,  , exchang-
ing sensible heat only, and having constant heat capaci-
ties cr and cz, respectively. At the beginning (t = 0)
the initial temperatures may be given by T1,, and T2,, .
The important questions are how Tt,av  and T,,,, vary
with time and what is the time averaged heat flux 4,.
To answer these questions we need, in addition to the
flux equation (I), the law of energy conservation for
the two fluids,

dH2--z&4
dt (3)

where A is the heat exchanger surface area, Hj =
@cVTav)j  is the enthalpy of the respective medium,
and t is the time. The simultaneous solution of Eqs.
(l)-(3)  for medium 1 is
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2.1.2-2 2.1 FUNDAMENTALS  OF HEAT AND  MASS  TRANSFER  / 2.1.2  Industrial  Applications

T1,av - Tl,o w2

T2.0 - TI,O = w2 + WI

X )l-exp[-($+$JI?Agi  ( 4 )

where Wj = @cV)j.  The groups

are the so-called number of transfer units NTUj of the
heat exchanger with respect to mediums 1 and 2, respec-
tively. The NTU is a dimensionless contact time, where
Wj/OA  are the so-called relaxation times of mediums 1
and 2, respectively. The amount of heat transferred Q
during time t is

- VI,, - T2.0) - (T,,av - T2.w)
�  = lJAt In [(T,,, - T,,o)/(G,av  - 7�2,av)l

(6)

where the last factor is called the logarithmic mean tem-
perature difference AT,, (see Sec. 1.3.1):

Q = OAt AT,, (6a)

The time-averaged heat flux is

The same analysis applies if both media flow in
the x direction parallel to the surface A, as long as
steady-state conditions are considered and dispersion
of energy in the x direction is negligible. Let vj be the
volume flow rates of the mediums, fii = (pcvTav)i  and
?4$ = (pcV)j.  The energy balances are

dH,--= *
dA ’

The solution of Eqs. (l), (8)  and (9) is

TI - TI,O w2
T2.0 - T,,o = Mi, + Mi,

X -/I-exp[-($+i)uA]i  ( 1 0 )

for medium 1. An analogous expression can be obtained
for medium 2. The subscript 0 refers to the inlet posi-
tion at x = 0, whereas no subscript refers to the outlet
position at x = L in Fig. 1. The average heat flux be-
tweenx=Oandx= 1 is

which is exactly the same expression as given by
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Eq. (7) for the stagnant fluids. This is no surprise, since
the case of the moving mediums can be transformed
into the case of the stagnant mediums by introducing
the residence time t. This is given as the ratio of the
hold-up volume V and the flow rate r�,

tl = -T for medium 1
V

and WI

v2
t2 = T for medium 2

VZ

Thus we find that

OA-= &it =NTU
w2 w2

2 2

(13)

which indicates the equivalence of Eqs. (10) and (4)
for the moving and stagnant mediums, respectively.

In summary, the benefits and the limitations of
the u method are these: As long as the presuppositions
hold, which means that D must not depend on the
temperatures, the time, or the position, the u method
allows the solution of scale-up problems with respect
to temperature variations. Once the overall heat trans-
fer coefficient 0 has been determined-for example, by
evaluation of experimental data obtained with a full-
size heat exchanger-one can scale up or down for the
same fluids within a certain range of temperature
differences. Approximate overall heat transfer coeffi-
cients for various types of heat exchangers are given in
Table 1. The lower values apply to lower flow veloci-
ties and poorly conducting fluids.

The 8 method is a one-parameter method that is
appropriate for the first approximation. It also allows
the establishment of a relationship between the effec-
tiveness of the heat transfer process and the number of
transfer units for various flow configurations. For
cocurrent  flow this correlation has been given by Eq.
(10). The effectiveness E is defined as the ratio of the
temperature change to the maximum temperature
difference:

El =
TI - Tl,o

T270 - TI,O

By introducing w,/w, = d, this correlation becomes

El = & (1 - exp [-(l  + R)NTUr I)

Similar expressions for counter-current flow, cross
flow, flow with back mixing of the fluids, and various
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Table 1 Approximate  overall heat transfer coefficients  for various  types of heat exchangers

Type Performance ii, W/m*  K

Shell-and-tube heat exchanger Gas (1 bar)-gas (1 bar)
Gas (250 bar)-gas (250 bar)
Liquid-gas (1 bar)
Liquid-gas (250 bar)
Liquid-liquid
Liquid-condensing vapor

5 - 3 5
150-500

15-70
2 0 0 - 4 0 0
150-l 200
300-l 200

ReboileI

F- V a p o r
r?

V a p o r

C o n d e n s a t e

L i q u i d

Condenser

~~~vapor  V a p o r

C o n d e n s a t e

Natural recirculation
(a) Viscous liquids
(b) Water

Forced recirculation
NH,evaporator-brine

Organic vapor, NH,
Power plant steam condenser,

brass tubes
Inert gas reduces i?

Gas heater Forced convection 1 2 - 5 0

Cold

3 0 0 - 9 0 0
6 0 0 - l  7 0 0
9 0 0 - 3  0 0 0
2 0 0 - 8 0 0

3 0 0 - I  2 0 0

1 500-4  000

bondensate

Double-pipe heat exchanger Gas (1 bar)-gas (1 bar) 10-35
Gas (1 bar)-gas (250 bar) 2 0 - 6 0
Gas (250 bar)-gas (250 bar) 150-500
Gas (250 bar)-liquid 2 0 0 - 6 0 0
Liquid-liquid 300-l 400
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Table 1 Approximate overall heat transfer coefficients for various types of heat exchangers
(Continued)

Type Performance 0, W/m�  K

Film cooler Water-gas (1 bar) 20-60
Water-gas (250 bar) 150-350
Water-liquid 300-900
Water-cooled condenser 300-l 200

Helical coil cooler

Plate heat exchanger

Matrix heat exchanger

Spiral heat exchanger

Water-gas (1 bar) 20-60
Water-gas (250 bar) 150-500
Water-liquid 200-700
Water-condensing steam 350-900

Water-gas (1 bar)
Water-liquid

Gas (1 bar)-gas (1 bar) 10-35
Gas (1 bar)-liquid 20-60

Liquid-liquid 700-2 500
Condensing steam-liquid 900-3 500

20-60
350-l 200
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Table 1 Approximate  overall heat transfer coefficients  for various  types of heat exchangers
(Continued)

Type Performance !?, W/m2  K

Agitated vessel

A. Double
jacket

-

C. Welded coil outside

B. Coil
inside

A. Double jacket
Condensing steam-liquid
Condensing steam-boiling liquid
Cooling water-liquid

B. Coil inside
Condensing steam-liquid
Cooling water-liquid

C. Welded coil outside
Condensing steam-Iiquid
Condensing steam-boiling liquid
Cooling water-liquid

500-l 500
700-l 700
150-350

700-2 500
500-l 200

500-l 700
700-2 300
350-900

combinations of these are shown in Fig. 2 and are
discussed in Sec. 1.3.

Figure 2 shows that there are two distinguishable
regimes. At low NTU,  , say, less than 0.2, the effective-
ness 6, is purely heat transfer-controlled, and the flow
configuration has no influence on El.  At high NTUl  ,
however, the effectiveness is controlled primarily by
the flow configuration and is only minimally in-
fluenced by the overall heat transfer coefficient !? and
by the heat exchanger surface area A. This is a very
important relationship to consider when selecting the
type of heat exchanger for a given application.

The limitation of the 0 method for scale-up or
scale-down is that it is applicable only for a given type
of heat exchanger with similar fluids and flow veloci-
ties. A more refined analysis, using the overall heat
transfer coefficient 0, leads to the development of an
expression for 0 in terms of the individual heat
transfer coefficients 6j. The individual heat transfer
coefficients take into account the fluid properties and
the flow velocities.

B. The 0-a method

The overall heat transfer coefficient 0 is expressed in
terms of the individual average heat transfer coeff-
cients &j according to the following flux equations+:

+These equations apply to plane walls. For circular walls
see Part 1.

4  =  fil o-1 - Tl,,) (17)

4 = &W(Tl,W  - T2,,> (18)

4 = fiLz(Tz,w  - T2) 09)

(see Fig. 3). Since the overall heat transfer coefficient
0 is defined by

cj=O(T,  -T2) (20)

elimination of the intermediate temperature at the wall
T1,,  and T,,z leads to

1== .L+L+L
u Q(1 a, a2

(21)

1.0

El

0.5

0
0 05 1.0 15 20 25 30

NT&= $

Figure 2 Effectiveness of heat transfer E, depending on the
number of transfer units NTU, for various flow configurations
in a heat exchanger. (1) Counter-current flow. (2) Ideal cross
flow. (3) Cross flow, medium 2 partly mixed. (4) Cocurrent
flow. (5) Cross flqw, medjum 2 tqtally  mixed. (6) Both mediums
perfectly mixed.R = (pcV),/@cV), = 1.
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/ / / / I , / / I I I, , , ,

medium I medium 2

Figure 3 Illustration of individual heat transfer resistances and
corresponding temperature profiles.

This indicates that the overall heat transfer resistance
l/o, is equal to the sum of the individual resistances,
I&. Usually the wall is a metal having a fairly high
thermal conductivity X,.

Since

xw 1
�W=s

or =--zs
QIW XW

(22)

the resistance offered by the wall is often negligibly
small when compared with that offered by the fluid
streams l/a1 and l/&a. However, the metal wall may
become coated with a layer of poor conducting mate-

rial, which precipitates out during the operation of the
unit. This process is called fouling. The overall heat
transfer resistance l/u might be essentially controlled
by heat conduction through the precipitated layers:

1 L+-1 +A+ -+J-1-=
u a1 fifou1,1  a, afoul,,  a2

(23)

Assume that a 2-mm copper wall with h, = 200
W/m K is covered with a O.lO-mm layer of calcium
carbonate with hr,d = 1 W/m K. Then 1 /&four  is 10
times as much as l/iiw.

The fluid heat transfer coefficients ai and fiL2 are
dependent on the fluid properties and the fluid flow
velocities. They are also affected by a phase change
such as evaporation or condensation. The most im-
portant physical fluid properties with regard to heat
transfer are the thermal conductivity X, the density p,
and the viscosity 77. This is clearly shown in Table 2.
Although X and 77 for air are almost independent of
pressure, & is much higher for compressed air flowing
at the same velocity because of the higher mass
velocity (pu). For all liquids, however, p is practically
a constant. In this case the mass flow rate PU is limited
by the viscosity r). Except for very viscous liquids, the
predominant property in this case is the thermal
conductivity X. For water h is five times as much as
for practically any organic liquid. Therefore the heat
transfer coefficients & for water are also five times
larger, as shown in Table 2.

The heat transfer coefficients for evaporation and
condensation are greatly dependent on the thermal

conductivity and the viscosity of the liquid phase. The
lower & values apply for poorly conducting and highly
viscous fluids.

The heat transfer coefficients between particles
frequently contacting walls, as in fluidized beds, rotary
dryers, and so on, depend essentially on the particle
size and the gas pressure. The lower value in Table 2
applies for vacuum (0.001 mbar) operation, whereas
the larger value is for normal pressure and particles a
few millimeters in diameter.

The heat transfer coefficient for radiative heat
transfer applies for small temperature differences and
follows from Eq. 2.1.1(17):

hiad = �WT; (24)

It depends on the emisivity (0.001 <E < 1) and on the
average temperature T, .

Knowing the individual heat transfer coefficients
&, one can predict the overall coefficient u for various
combinations of individual heat transfer processes. This
is the important advantage of the 6& method com-
pared with the 8 method. However, the &% method
also applies only if the individual heat transfer coeffi-
cients are independent of the temperatures, the
temperature differences, and the surface area.

In many practical cases this is not true. If the
variations of & are relatively small or rapidly converge
to a constant value, one may apply averaged cr and
consider them to be quasiconstants.

For transient heat conduction, a is a function of
time t. For steady-state heat transfer in laminar flow, &
is a function of the downstream position x. The
average quantities to be used in the 6~ method are
defined as

/

r L

&=L
t

tf aft�j  dt� or &=L
L
J

++ afx j dx
0 0

(25)

Table  2 Range  of average  heat transfer coefficients

Medium 6, W/m�  K

Air (1 bar), free convection 2-20
Air (1 bar), forced convection lo-200
Air (250 bar), forced convection 200-I 000
Water 500-S 000
Organic liquids 100-l 000
Condensation (water) 2 000-50 000
Condensation (organic vapor) 500-10 000
Evaporation (water) 2000-100000
Evaporation (organic liquids) 500-50 000
Particle-gas-wall S-500
Radiation at room temperature, black

surface
Radiation at 2 000 K, black surface

5
1 500
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In the case of free convection, condensation, and
evaporation, the individual heat transfer coefficients
depend on the temperature difference between fluid
and wall AT,. The most common averaging used is to
take the arithmetic mean value:

a = f b+Afw,~  3 + +Tw,z +I (26)

In the case of temperaturedependent fluid prop-
erties, the individual heat transfer coefficients depend
on the fluid temperature T1 and/or T2, respectively.
Usually the arithmetic mean is taken as the so-called
reference temperature in evaluating the fluid prop-
erties:

Tref = iG�in  +  T o u t ) (27)

The average individual heat transfer coefficients
also depend on the thermal boundary conditions, that
is, constant wall temperature or constant heat flux,
and so on. If the @& method is used, this effect is
ignored. Therefore, a more rigorous analysis of the
heat transfer process that takes into account the
effects of these items on the heat transfer coefficients
must start with the instantaneous or local heat transfer
coefficients LY and the instantaneous or local overall
heat transfer coefficient U.

C. The U-c-x  method

The overall instantaneous or local heat transfer coeffi-
cient U is split up into instantaneous or local indi-
vidual heat transfer coefficients in the same way as in
the I% method described in the previous section:

+;
1

Since CY~ is a function of t, x, T,, and AT, U is also a
function of those quantities. Combining the flux equa-
tions for the instantaneous or local heat flux,

4 = U(T, -T2) (29)

with the instantaneous or local energy balance as given
by Eqs. (2) and (3) yields the basic equations required
to calculate the change of temperature T1 and T2. A
practical example will illustrate this in a straight-
forward way. Figure 4 shows a double-pipe water
cooler with evaporating Freon in the inner tube. In the
forced convection boiling regime the individual boiling
heat transfer coefficient (Y? increases with increasing
vapor quality J?. As a rough approximation one could
assume a linear relationship between a2 and 1. The
energy balance yields

& Ah&�  -a) = -il;l,c,,  [(T; - T2) -(T;’ - T,)]

(30)

o 1983 Hemisphere I
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Figure 4 Linear variation of one individual heat transfer coeffi-
cient with respect to the local temperature difference.

Here J? is a linear function of T1 - T2, hence CQ is a
linear function of T, - T2. This class of problem,
where the heat transfer coefficient depends linearly on
the driving temperature difference, has been solved by
Colburn [7] . He obtained the following expression for
the total heat flux 0:

ACTI  -T2)-  1 InO I lrl (a: /cl;>e

e CY10-1 a;e - 1

where

TI’-T2
()=-

T; -T,

For small temperature changes Ti = Ty , which means
that 0 -+ 1 and Eq. (31) yields

(32)

where

CY;  - a;
a* =

One recognizes that only in the latter case does the
D-&S method described in the previous section give a
good approximation; in general, no 0 can be defined
in this case. The most important effect, however, is
that the total heat flux 0 depends on the flow
direction of the Freon and is larger for cocurrent  flow
than for counter-current flow. This can be shown by
forming the ratio

e
lim Q

e-+1

(33)

lkhing  Corporation

4
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(1 + Bi)(ln Q/(0 - 1)

= [On We - 01 + Bi KP - Q/(h &I@ NM@ - VI
(33)

(Cont.)

where the Biot number Bi = alla, and p = &Jo:.
Figure 5 shows this ratio as a function of 8 with Bi
and P as parameters. Comparisons with the k
method indicate that errors could be of the order of
k30%.

The U-o method can also be extended to nonlinear
or even arbitrary relationships between (Y and the local
temperature difference. Those relationships appear with
nucleate boiling, condensation, and free convection
heat transfer and have the form

4 = cw?(Tl - T,p (34)

cj = a;(T,,, - T, )“2 (35)

These generalized local flux equations can be trans-
formed and combined with the local energy balance to
give an expression for predicting the total heat flux.
Transformation gives

T1 -T2 = ($)l’nl +(-$1’n2 =ffcjj

and combination yields, for cocurrent flow,

& =* (TV -G,o)-U-1 --Tz)

420 A+

where

(36)

(37)

(38)

with do = U. (T, ,. -T,,,)  and Q = U(T, - T,). In case
the flux equations are linear, that is, nl = n, = 1, then
the function cp becomes

6
Ilrn  6
Q-l

6
6-c
e-1

1.L

1.2

1.0

0.6

0.6

I.1

I.2

IO

0.8

06

p = 0.10 cocurrcnt

I T,‘- T,-= -
0 T:- T,

T,’ - T,
T”-I 1

Figure 5 Effect of co- and counter-current flow in case of linear
variation of one individual heat transfer coefficient with respect
to the temperature difference.

1
(Pn,=l,n,=1  = =ln

TI,O - T2,o

u Tl -i-2 (39)

which means that the total heat flux could also be
predicted by the &3 method.

Summarizing the result of the U-o analyses in this
case indicates that if LY depends on AT,,,, one always
should attempt to combine low local o�s  with large
local AT,,,�s  and vice versa, thus achieving, whenever
possible, a uniform heat flux within the heat ex-
changer. This gives a maximum heat flux or a mini-
mum required surface area. In the example given
above, the heat flux is more uniform in the case of
cocurrent flow, which means that this flow direction
gives higher performance of the heat exchanger. This
result could never have been found with the u-a
method and shows clearly the benefit of the more
sophisticated U-o method.

It may happen, however, that even the local heat
transfer coefficients do not permit correct prediction
of heat exchanger performance, because no local over-
all heat transfer coefficient U can be defined. This is
because any local heat transfer coefficient depends on
the thermal boundary conditions, particularly in
laminar flow. The standard boundary condition for
calculating local heat transfer coefficients is constant
wall temperature. In practice, however, the wall tem-
perature may vary considerably, depending on the heat
conductivity of the wall and on the heat transfer
coefficients crl  and o2 on both sides of the wall.
Therefore medium 1, medium 2, and the wall form a
thermally coupled system, where the local heat flux
must be evaluated pointwise and then integrated. Such
a situation may occur, particularly in laminar flow, as
has been shown by Stein and Shastri [8].

This situation may also arise in two-phase flow
heat transfer. Consider, for example, evaporation in a
horizontal tube. Assume separated flow with 50% of
the perimeter wetted (Fig. 6). The heat transfer coeffi-
cient for the liquid phase is usually much higher than
that for the vapor phase. Consequently, there is a heat

T w.top

Figure 6 Evaporation in a horizontal tube, separated flow.
Effect of heat conduction in the tube wall.
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flux variation around the perimeter of the tube from
top to bottom, if heat is supplied at some rate 4. Of
course, the wall temperature also varies from top to
bottom. There are two limiting cases:

1. The heat flux variation along the tube perime-
ter may be negligible; 4 is uniform all around the tube.

2. The heat flux along the perimeter may become
infinitely large; the wall temperature around the tube
is uniform.

The perimeter-averaged heat transfer coefficient for the
evaporating fluid may be defined as

4
(Y= T - T (@IW,BY

where Tw,av is the average wall temperature:

Tw,av = i(Tw,top  -I- Tw,bottom)

This gives for the uniform heat flux case 1

1

acj = const

(41)

(42)

whereas for constant wall temperature, case 2, the
result is

aTw =const  = i C�lg  + W> (43)

Practical cases fall in between, depending on the
thermal conductivity and the thickness of the tube
wall as well as on the external heat flux distribution or
boundary conditions. Forming the ratio of (YT,,,=~~,J

a,= const gives

&T,,,= const

�4  = const
=.gl+;)(l+z) (4.9

Assume that crp/og  = 10. The ratio according to Eq.
(44) will be about 3, which means that the perimeter-
averaged internal heat transfer coefficient may vary by
a few hundred percent depending on, for example, the
thickness and the thermal conductivity of the tube
wall. The basic information that would be needed for

the prediction of heat exchanger performance data
would be the local heat transfer coefficients CK~ and OIQ
as well as the percentage of the tube perimeter that is
dry as a function of all the external variables.

D. Summary

The if method as well as the D-6 method use average
transfer coefficients both in the flow direction of the
fluids as well as perpendicular to it. These flux equa-
tions are easy to handle, and the mathematical implica-
tions are kept to a minimum. These methods are fully
sufficient to solve many standard heat transfer prob-
lems and are also useful for first estimations in more
complicated cases. They are hand calculation methods.
The U-a method uses local transfer coefficients with
respect to the flow direction (or time). Yet those
coefficients are still averaged along the perimeter per-
pendicular to the flow direction. This method should
be applied if the local transfer coefficients vary
strongly with temperature, temperature difference,
time, and position. It requires a deeper insight into the
mechanism of the transfer process and more experi-
mental information, but in return it provides a wider
range of applicability and scale-up. In most cases the
U-CK  method is to be considered a computer method.
However, the rapid development of desk computers
will create a growing demand for local transfer
coefficients.

The next step toward sophistication may become
necessary if the local transfer coefficients also vary
perpendicular to the flow direction, for example, along
the tube perimeter. In this case local values in two
directions, so-called point coefficients, are needed.
Once more the required experimental information in-
creases and the mathematical treatment becomes more
difficult.

At present the I!?-& and the U-(w  methods are the
most widely used ones. Therefore, the transfer coeffi-
cients presented in this handbook are usually either
average & or local o values.

Nomenclature for Section 2.1.2 appears at the beginning of Part 2. References appear at the end of Section 2.1.7.
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2.1 FUNDAMENTALS OF HEAT AND MASS TRANSFER 2.1.3-1

2.1.3
Presentation of heat and mass

transfer data

E. U. Schliinder

n Heat and mass transfer coefficients are as far as
possible expressed as dimensionless numbers (see Sec.
1.2.3). This not only reduces the number of parame-
ters but also gives guidelines for solving scale-up prob-
lems. In this section the most important dimensionless
numbers in heat and mass transfer will be discussed
and their physical significance explained. In explaining
the physical significance of these numbers it is useful
to use some examples, which are treated in a way that
may be somewhat unfamiliar to many heat transfer
engineers. The first such case is that of the cooling of
a slab of solid material whose thermal conductivity is
A. The slab illustrated in Fig. 1 is assumed to have an
initial temperature T,, at time t = 0, whereas the wall
temperature is reduced to T,,, and maintained at that

T,, ft+

Figure 1 Temperature distribution in a slab kept at constant
wall temperature TW. Initial temperature T,,  . Average tempem-
ture Tavffj.

value. The heat flux 4 is given by the d method as

4 = &(T,, - T,) (1)

where Tav is the average temperature (see Fig. 1).
The energy balance can be written

dTav
tjA = -pcV-$- (2)

where I� is the volume of the slab. Combining Eqs. (1)
and (2) gives the basic equation for predicting the
variation of temperature with time:

W’av  - 7-w) CYA
dt +,v(T,,--T,)=O

Integration of Eq. (3) gives

Tav - Tw
r

In (Tav  - T,,,), = - $’ ++adt

The right-hand side,

A ’

-4PCV
hadt=~

PCV
0

(3)

(4)

(5)

is identical to the number of transfer units:

(6)

The solution is then

Tav - Tw
U’av - Tw)o

= exp (-NTU) (7)
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The NTU may also be interpreted as the product
of two other dimensionless numbers. With

A 2-=-
v s

Eq. (6) may be expanded to

2f==2&Fo
h s2

-
where &S/h  is the average Nusselt number Nu, and
Kt/s2 is the Fourier number Fo. Therefore we have by
definition in this case,

NTU=2%Fo W)

The Fourier number represents the ratio of the cooling
time to the thermal relaxation time S’/K of the slab.
The Nusselt number may be interpreted as the ratio of
the thickness s of the slab to an average effective depth
of heat penetration into the slab, d = X/s,, .

Comparing Eq. (7) with Eq. (3), one recognizes
that the number of parameters has been reduced from
five to one by introducing the dimensionless quantity-
NTU. Moreover, if NTU = 2 Nu Fo is large, say, larger
than 5, the temperature T,, is very nearly equal to the
equilibrium temperature T,, which means that for
large NTUs  the whole system is in equilibrium.

The time-averaged heat transfer coefficient can be
evaluated from a rigorous solution of Fourier�s law in
combination with the energy balance for a volume
element. For practical purposes a semitheoretical cor-
relation can be recommended, which, for a slab, is as
fohows:

-
Nu=

J (11)

(see Sec. 2.4.3).
The same correlation also applies to a moving

solid, for example, a moving plastic belt coming from
an extruder and running through a cold water bath as
shown in Fig. 2. This problem becomes identical with
the problem described in Fig. 1 if heat conduction in
the x direction is negligible and if the cooling time t is
calculated using the residence time:

t=L.
us

(12)

Thus Eq. (11) also applies to the moving belt. For
convenience, however, Eq. (11) may be rewritten in
terms of the Graetz number Gz, by substituting the
residence time in the definition of the Fourier number
according to Eq. (12):

�av,o

--iMe

Iav

-�IF--  us

Figure 2 Heat transfer from a moving plastic belt or wire to a
water bath kept at t, = const.

The Graetz number is the reciprocal of the Fourier
number and obviously has the same physical interpre-
tation; that is, it is the ratio of the thermal relaxation
time S’/K to the cooling time t. Equation (11) can
then be written as

Nu= lr4 4-;i-+-Gz
IT

Now assume that the belt is built up by a number
of thinner belts forming a laminated structure as
shown in Fig. 3 and consider the case in which the
velocity of each layer with thickness As may be
different. As a result, the residence time of the mate-
rial of the whole belt with thickness s will no longer
be uniform. The question arises as to how the tempera-
tures in the individual layers change with position z
and how much heat will be transferred to the sur-
rounding water bath.

Figure 3 shows the whole belt, which is composed
of six layers. Because of symmetry, only three layers
are depicted. The temperature gradient at the center
line is zero, thus the heat flux through the center
plane, do, is also zero. The temperature T3 is identical
to the surface temperature T,.,, of the whole belt.
Applying the energy balance and Fourier�s law of heat
conduction, one obtains the following set of equations:

q3

Figure 3 Heat transfer from a laminated belt to a water bath
with each layer moving at a different velocity ui.
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Go -41 = Aspcu,

Summing the left-hand side of these equations, one
finds that

3

-43=PC
2

aTj
ASui  z

1

S ince

3

c
As=s

1

3

p
c

Asuj = psuav
1

3

PC
2

ASUi  Ti = PCSU,  Tav
1

Equation (16) can also be written as

0 - 43 =
ai-,,

spcu, Y$-

(16)

(17)

(18)

where Tav is the mean calorimetric temperature of the
whole belt at any position z, whereas Q3 = 4, is the
heat flux from the outer surface of the whole belt into
the water bath.

The right-hand side of Eq. (15) can be written as

x
Tj-1 - Ti Ti - Ti+l

As -As (19)

and one obtains the basic differential equation for the
prediction of the temperature distribution with respect
to the coordinates y and z:

which applies as soon as the number of layers is
sufficiently large. The residence time for each layer is
z/u-Q+. The local velocity u(v) = u&y/s j, so Eq.
(20) can be written in dimensionless form as

aT 1 a2T-=-
Gz aw) ffu/s+ a6qg2

where

(21)

o 1983 Hemisphere I

Equation (21) indicates that the temperature distribu-
tion and the heat flux into the water bath for a
laminated belt with different velocities for the indi-
vidual layers depend on the Graetz number only, This
is the same result as that obtained previously for the
nonlarninated belt. Obviously the form of the velocity
distribution function ufv j does not influence the fact
that the Graetz number is the only parameter.

Assume as a next step that the laminated belt is
replaced by a stationary duct through which air is
entering with an inlet temperature T,,,, and an outlet
temperature Tav. The problem is exactly the same as
described in Fig. 3 for the laminated belt as long as
the airflow is laminar and fully developed, that is, that
the air velocity is a function of the coordinate y only.
Near the entrance of the duct, however, the flow is
not developed and the air velocity is a function of
both coordinates y and z. In this region the fluid
viscosity v becomes an additional variable. This is
taken into account by the ratio U/K,  which is called the
Prandtl number Pr. The Prandtl number is a ratio of
molecular momentum transport to molecular energy
transport. For the developing laminar-flow region in
ducts, the Nusselt number is a function of the Graetz
number and the Prandtl number.

With higher air velocities the flow in the duct
becomes turbulent. In this case the heat transfer
coefficient depends not only on the residence time t,
that is, the Graetz number, but also on the absolute
flow velocity U, that is, on. the Reynolds number
Re = US/V. The physical meaning of the Reynolds
number can be interpreted on both a macroscopic and
a microscopic level. The first requires that we express
the Reynolds number in the following way:

PU2 PRe=-.--Z--
7764s)  7

(23)

This equation indicates that the Reynolds number can
be interpreted as the ratio of momentum p associated
with the flow to the shear stress r that the flow exerts
onto the wall of the confining duct.

On the microscopic level we refer to the collision
theory, which gives the following expression for the
viscosity [compare Eqs. 2.1.1(3) and (6)],  where w, is
the average velocity of the microscopic particles and u
is the mean free path between two collisions of the
particles. The Reynolds number may be rewritten as

Re = 3

where trad = S/W,,, is the traveling time of the particle
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from wall to wall in the radial direction, whereas
t = u/u is the traveling time of the particle in the
azal direction along the net path u. Assume s to be of
the order of 0.10 m. For gases the particles are mole-
cules having an average velocity of 500 m/s and a
mean free path at normal pressure and temperature of
u = 0.1 I.tm. Usual gas velocities in heat exchangers are
about 10 m/s. This gives rrad = 2 X 10d4 s and t, =
10-s s, which yields a Reynolds number of 60 000.
For liquids the particles are phonons having an average
velocity of about 5 000 m/s (velocity of sound) and a
mean free path of the order of lo-�  m (close to the
crystal lattice of a solid). Usual liquid velocities in heat
exchangers are 1 m/s. This gives tr,d = 2 X IO-�  s and
t = lo-�  s, which again yields a Reynolds number of
6�o�OOO.  These numbers show that in practice the order of
magnitude of the Reynolds number is around 104-10�.

Summarizing the various modes of heat transfer
from the fluid to the walls of a plane duct gives the
following relationships:

Plug flow and fully developed laminar flow:
-
Nu = f,fGz $

Developing laminar flow:
-
Nu = fi+Gz, Pr j

(25)

(26)

Turbulent flow :
-
Nu =f,+Gz, Pr, Re j (27)

A general correlation for the Nusselt number must
contain three independent variables, as Eq. (27) shows.
However, it is a matter of convenience as to which
variables are eventually chosen. The set Gz, Pr, Re is
very unusual, since the mean fluid velocity appears in
both Gz and Re. Combining Gz, Re, and Pr gives a
new dimensionless variable,

Gz s-=-
Re Pr L (28)

which is merely a geometric relationship. The expres-
sion for turbulent flow is thus

(29)

For numerical calculations the set Re, Pr, s/L is most
widely used. In U.S. literature one often finds a
modified Nusselt number, the Colbourn j factor,

Nuj=-----
Re Pr�j

(30)

which is expressed as a function of the variables Re,
Pr, and s/L. If the plane duct is replaced by a circular
tube, s/L is replaced by d/L. Remember that  in-
turbulent flow Nu is proportional to Re�.�,  Eq.

1.2.3(21),  so that the j factor is proportional to
Re-0.20. This reveals an analogy to the friction factor,
which for turbulent flow in smooth tubes is also
proportional to Re -�.20  Eq. 1.2.3(12).  Since the pres-,
sure drop is as important in heat exchanger design as
heat transfer, the use of the j factor alleviates the
simultaneous consideration of both phenomena.

The Prandtl number is characteristically about 0.7
for gases, about 7 for liquids such as water, and up to
1 000 for very viscous liquids. For a quick orienta-
tion, four graphic representations of Nu = fi+Gz,

d/&h= const or Nu = NufRe, dL jPrZconst might be
quite useful. The four graphs in Fig. 4 show the
Nusselt number as a function of the Graetz number
according to the equations given above. This represen-
tation takes advantage of the fact that the number of
transfer units NTU is connected with Nu and Gz by
definition. For tube flow one obtains

Nu=EGZ
4 (31)

Consequently, Fig. 4 also shows lines of constant NTU,
which is useful information, indicating how close the
heat transfer process has come to an equilibrium.

The Nusselt number is a measure of the intensive-
ness of the heat transfer process. The number of
transfer units is a measure of the effectiveness of the
heat transfer process. In laminar flow a high effective-
ness is paid for by a low intensiveness, whereas a high
intensiveness is always accompanied by a low effective-
ness of the heat transfer process. It is only in turbulent
flow that both high effectiveness and high intensiveness
may be achieved simultaneously.

Some interpretation of the graphs in Fig. 4 might
be useful:

1. In the transition regime between laminar and
fully developed turbulent flow, the Nu number varies
almost linearly with the Graetz number. Since the
Graetz number is directly proportional to the volume
flow rate P in the tube (Gz = Ud2/KL = 4f’/‘ln~L),  this
has the consequence that a variation of the volume
flow rate v does not effect the outlet temperature of
the fluid (NTU = const).

2. Within this regime one may also change the
tube length, say, by a factor of lO,+hout experienc-
ing a significant change in the NTU. Keeping d / L
constant means that when L is changed by a factor of
10, d is also changed by a factor of 10. Thus the
surface area A is changed by a factor of 100 without
any significant change in NTU and the outlet tempera-
ture of the fluid. Of course, keeping the flow rate
constant under these conditions means that the pres-
sure drop will be changed by a factor of 104.  This
example shows that the rating and design of heat
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turbulent

(d)

Figure 4 Heat transfer in laminar and turbulent tube flow in the
form Nu = Nu(Gz,  PI, d/L j for constant wall temperature.

exchanger may be not a heat transfer but a hydraulic
problem.

3. The NTU has a twofold meaning, which can be
demonstrated by writing the equation

Tin - Tout

AT,,

=m=M
PCV

(32)

The left-hand side is the ratio of temperature change
to temperature difference. This ratio represents the
thermal requirements that are to be matched by the
heat exchanger. The right-hand side is the ratio of heat
transfer capacity to heat storage capacity and repre-
sents a combined property of the heat exchanger that
is to match the thermal requirements.

Assume that the left-hand side is given. A counter-
current heat exchanger in an air liquifier has to cool
the incoming air down to -180°C and simultaneously
to warm up the exhaust air from -178°C to +2O�C.
With a temperature difference of, say, 2°C  the NTU is
100.

One can see immediately from Fig. 4a (Pr = 0.7)
that the heat exchanger must be built up with a
number of very thin and long tubes (L > 1 OOOd).  This
is actually true; such heat exchangers have tubes of
about 6-10 mm diameter and up to 100 m length
(I, - 104d).

4. For any given NTU there is always a Graetz- -
number at which this NTU can be realized in laminar
flow. For any given total flow rate P and any simul-
taneously given flow velocity u, one is free to choose a
small number of parallel tubes of large diameter or a
large number of tubes of small diameter in order to
build a heat exchanger that can match the given NTU.
It may be asked if there is an optimum number of
parallel tubes. The answer can be obtained as follows:

Let n be the arbitrary number of parallel tubes.
The Graetz number is

GZ = s --$
2 -

$ = f(NTU  j = const (33)

This means that

nL = const

On the other hand, the pressure drop in laminar
flow is given by the Hagen-Poiseuille  law,

Assume as a second requirement that AP is to be kept
at a given finite value. Then one obtains a second
condition:

nd2 = const
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Combining the two conditions yields d2/L  = const.
As long as this resulting condition is fulfilled, one may
choose any number n of parallel tubes; NTU, as well as
aP, will remain unaffected. In the limit n may go to
infinity while I; and d go to zero. This means that a
finite amount of heat can be transferred with a finite
pressure drop in a heat exchanger of finite cross-
sectional area, but with zero length and therefore with
zero surface area. The problem, however, is how to
distribute the second medium within the heat ex-
changer having a large number of very small and very
short tubes. One realizes that in this case the problem
is to design appropriate headers and turnarounds.

IO3

iG

102

IO'

IO0
IO' 102 IO3 IOL IO5 I06

(a)

Re

I
103 IOL I05 I06

Re

(b)

Figure 5 shows an alternative presentation of the
1 same correlations as given in Sec. 2.5.1, but in the
f o r m

Nu= Nu-(Re,Pr,$)

The same interrelationships can also be given in the
form of the j factor in Fig. 6. All these three-
parameter presentations, Nu-(Gz, Pr, d/L j, NutRe, Pr,
d/L-), and j+Re,  Pr, d/L j, are equivalent.

IOL
///I

turbulent I I

I
I

I03 IOL I05 I06
Re

(d)

Figure  5 Heat transfer in laminar and turbulent tube flow in the form Nu = s fRe, Pr, d/L)  for constant wall
temperature.
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Figure 6 Heat transfer in laminar and turbulent tube flow in the form j = jfRe,  Pr, d/L j for constant wall temperature.

Nomenclature for Section 2.1.3 appears at the beginning of Part 2.
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2.1.4
Heat and mass transfer in uniform

and nonuniform systems

E. U. Schliinder

n Standard formulas for average as well as for local
heat transfer coefficients are calculated not only for
standard boundary conditions, such as constant wall
temperature, but also for standard geometric configura-
tions. The prototype for heat transfer in channel flow
is the circular tube, whereas the prototypes for ex-
ternal flow are the flat plate, the cylinder, and the
sphere. In general, all types of heat exchangers and
equivalent equipment (tubular reactors, dryers, etc.)
are more or less regular assemblies of standard ele-
ments such as tube bundles, tube banks, double pipes,
packed beds, and so on.

As long as such assemblies are uniformly arranged,
one may expect the heat and mass transfer to each
element within the assembly to be the same or at least
proportional to the heat and mass tran�sfer  to a single
element. This can be demonstrated by the following
example. Consider a shell-and-tube heat exchanger with
the shell side held at constant temperature by some
evaporating liquid (Fig. 1). If the tube-side heat trans-
fer coefficient is the rate-controlling one, the (I-a
method applies. The heat transfer coefficient for flow
in a single tube, laminar �or  turbulent flow, can be
predicted for a given fluid velocity. If all tubes are of
the same size and if the flow resistance in the tubes
controls the fluid velocity, the heat transfer coeff-
cients til are the same for each tube. The fluid
temperature will change from Tl,o at the inlet to T,
at the outlet according to

,�,-�  =exp (-3)
T, -T,

which follows immediately by combining the ffux

0 1983 Hemisphere I blishing  Corporation

equation 4 = fi, (T, - T2 ) and the energy balance
@cfii, dT1  = -4  dA for a single tube. The group

hlA __
7 = NTU,
@CO

(2)

is the number of transfer units for a single tube, which
is identical to that for the whole bundle. T1 ap
proaches the wall temperature T2 as NTUl  increases,
which indicates that either &,A is large or that (pcql
is small. This is the typical behavior of a uniform tube
system.

Now we shall consider a tube bundle with n
smaller tubes all having diameter d, and one larger
tube having diameter dQ, thus forming a prototype of a
nonuniform system. Since the pressure drop of the
fluid is the same in each tube, the volume flow rate in
the larger tube will be larger. The respective flow rates
are related as

VQ dQ

0

??I
-= -
ir, ds

(3)

where m is equal to 4 in laminar flow and 2.5 in

Figure 1 Shell-and-tube heat exchanger with shell-side evapora-
tion cooling as an example for a uniform system (all tubes having
the same diameter) and a nonuniform system (one tube may
have a larger diameter than all the others).
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turbulent flow. Consequently, according to Eq. (2), the- -
NTU of the large tube is smaller than that of the small
ones. The change in the fluid temperature T1 is smaller
in the large tube, since

whereas for the small tubes

(4)

(5)

applies. The average fluid outlet temperature is the
mixing cup temperature of the two different outlet
temperatures as given above:

Tl,Ci” - i-2

TI ,o -T2 =

(6)

The average number of transfer units of the nonuni-
form system correlates to the average outlet tempera-
ture:

TNTU,  = --In FI*
190 2

Combining Eq. (7) with Eqs. (6), (5), and (4) yields

NTU, = -In
VQ

[ .ti�rr  + n&
exp (-NTU)p

+ as
ri, + n& exp (-NTU),-1

(7)

(8)

Defining an average Graetz number Gz, by, for ex-
ample, introducing an average hydraulic diameterdone
obtains by definition an average Nusselt number Nu,:

Nu, = NT&vi  Gz,, (9)

The same definition applies to

Gc = NT&a  Gz

and

(10)

%, = NT&f Gz, (11)

Thus, combining Eq. (8) and Eqs. (9)-(11) with the
general correlations NufGr,  Pr, d/L j, given in Sec.
2.5.1 for single tubes, allows prediction of the average
quantities NTU,, and %& from the individual quanti--
ties NTUc,,  and NW,.

A discussion of Eq. (8) in more detail leads to the
following conclusions:

1. If both individual NTUs are low, that is, the

whole system is far from equilibrium, Taylor series
expansion of Eq. (8) gives

NT&,  =
VP -

WUQ +
nPs -

V’Q+TlI$ v, + nI$
mu, (12)

and

-
Nu,, = (13)

This means that the average number of transfer units is
the flow rate-weighted arithmetic mean of the indi-
vidual NTUs,  whereas the average Nusselt number is
the surface area-weighted arithmetic mean of the indi--
vidual Nu�s.

Transfer processes in this regime, where the indi-
vidual NTUs  are low. are called kinetically controlled
processes.

2. If both individual NTUs  are high, that is, the
whole system is very close to equilibrium, Eq. (8)
yields

-
Nu

NTU,, = K --E-
f Gzav

(14)

and
-
Nu,, = K %, (15)

with K = [l + n(d,/d~)~]/(l  + n) and a, = 3.65 for-
laminar flow. Nu, is the terminal value of the Nusselt
number for a single tube.

The average Nusselt number could fall far below
this terminal value, since depending on n and d,/dv the
number K could be less than 1 by orders of magni-
tude. Transfer processes in this regime, where all the
individual NTUs  are high, are called equilibrium-
controlled processes.

3. If NTUy  is low, however, and NTU, is high,
Eq. (8) yields

and

(17)

This means that the average number of transfer units
NTU,, does not depend on the heat transfer coeffi-
cient &, the surface area A, the throughput k, or the
thermal properties of the fluid, but only on the
throughput ratio Pv/(k�p  + rips).. This throughput ratio
depends on the diameter ratio de/d, and the friction
factors fv and f,. Since these are purely hydraulic
properties, the average number of transfer units,-
NT&,,, , as well as the average Nusselt number Nu,,
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are purely hydraulic properties of the nonuniform
system.

Transfer processes in this regime, where one indi-
vidual NTU is high while the other is low, ae called
hydraulically controlled processes.

What happens physically in this regime is that the
small tubes perform an almost perfect equilibrium,
while the fluid temperature in the large tube remains
practically unchanged. So, one might say, if the diame-
ter distribution in a nonuniform system is wide
enough, this system produces nothing but a mixture of
perfect equilibria and perfect nonequilibria. This makes
it comprehensible that the average NTU of the non-
uniform system does not depend on the transport
properties of the fluid, the surface area, and so on. For
a more detailed analysis, see [9, lo].

Figures 2 and 3 show an evaluation of Eq. (8) for
various parameters n and dp/d,.  One recognizes the
hydraulically controlled regime, where NTU, is almost
constant. One even recognizes that to some extent
NTU, decreases with decreasing Gz, that is, with
decreasing throughput, which is quite the opposite
behavior to that expected for a uniform system. The
reason for this is again a purely hydraulic effect. Since
the friction factor for the small tubes increases more
than that for the large tube as the throughput (and
thus the Reynolds number or the Graetz number)
decreases, the flow rate ratio PQ/(~Q  + npS)  will in-
crease, thus giving a lower effectiveness for the whole
system. This is also the reason that in the hydraulically-
controlled regime, Nu, - Gz(�~)  with x up to 0.5, as
can be seen from Figs. 2 and 3.

The most important statement, however, is that
the average Nusselt number a,, in the hydraulically

0 001
/ >

M3 , / I

IO2 lo-’ IO0 IO’ IO’

GZ.2"

Figure 2 Heat transfer in nonuniform systems represented by a
tube bundle having n smaller tubes of diameter d, and one larger
tube of diameter dp. Fifty percent of the total throughput is
passing through the one larger tube as the total throughput goes
to zero.
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Figure 3 As Fig. 2, except that 91% of the total throughput is
passing through the one larger tube as the total throughput goes
to zero.

controlled regime no longer has the physical meaning
of a heat transfer coefficient. It would be completely
wrong to compare such an average �transfer coeffi-
cient,� with, for example, the rate constant of a
chemical reaction in order to decide whether the
reaction is transfer- or reaction-controlled. In such
cases one has to evaluate the individual process in each
channel separately.

Most industrial equipment such as heat exchangers,
dryers, tubular reactors, packed towers, fluidized beds,
and spray and bubble columns are more or less non-
uniform systems. For a tubular reactor, for example, it
is well known that the void fraction near the tube wall
is larger than in the middle of the tube. If this is
modeled according to Fig. 4 and assuming that the
void fraction near the wall is 0.5 while in the bulk it is
0.4 for a randomly packed bed of spherical particles,
the model predicts a very drastic drop in the average
Nusselt number for the low Reynolds number region
(see Fig. 5). This is in quite good agreement with
many experimental results (see [l 11 and Sec. 2.5.4).

I

v
TI ”

Figure 4 Modeling of a packed bed as a nonuniform system.



2.1.4-4 2.1 FUNDAMENTALS OF HEAT AND MASS TRANSFER / 2.1.4  Uniform and Nonuniform  Systems

r

IO’ IO2 IO3

Peav

Figure 5 Heat transfer in a packed bed of spheres confined by
rigid walls, e.g., as in a tubular reactor. L = height of the packed
bed and d = particle diameter.

This result is remarkable since only a slight non-
uniformity of the void fraction, that is, 6% of the total
cross-sectional area, has a 25% larger void fraction and
may cause the packed beds to operate in the hy-
draulically controlled region, where the average Nusselt
number can no longer be interpreted as a heat transfer
coefficient. Similar results have also been obtained for
fluidized beds (see Sec. 2.5.5). Heat transfer in tube
banks as well as in shell-and-tube heat exchangers may
be seriously affected through nonuniform flow rate
distributions.

The nonuniform system may show, not only
quantitatively but also physically, completely different
heat and mass transfer characteristics from the uniform
system. It may be completely misleading to treat a
nonuniform system as a quasiuniform one by introduc-
ing average quantities, such as average hydraulic diame-
ters, average fluid velocities, or average heat transfer
coefficients. In such cases only a so-called microflow
analysis will lead to physically reasonable results,
which may be used for more reliable scale-up
predictions.

Nomenclature for Section 2.1.4 appears at the beginning of Part 2. References appear at the end of Section 2.1.7.
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2.4.5
Analogy between heat and mass

transfer and its limitations

E. U. Schliinder

H In Sets. 2.1 .l-2.1.4, single-phase heat transfer
without phase change has been considered. In many
practical cases, such as in condensation, evaporation,
drying, and chemical reactions, phase changes occur. In
all these cases, in particular if mixtures are involved,
the heat transfer process is accompanied, and also
affected by, the mass transfer processes. Therefore it
seems appropriate to make a few remarks on the
fundamentals of mass transfer and also on combined
heat and mass transfer, which may be helpful to a
better understanding of a number of technical transfer
processes involving mass transfer.

The basic law controlling all types of contact heat
transfer is Fourier�s law of heat conduction [see Eq.
2.1.1(4)]  . The basic law for mass transfer is Fick�s law
of diffusion as given by Eq. 2.1.1(5). However, Eq.
2.1.1(5) represents only a special case, in which the
diffusivities of all species are equal, and the net flux

?i = CFij (1)

vanishes. In general, the situation is not always that
simple. If fi f 0 and the binary diffusivities 6ji  are
different, one should start with the Stefan-Maxwell
equations, which have been derived for dilute
gases [12]  :

ai?j
AZ=

c
+ (i?ji+i - 2&j)

i=, PGji
(2)

where A = surface area perpendicular to the fluxes hi
ni = molar flux
p�  = molar density
x�  = mole fraction

z = direction of the flux
&ii = binary diffusivities

If all binary diffusivities are equal, that is, 6ji = 6, Eq.
(3) can be rewritten explicitly with respect to the flux:

where N is the net flux according to Eq. (1).
Alternatively, defining a quasibinary multicom-

ponent diffusivity 6j, by the equation

one finds by comparison with Eq. (2) that

G= IQj - Fjti
(5)

Equation (5) is particularly convenient if, say, com-
ponent 1 is in large excess. Then

6jm = 6ji (6)

In binary mixtures &ii always equals &ii  by definition.
The basic equations (2) and (4) have been written in
molar quantities, which is convenient in many cases
and always applies as long as momentum transfer by
diffusional processes is negligible. If, however, momen-
tum transfer is to be taken into account, as for
example in boundary-layer phenomena, the basic equa-
tions (2) and (4) must be written in mass quantities. It
may happen that, although the net flux in the molar
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system is zero, the net flux in the mass system does
not vanish, due to different molar masses of the
various species.

The analogy between heat and mass transfer is
perfect as long as the net mass flux is zero and all
binary diffusivities are equal. Furthermore, the
boundary conditions for each component j must be the
same as for the analogous heat transfer problem. If one
of these conditions is not fulfilled, the analogy be-
tween heat and mass transfer is more or less imperfect.
As long as the analogy is perfect, the same correlations
as given for an equivalent heat transfer problem will
hold.

Consider a leaching process for a slab as described
in Fig. 1. The initial mole fraction of component 1
may be x�,  ,e, the mole fraction of the surface of the
slab is kept at xl,,,; for example by continuous
rinsing. Component 1 diffuses toward the wall, while
component 2 (water) diffuses toward the center of the
slab with the same flux, that is, rir =-AZ,  so that the
molar net flux is zero. Defining a (time-dependent)
mass transfer coefficient 0 by the flux equations

makes this mass transfer problem physically and for-
mally analogous to the respective heat transfer problem
as described by Fig. 2.1.3(l),  the cooling of a slab.
Therefore, the same correlations that have been given
for the heat transfer coefficient & [see Fig. 2.1.3(h)] ,
apply also to the prediction of the required leaching
time, if the thermal properties in these correlations are
replaced by the respective diffusional properties. Thus
we �obtain the following set of equivalent dimensionless
numbers for heat and mass transfer:

Heat transfer

Nu = y, Nusselt

Pr = f, Prandtl

Mass transfer

Sh = p�  Sherwood
6�

SC = f, Schmidt

Fo=lil
s2 �

Fourier F. = E
SZ

Pe = :, P&let Pe =y

Gz = $, Graetz Gz=$

Equation 2.1.3(4) can be rewritten for the solution of
the equivalent mass transfer problem:
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Figure 1 Concentration profiles when leaching a slab-analogy
to the temperature profiles when cooling a slab as shown in Fig.
2.1.3(l).

Sh =

The situation is different if the net flux vi is not
negligible. This is the case in many technical processes
such as drying, catalysis, absorption, and combustion.
For a binary mixture, such as vapor and air in a drying
process, Eq. (3) applies, since 6 i2 = 6,, = 6. With
CH4 + 2H2 + C at a carbon interface, a binary mixture
is formed to which Eq. (3) applies. (See Figs. 2 and 3.)

Integration of this equation for steady-state diffu-
sion through a stagnant fluid film yields for the
diffusional flux of species j:

where

lij
*i = K

D r y i n g

(11)

ti2=  0

h q Ii,*0

+1 = +1

(I= 0

Figure  2 Vapor concentration profile Y, fs+ in a viscous
sublayer of air flowing over a wet solid.
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C r a c k i n g

1

hl

h2

6 I ii,+ h2=  -6,
c, = - 1

sr2=+2

Figure 3 Concentration profiles of methane and hydrogen in a
viscous sublayer of the reaction gas flowing over a catalytic solid
surface.

are the stoichiometric factors. ?j,e is the mole fraction
at the solid interface, and Zj is the bulk concentration.

The unsteady-state solution of Eq. (3) gives an
approximate equation for the time-averaged flux of

(12)

assuming a constant mole fraction at the interface xi, a.
Introducing a mass transfer coefficient for the

steady state,

p =4 (13)
t-m

and for the transient state,

(14)

we could again apply the @ concept and obtain as a
basic flux equation

. -
vj - xj,  0

The value of B can be obtained from Eq. (9), and the
flux equation predicts the flux of each species in a
binary mixture in a manner perfectly analogous to that
used in prediction of a heat flux. The only difference
is that the driving potential has a logarithmic form
instead of a linear one as in Eqs. (7) and (8). However,
if the mole fractions ?j are low compared to the
stoichiometric factors tij, Eq. (15) may be expanded to
give

o 1983 Hemisphere I blishing  Corporation

lim hj = ~fl(.?j,o -;ri)
.Tj/Cj+O

which is again the simpler linear relationship.

(16)

In the literature one finds the ratio

iij tij ltl (tij - x�i,  O)/(fij - Tj)= ~

lim Mj= .Fj,O-.?j
(17)

Fj/ij + 0

called an enhancement factor. It may also be referred
to as the Ackermann correction factor or the Stefan
flow correction factor. This factor @ is applied to the
basic flux equation in the following fashion:

iij = ~~"(%j,O -.?j) (18)

where (see [12])

p = p#) (19)

The analogy between heat and mass transfer also
applies as a first approximation to binary mass transfer
problems with a nonvanishing net flux.

The situation becomes more difficult in the case
of multicomponent mass transfer. However, the anal-
ogy still holds if one component is in large excess.
Equations (4) and (5) apply and we obtain k flux
equations of the type (k = number of components)

. -
vj - xj,  0

iij = cpitij  In ~
tij -.?j

which can usually be reduced to the linear equation
(16),  since all xi�s  are smaller than the ti; except for
those of the excess component.

Another special case of multicomponent mass
transfer is obtained when all binary diffusivities are
equal. Equation (4) and the analogy also applies.
However, one must notice that a component might be
transferred with a negative linear concentration differ-
ence, which means that the logarithmic driving poten-
tial is always applied in order to obtain correct results.

A special case of multicomponent mass transfer
also appears if one component diffuses much faster
than all the others. This is particularly true if hydrogen
is a constituent of the mixture, because hydrogen
diffuses about 10 times faster than, say, benzene. In
such cases the concentration of the very-fast-diffusing
component is practically constant in the boundary
layer and equal to the bulk concentration, so that the
whole set of equations for the diffusional flux can be
greatly simplified. As an example the catalytic hy-
drogenation of benzene may be considered (see Fig. 4).
Although the bulk concentrations ?ir2 and XCoH, are
stoichiometric, the hydrogen concentration at the
interface is practically the same as in the bulk. If the
diffusivity of hydrogen had been the same as those of
the other components, the hydrogen concentration
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C6Hg + 3H2
CzC6H,Z

Figure 4 Concentration profiles of hydrogen, benzene, and
cyclohexane  in a viscous sublayer of the reacting gas flowing
over a catalytic solid surface.

would have been zero. Consequently, the ternary mix-
ture Hz, C6H6,  &HI2 might be treated as a binary
one with hydrogen as an inert buffer gas.

Summarizing, one may say that in most practical
cases the analogy between heat and mass transfer
applies, provided that the correct driving potential in
the flux equation is used. This is, in general, of the
logarithmic form as given in Eqs. (15) and (20), which
although not rigorously developed can usually be intro-
duced without introducing appreciable errors. The anal-
ogy breaks down in the most general case, when all
binary diffusivities are different, but not too different,
and all mole fractions are of the same order of
magnitude.

The basic flux equations for multicomponent dif-
fusion Eqs. (2) and (4) have been derived for dilute
gases. They might also be applied to multicomponent
liquid diffusion, as long as all binary diffusivities are
equal. If not, the basic diffusional flux equations must
also take into account higher-order effects, which
cannot be represented by the analogy.

Nomenclature for Section 2.1.5 appears at the beginning of Part 2. References appear at the end of Section 2.1.7.
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1 vaDor

Figure 6 Pool boiling.

temperature difference AT,,, where the natural convec-
tion regime ends one may use those quantities as
parameters to correlate the heat transfer coefficients in
the nucleate boiling regime where AT> AT,, and
(Y > CY,,. A widely used correlation has the form

(24)

where the exponent m may vary from, say, 1 to 4
depending on the pressure, the physical properties of
the liquid, and the surface. On the average, m = 2.5
may be a fairly good estimate. Also, the critical
temperature difference AT,, depends on the same
variables as m, and in general these two parameters
must be found by experiment.

As the temperature difference AT is further in-
creased, a second critical value, the so-called burnout
point, is reached. At this temperature difference AT,,
the bubbles coalesce, forming a vapor film between the
surface and the liquid. Consequently, the heat transfer
coefficient goes down by orders of magnitude. Figure
7 shows the heat transfer coefficient cy depending on
the temperature difference AT for water at 1 bar
pressure in a pool boiling experiment for the three
regimes described above. A fourth regime appears if

-8

100 2 5 IO� * 5 102 * 5

- AT [Kl

Figure 7 Pool boiling heat transfer coefficient: distinction of
various boiling regimes.
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by, for example, a stirrer, forced convection is super-
imposed to the liquid. In this regime no bubble
formation occurs and the heat transfer coefficient
depends mainly on the fluid velocity but not at all on
the temperature difference. Also, in the nucleate boil-
ing regime forced convection enhances the heat trans-
fer up to about 100%. The regimes IV and II normally
occur when the liquid evaporates inside horizontal or
vertical tubes. As long as the vapor flow quality 6 is
low, regime II prevails, whereas as P becomes larger,
regime lV becomes predominant, since the vapor
velocity increases considerably with increasing 6. The
heat transfer coefficient in regime IV inside tubes,
(YZPh,  can be predicted by empirical correlations based
on the two-phase flow frictional pressure drop in
tubes:

(25)

The subscript lPh$ in Eq. (25) means single-phase
liquid flow. The exponent II is of the order of 0.4-0.5,
whereas the coefficient C depends on the Prandtl
number for the liquid. The pressure drop APT,+  can be
predicted by the empirical correlations as given in
Sec. 2.3.2.

One should bear in mind, however, that both
experimental data as well as the correlations for two-
phase flow pressure drop and the respective heat
transfer coefficients show a fairly large scatter (*100�S
and sometimes even more). This is due to the fact that
two-phase flow is much less stable than single-phase
flow. Even with single-phase flow we have deviations
of as much as 100% and more, especially in the
transition regime between laminar and turbulent flow.
Although we have only one limited transition regime in
single-phase flow, we might have many transition
regimes in two-phase flow because of the great number
of different flow patterns.

The burnout point or second critical temperature
difference is of great practical interest when the heat
flux 4 = cy AT is a prescribed quantity. If the heat flux
exceeds the second critical value, the temperature
difference will increase by many hundred degrees and,
consequently, the heating surface may be destroyed.
The prediction of the critical heat flux in the case of
pool boiling is based on empirical correlations, which
contain basic physical properties. In horizontal tubes
the critical heat flux may be decreased up to a factor
of 10 by the incomplete wetting of the inner tube
surface. In vertical tubes the critical heat flux comes
much closer to the pool boiling data.

Evaporation of liquid mixtures involves the same
problem as condensing of vapor mixtures, which is the
prediction of the liquid temperature. Again one may
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distinguish various special cases that correspond to
certain limiting values of the dimensionless groups
$s = i2/F& = --In (fir - y�$(3,  - jr) a n d  tip =
ti/p�p@p  = -1n (fir -?r)/(d,  -2:).  I n  t h e  c a s e  o f
$s > 5 and $Q < 0.1, one will achieve the largest
separation effect in the case of particle evaporation.
Usually these conditions are realized in autoclaves as
shown in Fig. 6, since in both regimes-natural convec-
tion and nucleate boiling-the phase change occurs at
the gas-liquid interface. Then 4s may be estimated as
follows*

The evaporation flux at the liquid level is given by

fi� &boiling AT Acoil

4TQ Aliquid interface
(26)

With &boiling = 5 000 W/m*  K, AT = 10 K, Ahsp =
2 260 kJ/kg,  and A,,ir/Ariquid revel  z 10, one calcu-
lates h =�  0.22 kg/m* s. The vapor-side mass transfer
coefficient pg&  may be estimated from the Lewis law

PgPg = @gfCp* = 5 X 10T3  kg/m* s, with cx* = 10
W/m*  K and cPg = 2 kJ/kg K. This gives 4s = 44 > 5.
One may also estimate I&, Boiling water at 1 bar has a
temperature at the interface of lOO�C,  whereas the
bulk is slightly superheated and has a temperature of
100.4�C  at the most. From these data we estimate a
liquid-phase heat transfer coefficient at the liquid

interface  of ainterface = (Yboiling(Acoil/Ainterface)(AT/
ATinterface),  w h i c h  g i v e s  %terface  = 1 . 2 5  X  lo6
W/m*  K. The Lewis number of the liquid (water) is
Lea = KQ/~Q,  which gives LeQ = 140 with K Q = 1.4 X
10m3  cm*/s and 6Q = lo-�  cm2/s. Applying the Lewis
law gives p~fiQ  = Le-0�6 (Yinterrace/Cpg  = 15 kg/m*  S. This
gives q3p = 0.22115  = 0.015 <O.l.

These numbers mean that in the liquid the com-

position at the interface x�y  is equal to the bulk
composition x�,  , whereas the instantaneous vapor flux
v1 is always in equilibrium with the liquid; that is,
i), =y:f?r j. This kind of evaporation is also called
an open distillation process. The corresponding con-
densation process is case I as described in connection
with Fig. 5.

The situation is somewhat different in a falling
film evaporator as shown in Fig. 8. The evaporation
flux ri is of the order of ri = afirm AT/&Q  = 0.008 8
kg/m2  S, w h e r e  arirm = 2 000 W/m*  K, AT = 10 K,
and ahQg  = 2 260 kJ/kg. Assuming that pQ& = 15
kg/m* s gives @Q = 5.8 X 1 Oe4 < 0.1 as in pool boiling.
However, in the vapor phase one may estimate p& =
5 X 10m2  kg/m* s, again from the Lewis law, with
c~s = 100 W/m2 K and cPg = 2 kJ/kg K. This gives
@s = 0.17, which is fairly low. These numbers mean
that in both phases bulk and interface compositions
are equal and in equilibrium; that is, y�,  =?I, fx r j and
Xl =X:&v,  j. This process is also called closed distilla-
tion process and corresponds to case II in conden-
sation. The separation effect in a falling film evapo-
rator is less than in an autoclave because of the higher
vapor-phase mass transfer.

Figure 8 Falling film evaporator.

Nomenclature for Section 2.1.7  appears at the beginning of Part 2.
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2.2 SINGLE-PHASE FLUID FLOW 2.2.1-1

2.2.1
Introduction and fundamentals

K. Gersten

A. Equations governing the motion of a fluid

(a) Basic concepts and definitions

A fluid is considered a continuous isotropic substance,
the individual elements of which continue to deform as
the result of applied tangential surface stresses. Fluids
comprise both liquids and gases.

Although fluid matter, whether liquid or gaseous, is
discrete on a microscopic-i.e., molecular-scale, it is
convenient-and will be done in the following-to
consider small fluid elements to contain many mole-
cules, and to work with the average statistical properties
of such large numbers of molecules; that is, the detailed
molecular structure is not taken into account but is
replaced by a continuous model of the fluid, assuming
that the smallest relevant length scale considered is still
very large compared with the average intermolecular
distance (continuum model of fluids).t

The physical behavior of a fluid can be described by
its thermodynamic and transport properties. The density
p is such a continuum property of the fluid, defmed by
the following limiting process, which is typical in
continuum mechanics:

p= lh aM
AV-0  AV

According to this definition, the density is the ratio of

+The continuum model is valid for gases as long as the
Knudsen number is small, i.e., Kn = I,/1 < 0.1, where I, is the
mean free path for the molecules, and I is the characteristic
length of the flow field; see (6, 71.

mass to volume for the case in which the volume tends
to an extremely small value but remains large enough to
contain a large number of molecules.

The continuum local properties describing the be-
havior of the fluid that may depend on the temperature
T and on the pressure p are as follows:

Thermodynamic properties:
Density: p
Speed of sound: u,,,d = dm
Heat capacities: cp = (?h/aT),, c, = @u/32),
Coefficient of expansion: p = -(ap/aT),/p

Transport properties:
Dynamic viscosity: TJ
Kinematic viscosity: v = q/p
Thermal conductivity: h
Prandtl number: Pr = ncp/X

In addition, a thermal equation of state,

P=P+P, T+

or a caloric equation of state,

(2)

h = W, Tj (3)

have to be known. The fluid is assumed to be locally in
thermodynamic equilibrium; that is, each point of the
flow field has one definite thermodynamic equilibrium
temperature.

In fluid mechanics, generally the so-called Eulerian
description of fluid motion is used; that is, one does not
follow individual fluid particles but describes instead
what happens at every fixed point in space as a function
of time. All quantities are considered �field quantities�
that depend on the position vector r and the time t.

0 1983 Hemisphere Publishing Corporationr 1KDiL A
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For the velocity vector, we obtain

w = wfr, I) (4)

If w does not depend on the time t, the flow is called
steady, otherwise it is unsteady. Curves the tangents of
which are everywhere parallel to the local velocity
vectors are denoted as streamlines.

Using the Eulerian formulation to describe the fluid
motion, it is desired to calculate the time rate of change
of a field quantity connected with a particular particle.
For any scalar field quantity f (e.g., density, tempera-
ture, velocity component), this substantial derivative,
also called material or particle derivative, is?

Df af-=-
Dt a t

+ w * grad f

where the first part is denoted as local derivative and the
second part as convective derivative. If f is a velocity
component, then Df/Dt  is the corresponding substantial
acceleration component and consists of a local and a
convective contribution.

The stress tensor S is represented by a symmetrical
matrix (i.e., six components). The sum of the diagonal
elements is zero. Assume that the fluid is cut by a plane
surface at position r and time t. The normal unit vector
on the planar surface is n. The resultant force (with
components normal and tangential to the surface) per
unit area exerted on that plane is then

s = Sn - pn (6)

For Newtonian fluids, the stress tensor S is connected
with the iate-of-strain  tensor W by the simple linear
relationship

s = 77w

where 77 is the dynamic (or shear) viscosity.

(7)

In principle, another coefficient of viscosity, the
bulk viscosity (also denoted as expansion viscosity or
second coefficient of viscosity), should appear in Eq.
(7). The bulk viscosity induces stress due to changes of
the volume of the fluid element. It vanishes for
incompressible flow (p = const). However, even for
compressible flows, the bulk viscosity is generally so
small that it can be neglected for the most cases of
application; see Hirschfelder et al. [l] .

The matrices of the tensors S and W depend on the
coordinate system. For a Cartesian coordinate system,
we obtain

w = fu, u, wj

divw=V*w=g+$+g (8)

tWhere  grad f = Vf.

0 1983 Hemisphere I

(9)

(10)

w =

2 a�  - 2 div w aU+aU
ax 3 ay ax

aV+aU 2 a�  - 2 div w
ax ay aY 3

g+!!Y
aY

aW+aU 2?.?-2  div w
ay a2 az 3

\

(11)
For other coordinate systems see, for instance, Bird et
al. [2].

(b) Basic flow equations in integral form

In most problems in fluid mechanics it is convenient to
consider a control volume fixed in space through which
the fluid flows. This is in accordance with the Eulerian
description of the fluid motion. The control volume I/�
has a closed surface of area S as a boundary. A surface
element can be represented by the vector n dS, where n
is the unit outward normal vector and dS the area of a
surface element. For the fluid contained in the control
volume, the following conservation laws may be written
leading to integral froms of the basic flow equations:

. Continuity equation

(12)

The mass inside the control volume changes only by
mass flux over the surface. The first term vanishes for
steady flows.

2. Momentum equation (equation of motion)

The change of fluid momentum in the control
volume is equal to the sum of the body force FB acting
on the control volume and the surface force Fs , which
is the resultant of all the stress forces acting on the
surface.

kdV (14)

blishing Corporation
\
NA



2.2 SINGLE-PHASE  FLUID  FLOW / 2.2.1 Introduction  and Fundamentals 2.2.1-3

Here k is the body force per unit volume which, in case
of the gravity field with g as gravitational acceleration,
leads to

k = pg (15)

FA = s dS (16)

where s is the stress force according to Eq. (6).

2a. Equation of moment of momentum

P(r X w) dV + (r X w)pw * n dS = MB

+ MS (17)

The change of the moment of momentum in the
control volume is equal to the sum of the moment of the
body force MB and the moment of the surface force
Ms. The position of a volume element or a surface
element relative to the reference point of the moment is
given by the position vector r.

(r X k) dV (18)

MS = JJ(r X s) dS (19)

3. Energy equation (first law of thermodynamics)

+/.gw2 +r),,  . n dS = PB f PM + PH ( 2 0 )

The change of kinetic and internal energy inside the
control volume is equal to the sum of energies that are
added to the control system from its surroundings. The
so-called egoistic sign notation is used; that is, energy
addition to the system from outside is counted positive.
The power terms (energy per unit time) have the
following meanings:

PB = w*kdV (21)
JJJv

is the work done by body forces (potential energy); PM
is the mechanical work done on the fluid by a pump,
shaft work (negative for turbines); and P,y  is the rate of
heat added to the system by conduction or radiation
from the surroundings. The notation 0 is also used for
the rate of heat.

The work done by shear forces on the surface of the

control volume has been neglected in Eq. (20). In most
practical cases this can be done, when the control
volume is chosen properly.

4. Equation of kinetic energy (mechanical energy)

$@-!w2pdV+liw2pw  l ndS =Ps

+ PB + PM - PD - Pp (22)

The three terms on the right-hand side that appears
in addition to Eq. (20) are as follows:

PS is the work done by all stress forces on the
surface. If again all shear forces are neglected, PS is
given by

Ps = -
/ /

pw*ndS
A

(23)

PD is dissipation, the loss of mechanical energy due
to friction and turbulent mixing. From the second law
of thermodynamics, it follows that PD must always be
positive.

P, is the work done to change the density. In order
to increase the density inside the control volume,
compression work has to be done. It is a compressibility
effect.

p div w dV (24)

5. Equation of internal energy

The internal energy of the control volume can be
changed only by heat addition PH, dissipation PO, or
compression Pp (or expansion). Equations (12)-(25)  are
universal. They are valid for gases and for liquids, and
also for non-Newtonian fluids. They are independent of
the thermodynamic and transport properties of the
fluid. The flow can be laminar or turbulent. Even
discontinuities (e.g., shocks) are covered by these
balance equations in integral form.

Example:  conservation equations  for a duct

The equations in integral form will be specialized to the
flow of a duct according to Fig. 1. The flow is assumed
to be steady. The inlet area S, and the exit area S2 are
small compared to the height difference z2 - zl. The
gravitational acceleration g is constant and directed in
the negative z direction. Shear stresses in inlet and exit

0 1983 Hemisphere Publishing Corporationr 1
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Figure 1 Flow in a stream tube: geometry.

areas are neglected. The static pressure p is assumed to
be constant over the cross section, whereas w, p, T, h,
and u may vary over the cross section. The following
mean values over the cross-sectional areas are used:

Mean velocity:

Mean density:

Mean temperature:

Kinetic energy
correction factor:

Momentum
correction factor:

Mean specific
enthalpy:

pw2  dS

hpw dS

(26)

(27)

(28)

( 2 9 )

(30)

The mean value i; is called bulk enthalpy. The cor-
responding bulk density and bulk temperature are in
general different from ii and T, respectively. For con-
stant density (incompressible fluid), Eqs. (27)-(30)  are
simplified so that the mean values depend only on the
velocity distribution over the cross-section area. The con-
trol volume is the duct volume between the cross-sections
1 (inlet) and 2 (exit). Using these mean values, the
following equations hold for a duct according to Fig. 1:

Conservation of mass:

p2wzs2  = jlWlS1 =ni (31)

where k is the mass flow rate in the duct.

Momentum equation:
x direction (horizontal):

(P2  + PzPzG)S2  cm 82 = (j.71  + p1p1w’4>  Sl c o s  81

- Fx ( 3 2 )

z direction (vertical):

(p2 +/32p2W~)S2  sin 0 2 = @l + Pli%4)Sl  sin 01

--@f--F, ( 3 3 )

F, and F, are the components in the x and z directions,
respectively, of the force (normal and tangential)
exerted by the fluid on the duct wall. The total mass of
the fluid in the control volume is M.

Energy equation:

i;, + a2(+$i4 + gz2 = ii, + aI($)w;  + gz1

+ Wl2 + q12

where

( 3 4 )

is the specific technical work (specific shaft work) done
by a pump or agitator between the cross sections 1 and
2. The term

is the specific heat (not to be confused with the specific
capacities of heat, cP and c,). It is the rate of heat added
to the fluid between the cross sections 1 and 2 based on
the mass flow rate in the duct. According to the energy
equation (34) the sum of specific enthalpy h, kinetic
energy (r(1/2)W2, and potential energy gz can be
changed only by applying either technical work or heat
addition. It is worth mentioning that this equation is
valid for all duct flows, viscous or inviscid.

Kinetic energy equation:g + cl2
1 -

P2 0z w;+gz,=&+a l #
P i l50

+gz1  --$I2  -2 ( 3 7 )

where

(38)

is the specific dissipation. The most difficult part of Eq.
(37) is the compression work P,,. It vanishes for
incompressible fluids (p = const). For compressible
fluids, P,, depends on the kind of process by which the
fluid changes its thermodynamic properties on its way

o 1983 Hemisphere Publishing Corporation
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from cross section 1 to cross section 2. If the density is
constant over the cross-sectional area, one obtains

(39)

This integral can be determined when pfp)  is a
function of p only. Combination of Eq. (39) and the
relationship

P -  p

0

n
- -
Pl Pl (40)

leads to

pP 1 P2 1 Pl7 =-----
M n-1 P2 n-1 Pl

(for n # 1) (41)

For the special case n = 1, which is the isothermal case,
the corresponding equation is

!L pz lnp2 - p1
il P2

p, hP1 (for n = 1) (42)

It is obvious that Eq. (37) is particularly suitable for
incompressible fluids (p = const) because of vanishing
compression work Pp.

Internal energy equation:

ii, =ii1 + q12  +#I2  ++ (43)

For flows of incompressible fluids (Pp = 0), the specific
internal energy ii can be increased by heat addition q12
and dissipation @r2,  but not by body forces.

Equations (31)-(34)  (37) and (39) are fairly
universal. They are valid regardless of the particular
thermodynamic properties of the fluids. They can be
simplified for so-called one-dimensional flows, where all
variables are constant over the cross-sectional areas
(so-called stream-filament assumption). In this case, the
correction factors (Y and /3 are equal to unity. For
compressible fluids the energy equation (34) is used,
whereas for incompressible fluids Eq. (37) is preferred.

The specialization to ducts of constant cross-
sectional area (Sa = Sr)  simplifies the equations
further. When F, and wt12 are neglected, Eqs. (31),
(32),  and (33) reduce to the well-known relationships
for the normal shock, which represents a discontinuity
of the physical properties in the duct flow.

The combination of Eqs. (32) and (37) for the
incompressible flow in a horizontal duct of constant
cross-sectional area S leads to a connection of the fluid
force F, exerted on the duct wall with the specific
dissipation:

$92 = F, + ai - ~2- ___pw2 s 2 (44)

0 1983 Hemisphere I blishing Corporation

Assuming the wall shear stress rW to be constant along
the perimeter Pr of the not necessarily circular duct, the
axial force F, can be written as

J
Sl

F, = P, 7wf~S ds (45)
Sl

where L = s2 - s1 is the length of the duct. Defining the
hydraulic diameter dh  by

,-J  =%

h Pr
the specific dissipation can be determined as

T,,,~s) ds + ;(a, - a21

(47)

Dissipation can be caused either by skin friction or by
change of the velocity profile due to mixing if the flow
is not fully developed. In the case of fully developed
flow (r,,,, a! and p independent of s), Eq. (47) reduces to

87 L W2 A L w2f#j,2=&?L-=f  - -
PW2 dh 2 dh 2

where the dimensionless quantity

(48)

is the friction factor of the duct. For further details
about duct flows, see Sec. 2.2.2.

(c) Basic flow equations in differential form

The control volume is now an infinitesimally small fluid
element. In this case, the balance equations become dif-
ferential equations. In vector notation, the equations have
the following form regardless of the coordinate system:

Continuity equation:

$f + div (pw) = 0

Momentum equation (Navier-Stokes  equation):

p s = k - grad p + div S

Inertia Body Pressure Viscous
force force force force

where?

Dw aw-=-
Dt a t

+ grad ; - w X curl w

+Here curl w = rot w = V X w
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Hence the inertia force balances the sum of body force,
pressure force, and viscous force.

Kinetic energy equation:

p D(w2/2)___ = w - k - w - grad p -I- w - div S
Dt (53)

(Internal) energy equation:

pcP g = div (h grad 7) + /3T g + q@ (54)

The dissipation function @ in Eq. (54) is always
positive.? Here /I is the coefficient of expansion.

The sum of Eqs. (53) and (54) leads to the equation
for the total energy.

In the case of three-dimensional flow, Eqs. (SO),
(5 I), and (54) are five scalar equations for the following
unknowns: w, p, and T. These unknowns depend on
position r and time t. In order to close the system of
equations, some thermodynamic and transport prop-
erties of the fluid have to be known. In particular, the de-
pendence of the quantities p(T,  p j, cpfT, p j, /3fT, p j,
v(T, p j, and AfT, p j on temperature and pressure have
to be given. These relationships of the properties of the
fluid close the system of 10 equations in 10 unknowns.

The boundary conditions of the unknowns depend
on the problem considered. At solid walls, the no-slip
condition

twhv = 0 (55)

has to be satisfied.*  When permeable walls are con-
sidered, generally a permeation velocity u,,

Unfrw, tj = tw - nlw (56)

must be prescribed. In the case of injection, u, is
positive. In the case of suction, u, is negative.

In analogous form, a boundary condition for the

More precisely, the internal energy equation has the form

p g = div (A grad 7�)  - p div w + n@

Change of Conduction Compression Dissipation
internal (reversible) (irreversible)
energy

which is equivalent to Eq. (54). Another equivalent form of this
equation is

DPp g = div (h grad 7) + it + q@

Additional terms for sources of energy, for instance, due to
dissociation and ionization (see Dorrance [3] and Pai [4] or
radiation (see Pai [5]), have been neglected.

SFor  Knudsen numbers 0.1 < Kn < 1, the so-called slip
flow regime, the equations based on a continuum model can still
be used. However, the boundary condition at the wall has to be
modified because of the slip at the wall. See footnote on page
2.2.1-1 and [6] and [7].

o 1983 Hemisphere 1 lblishing  Corporation

temperature T(r,  t) has to be specified at the wall. Either
the wall temperature T,,,(r,,,, t) or the heat flux at the
wall,

& = -(Xn  - grad T), (57)

or a combination of wall temperature and heat flux
are prescribed.

So far the basic equations have been presented in
vector notation; they are valid regardless of the co-
ordinate systems. In the following, the details of the
basic equations are given for the two most important
coordinate systems.

I. Cartesian coordinates (x, y, z; u, u, w)

Continuity equation:

ap
at+- ~

WPU)  + a(Pu)  ; a(P4 _ o
ax ay az (58)

Momentum equations:

>
=k -?!?

X ax

+~[v(2~-~vw)]+$~($+~)]

(59a>

=k -it!?
y ay

+$[(2$y$vw)] +g[fg+$+)]

(59b)

=k -!!!z
az

where

vw2k+au+aw
ax ay az (594
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Energy equation:

(60)

where

II. Cylindrical coordinates (r, 0, z; u,, ue , uz)

Continuity equation:

aP 1 a(pd
at+-- ~r ar

+ 1 w4d  I mu,) _ o
r a0 a2 (62)

Momentum equations:

(63a)

=ke

ap=k,--
az

(63b)

@ 1983 Hemisphere F�u

where

VW = 1 wJr>
Y ar

+l%+a”’
rae az

(63~)

(634

Energy equation:

(64)

where

The equations of motions for more general coordinate
systems can be found in Tsien [8] and Bird et al. [Z] .

(d) Models of fluids

The equations of motion presented in the previous
sections are most general when the thermodynamic and
transport properties of the fluid are specified as func-
tions of temperature and pressure. In practice, these
functions are usually given in convenient mathematical
form depending on the model used for the fluid.

The thermodynamic properties p, /3, cP , c,, y, and

%ound of the fluid are generally described by the
following models.

I. Perfect gas (ideal gas)

P=RT
P

(66)

where

Ming  Corporation

i



2.2.1-g 2.2 SINGLE-PHASE FLUID FLOW / 2.2.1 Introduction and Fundamentals

(68)

2
&und  = -rtT+RT  = Y(T) $

Hence, the quantit ies c&T), c,fTj, PfTj-, and
usoundfTj  are functions of temperature only.

Example:

Air 500 K< T< 2000 K

1.4 > yfTj > 1.27

R = 287 m2/s2 K

II. Calorically  perfect gas

A calorically perfect gas is a perfect gas with constant
heat capacities. The speed of sound is proportional to
the square root of the temperature.

Example :

Air 50 K< T< 500 K

R=287m2/s2  K

y = 1.4

cp = 1005 m2/s2 K

III. Small density  variations

The density function pfT, p j can be expanded in a
Taylor series in the vicinity of a reference state denoted
by the subscript m:

P+T,  P j = pm +

(70)

All derivatives are taken at the reference point poo,  T,.
Usually, only the linear terms of this expansion are

taken into account. Introducing the coefficient of
expansion,

and using the general relationship

(71)

(72)
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the linear terms of Eq. (70) yield

P = Pm - p.&.(T - Tm) + + @-Pm) ( 7 3 )
sound, -

This equation is usually applied when nonisothermal
fluid flows affected by buoyancy forces are investigated;
see Sec. A(e).

Examples: (T, = 293 K, pm = 1 bar)

Air: Water:

P - = 1.188 kg/m3 Pm = 998.4 kg/m3

/3m = 3.419 X 1O-3 K-� /3m = 2.067 X 1O-4  K-�

Y- = 1.401 Y- = 1.006

%ound,m = 343.4 m/s hound  ,- = 1 460 m/s

The other thermodynamic properties pfr pf, and
cpfT, p) and also the transport properties qfT, p) and
A(T, p) can be expanded in Taylor series analogous to
Eq. (70). The linear derivatives of these Taylor series are
listed in Table 1 for air and water at T, = 293 K (20°C)
and pm = 1 bar. At least for these two fluids at the
particular thermodynamic state chosen, the table shows
very clearly which dependencies can be neglected and
which have to be taken into account:

Air: Dependence on temperature and pressure:
PfT Pj

Dependence on temperature only: /S(T),
qfT+,  WV

Constant: cp, Pr
Water: Dependence on temperature only: v-(T),

hfTj, PfTj,  PrfTj
Constant: p, cp

In most practical cases, a constant cp is obviously a very
good approximation.

IV. Constant-density  fluid

In many cases, liquids and also gases can be considered
as fluids of constant density, if the temperature varia-
tions in the flow field are very small. According to Eq.
(73),  this means that p = 0 or T = T, and &und  + 00.

The transport properties 77, h, and the Prandtl
number Pr = qcp/h of the fluid are described by the
following models:

(i) Independence  of pressure.  I n  m o s t  c a s e s  i t  i s
assumed that if Tj, hfTj, and PrfTj are functions of
temperature only; see Table 1.

(ii) Constant Prandtl number. I n  a d d i t i o n  t o  t h e
assumption of constant Prandtl number Pr, usually cp is
assumed to be constant, in which case h is proportional
to Tj.
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Table 1 Variation of physical  properties with tem-
perature and pressure for air and water at T, = 293 K
adp, = 1 bar

Air Water

r----------7
=-/3T j -1.01 j -0 .06

L------------J

r---------7 r---------1I 0.83 i ILee-------A I 0.75 :
L----------J

P

T a(pd

( )
- -
PV aT P

4 . 1 2

a.31

5.4 x 1o-5

P w

(->j apT

-( )

P2

‘P apT

P av- -  0
q ap T

- 2  x  1o-3 5.7 x 1o-4

1.8 x 1O-3 - 4 . 4  x 1o-5

8.5 x lo-� 10-h

P ah
h 0 ZT

Examples :

Air (50 K < T < 1 600 K): Pr = 0.71

Water (T = 293 K): Pr = 6.92

(iii) Sutherland  formula. For  gases  the  fo l lowing
formula may be used:

0 1983 Hemisphere 1

3f2 T,+S
T+S (74)

where S is a specific constant for each gas.
Example:

Air (T, = 293 K)

7)cc = 18 X 10m6  kg/m s

s =  1 1 6 K

(iv)  Power  law formula. Very  of ten  the  fo l lowing
formula is used for gases:

0.5 < w G 1

Example :

Air (T, = 293 K) w = 0.8

For w = 1, the viscosity is proportional to tempera-
ture, in which case the equations of motions can be
drastically simplified.

(v) Density-viscosity  function.  The product of density
and viscosity,

+p77 (76)
P-7),

is nearly constant for gases, if pressure changes are small.
At constant pressure, we obtain exactly [ = 1 for perfect
gases and w = 1.

(vi) Chapman-Rubesin  formula. The relationship

has the advantage that n is proportional to temperature.
The Chapman-Rubesin parameter C can be chosen such
that at a certain temperature Tr different from T,, the
viscosity has the value nr, which leads to C = qrTm/
qm T, or

Frequently, it is convenient to have a reference state for
n (index r) different from that of the rest of the
properties (index -), see Sec. D(f).

(vii)  Small viscosity  variations. Assuming small varia-
tions of temperature lead to the Taylor series expansion

lblishing  Corporation
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Examples:

Air (T, = 293 K, qrn = 18 X 10V6  kg/m s)

drl

0
-
dT cn

= 4.32 X lo-*  kg/m s K

= -5 X 10-l�  kg/m s K2

Water CT, = 293 K, Q, = 10e3  kg/m s)

= -25 kg/m s K

= 10e6  kg/m s K2

The value (dv/dT,L,  is positive for gases and negative for
liquids; see Table 1.

(viii) Constant viscosity. In isothermal flows of
constant-density fluids, constant viscosity is usually
assumed, too. In this case, the velocity and pressure
fields are independent of the temperature field.

(e) Flows affected by buoyancy forces

The body force in the Navier-Stokes equation, Eq. (Sl),
is usually the gravity force.

k = pg (80)

If gravity forces have an effect on the flow, it is common
to account for this effect in an approximate way called
the Boussinesq approximation.

The equation of momentum, Eq. (51),  is also valid
for the fluid at rest. Assuming that the static field
(w = 0) is steady and isothermal (T&  = const), the static
pressure field pti and the static density pst  are con-
nected by

.wbt  = pti * g

and after multiplying with the velocity w:

(81)

Dpst  _- - w * grad pti = pstw - g
Dt (82)

As equation of state, Eq. (73) is applied using the
assumption of small variations of temperature and
pressure. Hence, the density of the isothermal static field
is given by

Pti =P, +
.L,,..

c&t - Pa.1 (83)

which, combined with Eq. (73),  leads to the density
relation

P =~st -PJ,(T- T-1 +u2yo. @ -pst>  (84)
sound, -

@ 1983 Hemisphere I

Introducing the pressure due to fluid motion by

Pdyn =p-Pst (85)

Eqs. (5 1) and (54) become

P $ = -p,&(T - T.x)g + - ‘-
‘&,&m  Pdyng

and

- grad pdyn -l- div S (86)

pcP g = div (h grad T) + r)@

+PT -mdyn + /3Tpstw  * g
Dt

(87)

In these equations, the pressure as thermodynamic
property does not appear. Only pdy,,, the pressure due
to the fluid motion, appears. The density p is connected
with pdyn and T by Eq. (84).

If gravity forces are taken into account, the values
of pdYn can usually be assumed to be small compared to
the square of the speed of sound; that is, the terms
underlined in Eqs. (84), (86), and (87) are negligible.

If the flow of the fluid is due only to buoyancy
forces, the flow is called free convection flow (or natural
convection flow). In this case, the unknowns w, pdyn,
T- T, [for example, qfTj according to Eq. (79),
cp = const, Pr = const] are proportional to some given
temperature difference, for example, Tw - T,. Since
this temperature difference is assumed to be small [to
allow for the Taylor series in Eq. (70)],  the density p in
Eqs. (86) and (87) can be replaced by the known
function pst  (Boussinesq approximation).

B. Dimensional analysis and theory of similarity

(a) Dimensionless parameters

The equations of motion, Eqs. (50), (51), and (54),  are
five scalar equations for the five unknowns w. p, and T
in three-dimensional flows. The fluid properties p, cP, 0,

q, and X that appear in these equations are known
functions of temperature and pressure. In general, all 10
unknowns are functions of position r and time f as well
as functions of all initial and boundary values of the
unknowns.

The large number of independent variables can be
reduced considerably by introducing dimensionless
variables and by writing the equations of motion in a
dimensionless form.

We introduce the dimensionless variables

blishing Corporation
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where 1 is a characteristic length of the flow field. The
subscript 00 denotes the reference state. In the dimen-
sionless form of the equations of motions, certain
dimensionless combinations of the reference values will
occur. These combinations are listed in Table 2 as items
1-5. The general solution of the equations of motions in
dimensionless form will then be

W* = w*fr*,  t*, Re, Pr, EC, Fr, fi,T,) (89)

and similarly for the other seven unknowns.
Combinations of the powers of the dimensionless

groups result again in dimensionless groups. The de-
pendence on new dimensionless combinations is com-
pletely equivalent to the original dependence. For
instance, the relationship

W * = w*-(r*,  t*, Re, Pe, EC, Ga, /3,T,) (90)

is equivalent to Eq. (89). Items 6-l 1 in Table 2 are such
combinations of groups l-5 of the table.

When additional boundary conditions are pre-
scribed, more dimensionless numbers will appear.
Examples are the Euler number Eu, which is a dimen-
sionless pressure difference, and the Damkijhler  number,
which is a dimensionless specific heat; see Sec. 2.2.2D(b).

In heat transfer problems, the Nusselt number plays

Table 2 Dimensionless numbers

an important role as a dimensionless heat flux at the
wall. When perfect gases are considered, the Eckert
number may be replaced by a combination of the Mach
number and the ratio of the heat capacities, y.

Periodic flow phenomena are characterized by the
Strouhal number, which is a dimensionless frequency.

The description of a flow problem by relationships
between dimensionless quantities reduces the number of
variables and, hence, simplifies the understanding of the
problem.

Instead of varying the four values p,, U,, I, and q,
independently, it is sufficient to vary only one dimen-
sionless group, the Reynolds number.

(6) The pi theorem

Each problem can be described by relations between
dimensionless variables. When a mathematical descrip-
tion in the form of differential, integral, or algebraic
equations is available, these dimensionless variables can
easily be found, as was shown in Sec. (a).

If no mathematical description of the problem is
available, it is still possible to determine the proper
dimensionless variables. This can be done using the
so-called pi theorem, which can be stated as follows:

The general functional relation

ffa1, a,, a3, . . . , a,) =o (91)

between n geometric or physical variables a,, the
units of which are combinations of m independent

No. Name Symbol and definition Comments

1 Reynolds number
2 Prandtl number
3 Froude number
4 Eckert number
5 Grashof number

6 Galileo number
7 P&let number
8 Fourier number
9 Graetz  number

10 Rayleigh  number
11 Archimedes number

12 Euler number
13 Damkizihler  number
14 Nusselt number
15 Stanton number

16 Mach number
17 Strouhal number
18 Knudsen number
19 Rossby  number
20 Richardson number

Re = pUl/~  = U//v
Pr = r)f$h
Fr = U2/gl
EC = U=lcpT
Gr =g13pT/v2

Ga = pz l’g/q’ = Pg/v’
Pe = pUlcp/h
Fo = ht/pcpP
Gz = U12pcp/hy
Ra = p2g13flTcP/~h
Ar = glpT/U’

Eu = 2 Ap/pU=
Da = q/cpT
Nu = cj,,JAT
St = cj,,,/pUc,T

Ma = ulusound
Sr = fllU

Kn = i, 11
Ro = Ullw
Ri = -gp(dU/dy)72  (dpldy)

Ga = Re�/Fr
Pe = Re Pr
Fo = t */Pe, t * = (it/l
Gz = Pelx*,  x* = x/l
Ra = Gr Pr
Ar = Gr/Re*  = PTIFr

Ap: pressure difference
q: see Eq. (36)

St = Nu/Re PI = Nu/Pe

Ma2  = Ecl(r - 1) (perfect gases)
f: frequency
I, : mean free path of molecules
w: angular velocity
(dpldy):  density gradient
(dU/dy):  velocity gradient

o 1983 Hemisphere I blishing  Corporation
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basic units (basic units are m, s, kg, K, etc.), can
always be written in the form

Wl, n2, n3,. . ., &z-mj  = 0 (92)

where II,, II,, . . . , Iln+ are dimensionless com-
binations of the original variables al, a2, . . . , a,,.

The theorem states that the number of variables can
be reduced from n to n -m, where m is the number of
independent basic units. In the flow problems con-
sidered above, we have m = 4.

The procedure to determine the dimensionless
combinations II,, Il,, . . . may be demonstrated in an
example.

The steady flow past a flat plate of length I at zero
incidence is considered. The mean heat flux at the wall
z of the plate has to be found when the wall
temperature of the plate T, is slightly different from
the temperature of the free stream T,. For this
problem, a general relation of the following form must
exist :

ff~,l,u,,T,--T,,~,,~~m,1),,X,j=O  ( 9 3 )

Since the number of basic units is four, this relation
among eight variables can be reduced to a relation
among four dimensionless variables.

The dimensionless variables to be determined are
combinations of the given variables; that is, they have
the form

(~)“lZ”W:~(T,,,  - T,)‘y~p:sc&q~X~  =  0 (94)

Since the combinations must be dimensionless, the
units have to satisfy the relation

($y’ ma, (F)“’ KOLa (,)“’ ($!!$

X(Gr7 ($y�  =N�  so m�  K� (95)

which has to be fulfilled separately for each of the four
basic units. Hence, we obtain four equations:

Unit K: CL,  - o6 - o8 s 0

Unit N: a1 + ctg + a, + ol8 = 0

Unit s: -or - o3 + 2os - 2a, + (Y,  - os =  0

Unit m: -cq + cx2  + cY3 - 4015 + 2a, - 2a, =  0
(96)

These are four homogeneous linear algebraic equa-
tions in eight unknowns al, 02, . . , oa. There are
precisely four independent solutions, as long as the rank
of the matrix of the coefficients of the system of
equations is m. (Here m = 4.) This is in practice always
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the case. The four solutions correspond to the four
dimensionless groups:

1. (Yr = 1, (Y2 = 1, CYg = 0,014 = - 1 ,

(IL5 = 0, ff.5 = 0, ff-, = 0, (Y8 = -1
T

N” = (T,,, %&,
Nusselt number

2. a1 = 0, cr2  = 1, a3 = 1)  a4 = 0,

a!5 = l,cw, =O,a,  =-l,ol,  = o

Re = PCQUCJ Reynolds number
17,

3. a1 = 0, ff2 = 0, c-r3 = 0, a4 = 0,

05 =o,ag = l,a, = 1,oa = - 1

Prandtl number

4. (IL1 = 0, a2 = 0, = 2, = -1,CYj  a4

a5 = 0, ‘&j = -1, (117  = 0, 0I8  = 0

EC = u:
+,(T,,, - Tco)

Eckert number

The new functional relation is

FfNu,  Re, Pr, EC) = 0 (97)

For further details regarding the pi theorem, see texts on
dimensional analysis, such as [9-221.

(c) Theory of models

In the previous section, dimensional analysis was used to
show that each flow problem is characterized by
dimensionless numbers. All phenomena that are deter-
mined by the same values of the dimensionless numbers
and cannot be distinguished in a dimensionless descrip-
tion are called similar.

Dimensionless numbers that contain the length 1,
such as the Reynolds number, can have the same value
for different values of the length. Thus a flow of a
given fluid has the same value of Reynolds number for
twice the length and half the velocity.

This is the principle that underlies modeling. Instead
of studying flow phenomena with full-scale models,
smaller models may be used as long as the proper
dimensionless numbers, such as the Reynolds number,
are the same. This scaling can exactly reproduce full-
scale conditions in the laboratory. The condition of simil-
itude of the full-scale problem and the model problem
include two types of similitude, the geometric similitude
(linear scaling) and the dynamic similitude (same values
of dimensionless variables at corresponding points).



2.2 SINGLE-PHASE FLUID FLOW / 2.2.1 Introduction and Fundamentals 2.2.1-13

Sometimes it is not easy to obtain full-scale
Reynolds numbers with small models. Changing the fluid
(e.g., from air to water) or lowering the temperature of
the fluid for gas flows (cryogenic wind tunnels; see
[23]  ) may be possible means to achieve higher Reynolds
numbers.

Frequently, it is not possible to obtain complete
similitude between model and full scale. A typical
example is the case where the Reynolds number and the
Froude number should be the same for the same fluid.
According to Reynolds similitude, the model must have
higher velocity, whereas according to Froude similitude,
the velocity must be lower in the model. Therefore, in
many investigations of models there will be only a
partial similitude. In these cases formulas that correct
the violation of complete similitude have to be used
when applying the model results to full scale.

In several flow situations, the number of dimension-
less numbers can be reduced, which is equivalent to an
approximation to the complete similitude. Such a
reduction is usually possible by considering the
asymptotic behavior of the physical phenomenon for
large or small values of the dimensionless numbers. The
dimensionless variables in the new reduced functional
relation are then combinations of the original dimension-
less numbers.

In the following, a few demonstrating examples
related to Eq. (97) will be considered:

1. Laminar flow at large Reynolds numbers
(boundary-layer theory)

F{$,Pr,Ec>  = 0 (98)

2. Laminar flow at large Reynolds numbers and
large Eckert numbers

F(-$&.Pri  = 0 (99)

3. Laminar flow at large Reynolds, Eckert, and
Prandtl numbers

aNic pr2/3 = ‘Onst
(100)

4. Laminar flow at large Reynolds and Prandtl
numbers for EC = 0

$irif3
= const (101)

If a reduction of the number of coordinates
(including time) is possible, the flows are called self-
similar; see Sec. D(c).

Dimensional analysis and similitude have been
described in many textbooks; see, for example, [9-211.

C. Fundamentals of turbulent flow

(a) Conservation equations for turbulent flows

Most flows that occur in practical applications are
turbulent. The main characteristic feature of turbulent
flow is the irregular fluctuation of all variables which is
superimposed on the mean values. The instantaneous
quantities of turbulent flow are replaced by their mean
and by their fluctuating quantities. If ffr,  t) is a typical
flow quantity, we may write:

ffr, tj =Grj +f%, tj =ftr+ +f"+, tj (102)

Here, two different ways of averaging appear: the time
average,

and the mass-weighted time average,

ii+=&

I

t,+At

p-k Qffr, Q dt (104)
t�

For constant-density fluids, the two averages are
identical.

The averages must be independent of the averaging
time At. In practice, averaging times At are of the order
of a few seconds. Within that time the mean value
should be constant. If the mean values are at all
independent of time, as was assumed in Eqs.
(102)-(104),  the flow is called statistically stationary. If
the mean values change slowly with time, for example,
noticeable within-time periods large compared with the
averaging time At, the concept of averaging can still be
applied. Such flows are called unsteady turbulent flows,
where the term �unsteady� refers to the mean motion.
For the more difficult case that the mean values change
rapidly, ensemble averages must be used; see Bradshaw
[24,  251.

From the definitions, Eqs. (102)-(104),  it follows
that

I )
f-Pf#O Pfr=O

P
(105a)

+0 )IPf = P(F.0 (105b)

_ _  =-
P

(105c)

The fluctuating motion of turbulent flows is much too
complicated to describe the detailed behavior of the
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flow with time. In practice, however, often only the
mean motion is of interest. In order to deduce the
equations of motion, which must be satisfied by the
mean flow, the turbulent motion is assumed to consist
of the sum of the mean part and a fluctuating part. That
is, the physical unknowns are replaced by the following
sums:

p =p+p”

p=p+p”

T = ij + 7”

w=tv+w�

T=F+T�

(106)

The other variables are replaced by similar expres-.
sions. Introducing these sums into the equations of
motions, Eqs. (50) (51) (53) and (54) provides the
following equations for the mean flow, after proper time
averaging of these equations.

Continuity equation:

$ + div (j%) = 0 (107)

Momentum equation:

i g = jg - grad Jo + div (S + St)

Kinetic energy equation of the mean motion:

j D@�/2)

(108)

Dt
= 6% * g - %J grad ~YJ  + W div (S -l- St)

- w� grad p� + w� div S� (109)

Internal energy equation:

PcP g = div (X grad T - cppT’w’)

+ /3T $$ + w�  grad p� + GG (110)

For the derivation of the last equation, it was assumed
that (3T  and cP were not fluctuating.?

The equations of the mean motion of turbulent
flow are the same as those of laminar flow with one
exception: Instead of the shear tensor, the sum of the
time-averaged shear tensor ,? and an additional shear
tensor ST appears in the equations of motions. Similarly,
the additional terms cppTk�and  w�  grad p� appear in the
equation of internal energy. These additional terms are
caused by the fluctuating turbulent motion. In other

+If cP and gT are fluctuating, the balance equation of
specific enthalpy (see footnote on page 2.2.1-6) is used; see
Cebeci and Smith [26].

words, the effect of turbulent fluctuation on the mean
motion is like an increase of viscosity and heat con-
ductivity.

The tensor G of the additional turbulent shear
stresses due to the turbulent fluctuation is denoted as
Reynolds shear stress tensor (also: tensor of apparent or
virtual stresses). In Cartesian coordinates, it has the form

- I )
-PU

-7-r-pu v -pu w

Sy=

i-

-7 -7-pu lJ - 7 - i
-Pv -pv w

-II -7-pu w -pv w -‘z
-Pw )

(111)

The main problem in the theory of turbulent shear
flows is the so-called closure problem. That is, the
Reynolds shear stresses and the other terms due to the
fluctuations have to be connected with values of the
mean motion (turbulence modeling).

In turbulence modeling, the equation of the mean
kinetic energy of the velocity fluctuations is sometimes
used. This equation is usually denoted as the turbulent-
energy equation, which can be written as

Dk- =
Dt P + D - E (112)

Advection Production Diffusion Dissipation

where

k = f p(u’” + v’~ + w’?) (113)

is the time-averaged turbulent kinetic energy. The
convective term on the left-hand side is denoted advec-
tion. It is equal to the combination of production P,
diffusion D, and dissipation E. For more details on this
equation and additional equations concerning other com-
ponents of the Reynolds shear stress tensor, Eq. (11 l),
see Cebeci and Smith [26], Schubauer and Tchen [28],
or Favre et al. [29] and Bradshaw [25].

(b) Turbulence modeling

In the equations of turbulent mean motion of Eqs.
(107)-(llO),  terms appear that follow from the turbu-
lent fluctuation. They represent correlations between
the fluctuating quantities, that is, correlations between
the fluctuation of velocity components, pressure,
temperature, or viscosity and velocity component fluctu-
ations.

The aim of turbulence modeling is to find a
mathematical description of the connection between
these correlation terms due to turbulent fluctuation and
the mean motion. Considering only Eqs. (107)-(  109) it
is apparent that these equations have the same form
term by term as those for an incompressible flow with
two exceptions: The viscous stresses and the Reynolds
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stresses include fluctuations in viscosity and in density,
respectively.

For flows that are not too extreme (Mach numbers
less than 5, see Laufer [27]  ), the following assumptions
regarding these terms can usually be made (Morkovin
hypothesis, see [ 1281):

1. Pressure fluctuations in Eqs. (109) and (1 lo),
produced by velocity fluctuations, can be neglected.

(w�  grad p�]  +Z IW grad p 1 (114)

2. The following assumptions based on observation,

(115)

have the consequence that the viscosity-to-velocity
gradient correlation are negligible.

3. The assumptions
- - -

$27 < &7iF,  ~�2.4�~  < p.~�~,  etc. (116)

1. In Cartesian coordinates:

\ ii(!!+!!E)

!
-pp -7 --T-T-pu v -pu w

-7 -- --i-i-pv u -Pv -pv w

---r-r  -7-pwu -pw v -pu12

\

2. In cylindrical coordinates:

1 lead to neglecting the triple correlation involving the
~ density fluctuations.

When these three assumptions are used, Eqs. (107)-
(109) and (112) do not depend explicitly on the

temperature (or density) fluctuations.
For implicit dependence of the mean velocity field

on the temperature fluctuation, the turbulent dissipa-
tion, that is, the term E in Eq. (112)  could lead to such
an interaction. The dissipation, increased by turbulence,
modifies the mean temperature distribution and there-
fore the mean density. This in turn produces changes in
the mean velocity distribution. Such a feedback mechan-
ism is believed to be negligible in flows under considera-
tion. The temperature fluctuations produced by velocity
fluctuations do not react back upon the mean velocity
field; that is, they are passive.

Introducing the assumptions of Eqs. (114) and
(115)  the shear stress tensors have the following form:

- au”
YF(
- ac
%-(

ij 2g
(�

+ G
ax >

+aiit
ay )

- $ div W
>

(117)

( 1
\

ai2 aii
62 az’ax

(119)

-7
-PVr VO
-‘2

-PVe
-r)

-pvzvt?

-7
-PVr Vz
-7

--Pvev,

-pVT
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The coefficients eXX,  . . . are denoted as apparent
viscosities or eddy viscosities. They are usually functions
of the position in the flow field. Turbulence modeling
means finding connections between these values e,,,
Exy 9 . . * and the quantities of the mean motions.

A simplification is possible in so-called free turbu-
lent flow fields, where no walls are present as boundaries
of the flow field. Examples are turbulent free jets and
wakes. In these cases, the molecular viscosity can be
neglected in comparison to the eddy viscosities. For
details of applications, see Abramovich [30], Rodi [31],
and Townsend [32].

For turbulent shear flows where walls are
boundaries of the flow field, the eddy viscosities vanish
at the wall, which has the consequence that the eddy
viscosities are more complicated functions of space and
time. The theory of eddy viscosities for such turbulent
flow fields is still in a very preliminary status. For details
see, for example, the book by Gosman et al. [33]. More
reliable turbulence modeling is possible for turbulent
boundary layers; see Sec. D.

In flow fields with simple geometries (ducts, etc.) or
simplified flow conditions (rotational symmetry or fully
developed flow, where the dependence of one or more
independent variables vanishes), turbulence modeling is
much easier. Details will be discussed in Sec. 2.2.3.

In principle, turbulent motion is an unsteady
process. Near boundaries of turbulent flow fields, the
flow at a given point may become intermittently
turbulent; that is, the flow is turbulent only for a certain
percentage of time, and is laminar for the rest of the
time. The fraction of time for which the flow is
turbulent at a given location is called the intermittency
factor y; see Sec. D(h). This on-off character of
turbulence is very difficult to model. For further details
on turbulence modeling, see [31-411.

Corresponding to the continuous development of
speed and storage of computers, there is a tendency,
although not yet in engineering practice, to calculate
solutions of the full time-averaged Navier-Stokes equa-
tions. For more details on computational fluid
dynamics, see [42-461.

(120)

(c) Origin of turbulence

Flows become turbulent at high Reynolds numbers. The
reason is an instability of laminar flows at sufficiently
high Reynolds numbers. If the flow becomes unstable, it
does not change abruptly into fully developed turbu-
lence. There is a regime in between of so-called
transitional flow. The transition from laminar to turbu-
lent flow is a gradual process from instability over
transitional flow into the fully developed turbulent flow.

The onset of instability can be computed by
stability theory, in particular by linear stability theory;
see the books [47-491  and surveys [50-551.

For the transitional flow and hence for transition,
no theory is available today. Empirical and semi-
empirical methods have to be applied to determine the
transition from laminar to turbulent flow. For more
details, see Schlichting [50]. Regarding transition in
boundary layers, see Sec. D(g); transition in ducts is
mentioned in Sec. 2.2.3A and F.

In particular flow situations a turbulent flow may
become laminar again. This is called relaminarization.  It
may happen in highly accelerated flows or by stabilizing
effects such as suction, cooling, and so on. Especially for
boundary layers, relaminarizaton may become impor-
tant; see Sec. D(g) and Sec. 2.2.2C(b).

D. Boundary-layer theory

(a) Boundary-layer concept

In Sec. B it was shown that in real fluid flows the
Reynolds number Re is the most important parameter.
It is the dimensionless group containing the viscosity.

In many practical flow situations the Reynolds
number is rather high, that is, of the order of 1 000 and
more. Therefore, it  is appropriate to study the
asymptotic behavior of the solutions of the flow
equations for the limit Re + 00.

In 1904 L. Prandtl developed the boundary-layer
concept for flows past bodies at high Reynolds numbers.
According to this concept, the entire flow field can be
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divided into two different regions. In the larger of these
two regions, which is almost the entire flow field, the
viscosity can be neglected. In other words, the flow is
inviscid in this region. The second region is a very
narrow layer close to the wall, the boundary layer,
where the viscosity effects are essential. The thickness F
of the boundary layer is extremely small. The following
estimates can be made:

6 N Re-‘/” n = 2 (laminar), n > 5 (turbulent)

(121)

The two regions of the flow field, the outer inviscid flow
and the boundary-layer flow, close to the body wall,
have to be matched properly in a small overlapping
region at the outer edge of the boundary layer.

In both regions the flow equations can be
simplified. In the outer flow, viscosity and heat con-
ductivity can be neglected. Within the boundary layer,
the flow equations can also be simplified. The main
simplifications, which are a consequence of the ex-
tremely small thickness of the boundary layer, are as
follows.

1. The pressure is constant across the boundary
layer.

2. The momentum and energy transfer parallel to
the wall are negligibly small compared to the transfer
perpendicular to the wall.

3. A Cartesian coordinate system that follows the
wall contour can be used to develop the boundary-layer
equations.

In the following, it is assumed that the equations for
the outer inviscid flow have been solved. Only the
boundary-layer flow will be considered in detail.

Outer Flow

/
,<iige  o f  floundory

/ Layer

Horlzontol  Line

Figure 2 Flow in a boundary layer. peometry.

(b) Boundary-layer equations
(two-dimensional mean flow)

The flow within the boundary layer can be laminar or
turbulent, where the first can formally be considered a
special case of the latter. Therefore, the more general
equations for the mean motion of the turbulent
boundary will be given. Only two-dimensional mean
flows will be considered. For general three-dimensional
boundary layers, see [.56-621.

It can be shown that, in the boundary layer,

which, according to Eq. (lo%), means that ,O u and
p”T’ are extremely small compared to p; see [26] . Figure
2 shows the Cartesian coordinate system used. The equa-
tions, which result from simplifications of the flow
equations given in Sets. A and C, are as follows.

Continuity equation:

Momentum equations:

au -- aii5 at + pu ax + $7 ai” = -cg sin a: - g
ay

1+3+2&)

o=-~-~@~)  (124b)

In laminar boundary layers the pressure is constant
across the layer, whereas in turbulent boundary layers
the combination ,5 + jp is a constant across the layer.
For low-turbulence outer flow, however, the pressure at
the outer edge of the boundary layer is equal to the
pressure at the wall.

Mean kinetic energy equation:

Potential Displacement
energy work

Diffusion
(momentum)

Production Dissipation
of turbulent

energy

(125)
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A reduction of the kinetic energy of the mean flow in
the boundary layer can result because of five reasons:
(1) increase of potential energy (inviscid effect); (2)
increase of pressure (inviscid effect); (3) diffusion; (4)
production of turbulent kinetic energy, which will
eventually change into heat via a cascade process of the
turbulent fluctuation; (5) dissipation, that is, direct
change into internal energy.

Internal energy equation: +

Compression

Diffusion (energy, heat) Dissipation

(126)

Turbulent kinetic energy equation:

Advection Turbulent
energy

production

Viscous diffusion

-
-Pa

Turbulent
energy

dissipation

where

Kinetic Pressure
diffusion diff.

(127)

42  = jJ�2 + u�2 + W�2 (127~)

The unknowns in the boundary layer have to satisfy
the boundary conditions:

At the wall, y = 0:

u=o,v=V,(X),T=T,,p=Pw,77=jj,,X=X,
(128)

At the outer edge of the boundary layer, y = 6 :

c = U&X&,  r = T&j, P = P&+, P = ~efx+
(129)

where the index e refers to the edge of the boundary
layer or $0 the outer inviscid flow. It is assumed that
z&x j, Te+x  j, and so on, are already known from

+I, is assumed that cp and pT are not fluctuating in the
boundary layer; see footnote on page 2.2.1-6.

calculations of the outer flow. At the outer edge of the
boundary layer the equations lead to

(130)

The main problem of modeling of turbulent
boundary layers is finding connections of the correlation
terms
-7-T
LlV and Tlv)

with quantities of the mean flow. These terms vanish for
laminar flows.

For further details on boundary-layer theory, see
books 126,  63-681  and surveys [69-721.

(c) The Levy-Lees transformation$

For steady, low-speed (Ma < 1) boundary layers without
buoyancy effects and constant cP, Eqs. (123), (124u),
and (125) can be reduced by the transformation

dE = Peqeue dx (132)

(132h)

The continuity equation can be satisfied by using a
stream function defined by

(133)

Introducing the functions ff<, rls  j and gf<, T?, $ by the
definitions

(134)

(135a)

Pt$X, Y j = -Perleue(2t)1’2 [& +$ +f$$J

(135b)

Tfx, Y) = Teg-fE,  7783

the boundary-layer equations reduce to

(136)

(137a)

(137b)

$ The transformation is also called after Dorodnitsyn.
Illingworth, Howarth, and Stewartson; see Dorrance [3].
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The boundary conditions are

qs = 0: f=fw (f, # 0 for suction
or injection)

f '  = 0 ,  g =g, or g� =g1,

% +oo: f'= l,g= 1
(138)

The primes refer here to differentiation with respect to
vs. The following abbreviations were used in the
differential equations:

( 1 3 9 4

(139b)

GE, 77sj=: (139c)

- -
+ Pr

aft, qs) = Jf!T Pr-�  1  +  *
Pe77e ( >t

(139d)

The equations are valid for laminar and turbulent
boundary layers under the assumptions that the flow is
steady, independent of buoyancy effects, and at low
speeds, that is, that the velocity in the flow field is
always very small compared to the local sound speed.
As a consequence of the assumptions, the terms
for compression and dissipation in Eq. (126) have
been neglected. Furthermore, constant cI, and Pr are
assumed. This is a very good approximation for gases.
When cr, of the fluid considered varies strongly with
temperature (or less likely with pressure), a boundary-
layer equation for the specific enthalpy has to be
used instead of Eq. (126): see the footnote on page
2.2.1-6. For higher flow velocities, when compressibil-
ity effects become important, the reader is referred to
the special literature on transsonic, supersonic, and even
hypersonic boundary layers; see Cebeci and Smith [26]
and Dorrance  [3].

For laminar boundary layers, the bars on the
symbols for density p and viscosity n will be left out.
Furthermore, the terms ek and Prt will vanish, which
are characteristics describing the additional effects due
to turbulence. Analogous to the mean molecular kine-
matic viscosity V = ij/p in turbulent flow, the so-called
eddy viscosity is defined as?

The term EL in Eqs. (139~)  and (139d) is defined as the
ratio of the eddy viscosity vt and the mean molecular
kinematic viscosity V:

�Somet imes  the  symbol  E or E,,, is used for the eddy
viscosity.

0 1983 Hemisphere 1

, ,
EL =z =- WV

V ij auiay (141)

Similarly, the eddy thermal conductivity can be defined
as�c

-7-r
At = -pep  2-

amy
The turbulent Prandtl number Prt used in Eq. (139d) is
defined as

7-T
Pr

t
-iw+ -uv aT- -

At T'v'  au (143)

Once the function f-t{,  qs) and g@, ns j and their
derivatives are determined, the boundary-layer param-
eters can be calculated. As examples, the following
equations can be used:

Local skin friction coefficient:

cf = (l/2;&:
= (y’ qe(> f; (144)

Stanton number:

St = -%+ _ Pw% 77e81,
Peuecp(Te  - Tw) Pave  Pr (2l)��  1 -g,

(145)

It is immediately apparent from Eqs. (137a) and
(137b) that, if /3 = 0 (flat plate) and Pr = Prt = 1, a
solution to Eq. (137b) is

s=Af'+B (146)

where A and B are constants of integration. This formula
is called Crocco’s integral.

If the values b, p, c, and a are independent oft, Eqs.
(137a) and (137b) reduce to a system of ordinary
differential equations. Their solutions are called self-
similar or similar. For those, two velocity profiles
located at different locations x differ only by scale
factors in U and y. The temperature profiles have an
equivalent behavior. Many self-similar solutions have
been determined numerically; for surveys, see [72-751.

Most important cases of self-similar solutions are the
flow along a flat plate (/3 = 0) and the stagnation point
flow (p = 1).

Application of the Levy-Lees transformation has the
following advantages:

1. The singularity at the leading edge disappears,
which occurs in the flow along the flat plate and in
similar flows.

2. The coordinate r&$j, corresponding to the
outer edge of the boundary layer, changes much less due

tsometimes  the symbol cl1 or A is used for the eddy con-
ductivity.
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to boundary-layer development than the analogous
coordinate ye-(x) = Sfx j.

3. The well-known differential equations for self-
similar solutions are special cases of the general equa-
tions.

(d) Integral equations of the boundary layers

Integration of the equations ofmotions across the bound-
ary layer, that is, integration with respect toy from 0 to
y, lead to the following integral equations of the steady
boundary layer (buoyancy effects are neglected):

Momentum integral equation:

!!!$+~~
u, d x

Mean kinetic energy integral equation:

= D

(148)

Internal energy integral equation:

x d(PeCpeTe)Ib

>

2

duel&
=&.%-.-+ qw

2Cpe Te Pecpe Teue
(149)

Turbulent energy integral equation:

dWWQ2j = ji _
dx

Production Dissipation

The abbreviations used above are

Displacement thickness:

Momentum thickness:

Energy thickness:

(151)

(152)

(153)

Density thickness:

S4=I’~(+l)  dy (154)

Temperature thickness:

( 1 5 5 )

Shape parameter:

HI2 = $ Ha3 = $
2 3

Dissipation integral:

(156)

An integral scale for the turbulence:

/

s
IQ2 =2 iik dy

0

Production of turbulent energy:

6
-7-r aii dy

puu ay

Dissipation of turbulent energy:

/

6
d = j;dy

0

Skin friction coefficient [see also Eq. (144)]

Cf = 27,
Pe”Z

(158)

(159)

(160)

(161)

These integral equations are valid for impermeable walls.
When suction or injection is applied on a permeable wall,
see Cebeci and Smith [26].

For unsteady boundary layers, see Schlichting [65].
It is noteworthy that the integral equations do not

depend explicitly on the density when the outer flow
has constant density (dp,/&  = 0). The density variation
within the boundary layer, for instance, due to heat
transfer, appears only in the definition of the various
thicknesses and, therefore, affects the flow field only
indirectly.

(e) Solutions of the equations for laminar
boundary layers

Numerical methods for solving nonlinear partial differ-
ential equations and computer techniques have reached a
standard that in practice the complete equations, Eqs.
(123)-(  125), are being solved numerically. Various
procedures, based on finite difference methods, and
more recently also on finite element methods, have been
developed. Many authors solve Eqs. (137~)  and (137b),
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which are easier to handle than the equations in the
original coordinate system. For details of various numer-
ical procedures, see [43-45, 76, 771. In the past,
approximate solutions of the boundary-layer equations
have been developed by using the integral equations
given in Sec. D(d). Their application is becoming rare.
By assuming simple profiles for velocity and tempera-
ture, the integral equations can lead to approximations,
which are very useful for a rough estimation.

I. Thwaites� method

For incompressible fluids (constant properties), the
following simple formulas can be used:

where

h = 6%x+ due___ -
V dx

(162)

(163)

(164)

The functions Z(A)  and H,,tX  j, where H,2 = 6, IS, is
the shape parameter, are given in Table 3. When u&x)
and hence du,ldx  are given, F2 fx j, rWfx j and H+x)
can be determined. Separation (r,,, = 0) occurs at h =
- 0.09.

II. Stratford�s method

An even more explicit formula for skin friction and
separation was given by Stratford:

cp(x  --x0) 2 =  0 . 0 1 0 4  1 -7w( TB)’ (l+2.02$

where
(165)

c - P - dx = XB)
’ - (1/2)Pu:B (167)

By this formula skin friction can be determined directly
from the outer-flow pressure distribution for boundary
layers with adverse pressure gradients, when the skin
friction rB in the point of minimum pressure (Index B)
is given. Equation (166) yields x,,, the location of a
fictitious origin. Separation occurs when

cp(x  - XB) 2 = 0.010 4 (separation) (168)
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Table 3 Values of HI2 fh j and Ifh j
according to Eq. (163), after Thwaites

A H,, I

-0.090 3.55 0
-0 .088 3.49 0.015
-0.086 3.44 0.021
-0.084 3.39 0.038
-0.080 3.30 0.056
-0.076 3.22 0.072
- 0 . 0 7 2 3.15 0.085
-0.068 3.09 0.095
-0.064 3.04 0.104
-0.060 2.99 0.113
-0.056 2.94 0.122
~-0.048 2.87 0.138
-0.032 2.75 0.168
-0.016 2.67 0.195

0 2.61 0.220
+0.016 2.55 0.244
+0.032 2.49 0.268
+0.048 2.44 0.291
+0.064 2.39 0.313
+0.075 2.36 0.327

III. Special literature

So far, only two-dimensional boundary layers have
been discussed. The following books and review articles
contain more information on special topics of laminar
boundary layers.

1. Three-dimensional boundary layers: [56-591.
2. Unsteady boundary layers: [78-80,131].
3. Boundary layers with suction or injection: Suc-

tion is used to thin the boundary layer (avoiding
turbulence, hninar flow control or LFC) and increase
the skin friction (avoiding separation). Injection, also of
different fluids, is used mainly for cooling systems
(transpiration cooling); see [81]  .

4. Free convection flow: Motions caused solely by
density gradients created by temperature differences also
display, in most cases, a boundary-layer structure,
particularly if the viscosity and conductivity of the fluid
are small. The flow along a vertical hot plate is a typical
example; see [82, 831.

5. Free shear layers: Shear layers that occur in the
absence of walls. They also have boundary-layer char-
acter for fluids having small viscosity. Mixing layers
between jets of different velocity, free jets, and wakes
are typical examples; see [30. 84,851 .

6. High-speed flows: Laminar boundary layers in
transsonic, supersonic, and even hypersonic flows have
applications mainly in aeronautics. But boundary layers
with chemical reactions also have applications in other
fields; see [3, 1321.

7. Higher-order effects: Prandtl�s boundary-layer
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theory, an asymptotic theory of the Navier-Stokes
equations for high Reynolds numbers, can be extended
to lower Reynolds numbers by higher-order boundary-
layer theory; see [86,87].  Singularities of the boundary-
layer solutions can be avoided by the concept of
multistructured boundary layers, see [88],  which is
particularly important at separation, [89, 901 ; see also
[91]  and [92].

(f) Laminar flow along the flat plate

The boundary-layer equations reduce considerably for
the flow along a flat plate. The pressure gradient
vanishes; that is, fl= 0. By assuming b = pq/peqe  to be
independent of [ = peveuex, the flow is self-similar; that
is, Eqs. (140) and (141) become ordinary differential
equations:

(bf�)� + ff� = 0 (169a)

( >
& Et’

,
+ fg’ = 0

The boundary conditions are

1)s = 0: f=fw, f’=O, g=g,

q, + 00: f ’ =  1, g =  1

(169b)

(170)

The given wall temperature T, = Tegw  is assumed to be
constant. If suction or injection is applied, the mass flux
at the wall has to be proportional to l/G, in order to
get self-similar solutions:

PWVW  = - JPeVeue
yy f w

The solutions ffv) and g(r)) and hence the skin fric-
tion coefficient

cf= (&,u: =
J

2Ve Pw7)w
xp,u, peqe  fi (172)

depend on Prandtl number Pr, wall temperature T,/T,,
mass transfer parameter f,, and the particular density-
viscosity relationship used.

Several authors have solved this system, mainly for
ideal gases and by using power laws or the Sutherland
formula for the viscosity (see [72-751, where compre-
hensive tables of solutions of this system can be found).

In the following, various special cases will be con-
sidered:

I. Effect  of density-viscosity function

When b = C= const, the two equations are uncoupled,
and the skin friction coefficient is independent of the
temperature distribution in the boundary layer.

The solution for the impermeable flat plate cfw = 0)

leads to f; = 0.469 6/fland hence to the skin friction
coefficient

0.664 P,v?7wcf&=--
&T PeBe

where

Rex = Y

(173)

is the Reynolds number based on the coordinate x. In
particular, C is called the Chapman-Rubesin parameter
when

c= Pw?)w
Pe77e

(see Dorrance  [3] ).
The skin friction coefficient becomes

cf 6 = 0.664 PWVW
Al--
-
PeBe

(176)

which is supposed to give a better approximation for the
flat-plate flow with heat transfer than the equation for
the constant property flow (C= 1). Equation (176)
is a special case of a more general formula

cf & = 0.664 (177)

of the so-called property ratio method [see also Sec.
2.2.2A(d)].  This formula was derived by assuming a
linear dependence of density and viscosity on tempera-
ture and a small difference between wall temperature
T, and free-stream temperature Te. These assump-
tions lead also to

b = 1 + L d(pd[ 1~ k- 1)
~7) dT e

(178)

(see Table 1) and hence to the skin friction coefficient

cf 6 = 0.664

(179)

which is (within the above-mentioned assumptions)
equivalent to Eq. (177). The function aTfPr) is shown
in Fig. 3. It can be seen that Eq. (176), using the
Chapman-Rubesin parameter, is a very gocd approxi-
mation for Pr -+ 0.

II. Effect  of wall temperature

When the wall temperature is only slightly different
from free-stream temperature, Eq. (179) shows the
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first-order wall temperature effect on skin friction.
Since [(T/pq)  d(pq)/dT]  e is in practice always negative,
heating the plate decreases the friction, whereas cooling
results in increase of friction. This effect is usually more
pronounced for liquids than for gases (see also Table 1).
According to the formula, temperature has no effect
when pi = const. This is, for instance, the case for
p e r f e c t  g a s e s  (0, = l/Te) and a l inear viscosity-
temperature law (n - 2).

III. The reference temperature

In heat transfer investigations, reference temperature is
very often used. This is a suitably chosen temperature
such that the formulas derived for isothermal conditions
give the same results as the exact formulas found by a
complete theory. We define the reference temperature
T, such that the wall shear stress, calculated by the
isothermal formula, Eq. (177)  is the same as the result
given in Eq. (179). After combining Eqs. (176) and
(178)  this condition leads to

T, = Te + ~LIT(T~  - Te) (180)

The reference temperature is about the arithmetic mean
value of outer and wall temperature (also called film
temperature) when Pr x 1. Increasing Prandtl number
shifts the reference temperature to the outer flow
temperature. Very low Prandtl numbers lead to refer-
ence temperatures closer to the wall temperature.

It is worth mentioning that the reference tempera-
ture, derived in this way, is independent of the fluid
properties and a function of Prandtl number only. For
further discussion on reference temperature, also for
high-speed flow and free convection flow, see [93-961.

IV. Effect of Prandtl number

For a given fluid and a given not-too-large difference of
wall temperature and free-stream temperature, the effect
of Prandtl number can be seen from Eq. (179). The
deviation of the skin friction coefficient from the value
found in incompressible flow decreases with increasing
Prandtl number, as shown in Fig. 3.

V. Effect of suction or injection

The value f, in Eq. (171) represents the quantity of
suction or injection. Solutions of Eqs. (169) and (170)
for f, # 0 can be found in [73-7.51.  Suction increases
skin friction, whereas injection decreases it. It turns out
that at f, = -0.875 7, the skin friction vanishes
(separated flow), and no solutions exist for f, <
4.875 7. The function aTfPrj in Fq. (179) depends
also on the parameter f,, which means that the refer-

0.012
a01 01 1 10 100

PRANOIl  NUMBER Pr

Figure 3 Functions ayfPrf,  aqfPr). and a,&Pr),  according
to Eqs. (179), (182). and (183),  respectively.

ence temperature is a function of the mass transfer
parameter f,.

The plate flows considered so far are still special
cases. In more general cases, additional effects, which are
not covered by Eqs. (169) and (170)  may appear, a few
of which are described in the following.

VI. Effect  of Mach  number

At higher speed, when the velocities are no longer small
compared to sound velocity, the terms for compression
and dissipation cannot be neglected in the internal
energy equation, Eq. (126). Even when the wall
temperature and free-stream temperature are the same,
there will be heat transfer due to viscous heating
(dissipation). The skin friction coefficient is in this case
(Tw = Tel

cf & = 0.664(1  + A(w)  Ma;) (181)

where the Mach number Ma, is the ratio of the velocity
and sound velocity at free stream. For perfect gases, the
factor A(w)  is a function of the exponent w in the
viscosity-temperature relationship. The factor A&J)
vanishes for w = 1. As an example, Af0.7 j = 0.016
(Pr = 0.7, y = 1.4) see [75].

VII.  Effect of wall temperature  distribution

So far, only constant wall temperature of the flat plate
has been considered. Generally, the wall temperature
Twfx  j can be any function of x. The flow always leads
to self-similar solutions as long as the wall temperature is
a power series of x; see [74]. In particular, the heat flux
at the wall is constant for T,,, - 4, which leads to the
skin friction coefficient analogous to Eq. (179):
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cf 6 =  0 . 6 6 4  1  +  agfPr) G
[ (T%qs]

(182)

where Nu, = (&,x)/(X, r,). The parameter a,4Pr)  is
shown in Fig. 3. Cooling the flat plate (Nu, <0) in-
creases the skin friction, whereas heating (Nu, > 0)
reduces the skin friction.

VIII. Effect  of buoyancy forces

According to boundary layer theory, wall forces perpen-
dicular to the main flow direction are neglected within
the boundary layer. Therefore, buoyancy forces are
neglected in horizontal boundary layers. By extending
the classical boundary-layer theory to a higher-order
theory, buoyancy forces in horizontal boundary layers
can be taken into account; see Gersten and d�Avila  [97].
For small differences of the flat-plate temperature T,,,
and outer flow temperature T,, the skin friction
coefficient can be approximated by

cf- = 0.664

where Ar, is the Archimedes number based on
(T,,, - T,) and the coordinate x. The upper sign refers to
the upper side of the flat plate. Hence, a heated flat
plate experiences a higher skin friction on the upper
side, and a lower skin friction on the lower side.
Furthermore, buoyancy forces result in a pressure
difference across the flat plate such that a lift force on
the heated flat plate occurs; see [98].

IX. Higher-order  effects

Prandtl�s boundary-layer theory yields asymptotic solu-
tions for the limit Rex + 00. In practice, formulas such as
Eq. (177) are valid for about Rex > 103.  To get
solutions for lower Reynolds numbers, higher-order
boundary-layer theory has to be applied; see [86]. In
the case of flat-plate flow, the main correction of
Prandtl�s theory refers to the flow near the trailing edge
of the plate. Prandtl�s theory does not distinguish
between a semiinfmite flat plate and a flat plate of finite
length. Higher-order theory yields the following formula
for the drag coefficient based on the length of the plate I
(see P31>,

+  2 . 6 6 8
Re�� (184)

Figure 4, reproduced from Melnik and Chow [99],
shows that the values of q computed with the aid of Eq.
(184) agree very well with the results obtained from the

.02 1 I I 1
10 20 40 60 100 200 400600 1000 2000

REYNOLDS NUMBER  Re

Figure  4 Drag coefficient of a flat plate of finite length,
according to Eq. (184). --- First-order solution, Cf= 1.328
Re-�2.  A Solution of full Navier-Stokes equations; see [ 1001,
o Measurements, after Janour  [ 1011.

complete Navier-Stokes equations as well as with those
of measurements down to Re = 10.

(g) Transition laminar-turbulent

There is no theory available to predict transition from
laminar to turbulent flow. For incompressible flows,
there are several empirical methods for predicting the
transition point in two-dimensional flows; see [26]  and
Sec. C(b). One of these empirical methods was proposed
by Michel [102]. It is based on the assumption that
the variation of the transition momentum-thickness
Reynolds number Res2  = z&x) 6a (x j/v with the
Reynolds number Re, = z&x )X/V is a universal curve,
which after [26]  can be described by the following
formula:

Res2 = 1.174 [ + (ylReg.46

lo5 <Rex < 4 X 10� (185)

If the value Res2fxj, calculated by a prediction
method for laminar incompressible two-dimensional
boundary layers, exceeds the values given in Eq. (185),
the flow becomes turbulent. This universal curve is valid
only when the turbulence intensity in the outer flow is
extremely low.

The following effects can influence the location of
transition.

I. Pressure  gradient

Adverse (positive) pressure gradient or deceleration of
the flow destabilizes the boundary layer and hence
promotes transition. Favorable (negative) pressure
gradient or acceleration of the flow leads to stable
boundary layers.
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II. Outer flow turbulence

Usually transition is encouraged by outer flow turbu-
lence. In laboratory experiments, outer flow turbulence
is sometimes produced artificially by grids to enforce
transition on a model, in order to simulate flows at
higher Reynolds numbers. Here, grid size and location of
the grid with regard to the model is essential, because at
certain arrangements grids can reduce the turbulence and
hence suppress transiton; see [ 1031.

III.  Surface  roughness

Continuous roughness (sandpaper roughness) or single
roughness elements (�trip wires�) will both promote
transition from laminar to turbulent. Again, artificial
roughness mounted on models is often used in labora-
tory experiments to fix the location of transition on the
model; see [ 1041.

In this connection it is important to know the
maximum roughness height that will not change the
local skin friction (hydraulically smooth); see [ 10.51.

IV. Suction or blowing

Continuous or discontinuous (slot suction) suction has a
stabilizing, blowing a destabilizing effect. Laminarization
by continuous suction, called luminar flow control
(LFC), has been used in aeronautics to reduce airfoil
drag; see [ 1061.

V. Heat transfer

Heat transfer at the body surface influences the stability
and hence the transition due to temperature dependence
of the viscosity. For gases, cooling stabilizes the
boundary layer, whereas in liquids cooling has a destabil-
izing effect.

For further effects, such as those due to surface
curvature, compressibility, density statification,  and so
on, see Sec. C(c).

One simple way to determine the location of
transition is measuring the velocity profiles and calcu-
lating the shape parameter Hlz, defined in Eq. (156).
For HI2 the following ranges can be distinguished

Laminar flow: 2.5 < HI2  < 3.5

Turbulent flow: 1.2<H12  <2.4

Transition is not a discontinuous change of the
boundary layer, but takes place within a certain region
of finite length. Predicting such a �transitional�
boundary layer is still one of the unsolved problems of
boundary-layer theory.

The reverse, the transition from turbulent to
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laminar flow condition, called reluminarization, can also
occur. In particular, turbulent boundary layers under
very strong favorable pressure gradient (strong accelera-
tion) may become laminar when Re82  reaches values
below a certain critical value, say, Regzcr  = 370, see
[107].

(h) Universal laws for velocity, temperature,
and shear stress distributions in turbulent
boundary layers

The main problem in the theory of turbulent boundary
layers is to find a connection between the eddy viscosity
uI defined in Eq. (140) and quantities of the mean
motion in the boundary layer (turbulence modeling).
This problem is simplified by the empirical observation
that in most turbulent boundary layers the connection
between ut and mean-motion quantities is a �local� one;
that is, it is in a very good approximation independent
of the upstream development of the boundary layer. In
other words, in many cases �history effects� can be
neglected in a first approximation. As a consequence,
universal laws for the distributions of the mean velocity,
mean temperature, and shear stress can be formulated.

In contrast to laminar boundary layers, however,
two different length scales exist in turbulent boundary
layers:

Boundary layer thickness: F

Wall layer thickness: fj, z!!!!!
4

where

u, = d-TW-

Pw
(186)

is called jkiction  velocity.
Accordingly, two different layers are distin-

guished in turbulent boundary layers, the wall (inner)
layer (0 < y < 3006, = 0.16) and the outer layer
(0.16 <y <S); see Fig. 5. In these two layers the
physical phenomena and the distributions of various
flow quantities are different. For two-dimensional low-
speed turbulent boundary layers, the different formulas
are given in Table 4.

Most important is the logarithmic law region within
the inner layer, where the velocity and temperature are
logarithmic functions of the wall distance (law of the
wall). The mixing length is about proportional to wall
distance, and the turbulent Prandtl number is nearly
constant. The constants in the logarithmic laws are
usually functions of the heat transfer parameter,

(187)
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Figure 5 Semilogarithmic and linear plots of mean velocity
distribution across a turbulent boundary layer with zero pressure
gradient. o Measurements, after Klebanoff [ 1261.

and of the roughness parameter,

k+ - kd�h

where k, is the roughness height. In a semilogarithmic
plot, the velocity distribution corresponds to a straight
line. Heat transfer or surface roughness lead only to a
parallel shifting of the straight line.

This logarithmic behavior of the velocity law is
often used to determine the wall shear stress in turbulent
boundary layers. By rearranging the formula for U in the
logarithmic law region, we get

�=l  UT--ln?+zk++lnz)
Ue K Ue

(189)

A plot of ii/u, against ln @u,/v)  must therefore be linear
(Clauser  plot). The slope of the straight line is equal to
u,/Ku,,  from which 7w can be calculated.

In order to use probes for determining the wall
shear stress (for instance, the Preston tube), it has to be
assumed that the logarithmic law of the wall is valid at
the station of the measurement; see [ 1081.

The outer layer, about 90% of the boundary layer,
is governed by the velocity defect law of von Karman,
and by the law of the wake of D. Coles, respectively.

The defect law is independent of viscosity, rough-
ness, and heat transfer. Only the pressure gradient
influences the wake parameter II.

Combining the law of the wall and the law of the
wake leads to a universal velocity law for turbulent
boundary layers:

u�=~=$lny�+C(k�,Bq)+211  sin2
K

where

y+ = ; = y"7
W VW

This universal law is valid over the whole thickness of
the boundary layer except an extremely small region
very close to the wall (y < 0.026).

Using this universal velocity profile for the whole
boundary layer, integral values such as 6 1, h2, HI*, and
so on, can be determined as functions of u,, F, k’, and
Bq. For smooth and isolated surfaces (k’ = 0, B, = 0), a
universal relationship between local skin friction co-
efficient, see Eq. (161),  and Reynolds number based on
h2 can be derived. This relationship is the well-known
Ludwieg-Tillmann  formula,

q = 0.246 Re;z.268 X 10-0.678H** (192)

where HI2 = 6 1 /S2  is the shape parameter defined in
Eq. (156). This formula can be used to determine the
skin friction coefficient by measuring the velocity
profile and calculating 6 1, 6,) and hence Re62  and H12.

The boundary-layer thickness is usually defined as
the wall distance where the velocity is a certain given
percentage (say, 99.5%) of the outer flow velocity. For
y < 6, the flow is not always turbulent. In the region
0.4 <y/6 < 1.2, the flow condition changes randomly
from laminar to turbulent and back. The intermittency
[see Sec. C(b)] is y = 0.5 at about y = 0.86. If the
velocity profiles, properly nondimensionalized, are
independent of the downstream distance (self-similarity).
the turbulent boundary layers are called self-preserving
or equilibrium layers; see also Sec. D(c). The turbulent
boundary layer past a flat plate is in equilibrium only
if there is roughness on the plate surface with a rough-
ness height proportional to the downstream distance
x;see  [114].

(i) Prediction methods for turbulent
boundary luyers

The prediction methods for turbulent boundary layers
can be classified into two main groups, the integral
methods and the differential methods, depending on the
form of the governing equations used.

Although integral methods are preferred in engineer-
ing practice today, the development of computers and
advanced techniques to measure details in turbulent
flows (real-time measuring techniques, Laser-Doppler
technique) led more and more to a superiority of the
differential methods; see [ 1151.

I. Integral methods

The integral methods use the momentum integral equa-
tion, Eq. (147), and some other integral equations. As a
second governing equation, often the mean kinetic
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Table 4 Universal distribution  of velocity, shear  stress, and temperature  in turbulent  boundary  layers�

2.2.1-27

Range within boundary
layer (roughly)

Velocity distribution

Eddy viscosity or

Mixing length I

Turbulent Prandtl number Prt
(Pr > 0.6)

Temperature distribution T

Remarks

Inner (wall) layer I outer layer

Viscous
sublayer Buffer layer

Logarithmic law region (Law of the wake)
(Law of the wall) (defect law)

o<y+<5 5 <y’<60 60 <y’< 300 300<y+<3000

0 < ; < 0.002 0.002 < $ < 0.02 0.02 < $ < 0.1 0 . 1  <; < 1

u
-=*larctan&
UT

(B, = 0, k+ = 0)

-
u
- = 1 In ?I+  + CfBq,  k’j - -
UT K

“f = KUTy
“[ = cyI  U,6

0.06 < oi, Q 0.075

l=~yD
-

0.90 < Prl < 1.02

I = 0.096

Prr = 0.95 - 0.45 f
0

2

I I I

T = Tw( 1 - BqPrw  y�)
Ku=F�=T,-  KqW -__

WCp7w %Cp

Depending on viscosity
Independent of pressure gradient

Velocity gradient
Independent of v

Dependent on pressure
gradient via rI

a~ = 0.41 (von Karman constant).
K. Z 0.45.
B4 according to Eq. (187).
k’ according to Eq. (188).
D according to Eq. (204).
wfy/S j = 2 sin* (nJ,/2S).
CfBq,  k+j = 5.2 + 30.7Bq + 226Bi.  0 < k’ < 5, hydraulically smooth.
C’fO,  k+j = 8.5 - 2.5 Ink�, 60 < k+, fully rough.

energy equation, Eq. (148)  is used. The latter equation
requires some assumption about the turbulent shear
stress to permit calculation of the dissipation function
D, defined in Eq. (157). If one uses, for instance, the
universal shear stress distribution given in Table 5, the
integral equations for momentum and mean kinetic
energy together with the Ludwieg-Tillmann formula can
be considered as three equations for the three unknown
values of the boundary layer ReG2, H12, and cf

In the case of incompressible, two-dimensional
turbulent boundary layers, the two integral equations
lead to the following ordinary differential equations:

d&2dx + (2 + Hi?) $ 2 = % = $c(H~~)  Re&&268
L

(193)

where

H12fH32)  = 1 + 1.48(2 - Hs2)  + 104(2 - Hs2j6.’
(195)

(11fH32 j = 0.056 6H32 - 0.084 2 (196)

flfHs2)  = 0.004 81 + 0.082 2(HsT  - 1.5)4s1
(197)

These are two equations for the two unknowns 62 and
6, = Ha2  ~6~) when the external flow velocity distribu-

, tion u,(x)  is given. The calculation starts at the
transition point, determined by Eq. (185). At this point
62 =b,1anl and H32 = H32,lam  . The criterion for separa-

t i o n  i s

H32,~~ = 1.53-l .57 (198)

Analogous to Eq. (168)  separation of turbulent
boundary layers can also be calculated from given
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pressure distribution directly. Stratford, see [109],
developed the criterion for separation:

Cp x 2 I’* (10e6 Re,)-“1o = 050.5
( )

Here cp is defined as where

$=I- 302

UO
ww

where u. is the outer flow velocity at the beginning of
the adverse pressure gradient. The formula assumes an
adverse pressure gradient starting from the leading edge,
as well as fully turbulent flow everywhere. When there is
a region of laminar flow or a region of turbulent flow
with a favorable pressure gradient, a fictitious origin for
the coordinate x has to be determined before Eq. (199)
can be applied; see [ 1091 and Sec. D(e).

Integral methods for predicting turbulent boundary
layers are available that take into account further effects
such as history effects, heat transfer, and compressi-
bility. For further information, the reader is referred to
the book by Walz [68], and also to the literature surveys
in [110-1141.

II. Differential methods

The velocity components or the stream functions are
governed by partial differential equations. Depending on
the modeling of the turbulence, the following levels of
turbulent-flow models can be distinguished; see [ 11 l]
and [119].

(i) Zero-equation  models. Zero-equation models use
only the partial differential equations for the mean
velocity field, where the shear stress is given by an
algebraic equation. Most of these methods are based on
the �eddy viscosity� concept, see Eq. (140), or on
Prandtl�s mixing length formula,

Tt - I aii aii- - --uu=p - -
P I Ia~ ay I (201)

The latter equation is the definition of the mixing
length I, which, in simple flows, is simpler to correlate

-7-i.than u u itself. The connection between vt and I is

VI = 12 @ (202)

In most methods of modeling eddy viscosity v1 or the
mixing length 1, the viewpoint of Sec. D(h) is adopted;
that is, the turbulent boundary layer is regarded as a
composite layer consisting of inner and outer regions,
and the distributions of vt or I are described by two
separate empirical expressions in each region. As an
example, the following expressions have been used in the
method by Patankar and Spalding [ 1161:
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(203b)

*= 1 -exp[-y(r~~~�~ (204)

is the Van Driest damping factor. The constants are

K = 0.435 (von Karman constant)

h = 0.09 or J! = 0.2
K

A+ = 25.3

For other equations modeling vt or I, see [26, 110,
1111.

(ii) One-equation models. One-equation models use a
partial differential equation for the shear stress T-(X,  y).
The turbulence kinetic energy equation, Eq. (127), is
used as a basis for a model equation of the shear stress.
The shear stress and the turbulent kinetic energy have to
be connected by an appropriate relationship. Such
models have been developed by Bradshaw et al. [I 171
and by a group at Stanford University [ 115, 1211.

Bradshaw uses the following partial differential
equation for the shear stress T+X, y j derived from the
turbulent kinetic energy equation:

Advection Production dissipation

Diffusion

where L/6 and C$ are given universal functions of the
dimensionless wall distance y/S.

It is worth mentioning that neglecting the transport
terms due to advection and due to diffusion, the
equation reduces to a much simpler equation, repre-
senting the equality of production and dissipation. This
equation is identical with the mixing-length formula,
Eq. (201).

(iii) Two-equation models.  Two-equation models use
partial differential equations for ~fx, y) and a turbu-
lent length scale I-@,  y j. Whereas 7+x, y) is calculated
from the turbulent kinetic energy equation (k equation),
I-(x,  y) is determined by an equation for the isotropic
dissipation E. This equation can be developed from the
Navier-Stokes equations by appropriate differentia-
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tion, multiplication, and averaging. Such two-equation
models, sometimes called k-e-equation models, have
been developed by groups at Imperial College and at
Stanford University; see [ 115, 12 13 .

(iv) Stress-equation models. Stress-equation models use
partial differential equations for all components of the
turbulent stress tensor. One special model has been
developed by Rotta [ 1181, who uses partial differential
equations for the mean velocity components, iifx, y j,
V-(x,  y j, for the shear stress r-(x,  y j, for the turbulence
kinetic energy kfx, y j and for the turbulence length
scale Lfx, y j.

(v) Large-eddy simulations. Large-eddy simulation meth-
ods compute the three-dimensional time-dependent large-
eddy structure and use a low-level model for the small-
scale turbulence. Large computers are necessary, and the
development of these methods is in an early stage [129]  .

Class (i) is also called the class of mean fieldclosures,
classes (ii)- being transport-equation closures. An
alternative classification is based on the highest order of
velocity product for which a transport equation is used.
Zero-equation models use partial differential equations
for ii, V only and are therefore first-order models, classes
(ii)- use partial differential equations for z/u�,  and so
on. and are second-order closures.

For curvature effects see [ 1271 .

(j) Turbulent boundary layer on a flat plate

The relationship given in the last two sections can be
specialized for the flow past a flat plate, where the
pressure gradient is equal to zero. The shape parameters
for the smooth flat plate without heat transfer are nearly
COIlSt3llt:

H,* = 1.3

H3* = 1.75

ll = 0.55 (Red2  > 5 000)

For lower Reynolds numbers, II is a function of Res,,
see [26].  The Ludwieg-Tillmann formula, Eq. (192),
reduces to the simple relationship

cf = 0.037 4 Re$�.268 (206)

Since the momentum integral equation, Eq. (147)
reduces to

(207)

the local skin friction coefficient becomes approximately

cf = 0.059 2 Re;�� ( 5  X 10�  < Re, < 1O�j  ( 2 0 8 )

This equation is in good agreement with experiments up
to Re, = 10�.

cf = 0.27O(log  Re,)-2.584

cf = (2 log Re, - O.65)-2�3
(209)

The integration of the wall shear stress over the cord
length of the flat plate leads to the skin friction drag
coefficient,

/
I

D TW dx
6,o

cf = (&/2)u:l  = (/Ye,2)z&  = 2 l (210)

In Fig. 6 this drag coefficient is shown as a function of
Reynolds number Re = U&J and the relative roughness
height k,/l. The broken curve shown in the diagram
corresponds to the limit of complete roughness, beyond
which the drag coefficient is independent of Reynolds
number. It is noted from Fig. 6 that a given relative
roughness causes the coefficient of skin friction to
increase only if the Reynolds number exceeds a certain
value. The roughness height kradm  is called admissible if
it causes no increase in drag compared with a smooth
wall. From Fig. 6, the following simple formula can be
derived:

Uekradm  < 100
ve

(211)

In Table 5 the equivalent sand roughness heights for
several types of technically rough surfaces are given.

The following effects may influence the turbulent
flow on the flat plate.

I. Heat transfer

The simplest way to determine the drag coefficient
taking heat transfer into account is the use of the
reference temperature Tr, which lies between the highest
and the lowest values of the temperature encountered
within the boundary layer.

Tr = Te + i(Tw -- Te) O<j<I (212)

When j = 0.5 is used, the reference temperature is called
jiZm  temperature; see [119]  and also Sec. D(f). The
formulas derived for isothermal flow are also used
for the case of heat transfer, but the values for p and n
are taken at the reference temperature.

A formula has been derived by Van Driest [ 1201,
which takes the heat transfer into account assuming a
power law viscosity-temperature relationship n - Tw:

2 1
__ = 0.41 + log (Re, Cf)

(T,~/T#*  + i fl

-wlogF
e

(213)

This formula, specialized for the isothermal case T, =
T,, reduces to a relationship that is equivalent to the
one given in Fig. 6; see also [ 1301.
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Figure 6 Drag coefficient of the flat plate. (1) Blasius: Ef= 1.328 Re-�2 (laminar). (2) Prandtl: Cf = 0.074 Re- ��
(turbulent hydraulically smooth). (3) Prandtl-Schlichting:  Cf= 0.455 (log Re)-*.�� (turbulent hydraulically smooth). (3a)
?f= 0.455 (log Re)-2.58 -
rbugh).

1 7 0 0  Re-� (turbulent hydraulically smooth). (5) Ef= [I.89  + 1.62 log (l/k,)]-�.�  (fully

Table 5 Equivalent sand roughness  for several types of
surfaces

Type of surface b, mm

Polished metal or wood
Natural sheet metal
Smooth matte paint, carefully applied
Standard camouflage paint, average

0.5-2 x lo-�
4 x lo-�
6 x IO-”

application
Camouflage paint, mass production spray
Dip-galvanized metal surface
Natural surface of cast iron

1o-2
3 x lo-*
0.15
0.25

II. Suction or injection

As in laminar flow, suction increases skin friction,
whereas injection decreases it and leads eventually to
flow separation. Further details can be found in [ 121-
1231.

III. Mach number effect

High-speed flows are characterized by the Mach number.
In particular, for air the Mach number effects I-rave been
studied extensively; see surveys in [ 1241 and [ 1251.

NOMENCLATURE FOR SECTION 2.2.1

a&r+ factor in Eq. (183)
a4 fPr) factor in Eq. (182)
ar(Pr) factor in Eqs. (178)-(  180)

aft, rlsj factor, Eq. (1394
A++ factor in Eq. (18 1)
A’ dimensionless Van Driest constant [Eq. (204)]
Ar Archimedes number
Arx Archimedes number based on x [Eq. (183)]

bfk qs+ factor, Eq. (1390)

B4 heat transfer parameter [Eq. (187)]
c reciprocal density ratio [Eq. (139c)]

CD dimensionless dissipation [Eq. (194)]

Cf skin friction coefficient [Eq. (172)]

F friction drag coefficient [Eq. (21O)J

CP heat capacity at constant pressure, J/kg K

CP pressure coefficient [Eq. (200)]
CIJ heat capacity at constant volume, J/kg K
C Chapman-Rubesin parameter [Eq. (175)]
Cfk�,  B,) constant in law of the wall [Eq. (190)]
d dissipation [Eq. (160)]  , kg/s3
4, hydraulic diameter [Eq. (46)],  m
D diffusion [Eq. (112)]  , kg/m s3
D Van Driest damping factor [Eq. (204)]
D dissipation integral [Eq. (15 7)]
D drag per unit span [Eq. (184)]  , N/m
Da DamkShler  number
EC Eckert number
Eu Euler number
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h

:
friction factor [Eq. (49)]
frequency, s-l

fftt rls+ dimensionless stream function [Eq. (134)]
F force, N
Fo Fourier number
Fr Froude number
g-f,& Q, j dimensionless temperature [Eq. (136)]
g gravitational acceleration, m/s*
Ga Galilei number
Gr Grashof number
Gz Graetz number
h specific enthalpy, m* Is*
H=H12 shape parameter [Eq. (156)]

H32 shape parameter [Eq. (197)]
H43 shape parameter [Eq. (156)]
IQ2 integral scale for turbulence [Eq. (lSS)J,  kg/m
k time-averaged turbulent kinetic energy [Eq.

(113)1, kg/m s*
k’ roughness parameter [ Eq. (188)]
kr roughness height, m
kr,adm admissible roughness height, m
kr, ke, k, components of body force per unit volume

in cylindrical coordinate system, N/m3
k> ky, k, Cartesian components of body force per

unit volume, N/m3
k body force per unit volume, N/m3
Kn Knudsen number
1 characteristic length [Eq. (SS)]  , m
I mixing length [Eq. (201)],  m
lo mean free path, m
If A) Thwaites function [Eq. (163)]
L length of duct [Eq. (48)], m
MY+ Bradshaw function [Eq. (205)],  m
M
ni
M
Ma
n
n
Nu
P
Pdyn

PSt
P
P
ps

PB

PD

pH
PM
P-p
P

mass, kg
mass flow rate, kg/s
moment, N/m
Mach number
polytropic exponent [Eq. (40)]
normal unit vector
Nusselt number
static pressure, N/m*
pressure due to fluid motion [Eq. (85)], N/m*
pressure in static field, N/m*
production of turbulence [Eq.  (112)],  kg/m s3
power, J/s = W
work done by all stress forces on the surface [Eq.
(23)1,  w
work done by body forces [Eq. (2 l)] , W
dissipation [Eq. (22)J  , W
rate of heat added to system, W
mechanical work done on fluid, W
work done to change density, W
integral of turbulence production [Eq. (159)],
kg/s3

pr perimeter, m
Pe P&let number
Pr Prandtl number

pr r turbulent Prandtl number [Eq. (143)]

q12 specific heat [Eq. (36)], m* /s*
sft) resultant fluctuation velocity [Eq. (127a)]  ,

m/s
(i heat flux per unit area, J/m* s
r position vector, m
r, 0, z cylindrical coordinates, m, -, m
R specific gas constant, J/kg K
Ra Rayleigh number
Re Reynolds number

Rex Reynolds number based on x
Res2 Reynolds number based on 6Z
Ri Richardson number
Ro Rossby number
s coordinate along mean flow direction, m
S force per unit area, N/m*
S cross-sectional flow area, m2;  Sutherland constant

[Eq.  (7411-
St Reynolds shear stress tensor [Eqs. (11 l), (118),

(120)1, N/m*
S stress tensor [Eqs. (117) and (119)]  , N/m*
Sr Strouhal number
St Stanton number
t time, s
T (absolute) temperature, K
T mean (bulk) temperature [Eq. (28)],  K
u specific internal energy, J/kg K

&and speed of sound, m/s

UT friction velocity [Eq. (186)]  , m/s
u, u, w Cartesian velocity components, m/s
u reference velocity, m/s
UC0 free stream velocity, m/s
4-2 % 2 be cylindrical polar velocity components, m/s
V volume, m3
W wake function (Table 4)
w mean velocity [Eq. (26)], m/s
W velocity vector, m/s
wt12 specific technical work [Eq. (35)]  , m* /s*
W rate-of-strain tensor, s-l
4 Y, z Cartesian coordinates, m

Y� dimensionless distance from wall [Eq. (191)]
01 angle of coordinate system against horizontal

hs. u24),  uwi
a kinetic energy correction factor [Eq. (29)]
(~fH32) skin friction factor [Eq. (196)]
P coefficient of thermal expansion [Eq. (71)], K-�

P momentum correction factor [Eq. (30)]

@bH32  + dissipation factor [ Eq. (197)]

!4w dimensionless pressure gradient [ Eq. (I 39b)]

7 heat capacity ratio

Y intermittency  factor [Sec. C(b)]
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6 boundary-layer thickness, m
6, displacement thickness [Eq. (15 l)] , m
62 momentum thickness [Eq. (152)],  m

63 energy thickness [Eq. (153)]  , m
64 density thickness [Eq. (155)]  , m
65 temperature thickness [Eq. (155)],  m
61, wall-layer thickness [Eq. (19 l)] , m
Ap pressure loss, N/m*
E dissipation [Eq. (112)]  , kg/m s3
eij(i,  i = x, Y, z) Cartesian components of eddy vis-

cosity tensor [Eq. (11 S)] , kg/m s
ejj(i,  j = r, 0, z) cylindrical polar components of eddv

viscosity tensor [Eq. (i20)]  , kg/m s
viscosity ratio [Eq. (141)]
dimensionless product of density and viscosity

[Eq.  (7611
(dynamic) viscosity, kg/m s
similarity variable [Eq. (132b)]
angle of coordinate system against horizontal
[Eqs. (32h (33)i
von Karman constant [Eq. (189)]
constant in universal temperature distribution
(Table 4)
thermal conductivity, J/m s K
Thwaites function [ Eq. (164)]
factor in Spalding�s mixing length formula [Eq.
W3b)l
eddy thermal conductivity [Eq. (142)],  J/m s K
kinematic viscosity, m* /s
eddy kinematic viscosity [Eq. (140)]  , m* /s
transformed coordinate, Eq. (132a),  kg*  /m�  s*
factor in law of the wake [Eq. (190)]
density, kg/m3
mean density [Eq. (27)],  kg/m3

7 shear stress, N/m*
Tw wall shear stress, N/m�
Tij(i i = X, Y, Z) Cartesian components of stress

tensor [Eq. (IO)] , N/m*

;I2

Bradshaw function [Eq. (ZOS)]
specific dissipation between stations 1 and 2 [Eq.
(3811 , m* Is*

a dissipation function [Eq. (61)],  se2
dJ stream function [Eq. (133)]  , kg/m s
w viscosity law exponent [Eq. (75)]

Subscripts

B
B
cr
e
n
r

;
SeP
t
W

4 z
00

body force
Blasius solution [Eqs. (165)-( 168) ]
critical
outer edge of boundary layer
normal to the wall
reference state
at constant entropy
cross-sectional flow area
separation
turbulent
wall
x axis, z axis
far field

Superscripts

- time mean or spatial mean
mass-weighted time average [Eq. (104)]

* dimensionaless values [Eq. (88)]
,
,I

turbulent fluctuation [Eq. (106)]
turbulent fluctuation [Eq. (106)]

+ dimensionless value, based on 6,
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2.2 SINGLE-PHASE  FLUID  FLOW 2.2.2-l

2.2.2
Ducts

K. Gersten

A. Fully developed circular pipe flow

(a) Friction factor (Moody chart)

The flow in a straight circular pipe of constant diameter
d = 2 R  is called fully developed if the velocity
distribution ufr) and hence wall shear stress r,,, are
independent of the streamwise coordinate x.

The pressure loss Ap between two stations of
distance L is given as

The dimensionless value f^is called friction coefficient or
ftiction  factor, which is connected with the wall shear
stress [see Eq. 2.2.1(49)] by

where

ii=2

/

R
Q

R2
ufr)rdr=  m

0

(3)

is the mean velocity. According to Eq. 2.2.1(48), the
pressure loss is proportional to the dissipation in the
pipe, that is, the change from mechanical energy into
internal energy. In this section, constant physical
quantities p and TJ  are assumed; that is,isothermal  flow
is considered. The friction coefficient f is a function of
the Reynolds number,

& =piid
7)

and the relative roughness k/d. This dependence is given
by the Moody chart shown in Fig. 1; see [l] . The
formulas describing the velocity profiles and other flow
characteristics for the various flow regimes are given in
Table 1. Five flow regimes can be distinguished, as
described below.

1. Laminar flow (Re < 2 400). If the Reynolds
number is less than about 2 400, the flow is laminar and
if disturbed will return to the laminar condition. For
this flow the Navier-Stokes equations, Eqs. 2.2.1(62)-
2.2.1(65),  can be drastically simplified; the solution
leads to Hagen-Poiseuille�s  law.

2. Turbulent flow, hydraulically smooth surface
(2 400 < Re < 3 X 106).  It was found empirically that
in this flow regime the velocity profiles could be
described by power law distributions. The exponent of
the power law is decreasing with increasing Reynolds
number, as can be seen from Table 2.

3. Turbulent flow, hydraulically smooth surface
(2 400 < Re, k’ < 5). The flow is very similar to the
turbulent boundary-layer flow at high Reynolds
numbers; see Sec. 2.2.1D(h), particularly Table 2.2.1(4)
and Fig. 2.2.1(5). The flow again can be divided into
three layers:

The viscous sublayer (V < 56 ,+,)
The buffer layer (56, <y < 606,)
The logarithmic law region 0 > 606 ,+,)

where

is the characteristic length scale of the wall region.
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Values  of $d at T=280K, p=lbar  (velocity In mk,dlameter  in m)
, * 5102 5 10 20 50 100 200 SO0 ,000

Reynolds  Number, Re = -$-

Figure 1 Moody chart for the friction factor of fully developed circular pipe flow. After Moody
[I]. Ap,  pressure drop over the distance L: d. diameter; U, mean velocity according to Eq.
2.2.1(26); k, roughness height; V, kinematic viscosity.

Principally, there is a fourth layer near the pipe center
corresponding to the law of the wake-see Table
2.2.1(4)-but  its effect is almost negligibly small in pipe
flow-see Cebeci and Bradshaw [2].

The flow is called �hydraulically smooth� if the
roughness has no effect on the friction coefficient. This
is the case when the roughness is so small that all
protrusions are contained within the viscous sublayer,
that is, when k < 56, or k’ = k/6, < 5.

4. Turbulent flow, rough surface (2 400 < Re,
5 <k�< 60). The protrusions of the rough surface
extend partly outside the viscous sublayer. The
additional resistance, as compared with a smooth pipe, is
due mainly to the form drag experienced by the
protrusions in the buffer layer. In this flow regime the
friction coefficient is a function of Reynolds number as
well as relative roughness k/d.

5. Turbulent flow, completely rough surface
(2 400 < Re, 60 <k�).  In this flow regime all
protrusions reach outside the viscous sublayer and by far
the largest part of the resistance is due to the form drag
that acts on them. For this reason, the viscosity has no
effect on the resistance, and the friction coefficient
becomes a function of relative roughness only. The
pressure loss is now exactly a quadratic function of the
mean velocity.

The value of k is not necessarily the height of
roughness elements in technically rough pipes. It is the
equivalent sand roughness, which has to be determined
experimentally for a given rough surface. The curves in

the Moody chart correspond to so-called commercially
rough pipes as they occur in practice [l] .

Very extensive measurements on rough pipes have
been carried out by Nikuradse [3], who used circular
pipes covered on the inside as tightly as possible with
sand of a definite grain size glued to the wall. In the
Moody chart the values k are the height of the
equivalent sand roughness elements.

In Table 3 examples of equivalent relative sand
roughness for commercial pipes are given.

(b) Turbulence characteristics

The universal defect law, stated in Table 1, is
independent of Reynolds number for Re > IO�. In Fig. 2,
measurements after Nikuradse [3] are shown and
compared with the formula

UC  - u &f (6)
4 K

According to the balance between pressure forces and fric-
tion forces, the shear stress is proportional to the radius

where y is the wall distance and the eddy viscosity ut is
defined as [see Eq. 2.2.1(140)]

7
MU

Vt = - dufdy 03)

Velocity v is positive in y-direction.
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Table 1 Flow characteristics of fully developed circular pipe flow�
--

/

-

-

-

Turbulent characteristics
for smooth and rough
pipes (Re > 105)

Reynolds
number Re

Roughness
k+

c
Friction coefficient fFlow regime Velocity distribution u (r)r z@-) = 2u l- ii[ 01Hagen-Poiseuille

&g

1. Laminar flow 0 < Re < 2 400

2. Turbulent flow 2 400 < Re < 10�
< 3 x  lo6

k’ < 5 Blasius
r l/n

ufrj=u,fnf  1--R
( )

- = Cfnj  cy+yufv+

UT

?= �$  (Re < 10�)

;= 0.184
R~�/s We > 10�) u,fn f, Cfn j, in Table 2

3. Hydraulically
smooth surface

2 400 < Re k+ < S
1
-= 2.0 log (Re <) -- 0.8

G-

Mixing lengthu+ _ UfYj

1’7
1 ln y+ + 5.5 y+ > 60
K 1 r 2

- = 0.14 - 0.08 R
R 0u+=y+ o<y+<s

1. Turbulent flow,
rough surface

2 400 < Re 5 < k’ < 60 u+ = A ln y+ + C+fk+ j
K

Colebrook-White

Miller

h 0.25
f= [log (k/3.7d) + (5.74/Re0�9)]  z

Z’+fk+  f

+‘lnk+
K

11

10

9

8

7

6

5
10 102 k' 101

-

O<y<O.2R

(independent of Reynolds
number for Re > 10�)

Universal velocity defect
hW

5. Turbulent flow,
fully rough
surface

Ucu=I h,fl.
L�T K Y

y+ > 60, y+ > k+

von Karman

1
- = 1.74--2logG

G

60 < k’2 400 < Re

u+ = 1 ln ; + 8.5
K ii = UC ~- 4.07u,

ci
- = (1 + 1.44 JJ;,-�
UC

ad = 2R,  diameter; I�=  friction factor according to Eq. (1); k, roughness height; k�  = ku,/u, dimensionless roughness  height: 1, mixing  length according to ~q. (9); n = exponent  of power
aw  velocity distribution; r, radial coordinate; R, radius of pipe; Re = &i/v,  Reynolds number; u, axial velocity;  u = QIaRz,  mean velocity; Q, volume flux; uc, center velocit;/;  u7 =&&t
fiction  velocity;y = R ~ r, wall distance; y+ = yu,/u,  dimensionless wall distance; K = 1.4, van Karman constant; v, kinematic viscosjty;  p, density;  TH,,  wall shear stress.

1
f
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Table 2 Characteristic values of turbulent pipe flow
having power law velocity distributions�

Re 4 x lo3 1.1 x lo5 4.7 x lo5 1.3 x lo6 3 x 10�

n 6 7 8 9 10

ii
- 0.791 0.817 0 . 8 3 7 0 . 8 5 2 0 . 8 6 5
UC

CY 1.077 1.058 1.046 1.037 1.031

P 1.027 1.020 1.016 1.013 1.011

C f n j 7.76 8 . 7 4 9 . 7 1 1 0 . 6 1 1 . 5

‘Cfn+, n, Re, ii, uc, see Table 1; 01, energy correction factor
according to Eq. 2.2.1(29);  p, momentum correction factor
according to Eq. 2.2.1(30).

Table 3 Roughness values ka

k, mm

1. Smooth pipes6
Drawn brass, copper, aluminum, etc.
Glass, plastic, perspex, fiber glass, etc.

2. Steel pipes

0 . 0 0 2  5
0 . 0 0 2  5

New smooth pipes
Centrifugally applied enamals
Light rust
Heavy brush asphalts, enamals, and tars
Water mains with general tuberculations

3. Concrete pipes

0 . 0 2 5
0 . 0 2 5
0 . 2 5
0 . 5
1 . 2

New. unusually smooth concrete with smooth
joints 0 . 0 2 5

Steel forms, first-class workmanship, with
smooth joints

New, or fairly new, smooth concrete and joints
Steel forms, average workmanship, smooth

joints

0 . 0 2 5
0.1

0.1
Wood, floated or brushed surface, in good

condition, with good joints
Eroded by sharp material in transit, marks

visible from wooden forms
Precast pipes, good surface finish, average

joints
4. Other pipes

0 . 2 5

0 . 5

0 . 2 5

Sheet metal ducts with smooth joints 0 . 0 0 2  5
Galvanized metals, normal finish 0 . 1 5
Galvanized metals, smooth finish 0 . 0 2 5
Cast iron, uncoated and coated 0 . 1 5
Asbestos cement 0 . 0 2 5
Flexible straight rubber pipe with a smooth

bore
Corrugated plastic pipesC (apparent roughness)
Mature foul sewers

0 . 0 2 5
3.5
3 . 0

iAfter Miller [4].
Extruded. cast, and pipes formed on mandrels may have

imperfections that can increase roughness by a factor of 10.
�Commercial corrugated plastic pipes in the 40-100 mm

diameter size range have corrugation crest length-to-depth ratios
of about 1.5. Increasing the crest length-to-depth ratio from 1.5
to 5 may double the friction coefficient.

IO
UC -"

UT
6

4

2

.lO

I !c
R u,R

0.12 2 0.06
3, I/R

0.08 0.04

0.04
F

0.02

. I
0 0.2 0.4 0.6 y 1.0

lb)
F

Figure 2 Fully developed turbulent pipe flow with smooth or
rough walls (Re > 10�).  (a) Universal velocity defect law. Curve
1 corresponds to Eq. (6). curve 2 corresponds to measurements
of Nikuradse 131.  (h) Mixing length I and eddy viscosity vt.
After measurements of Nikuradse [3].  R, pipe radius; u7,
friction velocity.

From the mixing length hypothesis [Eq. 2.2.1(201)],
the eddy viscosity v1 and mixing length 1 are connected
by

(9)

The dimensionless eddy viscosity vr/u,R and the mixing
length l/R are also shown in Fig. 2. The formulas for l/R
given in Table 1 are valid for Re > 10�.  At lower
Reynolds numbers, the mixing length distribution
depends on Reynolds number.

Figure 3 relates the shear stress rt and eddy
viscosity generated within the turbulent pipe flow from
measurements of Laufer [5]. The central part of the
pipe (defect law region) and the thin wall layer region
are considered separately. For the former, the velocities
are based on uC, the maximum velocity at the center of
the pipe, whereas for the wall layer region the friction
velocity u, is used as the reference velocity. The

7
turbulent shear stress 7t = -pu u is almost a linear
function of y except very close to the wall, but at the
outer edge of the wall region we have 7r = T,,,.

Figure 4 shows how the mean velocity u and the
fluctuation values m m, and m vary between
pipe wall and axis. The axial fluctuation intensity dz
is the largest over the entire flow. Its maximum of
C/U, = 0.08 is located within the buffer layer (at
about y+ = 15). From this figure it can be seen that
within the wall layer region the turbulence is neither
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homogeneous (p = p = w�2)  nor isotropic (UT =
-77)v w = z/w = 0).

F i g u r e  5 shows the  mechanica l  energy  ba lance  in

turbulent pipe flow, based on measurements of Laufer
[S] for Re = 5 X 10�  . Positive values represent a gain of

energy by the turbulence.
The turbulent kinetic energy equation, analogous to

that for boundary layers, Eq. 2.2.1( 127), can be derived
for fully developed turbulent pipe as

Production Kinetic Pressure
diffusion diffusion

Viscous diffusion Dissipation

It describes the balance of the five effects: production,
kinetic diffusion, pressure diffusion, viscous diffusion,
and dissipation. In a first approximation, production and
dissipation are in balance except in the center of the
pipe where the turbulence is maintained by diffusion of
kinetic energy. All of the contributions change rapidly as
the wall layer is approached. The diffusion terms change
sign. In the wall layer region the two turbulent diffusion
te rms are  la rge  but  have  oppos i te  s igns ,  so  tha t  the i r

combined effect on the energy balance is comparatively
small.

0.6

0.4

0.2

0

0.6

0.4

0.2

0
20 40 60 y+ 100

(b)

Figure 3 Fully developed turbulent pipe flow. Variation of
turbulent shear stress T* and eddy viscosity vz according to Eq.
(7). After measurements of Laufer [5], Re = 5 X 10�.  (a) Fully
turbulent region. (b) Wall layer region. y�  = yu,/v,  dimensionless
wall distance; uT,  friction velocity.

0.06 o.6

0.04 0.4

0.02 0.2
UC

0 I I I I
0.2 0.4 0.6 0.8 y 1.0'

(a) x
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Figure4 Fully  developed turbulent pipe flow. Variations of
velocity u(y) and turbulent fluctuation intensities fl, fl,
Jw�.  Based on measurements of Laufer [5]. Re = 5 X 10�. (a)
Fully turbulent region. (b) Wall layer region. u�.  u�,  w�,
fluctuation velocity components: UC, center velocity; y, wall
distance; -c= yu,/v, dimensionless wall distance; uT,  friction
velocity; ~�2,  time average of the squared axial fluctuation
velocity component.

A review by Reethof [6] on turbulence-generated
noise in pipe flow is worth mentioning.

(c) Influence of superimposed free convection
in horizontal pipes

So far only isothermal pipe flow has been considered. If
a radial temperature distribution develops as a result of
viscous heating or heat transfer between the fluid and
the pipe wall, free convection effects may become
important, particularly if the Reynolds number is small
or if high temperature differences are employed. The
effect of the superimposed free convection may be
important, primarily in the laminar flow region, and is
discussed in detail in Sec. 2.5.10.

When heat transfer is involved, the temperature field
is always developing in axial direction and so are the free
convection forces. If, however, constant heat flux is
assumed, tile radial temperature distribution will
asymptotically become independent of the axial
coordinate although the level of temperature still varies
linearly downstream. If, furthermore, the BOUSSINESQ
approximation is used [see Sec. 2.2.1A(e)l,  assuming
constant fluid properties except the temperature
dependence of the density in the buoyancy force term in
the equation of vertical momentum], far downstream a
fully developed flow situation is reached, including
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-30-
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(a) ’
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Figure 5 Fully developed turbulent pipe flow. Mechanical
e n e r g y  b a l a n c e .  B a s e d  o n  m e a s u r e m e n t s  o f  Laufer [5].
Re = 5 X 104. Positive values represent a gain of energy by
turbulence; see Eq. (10). (a)  Fully turbulent region. The terms of
Eq. (10) have been nondimensionalized by u+/R;  y, w a l l
distance. (b) Wall layer region. The terms of Eq. (10) have been
nondimensionalized by u:/v; y+ = yu,/v.

forced and free convection. The effect of free
convection is correlated by combinations of the
following two dimensionless parameters:

Grashof number:

Gr = gp2d3fl(TW  - Tb)
q2

Rayleigh number:

b = Gr Pr = gp2d3b(TW  - Tb)
rlh CP

(11)

where the fluid properties density p, coefficient of
expansion /3, viscosity q, and thermal conductivity X
have to be taken at the bulk temperature Tb ; see Eq.
2.2.1(28).

Metais and Eckert [7] studied the available
literature and found the boundary where free convection
effects become important in pipe flow. Figure 6 shows
their results for horizontal pipe flow.

The boundary between the forced convection
regime and the mixed convection regime is defined such
that the actual heat flux under the combined influence

of the forces does not deviate by more than 10% from
the heat flux that would be caused by the external
forces alone.

Principally, two different boundary conditions can
be distinguished:

1. Uniform heat flux axially and circumferentially
(zero conductivity)

2. Uniform average heat flux along the pipe, but
uniform temperature circumferentially at each axial
location (infinite conductivity)

Figure 6 refers to the latter case. In the first case,
significant circumferential wall temperature variations
can occur, as have been shown by Morcos and Bergles
[8]. They found an increase of the friction factor with
Rayleigh number:

k = [l + (0.195 Ra~�15)15]1�5
iSO

(13)

where the index f refers to the film temperature, which
is the arithmetic mean value of average circumferential
wall temperature and bulk temperature.  The isothermal
friction factor is given by fiW = 64/Re, also based on
film temperature.

The Rayleigh number is based on the difference
between wall temperature and bulk temperature.

Approximately, the film temperature is given by

q=Tw+Tb=T +fi  &d
2 b -48 X

which is an exact relationship for fully developed pipe
flow when fluid properties are constant and only small
heat flux values (i, are considered.

The experiments show good agreement with
theoretical results of Newell and Bergles [9] for the
boundary condition of constant circumferential
temperature (infinite conductivity). According to Faris
and Viskanta [lo] the correction in Eq. (13) depends on
another combination of Gr, Pr, and Re.

lo5
d

g 10‘

I

= 103
E
d
5 lo2

#

10
10‘ 105  106  107 10’  109

RAYLEIGH  NUMBER Ra

Figure 6 Influence of free convection on fully developed
horizontal circular pipe flow. Free, forced, and mixed convec-
tion flow regimes after Metais and Eckert [7].  Ra, Rayleigh
number according to Eq. (12).
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The reason for the increase of pipe resistance in the
case of heating is the occurrence of a secondary flow in
the pipe such that the heated fluid close to the wall rises,
whereas the fluid descends in the vertical symmetry
plane. The streamlines have the form of spirals in the
two cells of secondary flow side by side. This secondary
flow is very similar to that occurring in curved pipes; see
Sec. D. Actually, there exists a more general analogy
between free convection effects and curvature effects;
see [127]  in Sec. 2.2.1.

Obviously, the free convection effects are much less
pronounced in turbulent pipe flow compared to laminar
flow. A theoretical investigation of turbulent pipe flow
with buoyancy effects has been carried out by
Abdelmeguid and Spalding [ 111.

Free convection effects become important when the
heat flux is high and hence temperature increases are
high. For these cases, usually variable properties of the
fluid must be taken into account; see review of Shah and
London [ 121 and the following section.

(d) Infruence  of temperature-dependent
fluid properties

One of the basic assumptions made in the preceding
sections is that the fluid properties are constant. Since
the transport properties of most fluids vary with
temperature [see Sec. 2.2.1A(d) and Table 2.2.1(2)],
the constant-property assumption provides a good
approximation for heat transfer problems involving small
temperature differences. For those problems involving
large temperature differences, variable properties have to
be taken into account.

For fully developed axisymmetric pipe flow, the
flow equations in cylindrical coordinates (coordinates x,
I, axial velocity u [see Eqs. 2.2.1(62)-2.2.1(65)]  ) reduce
to

(15)

Changes in pipe flow resistance will occur mainly due to
the temperature dependence of the viscosity Q(T).

It is common practice to use constant-property
results and then to apply some kind of correction to
account for property variations.

Three schemes for such correction are commonly
used:

1. Property ratio method. In the property ratio
method, all properties are evaluated at the bulk mean
temperature, and then all of the variable properties
effects are lumped into a function of a ratio of some
pertinent property evaluated at the surface temperature
to that property evaluated at the bulk temperature.

2. Reference temperature method. In the reference

0 1983 Hemisphere 1 lblishing  Corporation

temperature method, a temperature is specified at which
the properties appearing in the dimensionless groups
may be evaluated such that the constant-property results
may be used to evaluate variable property behavior [see
Sec. 2.2.1D(e)].  Typically, this may be the film average
temperature Tf.

3. Linear approximation. Using linear approxima-
tion of the variable properties (first term of a Taylor
series) and assuming small temperature difference leads
to simple linear corrections of the constant-property
relationships; see Sec. 2.2.1D(e).  In Table 2.2.1(2), the
gradients of the properties for air and water are given.

The third method is the most universal one, because
the corrections are independent of the fluid. In the first
two methods, a distinction between gases and liquids is
usually necessary. As discussed by Kays and Perkins
[13],  the property ratio method leads to less ambiguity
and awkwardness for the internal duct flow problem.

In Table 4 typical correction formulas are given.

(e) Influence of additives on fluid friction

It has been found experimentally that very small
concentrations, on the order of a few parts per million
by weight, of a dissolved high-polymer substance can
reduce the frictional resistance in turbulent flow to as
low as one-fourth that of the pure solvent. In laminar
flow, similar additives leave the pressure drop practically
unchanged. The extent of drag reduction depends on the
molecular weight of the polymer and on its concentra-
tion. As the concentration increases, the reduced friction
factor tends to a curve of maximum reduction,

1-=

+-

9.5 log (Re q) - 19

as has been indicated by Virk et al. [21]. The polymer
particles obviously have some damping effect on the
turbulent fluctuation, at least in a certain range of the
turbulence spectrum. A complete and satisfactory
explanation of the phenomenon of drag reduction has
not yet been advanced. For further details, see the
reviews in [22-251.

B. Fully developed noncircular pipe flow

(a) Laminar flow

In a duct of arbitrary cross section, the axial velocity
distribution 11-Q,  z) is a solution of the following linear
partial differential equation

07)
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Table 4 Influence of temperature-dependent  fluid properties  on friction  factor  of fully developed  flow�

Flow Formula Remarks References

Tw - Tb small

Laminar flow,
gases and liquids

7) at temperature

Tr = Tb + j(T, - Tb)

Laminar flow,
gases and liquids

Gases: j = 0.58

?= g Pet ro leum o i l :  j = 0 . 2 5

Liquid metals: j = 0.54

Roshenow and Choi [ 141

Kays and Perkins [ 131A.90 a t  TbLaminar flow, gases
m = 0.81 0.5 + 1

m = l 1<%<3
Tb

ASO at  TbLaminar flow,
liquids

Twm m=0.50 Tb< 1

m = 0.58 S>l
Tb

Kays and Perkins [ 131

id�
E C =-

Cp  Tb

T, - Tb small

Hausenblas [ 151Laminar flow
(viscous heating
only)

Turbulent flow,
gases

m = 0.5

m = 0.6

is0 at  T, raylor [ 161

Perkins and Worsoe-Schmidt [ 171

Maurer and Tourneau [ 18 1tiso at TbTurbulent flow,
liquids

f^ nw m pw O.�  W a t e r :  m  =  10{so-= -

0 0&,, qb pb T
w>l-

Tb

Oils: G>l
Tb

<so a t  Tb Waggener [ 19 ]

Tw- <l
Tb

LO a t  Tb Petukhov [ 201

�EC = ii2/cpTb,  Eckert nupber; ii, mean velocity; cp,
h

heat capacity; f, friction factor including the influence of temperature-
dependent fluid properties; f&o, friction factor for isothermal flow, fluid properties taken at Tb  or at T,; Pr, Prandtl number, taken
at bulk temperature Tb; T,, wall temperature, II,  viscosity; p, density; index b, taken at Tb; index w, taken at T,; [(dq/dT)/(T/q)],
dimensionless variation of viscosity with temperature at Tb; see Table 2.2.1(2).

where x is the main flow direction parallel to the duct as defined in Eq. 2.2.1(46), where Pr is the wetted
axis. On the periphery of the cross section, the no-slip perimeter of the cross section. The hydraulic diameter
condition u = 0 has to be satisfied. For isothermal flows reduces to the diameter for circular cross section.
this equation reduces to Poisson�s equation, where the Using the reference length dh  in the definitions of
constant on the right-hand side is proportional to the the friction factor and of the Reynolds number, the
pressure gradient and hence to the friction factor. friction factor can be given as

The reference length for noncircular cross section is
the equivalent diameter or hydraulic diameter

d ~4s
h P (18)

where Kf is a constant dependent on the geometry of
r the duct cross section (for a circular duct, Kf = 64).
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2.2 SINGLE-PHASE FLUID FLOW / 2.2.2 Ducts 2.2.2-9

For many cross-section shapes this constant Kf has
been determined. Table 5 contains information about

these constants and the hydraulic diameters.

(b) Turbulent jlow

The determination of the friction factor for turbulent
flow in a noncircular duct is much more complex than in
laminar flow. Since the flow is no longer axisymmetric,
asymmetries in the turbulent flow field cause secondary
flows that move fluid from low to high shear stress
regions, evening out the shear stress distribution on the
periphery. Figure 7 illustrates the secondary flow paths
in a square section. Secondary flow velocities reach a
maximum of l-2% of the axial velocity. The secondary
flows continuously transport momentum from the
center to the corners and generate high velocities there.
Prandtl has called this secondary flow of the second
kind, contrary to the secondary flow occurring due to
free convection [see Sec. A(c)] or due to curvature [see
Sec. D] .

The advantage of the secondary flow in turbulent
noncircular duct flow is that the circumferential shear
stress distribution is fairly constant. If the shear stress
were exactly constant over the periphery, the friction
would be the same as that of a circular pipe with the
same perimeter. Therefore, for many noncircular cross
sections a satisfactory procedure for determining the
friction factor is to replace the pipe diameter d in the
friction factor definition and in the Reynolds number
by the hydraulic diameter dh .

The hydraulic diameter concept is adequate pro-
vided that the cross section�s P,./A3 is not significantly

Figure  7 Secondary flow paths in a square cross section.
Secondary flow of second kind.

greater than that of any other cross section that can be
drawn inside it. In calculating pressure losses, the
minimum P,/A3  has to be found, and its associated
perimeter and area should be used for calculating the
Reynolds number, the mean velocity, and the pressure
loss; see Miller [4].

When the cross section of the duct contains a
narrow region, transition from laminar to turbulent does

not occur simultaneously over the whole of the flow.
For example, in the region within an acute angle of a
triangular cross section, the flow remains larninar to very
large Reynolds numbers, whereas in the bulk it turns
turbulent at a much lower Reynolds number; see Irvine

P61.
For the following cross sections, turbulent duct

flows have been investigated:

1. Two-dimensional channel flow. The velocity
profiles and the friction factor are slightly different from
those of the circular pipe; see Laufer [27], Dean [28] ,
Povarnitsyn [29], Schumann [30], Meyer [31].

2. Annular ducts. There is no secondary flow of the
second kind in concentric annular ducts; see Macagno
and McDougall [32], Eifler [33],  Levy [34].

Table 5 Characteristic values of noncircular laminar pipe flow.8

Cross section Geometry dh Kf LhvKG+ -dh Re

Circle Diameter d d 64 1.25 0.057

Square Side a a 56.9 1.43 0.033

Rectangle afb = 2 $u = ;b 62.2 1.28 0.028
(sides a, b) a/b = 5 fo=;b 76.3 0.931 0.019

Two-dimensional
channel

Height h 2h 96 0.674 0.011

Equilateral triangle

Concentric annulus
(outer diameter do,
inner diameter df)

Side a 0.577a 53.3 1.69 0.040

dJd, = 0.05 0.95d,  = 19dj 86.3 0.830 0.021
dildo = 0.1 0.9do = 9di 89.4 0.784 0.019
di/do = 0.5 0.5do = di 95.2 0.688 0.012
di/do = 0.75 0.25d, = 0.33di 95.9 0.678 0.011
di/do = 1 do-di 96 0.674 0.011

‘dh, hydraulic diameter according to Eq. 2.2.1(46);  Kf, constant in Eq. (19), for friction
factor of fully developed flow; Kf- f, asymptotic incremental pressure drop number according
to Eq. (21) for hydrodynamically developing flow; Lhy, entrance length of hydrodynamically
developing flow, where maximum velocity achieves 99% of its asymptotic value.
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3. Rectangular ducts. See Naot et al. [35], Launder
and Ying [36],  Gessner and Jones [37], Jones [38],
Wilkie et al. [39].

4. Rod bundles. See Eifler [33], Carnavos [40],
Carajilescov and Tondreas [41]  , Rehme [42], Dwyer
1431.

5. Various cross sections. For eccentric annular
ducts, see Jonsson and Sparrow [44], Eifler [33]. For
triangular ducts, see Gosman and Rapley [45].

C. Developing duct flow

(a) Hydrodynamic entrance region
of isothermal duct flow

In many practical cases the flow in pipes is not fully
developed, but rather in the process of developing and
hence eventually reaching the fully developed state.

One typical example of such a developing flow is
the flow in the entrance region of a pipe. At the
entrance section of the pipe the flow is assumed to have
constant velocity over the whole cross section. In the in-
let region of the pipe the velocity profile is gradually trans-
formed and tends, under the influence of viscous forces,
to assume the asymptotic velocity profile at the fully
developed pipe flow, discussed in the previous sections.

The hydrodynamic entrance region of isothermal
flow in a pipe of constant cross section will be
considered here.

According to Eqs. 2.2.1(37) and 2.2.1(47), the
pressure drop between the entrance section (index 1,
x = 0) and the section at station x is given by

Pl -Pfx$  4

/

* ~wfx+
(p/2)$ = &- o @/2)fi2  dx + 2 [Hx+  - 11

(20)

where /3(x j- is the momentum correction factor of the
velocity distribution at station x. The pressure drop
results from the wall shear and the change in momentum
flow rate across the two relevant duct sections. The
shear stress within the entrance region is higher than the
shear stress of the fully developed flow. The pressure
drop can be considered as consisting of two com-
ponents: (1) the pressure drops based on the fully
developed flow, and (2) additional pressure drop due to
momentum change and accumulated increment in wall
shear between developing flow and developed flow. The
second contribution to the pressure drop, in a dimen-
sionless form, is designated as the incremental pressure
drop number Kfx j, sometimes called the pressure
defect, defined by

(21)

0 1983 Hemisphere 1 blishing Corporation

An alternative way of characterizing the pressure drop of
the flow in the entrance region defines an apparent
f?iction  factor f,,, as

(22)

Kfx  j increases monotonically from 0 at x = 0 to a
constant value Kfmj in the fully developed region. The
hydrodynamic entrance length LhY is defined, somewhat
arbitrarily, as the duct length required to achieve a duct
section maximum velocity of 99% of the corresponding
fully developed magnitude when the entering flow is
uniform. There are a number of other definitions used in
the literature for L,,, but the foregoing definition is
most commonly used.

In a long duct, that is, longer than Lhy , the
knowledge of Kf+  is sufficient to determine the
additional pressure drops in the inlet. To calculate
Kfmj and the details of the developing velocity and
pressure field, usually the boundary-layer approximation
is applied; that is, shear stresses are important only in
directions perpendicular to the flow and hence d2u/ax2
is negligible. Therefore, the results found in the litera-
ture are valid for large Reynolds numbers. For example,
such a calculation has been carried out by Cebeci and
Chang [46].

For a circular pipe the following results can be used:

Laminar circular pipe flow:

Kf= j = 1.25

h = 0.057 Re
dh

(23)

Turbulent circular pipe flow:

Kfm j = 0.065

Lhy - 45~-
dh

(24)

As can easily be seen, the inlet length is much shorter for
turbulent flow compared to laminar flow.

For lower Reynolds numbers (Re < 250)  there are
deviations from the results given, because the boundary-
layer assumptions mentioned above are no longer valid.
The problem of the proper mathematical treatment of
inlet flow problems was examined critically by Van
Dyke [47]. He gave a solution for the entrance region of
the two-dimensional channel.

The case in which flow in the pipe starts as laminar
flow, but becomes turbulent further downstream within
the entrance region, has also been investigated by Cebeci
and Chang [46].

Values of K-Q+)- and Lhy for laminar flow in
entrance regions of ducts of arbitrary cross section are
given in Table 4; see also Shah [48].
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The equivalent values for turbulent flow are in most
cases not available. Since they are practically not very
important, the concept of hydraulic diameter can be
used; that is, the values of the circular pipe entrance
region can be taken.

(b) Various forms of developing duct fro w

The inlet flow is only one but typical example of a
developing duct flow. There are many other possibilities
of developing flow that are of practical importance.

The following examples of developing duct flow
may occur in practice.

I. Hydrodynamically  developing  flow
including buoyancy  forces

The developing flow described in the previous section
can be influenced by free convection effects when heat
transfer and hence temperature differences are present.
These additional effects can occur on horizontal as well
as on vertical pipes. A; a first approximation, the
apparent friction factor fapp could be corrected due to
buoyancy effects the same way as the normal friction
factor for fully developed flow; see Sec. A(c).

II. Hydrodynamically  developing  flow taking into
account  temperature-dependent  fluid properties

As in the previous case, the apparent friction factor
could be corrected due to variable fluid properties by
using the correction formulas for fully developed flows.

As far as the temperature field is concerned, the
flow may also develop thermally, leading to a thermal
inlet problem.

Thermal entrance length problems are of two
categories: (1) The velocity and temperature profiles
develop simultaneously, and (2) the temperature profile
starts developing at some station in the hydrodynamic
entry region.

III. Vertical  pipe flow including free
convection effects

If heat transfer is involved in vertical duct flow, the
buoyancy forces have to be taken into account. In the
case of heating (T,/Tb > I), the buoyancy drives the
fluid in an upflow in the direction of the mean flow,
whereas in a downflow the buoyancy tends to force the
fluid opposite to the mean flow. This heating in upflow
is similar to cooling in downflow, whereas cooling in
upflow is similar to heating in downflow.

Because of this additional force acting on the fluid,
the flow never becomes fully developed but changes
continually along the channel.

0 1983 Hemisphere I
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Vertical channel flows including buoyancy effects
have been investigated by Chato 1491, Petukhov [50],
Jackson and Fewster [51], and Campbell and Perkins
[52]. The latter investigation concerned ducts with
triangular cross-section. In most cases variable properties
of the fluid have to be taken into account. When the
temperature increases rapidly, the local Reynolds
number may become quite low for gas flows, which can
result in relaminarization  of the flow; see McEligot  et al.

1531.

IV. Axial change  of geometry  or wall  roughness

The flow will be developing when it has to adjust to new
boundary conditions. Siuru and Logan [54]  investigated
the turbulent pipe flow when the roughness of the wall
changes. Roberts and Forester [55]  considered the flow
in a duct whose shape of cross section changes continu-
ously downstream, where the cross-section area may
even be constant.

In such a process of adjusting to a new, eventually
fully developed flow condition, the various flow param-
eters need different distances downstream to reach their
asymptotic values. As Vasanta Ram and von Schulz-
Hausmann [56]  have shown in a study of a turbulent
channel flow with a change in wall roughness, the
adjustment of the pressure gradient occurs almost
immediately, the mean velocities need more time, but
the turbulent shear stress and other characteristic values
of the turbulent fluctuation reach their new equilibrium
state very slowly. For a sudden change of the boundary
condition (for instance, change of roughness), the
turbulence structure reaches its new state at a station
about 40 diameters downstream.

V. Distorted inlet velocity distribution

When the velocity profile at the entrance station is
highly inhomogeneous (for instance, due to fluid injec-
tion), the flow will need a certain distance downstream
to reach a fully developed state. Such a turbulent mixing
process in a duct has been investigated by Ahmed [57]  .
According to the momentum theorem, Eq. 2.2.1(32),
this mixing process in a duct of constant cross-section
area is connected with a pressure increase, when wall
shear stresses are neglected.

When there is a swirl in the inlet region of the flow,
again a certain distance downstream is necessary to
dissipate this swirl completely. The main characteristic
of such a swirl flow is the radial pressure gradient (lower
pressure at the axis) due to centrifugal forces. The
laminar flow with swirl has been investigated by Collatz
a n d  Gijrtler [58], whereas the turbulent case was
studied by Vasilescu [59].
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D. Compressible duct flow

(a) Basic equations

The main characteristic of compressible pipe flow is the
change of the mean density in the flow direction. This
can be caused by heat transfer and/or by high mean
velocities. Compressibility effects have to be considered
when the mean pipe velocity is larger than about 30% of
the speed of sound.

The basic equations for general duct flows have
been given in Sec. 2.2.1 A(b).

For simplification, the following assumptions will
be made:

1. The cross-section area is constant, S = const.
2. Buoyancy forces are neglected.
3. Velocity and density are constant across the

cross section, i.e., cy = 1, fl = 1.
4. Calorically perfect gases are considered [see Sec.

2.2.1A(d)].
5. The friction factor f^ is constant, i.e, inde-

pendent of the axial coordinate x. For variable ffx j, a
mean value over the length considered has to be taken.

6. WalI shear stress 7w and heat flux (i,,, (if it is
nonzero) are constant around the perimeter.

Under these conditions, the basic differential equations
for the flow are as follows.

Continuity equation:

f (pu) = 0

Momentum equation:

pudu ; dp --47w
dw dx dh

Energy equation:

(25)

(26)

(27)

According to the momentum equation, there are two
reasons for a static pressure drop: (1) the skin friction,
and (2) an acceleration of the flow due to decreasing
density downstream.

Instead of velocity u, very often the local Mach
number,

Ma = d!--
%und

is used as the dimensionless velocity.

(28)

(6) Constant heat transfer

The heat transfer with constant 4, may start at station
x1. At this section the velocity u1 and the temperature
T1 and hence the Mach number Ma1 are given.

Using the dimensionless axial coordinate,

f =f X--Xl
dh

and a modified Damkijhler number,

ELJ%?!-

fPq,Tl
(30)

it can be shown that the local Mach number Ma is a
function of the inlet Mach number Ma1, the modified
Damkijhler number Da, and the dimensionless axial
coordinate X:

Ma = FfMa, , &, X) (31)

The axial gradient of the Mach number is given by

dMa M a  l+yMa*  - T1
di =2 l-Ma*

D a  r + y Ma3

x 1 + KY - l)DlMa*
1 -Ma*

where

T-zz 1 + [(y - 1)/2]Ma:  + EX
Tl 1 + [(y - 1)/2]Ma2 (33)

From the Mach number Mafx j- and the temperature
T-(Z), the velocity uf?) and density p(X j can be
found using Eq. (28) and Eq. (25), respectively.

The momentum equation determines the modified
pressure gradient

dp-=-
05

Pu2
2

- p u  2

In Fig. 8 the results are given for the inlet Mach
number MaI = 0.5.

It is interesting to note that the flow ends at a
critical condition defined by Ma = 1, when the gradient
&a/u!? becomes infinite.

The variation of the temperature is determined by
two effects: (1) increasing temperature due to heating
and (2) decreasing temperature due to decreasing
pressure and hence decreasing density. Therefore the
temperature distribution has for Da> 0 (heating) a
maximum, because in the front part of the pipe the
temperature increases because of the heating whereas in
the rear part of the pipe the temperature decreases
because of decreasing pressure predominating.

Figure 9 shows the temperature distributions at a
given modified Damkiihler  number E = 0.4 for differ-
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Figure 8 Compressible pipe flow with constant heat flux. Axial
distribution of Mach number Ma and temperature ratio T/T,.
Ma, local Mach number according to Eq. (28); Da, modified
Damkijhler  number according to Eq. (30);%,  dimensionless axial,.
coordinate according to Eq. (29);f,  friction factor assumed to be
constant. Example: Ma, = 0.5 at the beginning of heating.

ent inlet Mach numbers Mal. At very low Mach num-
bers (incompressible flow), the temperature increases
linearly. Because of compressibility effects, the tempera-
ture increase is reduced, and at a certain inlet Mach
number Ma, (in the example, about MaI = 0.6), there is
eventually no increase of temperature although the fluid
has been heated from the wall.

(c) Adiabatic fro w (Fanno  fro w)

One limiting case of the flows considered in the previous
section is the adiabatic flow, that is, the flow without
heat transfer, E = 0. This flow is called Fanno flow.
According to Eq. (32),  the Mach number gradient
becomes independent of X. The integration can be done
analytically (see Oswatitsch [60]),  and one universal
curve Ma = F+%) can be found. This function is shown

in Fig. 10, and has been tabulated by Shapiro and
H a w t h o r n e  [61]  ; see also the review by Carnbel [62].

(d) Isothermal jlo w

In order to keep the fluid temperature equal to a
constant, T = T1, a certain amount of heat has to be
transferred to the fluid. Since p/p is constant, the
momentum equation can be integrated easily to give

-+-& [1(:7] +ln($r =i$ (34)

P2 _ P2 _ Wl- - - - -

Pl Pl w2
WI

The flow ends when Ma2 = 1 Ifi, which leads to

0

f-h =-1

G lim d?Mal
(35)

The energy equation can be used to determine the heat
that had to be transferred to keep the temperature
constant.

(e) Low-density effects

For Reynolds numbers smaller than about Re = 25,
low-density effects become important, with the conse-
quence that the no-slip condition at the wall is no longer
valid. Information about the laminar tube flow in the
so-called slip flow regime can be found in [ 141.

(f)  Inviscid jlow with heat addition

Inviscid compressible flow in ducts will not be con-
sidered here. It is particularly important in connection
with dejlagration and shock-induced combustion (det-
onation). For more details, see Cambel [62], BartlmZ
[63],  or Oswatitsch [60].

0 0 25 05 0 75 1.0

DIMENSIONLESS AXIAL COORDINATE X

Figure 9 Compressible pipe flow with constant heat flux. Axial distribution of temperature ratio, T/T,, for various inlet
Mach numbers Ma, Example: Da = 0.4. Symbols as in Fig. 8.
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Figure 10 Compressible pipe flow with adiabatic wall condi-
tion. Axial distribution of Mach number. Curve corresponds to
Eq. (34). Points refer to measurements; see Oswatitsch 1601.  i
friction factor assumed to be constant.

E. Unsteady duct flow

Unsteady duct flow occurs when the driving pressure
difference is a function of time. A special case is the
oscillating flow in a pipe under the influence of a
periodic pressure difference. Transient flows can be
originated by dynamic events such as the closing of a
valve  or  the  loss  of  power  of  a  pump.  Calcu la t ions  of

transient flows are more involved than steady-state
calculations, because the complete history of the system
has to be calculated from the initiation of the transient
to the time of interest. The concept of the friction
factor, used in steady-state flow, is generally not
applicable, since there might be a time lag between the
pressure gradient and the wall shear stress. In turbulent
flow the time-averaging procedure is not trivial, because
the mean values (e.g., the mean velocities) are still time
dependent. Therefore, ensemble averages have to be
used; see Sec. 2.2.lC(a).

Surveys on unsteady pipe flow have been given by
Rich [64], Wylie and Streeter [65], Paynter [66],  and
Kalinin and Dreitser [67].

Oscillating pipe flows have been investigated by
Uchida [68] and Richardson and Tyler [69]  for the
laminar case and Schultz-Grunow [70]  for the turbu-
lent case.

Zielke [71]  studied the laminar transient pipe flow,
whereas the turbulent case has been investigated by
Brown et al. [72],  Hirose [73],  and Margolis and Brown
1741.

F. Losses in piping components

(a) Loss coefficient

A system loss coefficient is defined as the difference of
the nondimensionalized total pressure loss between the
extreme ends of two long straight pipes or passages when
there is a zero loss component between the two pipes or
passages and when the real component is installed; see
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Miller [4] . In nondimensionalizing the pressure loss, the
convention is to use the component�s inlet dynamic
pressure, except when the component is an inlet from a
large space the outlet dynamic pressure is used. The long
pipe before the component ensures a developed flow at
inlet and the long pipe at outlet from the component
ensures that losses caused by flow redevelopment after
the component are debited to the component. Figure 11
illustrates the procedure for establishing the loss coeffi-
cient. The inlet and outlet developed friction gradients
are projected to the component and the difference
between the projected total pressures at the component
is established.

The loss coefficient K is given by

(36)

where Apt is the total pressure loss.
Obviously, many components do not have inlet or

outlet pipes. Experience shows that if inlet and outlet
pipes or passages are 30 or more diameters long, loss
coefficients typically lie within about 0.02 of their value
with much longer pipes or passages. When the inlet and
outlet length requirements are not met, corrections have
to be applied to system loss coefficients.

When the cross section of the pipe is the same in the
inlet and in the outlet, the total pressure loss is identical
with the static pressure loss. The static pressure differ-
ence, however, is not sufficient to determine the loss
coefficient in enlargements (diffusers) or contractions
(nozzles); see Sec. (c).

(b) Curved ducts

I. Flow characteristics

When flow is turned, static pressure and velocity
distributions change. To compensate the centrifugal
forces, a pressure gradient perpendicular to the main
flow occurs such that on the inner side of the turned
pipe or bend the pressure is lower. Consequently, two
adverse pressure gradients parallel the main flow and
hence danger of flow separation occurs, one at the outer
side in front of the turning and one on the inner side
beyond the turning. The low-energy fluid close to the

Figure 11 Definition of loss coefficient.
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Figure 12 Flow in a curved pipe showing secondary flow of the
fist kind.

wall has to follow the pressure gradient within a cross
section leading to a secondary flow (secondary flow of
the first kind)  shown in Fig. 12. The secondary flow is
directed outward in the center and inward (i.e., toward
the center of curvature) near the wall. The shape of the
cross section has a strong influence on the secondary
flow, as can be seen from the velocity distributions
shown in Fig. 13.

It is obvious that flow turning affects the turbulence
structure of the flow due to secondary flow and local
separation, if the curvature is strong enough. Curvature
causes the flow on convex surfaces to be stabilized with
a reduction in turbulent shear stresses and to be
destabilized on concave surfaces with an increase in
turbulence shear stress; see Bradshaw, Sec. 2.2.1 [127].

Bend outlet velocity and turbulence distributions
differ substantially from those of developed pipe or
passage flows. Additional losses are involved in estab-
lishing developed flow conditions after a bend. Some 30
diameters from the bend, a steady-state pressure gradient
is reestablished. Although the static pressure gradient
becomes constant after 30 diameters, weak secondary
flows are usually present and continue to be detectable
50 to 100 -diameters after the bend. In some circum-
stances nearly all the pressure loss is associated with
reestablishing developed flow after a bend.

Considering 90� bends of circular cross section, the
main experimental observations of the distribution of
losses between the bend and the outlet pipe are,
according to Miller [4] :

1. In bends of r/d < 0.8, serious flow separation
can be expected. Most of the loss is the result of the
separated flow expanding immediately after the bend.
Intense turbulence generated by the expanding flow
tends to destroy secondary flows.

2. For bends of 0.8 <r/d  < 1.5, about 80% of all
losses occur in the bend and the first two pipe diameters
after the bend.

3. For 1.5 <r/d < 3, about 40% of the loss occurs
downstream of the bend.

4. For r/d > 3, increasing contribution of wall
friction reduces the percentage contribution of the
downstream loss to the total loss.

II. Fully developed  flow cl rectangular aspect ratio  2

In helically coiled pipes a fully developed flow will be Figure 13 Effect of cross-sectional shape on velocity distribu-
established. The friction factor according to Eq. (1) can be tions (contours of local to mean velocity). After Miller 141.

applied for suchflows. Thefollowingformulas can be used:

(i) Laminar flow
h

f, = 0.106 De0.56 De > 300
Adler [75]

(37)

L = 0.37 De0.36A 80 < De < 2 000 (38)Prandtl
[ 761

Here the characteristic dimensionless parameter, which
determines the influence of curvature in the laminar
case, is the Dean number,

where R is the radius of the cross section and r is the
radius of curvature of the centerline of the bend.

In Eqs. (37) and (38) f, refers to the straight duct,
whereas the index c corresponds to the flow with
curvature.

Further investigations on fully developed laminar
flow in curved pipes and with noncircular cross section
have been carried out by Ito [77],  Patankar et al. [78],
Cheng et al. [79], Ghia and Sokhey [80],  Taborrek and
Lin [81],  Cheng [82], Austin and Seader [83],  Green-
span [84],  Zapryanov et al. [SS]  , Dravid et al. [86],
Srinivason et al. [87],  and Humphrey et al. [88]. The
critical Reynolds numqer is

Re,,  = 2400[1  + 8.6(:)�.4~o�4s

bl rectangular aspect ratlo 0.5
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(ii) Turbulent  flow

& = 1 + 0 0 7 5
i * [ 01

Re !! 2 o�25
r

White [89]

i = [Re(~~]��� Re (F)�  >6

(39)

(40)

It0 [90]

f^c = ($)O�{O.O29  + 0.304 [- (-);1  e��2s} (41)

0.034 < Re 3
0

� < 300
r

There are no curvature effects for Re(R/r)2  < 0.034. (ii)  Re(R/r)�  > 91

III. Loss coefficient

Figure 14 shows the loss coefficient Kb for circular
cross-section bends at Reynolds number Re = lo6
according to Miller [4]. The loss coefficient was defined
for bends with long and hydraulically smooth inlet and
outlet pipes. Correction factors are given by Miller [4]
to correct the loss coefficient to any other Reynolds
number and outlet pipe length. Allowance is made for
roughness by multiplying the smooth friction factor as
found in Sec. A(a), as long as the roughness correction
does ndt exceed 1.4; see Miller [4].

Empirical equations for the loss coefficient in
turbulent flow (smooth walls) that well represent Ito�s
[90, 911 very accurate and systematic experimental
results, and that agree with that of many other experi-
menters, have the form

0.5 1 2 3 G 6 8 1 0
CURVATURE RAOIUS  r/d

Figure 14 Bend performance chart-circular cross section
(Re = 106). After Miller [4].  Kb, loss coefficient of the bend.

(i) Re(R/r)2 < 91

K = 0.008 73 a0 ;fc (42)
h

where 0 is the bend angle in degrees and fc is the friction
factor of the fully developed curved flow.

The empirical factor a! has been given by Ito as

aez4p  = 1 + 14.2 ;
0

-1.47

(43)

0

-1.96

ffe=~�  = 0.95 + 17.2 ; (44)

According to this formula, the dependence of the loss
coefficient on Rey?olds  number is the same as that of
the friction factor fc of the fully developed curved flow.

K = 0.002 4 ae R’
0

0.84
Re-0.17 (45)

The loss coefficient of bends with the turning angle
0 can also be determined by using the results of the 90�
bend and applying a correction factor Co as

K. = CeKmO

The values of Co are as follows [92]  :

e 1 20" 40" 60" 80' 100� 120� 140� 160� 180�

Ce IO.29 0 . 5 6 0 . 7 7 0.93 1 . 0 6 1 . 1 6 1 . 2 5 1 . 3 2 1 . 3 8

When a bend is located in close proximity to other
components, corrections for interaction effects are
necessary. For bend-bend interactions and bend-diffuser
interactions, see Miller [4].

For more information about bends, and also mitre
bends with various cross sections, see Miller [4],
Idel�chik [93],  and Ananyan [94].

IV. Vaned bends

By using vanes, the loss coefficient of a mitre bend can
be reduced to that of the lowest-loss circular-arc bend.
Ideally, vanes should be closer together on the inside of
the bend, but because of strength requirements the vane
thickness may be such as to cause excessive blockage on
the inside of the bend.

Vanes within circular arc bends are justified only if
the bend radius, r/d, is less than 1 and the vanes are thin
and occupy less than 5% of the cross-sectional area. For
radius ratios r/d > 0.7, a single vane located at r, =
6 should be used, ri and r, being the inner and outer
bend radii, respectively. A vane at this location reduces
the loss coefficient of a r/d = 0.7 bend by half and a
r/d = 1 bend by 20%; see Miller [4] .
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Instead of vanes, airfoil blades can be used to reduce
the loss coefficient even further. An optimal blade
geometry for 90� turning has been found by Wolf [95]
and Collar [96], who could reduce the loss coefficient
down to about K = 0.04.

(c) Enlargements

I. Diffuser performance

Diffusers are tapered enlargements. They are devices for
converting dynamic pressure to static pressure and for
reducing velocities (in subsonic flow).

The performance of a diffuser in incompressible
flow can be characterized by

Loss coefficient:

Kd=(&&= Pl + a1 (P/2&: - P2 - a2 (P/2)fi2

1 (Pmfi:

(46)

see Eqs. 2.2.1(37) and (38). Since the Reynolds numbers
in the inlet and outlet pipe are different, (1~~  and a2 may
usually be different.

Pressure recovery coefficient:

Diffuser efficiency:

qd = $ = [l - ,,sz,Y$,,2,fi: (48)

where

(49)

is the ideal recovery coefficient.
These performance parameters are connected by

Kd = a1 - cr2 2
0

2

- cp

and

Kd = (at - qd) - (Q2 - ‘?d)

where the latter equation for (Ye = a2 reduces to

Kd = (CY  - ?Jd) 1 - 5
2[ 012

(50)

(52)

In practical applications the factor (Y -?&j has values of
0.05-0.2.

Figure 15 shows the loss coefficient & for comical

d 1.;
2 1.6CL
Q 1.4
:
u 1.2

1.1 I
0.2 0.4 0.6 1 2 4 6 10 20

DIFFUSER  LENGTH N/R,

Figure 15 Loss coefficient Kd for conical diffusers with an
outlet pipe and fully developed inlet flow (Re = 10�). After
Miller [4]. A, = (R, /R ,)*, area ratio.

diffusers with an outlet pipe at a Reynolds number of
Re = lo6 according to Miller [4]. The loss coefficient is
a function of two geometric parameters, the area ratio,

A,. = 2

and the length of the diffuser N based on the inlet radius
RI. The half angle, ed, of the diffuser is connected with
the area ratio and diffuser length by

tan  (jd = ax - 1
NIR,

(54)

These loss coefficients are valid for diffusers with inlet
pipe lengths of five diameters or more and with outlet
pipe of four diameters or more.

Generally, loss coefficients increase for lower
Reynolds numbers, but Kd values are practically inde-
pendent of Reynolds number for Re > 10�  [4,97].  For
corrections with regard to Reynolds number, see Miller

[41.

II. Diffusers with free discharge

In practical applications very often diffusers with free
discharge are used. For diffusers with free discharge, the
dynamic pressure at the outlet must be considered as
additional loss. Therefore the loss coefficient is defined
as

Kd = 412 + W2)~2G  = &l - 17d 1 - s1 2

w%: [ 01s2

=0!1  -cP (55)

Figure 16 shows the loss coefficient chart of conical
diffusers with a free discharge at a Reynolds number
Re = lo6 according to Miller [4].

There exist optimum geometries of diffusers of
given area ratio (A in Fig. 17) and for given length to inlet
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d
2.0

E 16

2 1x
wu

u 1.2

1.1
0.5 1 2 4 6 10 20

DIFFUSER LENGTH N/R,

Figure 16 Loss coefficients ?&j  for conical diffusers with a free
discharge and fully developed inlet flow (Re = 106). After Miller
[4].  KJ,  line of minimum loss coefficients in a given length;
Kz*,  line of minimum loss coefficients in a given area ratio.

radius ratio (curve B); the curve 28b = 6� is located
between these two optimum curves.

Optimum diffusers have an optimum performance
total diffuser angle of about 28b = 6�.  For higher
Reynolds numbers the optimal diffuser angle becomes
smaller; see Schlichting and Gersten [98]. Nikuradse
[99] gave the relation

(2ed)opt e 150 Re-0’25 (56)

for diffusers of rectangular cross section where the
optimum diffuser angle is slightly higher than that of
conical diffusers.

At higher diffuser angles, flow separation occurs
leading to strongly unsteady flow characteristics. For
quantifying the frequency of pressure fluctuations the
time period At can be used, within which the flow
traverses a distance of one pipe diameter at the diffuser
inlet velocity; that is,

At =$ (57)

According to Miller [4], the lines in Fig. 17 indicate
roughly the following regions:

Line 1: To the right of this line, the flow is steady.
Line 2: Onset of small areas of flow separation with

small amplitude fluctuations with a period of about 20
At.

Line 3: Flow very unsteady, with areas of stall
moving around the diffuser and penetrating far into the
flow. Period of pressure fluctuations about 100 At.

Line 4: Extremely unstable flow conditions, large
eddies or stall moving violently in the diffuser. Period of
pressure fluctuation 200 At with amplitudes in excess of
10% of the inlet dynamic pressure.

Line 5: Very unstable flow, with low-frequency,
large-amplitude movements of the whole flow. Period of
fluctuation about 2 000 At.

An equivalent description of the various regions for
straight two-dimensional diffusers is given by Reneau et
al. [97]. For calculating the flow below line 1, see, for
instance, Roberts and Forester [IOO]  . A very careful
experimental investigation of the turbulence charac-
teristics of a conical diffuser (286 = 6�) has been carried
out by Pozzorini [loll.  Regarding two-dimensional
diffusers, the systematic investigations by Kline and his
group [120],  [97, 102-1081  should be mentioned.

III. Inlet conditions of diffusers

A diffuser�s performance depends strongly on the
velocity distribution at its inlet. The diagram in Fig. 18
represents the variation of efficiency with the ratio
26 r1 /dr for diffusers with circular cross section accord-
ing to Sprenger [109]. The symbol 6 rr denotes the
displacement thickness [see Eq. 2.2.1( 151)]  at the inlet,
and dr is the inlet diameter. The diffuser efficiency
decreases more strongly for curved diffusers than for
straight diffusers.

For thin inlet boundary layers, the diffuser effi-
ciency can be calculated using the boundary-layer
concept; see Sec. 2.2.1D.  The flow field can be divided
into an inviscid core and the boundary layer close to the
wall. There is a strong interaction between the two
fields, because they depend on each other. Such calcula-
tions have been carried out for axisymmetric diffusers
b y  S c h l i c h t i n g  a n d  G e r s t e n  [98] and for two-

4.0

3.0

L
2 2.0
i=aCT

2 1.5
u

1.2 ’ I 1
0.6 1 2 3 4 5 678910

OIFFUSER LENGTH  N/R,

Figure 17 Flow regimes. Conical diffusers with a free discharge
and thin inlet boundary layer (Re = 106). After Miller [4].
Curve A, line of minimum loss coefficients in a given area ratio;
curve B, line of minimum loss coefficients in a given length.
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Figure 18 Diffuser efficiency in straight and curved diffusers
with circular cross sections. After Sprenger [ 1091. Efficiency
defined in Eq. (48). Diagram represents dependence on ratio of
boundary-layer displacement thickness to radius of cross section
at entry.

dimensional diffusers by Ackeret [ 1101 and by Kline
and his co-workers [ 106-1081  and Weber [ 11 I] .

It is worth mentioning that for larger diffuser angles
the pressure is not constant across the cross section, but
varies radially as a result of the curvature of the flow.
This radial pressure distribution has to be taken into
account in the calculation of the inviscid core region; see
Gersten et al. [ 1121 .

For further details of the effect of inlet conditions
of diffusers, see Robertson and Ross [ 1131,  Winternitz
and Ramsay [ 1141, Miller [4], and Idel�chik [93].

Optimum diffusers have been investigated by Sovran
and Klomp [115 1, Fernholz [ 1161, and Ghose and
Kline [ 1071.

Reviews about diffusers have been given by Patter-
son [I 171,  Cockrell and King [I 181,  CockreU  and
Markland  [ 1191, Miller [4] , and Idel�chik [93]  .

IV. Methods of improving  performance

Diffuser performance can be improved by the following
five methods.

(i) Curved wall diffusers. The basic shapes for curved
wall diffusers are the trumpet shape and the bell shape.
From theoretical results of Schlichting and Gersten
[98], it can be concluded that the bell-shape diffuser
can in some cases be better than the conical diffuser; see
Adkins [ 1201.

For diffusers that are connected with coolers at
their outlet section, trumpet-shape diffusers have much
better performance than the bell-shape diffusers, as has
been shown by Kiichemann and Weber [ 1211. They give
the coordinates of such a bell-shape diffuser, called a
streamline diffuser. They showed that, for instance, for
an area ratio of A, = 2.5 and a length N/R, = 3, the
flow of the streamline diffuser would not separate,
whereas the flow in a conventional diffuser of the same
area ratio and length would already be extremely
separated.
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(ii)  Application of vortex generators. See the review by
Adkins [ 1201.

(iii)  Diffuser with swirl.  Swirl can improve the per-
formance of diffusers; see Liepe [ 1221 , Cockrell and
King [118].

(iv)  Application of suction. Boundary control by suc-
tion (see Furuya et al. [ 1231) or blowing can improve
the performance of diffusers; see Sec. 2.2.1 [92]  and
Adkins [ 1201.

(v) Vaned  diffusers. See  Miller [4], Idel�chik [93], and
Albring  [ 1241.

V. Sudden enlargement

The loss coefficient of sudden enlargement is given by
2

(58)

where the factor C is slightly larger than 1, which takes
into account that the base pressure in the separated
region is slightly smaller than the inlet pressure pl.
Under the assumption that the base pressure and the
inlet pressure are the same (C = l), Eq. (58) is called the
Carnot formula.

Since these losses are wasteful, the use of sudden
enlargements should be avoided.

(d) Pipe fittings

There are numerous publications about loss coefficients
of all kinds of pipe fittings. Typical examples for results
are the loss coefficients of combining flow and dividing

-0210 02 04 06 08 10

FLOW RATIO 0,/O,

Figure 19 Loss coefficients for sharp-edged 45� and 90� divid-
ing junctions. After Miller [4].
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flow in Figs. 19 and 20, respectively, as given by Miller

[41-
Further details about loss coefficients of pipe

fittings can be found in books by Miller [4], Idel�chik

1.5

1.0

2

g 05
LI
h
E
2 0
0

-05

-lo-
0 0.2 Oh 0.6 0.8 1.0

FLOW RATIO &ICI,

[93], Kamininski [125],  Benedict and Carlucci [126]  ,
Zoebl and Kruschik [127],  Schweigerer [ 1281, Volk
[129],  Benedict [92], and in books on hydraulics
[130-1321.

Figure 20 Loss coefficients for sharp-edged 45� and 90� com- In Table 6 special references for various types of
bining junctions. After Miller [4]. pipe fittings are collected.

Table 6 References presenting loss coefficients
of pipe fittings

Pipe fitting References

Sudden enlargement [133-1351
Nozzles [ 136-1433
Sudden contraction (inlets) [4, 92, 1331
Orifices [137-1401
Perforated plates [144,145]
Screens [92, 146-1511,

Sec. 2.2.1 [ 1031
Honeycombs [149,150]
Branching (T junctions) [ 152-1541
Manifolds [4,93,  1251
Valves [124,  127, 129, 1551

NOMENCLATURE FOR SECTION 2.2.2

4
CP
CP
Cpi
C
Cl3

area ratio
heat capacity at constant pressure, J/kg K
pressure recovery coefficient [Eq. (47)]
ideal pressure recovery coefficient [Eq. (49)]
factor [Eq. (58)]
correction factor for curved ducts [Sec. F(b),
III]

Cfn) factor for power law velocity distribution (Table 2)
d
dh
Ei
De

EC
f
g
Gr
k
k’
K
Kb
Kd
KIT

K$**

Kf
KO

diameter, m
hydraulic diameter, m
modified DamkBhler  number [Eq. (38)]
Dean number [Eq. (38)]
Eckert number (Table 4)
friction coefficient [Eq. (2)]
gravitational acceleration, m/s*
Grashof number [Eq. (1 l)]
roughness height, m
dimensionless roughness height [Eq. 2.2.1(  188)]
loss coefficient [Eq. (36)]
loss coefficient of bend (Fig. 14)
loss coefficient of diffuser [Eq. (46)J
loss coefficient of optimal diffusers at given
length (Fig. 16)
loss coefficient of optimal diffusers at given area
ratio (Fig. 16)
cross-section geometry factor [Eq. (19)]
loss coefficient of bend with bend angle 0 [Eq.
(491

K31>  K32 loss coefficients of dividing flow (Fig. 19)
K13,  K23 loss coefficients of combining flow (Fig.

1
L
Lhy
Ma
n
N
P
p,
Pr

q++
4
e
r
R
R
Ra
Re
S
T
u
u
UC

20)
mixing length [Eq. (9)] , m
length [Eq. (l)] , m
hydrodynamic entrance length [Sec. C(a)]
Mach number [Eq. (28)]
exponent of power law velocity distribution
diffuser length (Fig. 1 S), m
static pressure, N/m*
perimeter, m
Prandtl number
resultant fluctuation velocity [Eq. 2.2.1(127a)]
heat flux per unit area, J/m* s
flow rate, m3 /s
local radius, m
pipe radius, m
specific gas constant, J/kg K
Rayleigh number [Eq. (12)]
Reynolds number [Eq. (4)]
cross-sectional flow area
temperature, K
velocity in main flow direction, m/s
mean flow velocity [Eq. (3)],  m/s
velocity at center, m/s

&,�nd  speed Of sound, m/S

UT friction velocity [Eq. 2.2.1 [186)]  , m/s
u�,  u�,  w� fluctuation velocity components, m/s
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temporal mean of product of two fluctuation
velocity components, m* /s*
velocity perpendicular to the wall, positive away
from the wall, m/s
coordinate along duct axis, m
dimensionless axial coordinate [Eq. (29)]
distance from wall, m
dimensionless distance from wal l  [Eq .
2.2.1(191)]

kinetic energy correction factor [Eq. 2.2.1(29)]
momentum correction factor [Eq. 2.2.1(30)]
heat capacity ratio
displacement thickness [Eq. 2.2.1(151)],  m
wall layer thickness [Eq. (S)] , m
pressure loss, N/m*
total pressure loss, N/m*
time interval, s
dissipation, m* /s3
(dynamic) viscosity, kg/m s
efficiency of diffuser [Eq. (48)]
bend angle
half-angle of conical diffuser
von Karman constant

h thermal conductivity, J/m s K
V kinematic viscosity, m* /s
Vt eddy viscosity [Eq. (9)] , m* /s

P density, kg/m3
7 shear stress, N/m*
71 laminar shear stress [Eq. (7)  N/m*

rt turbulent shear stress [Eq. (7)],  N/m*
T\V wall shear stress, N/m*

412 specific dissipiation between stations 1 and 2
[Eq. 2.2.1(38)],  m*/s*

Subscripts

b bulk temperature

;:
curved, center
film temperature

is0 isotherm
s straight, not curved
t turbulent
W wall

Superscripts
- time average
, fluctuation
+ dimensionless value, based on 6,
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2.2.3

Immersed bodies

K. Gersten

A. Flow regimes

In this section, flows past bodies of finite length will be
considered. The emphasis will be on low-speed flow,
which means that the velocity in the whole flow field
should not exceed 30% of the speed of sound.

For high-speed flows past bodies, the reader is
referred to special literature on gas dynamics; see
Liepmann and Roshko [l] , Oswatitsch [2, 31, Becker
[4], Zierep [5], Shapiro [6], and Tsien, Sec. 2.2.1 [8].

The flow pattern past immersed bodies is character-
ized by the Reynolds number, defined as

Re=!!!?=z
77 v

where I is the characteristic length of the body, V is the
flow velocity, p, n, and v are density, dynamic (absolute)
viscosity, and kinematic viscosity, respectively, taken at
conditions far upstream of the body.

Two limiting cases can be distinguished, where
Re -+ = and where Re + 0.

(a) Re + 00: Boundary-layer theory

The basic concept of boundary-layer theory has been
described in Sec. 2.2.1D.  As a consequence of this
asymptotic theory according to Prandtl, the flow field
can be divided into two different regions, the inviscid
outer region and the very narrow viscous boundary layer
close to the wall. Two fluid dynamical phenomena have
so far limited the application of this theory, turbulence
and separation.

I. Turbulence

There is no theory available to predict the laminar-
turbulent transition of the boundary layer. Furthermore,
the turbulent boundary layer needs empirical or semi-
empirical modeling of turbulence; see Sec. 2.2.1C and
2.2.1D(g)-2.2.lDCj).

Turbulence modeling is still one of the major
activities in fluid dynamics research.

II. Separation

When the boundary layer separates, the original
boundary-layer concept breaks down. In these cases,
additional modeling of the separated region and of the
wake of the flow past the body is necessary. By applying
such additional modeling, the boundary-Iayer concept
can be used in a modified and more extended form by
dividing the flow field into several regions, which
interact with each other. These regions are the inviscid
outer flow, the attached boundary layer, a free shear
layer beyond separation, the separated regions (�dead
water�), and the wake beyond the separated region of
finite length.

This asymptotic theory for high Reynolds numbers,
including separation, is still in a preliminary stage; for
more information see Smith [7], Stewartson, Sec. 2.2.1
[88], Brown and Stewartson, Sec. 2.2.1 [89], and
Williams, Sec. 2.2.1  1901. Flows exhibiting separation
are still the domain of experiments and empirical
relationships; see Chang, Sec. 2.2.1 [91,92] .

When the location of separation is not fured, the
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flow field usually becomes unsteady, although the
free-stream velocity is independent of time; see Sec. B.

(6) Re + 0: Low Reynolds number flow

In this limit the inertial terms in the Navier-Stokes
equation are usually very small and negligible (Stokes
flow, creeping motion). However, the classical theory of
Stokes, in which the inertial terms are dropped from the
Navier-Stokes equations, is deficient for the case of a
body in an unbounded stream, in that Stokes flow
cannot properly represent conditions both at the body
and at infinity; see Langlois  [8], and Happel and
Brenner [9]. This difficulty of Stokes� theory has been
resolved by use of the method of matched asymptotic
expansions; see Van Dyke [lo]  , and Schneider [ 111.

Van Dyke has compared the two-term expansion with
both numerical and experimental results for the flow
behind a sphere, and good agreement is observed for
Reynolds numbers up to at least Re = 2. As far as the
shape and length of the standing eddy is concerned, which
appears at the rear part of the sphere at about Re = 16,
agreement exists for even higher Reynolds numbers.

(c) Intermediate Reynolds number range

For flows in the intermediate range, only experimental
investigations leading to empirical relationships are
usually possible. Because of the rapid development of
high-speed computers, there is a tendency to replace
experiments more and more by numerical computations.
Current research activity is concentrated on the numerical
solutions of the so-called Reynolds-averaged Navier-
Stokes equations [Sec. 2.2.1C(a),  using more or less
sophisticated turbulence modeling [Sec. 2.2.1C(b)]  . The
final aim for the future is the numerical solution of the
complete time-dependent Navier-Stokes equations, in-
cluding a direct numerical simulation of the large
turbulent eddies. Only the small, subgrid-scale eddies are
modeled. Assuming that projected trends of computer
development continue, it has been estimated that turbu-
lent eddy simulations of aerodynamic flows with the order
of log-1 0�  grid point would become feasible in the late
1990s; see Chapman [12].

B. Forces exerted on the body

(a) Total force

In the flow past a futed body in a stream that is steady
and uniform at infinity, the total force exerted on the
body by the fluid is of most practical interest. Contribu-
tions to this total force are made by the tangential stress
and by the normal stress at the body surface, integrated
over that surface.

Considering an elementary area dA of the body
surface, the resultant force (with components normal
and tangential to the surface) exerted on that area is
given by

s=Sn-pn (2)

where n is the normal unit vector on that surface
element and S is the stress tensor [see Eq. 2.2.1(10)] .
Integration over the body surface leads to the total force

F= s dA (3)

[see Eq. 2.2.1(16)].  Since the resultant force s per unit
area consists of pressure force (normal force) and
tangential force, the total force can be split into a
pressure force and a viscous force. The component of
the total force in the free-stream direction is called drag
D; the component normal to it is called lift L.

(b) Drag

In the same way as the total force, the drag consists of
two parts, the friction drug (integration of tangential
forces) and the pressure drag (integration of normal
forces), the latter also being called form drag. A
dimensionless drag coefficient CD is defined by

where A is a characteristic reference area.
For a two-dimensional symmetric body of span b

and length 1 in symmetric two-dimensional flow, the
drag coefficient can be determined using the formula

CD=+fd(;)+ 2~1Cp$ d(;) (5)

Friction drag Pressure drag

where the following definitions have been used. The skin
friction coefficient based on the free-stream velocity V is

Cf = ($gi

and the pressure coefficient is

c - P(x) - P-
p - (P/2)Y2

where p- is the undisturbed free-stream pressure far
upstream of the body. The contour of the upper side of
the two-dimensional body is given by the function
y&x) satisfying the conditions ~?~fOj  = y&Z) = 0.

In inviscid flow the friction drag is equal to zero.
But the pressure drag also vanishes in inviscid (subsonic)
flows. The latter result is called d’AZembert5;  paradox. In
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2.2 SINGLE-PHASE  FLUID  FLOW / 2.2.3 ImmersedBodies 2.2.3-3

flows of high Reynolds numbers, where the boundary
layer is applicable, separation might be avoided when the
body is simple and slender enough such that the adverse
pressure gradients are not sufficiently strong. Then the
pressure distribution can be calculated by inviscid
potential theory leading to zero pressure drag. The
boundary-layer calculation ends up with the wall shear-
stress distribution r,,,fx+ and hence, according to Eq.
(5) with the friction drag.

In most practical cases, however, boundary-layer
separation will occur. As a consequence, a separated
region at the rear part of the body develops, which
changes the pattern of the complete flow field con-
siderably. The pressure distribution around the body will
change such that the pressure drag becomes a finite
value. Since there is no theory available to calculate
separated flows, drag coefficients of most bodies have to
be determined experimentally. The most comprehensive
collection of drag coefficient data has been given by
Hoerner [ 131.  For the simple case of a sphere, the drag
coefficient data are given in Table 1.

(c) Lift

The component of the total force normal to the
free-stream direction is called lift. Hoerner and Borst
[ 141 have collected all kinds of data on lift of immersed
bodies.

If high lift values are desirable, the bodies have the
special form of airfoils or wings to serve this purpose.
For more �detailed information on airfoils, see Riegels

[151.
Although the mean value of the lift exerted on the

body by the flow might be equal to zero, there is a
possibility of nonzero timedependent lift values due to

Table 1 Drag coefficient  of sphere�

Reynolds number Re Drag coefficient CD Flow regime

Re < 1

1 < Re < lo3
First separation

at Re = 20

g I+GRe
II

Low Reynolds

+ OfRe* In Re f1
number flow

0.4 < CD < 28
See formula in [ 221

10� < Re < 3 X 10� = 0.4 Subcritical

3 X 10�  < Re < 10� 0.08 < CD < 0.4 Critical and
See [36] postcritical

10� < Re = 0.2 Transcritical
(supercritical)

�Sphere diameter, D; frontal area, A = (n/4)D2  ; Reynolds
number, Re = VDfv.
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unsteady oscillatory separation of the boundary layer.
This phenomenon can-even for symmetric bodies-lead
to flow-induced movements of the body. The reader is
referred to special literature on flow-induced vibrations
and aeroelasticity [ 16- 181.

C. Flow around a circular cylinder

(a) Flow regimes

The flow around a circular cylinder is considered in
detail as a typical example of the flow past a bluff body,
where flow separation has an essential effect on the
overall features of the flow. Table 2 presents the various
regimes of flow experienced by a circular cylinder
immersed in an incompressible fluid [ 191. The Reynolds
number is based on the diameter D of the cylinder. In
the limit of very low Reynolds numbers, the flow
exhibits complete fore-and-aft symmetry. At about
Re = 3, flow separation occurs at the rear of the
cylinder, forming two steady recirculating eddies. The
steady recirculating wake persists for at least two
decades in Reynolds number, growing in length until
oscillations in the downstream wake progress forward to
the recirculating eddy. The steady flow then breaks
down into the familiar von Karman vortex street for Re
of the order of 100. This pattern of alternating vortices
exists up to about Re = 300, breaking down into an
irregular unsteady wake, and finally into a completely
turbulent wake for high Reynolds numbers. As noted in
Table 2, the limits on these flow regimens are not fixed,
since they depend strongly on the conditions of the
experiment.

In several flow regimes the flow exhibits more or
less pronounced periodicity due to vortex shedding,
which is characterized by the Strouhal number,

Sr = !I!?
V (8)

where f is the vortex shedding frequency. Values of
Strouhal numbers for various flow regimes are also given
in Table 2.

(b) Drag coefficient

The drag coefficient of circular cylinders as a function of
the Reynolds number is shown in Fig. 1. The drag
coefficient defined in Eq. (4) is based on the frontal
area, that is, the product of diameter D and span b of
the cylinder. There is excellent agreement between
experiment and theory for Re < 1. The theoretical curve
corresponds to a two-term expansion for low Reynolds
numbers based on the method of matched asymptotic
expansions (see Van Dyke [IO]):
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Table 2 Flow characteristics  of a circular cylinder�

Reynolds number Re Flow regime Flow pattern
Flow
characteristics

Strouhal
number Sr

Drag
coefficient CD

Separation
angle es

Re+O Very low Reynolds
number flow

Steady flow, no wake,
fore-and-aft symmetry,
theory available

Eq. (9)

3-4 < Re < 30-40 Twin vortex stage Steady flow, separation,
recirculating eddies

1.59  <CD < 4.52

(Re = 30) (Re = 4)
(numerical)

130� < OS < 180�

(Re = 35) (Re = 5)

30 80 Incipient von 1.17 < CD < 1.59 115� < 8, < 130�
40

< Re < go
Karman range (Re = 100) (Re = 30) (Re = 90)  (Re = 35)

(numerical)

80
go < Re <

150 Pure von Karman -6 von Karman vortex 0.14 < Sr < 0.21
300 range street

150 100000 Subcritical regime Laminar near-wake Sr =
<Re<

0.21 = 1.2
300 130 000 zsvi;;t;x  street

= 80�

iii iii < Re < 3 500 000
Critical and post- Laminar separation, Loss of dominant 0.2 < CD < 1.2 80� < OS < 140�
critical regime turbulent reattach- periodicity

ment (bubble), final
turbulent separation,
turbulent wake

3 500 000 < Re Transcritical Transition to turbulent 0.25 < Sr < 0.30 aO.6 2115�
regime (super- boundary layer,
critical) turbulent separation

�Cylinder diameter, D; cylinder span, b; frontal area, A = Db; Reynolds number, Re = VD/v,  Strouhal number, Sr = Of/V.
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CD = g [AlfRe) - 0 . 8 7  A:fRe) + O-@?jl (9)

where

In this regime the friction drag is about half the total
drag.

Assuming steady flow, the drag coefficients of
circular cylinders have been determined by solving
numerically the complete Navier-Stokes equations up to
about Re = 100. Numerical results of Hamiele and Raal
[20]  are shown in Fig. 1. At Re = 100, the friction drag
is only 36% of the total drag. Due to the high
unsteadiness in the von Karman street regime, no
numerical solution of the Navier-Stokes equations for
Re > 100 is available. In the range between Re = lo3
and about Re = 1.3 X 10�)  the total drag is almost
constant, but the ratio of friction drag to total drag is
decreasing rapidly. At Re = 10�  the friction drag is less
than 1% of the total drag; see Achenbach [21]. In the
critical regime (1.5 X 10�  < Re < 3.5 X 106), the drag
coefficient is reduced drastically. The explanation lies in
the behavior of the boundary layer at the surface of the
cylinder. When the Reynolds number exceeds a certain
value, the separated laminar shear layer may become
turbulent followed by a reattachment forming a separa-
tion bubble. Finally, the turbulent boundary layer will
separate, but far more backwards. The largest angle of
separation (measured from forward stagnation point) is
about Bs = 140�, corresponding to the lowest drag
coefficient of about CD = 0.2. For higher Reynolds
number the boundary layer becomes turbulent before
laminar separation, leading to turbulent separation and a
turbulent wake. In this transcritical regime the drag
coefficient is again a constant, the value being about
CD = 0.6. The friction drag in this regime is still of the
order of 1% of the total drag.

The critical Reynolds number, defined at the

Y.

10-l 100 10' 102 10" 10‘ lo5 lo6 lo7
REYNOLDS NUMBER  Re =VD/V

Figure 1 Drag coefficient for circular cylinders. Measurements
after Wieselsberger, Flachsbart, Roshko, and Jones and Walker;
see Schlichting, Sec. 2.2.1 [65].  - - - Theory according to Eq.
(9); -.-.- numerical solution after Hamielec and Raal (20).

-3

Figure 2 Skin friction and pressure distribution around a
circular cylinder at Re = 10�  (subcritical). 0,, separation angle.
After Achenbach [ 2 1 ]

steepest slope of the drag coefficient curve in the critical
regime, is a function of turbulence intensity Tu of the
free stream, which is defined as the ratio of the
time-averaged turbulent kinetic energy [see Eq.
2.2.1(113)]  and the dynamic pressure of the free
stream. Brauer and Sucker [22]  found the formula

Re, = 3.78 X 10�  ee6fi (11)

for

0 S Tu < 0.05 (12)

(c) Distributions of pressure and shear
stress at the wall

Achenbach [21]  has made measurements of the pressure
and the shear stress at the wall around the circumference
of the cylinder for several Reynolds numbers. Figures 2
and 3 show examples of results. Figure 2 refers to a
subcritical Reynolds number, Re = lo�,  and Fig. 3 to a
supercritical Reynolds number, Re = 3.6 X 106.  The
considerable difference between these two cases can

Figure 3 Skin friction and pressure distribution around a
circular cylinder at Re = 3.6 X lo6 (supercritical). Bs, separation
angle. After Achenbach [21]  .
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easily be seen. In the first case (laminar separation at
es = 78�,  CD = 1.2), the drag is about 60% higher than
in the second case (turbulent separation at Bs = 11 So,
CD = 0.76).

(d) Effect of roughness

The effect of roughness on the flow around circular
cylinders has been investigated by Achenbach [23],
Fage and Warsap  [24],  Szechenyi [25],  and Given et al.
[26]. Figure 4 shows the drag coefficient of rough
circular cylinders in cross flow versus Reynolds number
according to Achenbach [23]. The parameter is the
relative roughness k,/D. Each curve representing the
variation with Reynolds number covers three regimes,
the subcritical, the critical, and the transcritical.
Obviously, the subcritical flow regime is not influenced
by the surface roughness. Because of increasing
Reynolds number, the laminar separation is followed by
a closed bubble leading to a backward shifting of the
separation point and hence to a reduction in drag. This
process takes place at lower Reynolds number when the
surface is rough because of additional disturbances in the
boundary layer caused by roughness elements. The
reduction of drag in the critical region is not so
pronounced for rough surfaces compared to smooth
ones. Achenbach has also measured the distributions of
static pressure and shear stress at the wall around rough
circular cylinders, as well as the locations of the points
of laminar-turbulent transition.

(e) Effects of various parameters

The following effects on flows around circular cylinders
are worth mentioning.

I. Free-stream  turbulence

As already noted, the main effect of free-stream
turbulence is on critical Reynolds number according to
Eq. (11); see also Fage and Warsap  [24].

Fire 4 Drag coefficient of rough circular cylinders. After
A c h e n b a c h  1231.  D, cyl inder  d iameter ;  F, drag ;  k,, sand
roughness.
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II. Compressibility

When the fluid is compressible, the drag coefficient and
other flow parameters also depend on the Mach number
Ma; see Eq. 2.2.2(28). Measurements of Naumann and
Pfeiffer [27] have shown that the Mach number has no
effect for Ma < 0.3.

On the other hand, at higher Mach numbers the
influence is large. The effect of Reynolds number
recedes more and more as the Mach number is increased.
For Mach numbers larger than Ma = 0.8, the drag
coefficient is independent of Reynolds number.

III.  Temperature-dependent  fluid properties

For flows around circular cylinders with heat transfer,
the fluid properties are usually taken at a reference
tempera tu re ;  s ee  Eq .  2.2.1(212). Often the film
temperature-i.e., the mean value of wall temperature
and free-stream temperature-is used; see Morgan [28].
Zukauskas [29] reports the effect of heat transfer on
the skin friction distribution and hence on friction drag,
which, however, is only a very small percentage of the
total drag.

IV. Unsteady flow

It has been noted that even for steady free-stream flow,
unsteadiness occurs in the flow field in various Reynolds
number regimes. This can lead to oscillatory lift coeffi-
cients that are of the same order of magnitude as the
drag coefficient; see Morkovin [ 191.  The flow character-
istics become even more complex when the cylinder
performs small lateral oscillations, for example, as a
consequence of aeroelastic effects. The reader is referred
to special publications on this subject; see McCroskey
[30], Morkovin [19] , and literature mentioned earlier
[17, 181.

V. Fins

The flow around circular cylinders having fins parallel to
the free-stream direction is extremely complicated
because of the mutual interaction of the boundary-layer
flows on the fins and on the cylinder, respectively; see
Keefe [31]. Since the boundary layer on the fin is
similar to the boundary layer on the flat plate, many
investigations have been carried out on circular cylinders
mounted perpendicular to a flat plate. For more details
of this flow see, for instance, [32, 331.

D. Flow around variously shaped cylinders

The drag of blunt bodies is due mainly to its pressure
distribution (pressure drag over 90%), which differs

Ming  Corporation
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2.2 SINGLE-PHASE  FLUID  FLOW / 2.2.3 Immersed  Bodies 2.2.3-7

radically from that for inviscid flow because of flow
separation. Separation on the body occurs either at sharp
edges or at positions of large adverse pressure gradients.

In the range of Reynolds numbers lo3 < Re < 1O8,
blunt bodies with sharp edges show little variation in
drag coefficient with Reynolds number. The drag co-
efficients for some typical cases are given in Table 3.

The Strouhal number for blunt bodies is given by

Sr = 0.21
$4 (13)

found by a composite empirical fit to the data from a
wide range of blunt bodies.

Blunt but rounded forms show a remarkable reduc-
tion in drag coefficient over a small range of Reynolds
numbers in which transition from laminar to turbulent
separation occurs (critical Reynolds number). The
designations �subcritical� and �supercritical� are used to
indicate the Reynolds number ranges in which laminar
or turbulent separation occurs. In Table 4, drag co-
efficients for some rounded shapes are given in the
subcritical regime. For more information, see Hoerner
[ 131 and Heddleson et al. [34]  .

Table 3 Drag coefficients
of various  blunt cylinders�

Shape CD

1.98

-1 2.30

- 1.16

-
>

2.20

t
II -

c l
2.05

- 0 1.55

�Re  > IO3 based on frontal
height.

Table 4 Drag coefficients for rounded cylinders�

Fineness
F�low  direction ,  r a t io Corner radius CD at

(cc, lb, 1 ratio (r/b,) Re = 10�

0 1:l 0.50 1.00

1:2 1.6

2:l 0.6

1:2 0.021 2.2
I:2 0.083 1.9
1:2 0.250 1.6

T-
b,. b

L

1:l 0.021 2.0
1:l 0.167 1.2b

1:l 0.333 1.0

2:l 0.042 1.4
2:l 0.167 0.7b
2:l 0.500 0.4

1:2 0.021 1.8

1:2 0.083 1.7

1:2 0.167 1.7

I:1 0.015 1.5

1:l 0.118 1.5b

1:l 0.235 1.5

2:l 0.042 1.1
2:l 0.167 l.lb

2:l 0.333 1.1

0.021 1.2

0.083 1.3h

0.250 1.1

1:l 0.021 2.0

1:l 0.083 1.9b

1:l 0.250 1.3

�After Fraas and Ozisik [ 351.
bRe=2X  105.

NOMENCLATURE FOR SECTION 2.2.3

A surface area, m2 D diameter, m
b spm m

f�
drag, N

CD drag coefficient frequency, s-l

Cf skin friction coefficient F drag force, N

CP pressure coefficient F force, N
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2.2.3-8 2.2 SINGLE-PHASE FLUID FLOW / 2.2.3 Immersed Bodies

ks
1
L
Ma
n
P
P-
Re
Re,

;
Sr

(sandpaper) roughness height, m
length, m
lift, N
Mach number
normal unit vector
static pressure, N/m�
static pressure in far field, N/m2
Reynolds number
critical Reynolds number
force per unit area, N/m2
stress tensor, N/m2
Strouhal number

Tu

V
x9 Y
Yc

;
0s
V
P
7,

turbulence intensity, Tu = 2k/pU?  [Eq. 2.2.1-

(113)1
velocity, m/s
Cartesian coordinates, m
contour coordinate, m
dynamic (absolute) viscosity, kg/m s
angle (circular cylinder)
angle at flow separation
kinematic viscosity, m2 /s
density, kg/m3
wall shear stress, N/m2
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2.2.5
Fixed beds

P. J. Heggs

n The structural properties of fixed beds have been
extensively reviewed by Haughey and Beveridge [l] .
Two categories of fixed bed exist: regular and random
packed. Regular packings provide complete control of
bed voidage and surface area, but assembly is expensive.
Regular packings are used, however, in thermal regen-
erators, checkerwork in high-temperature stoves in the
glass and steel industries, and metallic matrix arrange-
ments in the Ljungstrom rotary regenerators used in
the power generation industry. In all these situations
the pressure drop across the fixed bed must be small.

Random packings are found in a wide range of
industrial operations: adsorption, catalysis, combustion,
filtration, separation, and solid-fluid contacting in
general. They are formed by the haphazard positioning
of particles to provide a bed and the average bed prop-
erties are largely dependent on the mode of assembly
[2]. Only an infinitely sized bed is wholly random, but
this is closely approached when the ratios of container
diameter (0) and container length @) to the particle
diameter (d) are greater than 10 [3]. Random beds are
simple in design, assembly is cheap, and construction
is rugged.

Fixed beds are normally characterized by the
specific surface area of the bed S, and the fractional
voidage of the bed E. The latter is defined as the free
volume of the bed divided by the volume of the bed,
that is,

bed volume - packing volume
E=

bed volume (1)

and the specific surface area of the bed is strictly de-

pendent  on the value of E. The specific surface area of
the particles S is defined as the surface area of the
particles divided by the volume of the particles. For
a sphere,

Thus the specific surface area of the bed is less than
the specific surface area of the particles, and hence

s, = S(1 - E) (3)

For nonspherical particles, a characteristic dimen-
sion d is employed, and is defined as 6 divided by the
specific surface area of the particles. The properties of
beds of some regular-shaped materials are listed in
Table 1 [4,5].

Even for regular-shaped packings there is a wide
range of bed specific areas and bed voidages. The bed
voidage  can vary for each individual packing shape
and size depending on the mode of assembly, and the
results in Table 1 were obtained for beds that were
continuously tamped during assembly.

In all fixed-bed operations, one of the major operat-
ing costs is related directly to the pressure drop across
the fixed bed. The following variables affect pressure
drop in fixed beds: fluid velocity; density and viscosity;
the size, shape, and orientation of the packing; the bed
voidage,  surface roughness, and possible wall effects.
Two main approaches to the interpretation of experi-
mental data have been developed:

1. The bed consists of an assembly of tortuous
channels of varying cross section-the channel model
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Table 1 Properties of beds of some regular-shaped packings

Packing
no. Description

s,
m2 /m� E

SEh d,
m�/m� mm

1
2
3

4
5
6

7
8
9

10
11
12

Spheres
3 mm diam. 2 000 0.36 1 280 3.0
6 mm diam. 1 000 0.37 630 6.0
9 mm diam. 500 0.38 310 9.0

Cylinders
4.76 mm diam. X 4.76 mm 1 261 0.30 882 4.76
6.35 mm diam. X 6.35 mm 945 0.31 652 6.35
6.35 mm diam. X 12.7 mm 787 0.34 520 7.62

Plates 3.175 mm thick
1.32 mm spacing 576 0.31 398 10.41
2.64 mm spacing 576 0.46 311 10.41
5.94 mm spacing 576 0.63 213 10.41

Lessing rings
6.35 mm diam. X 6.35 mm steel 4 444 0.71 1 022 1.35
6.35 mm diam. X 6.35 mm porcelain 2 490 0.62 946 2.41
9.35 mm diam. X 9.35 mm porcelain 1432 0.56 630 4.19

2. The bed is regarded as consisting of an assem-
bly of particles submerged in the flowing fluid, each
particle processing its own boundary layer

The first model is more widely used, although the
second is conceptually closer to the physical situation.

The best-known equation, which represents the
channel model, is the Ergun equation [6]. It includes
all the variables affecting the pressure drop, except
surface roughness and wall effects, and is as follows:

Ap
-=
L

15O?jU(l  - e)2  + 1.75pu2(1  - f)

d2c3 de3
(4)

The pressure drop is the sum of two terms; the first
term represents the effects of skin friction, and the
second, the effect of form drag. The constants 150
and 1.75, respectively, were found by linearly fitting
the data of Ergun [7], Burke and Plummer [8], and
Morcom [9]. The particle shapes considered in these
investigations included spheres, cylinders, tablets,
nodules, marble chips, and graded coke. Hence the
characteristic particle dimension, d, is used in Eq. (4).

Equation (4) can be easily manipulated into two
linear equations, each of which provides a linear rela-
tionship of a friction factor with a particle Reynolds
number (Re = udp/v),  first

f,= 150+  1.75x
l--E

and second

fk = 150 G+ 1.75 (6)

where f, = Apd2e3/[Lqu(l  - e)�]  , which represents
the ratio of the pressure drop to the viscous energy term,

and fk = Apde3/[Lpu2 ( I - E)] , which represents the
ratio of the pressure drop to the kinetic energy term.
fk is similar to the commonly used Fanning friction
factor used for flow in pipes.

At a low Reynolds number, Eq. (4) reduces to the
Blake [lo] -Carmen [ 111  -Kozeny [ 121  equation for
laminar flow, and at high Reynolds numbers to the
Burke-Plummer [8] equation for turbulent flow.

However, the generality of the Ergun equation
constants, 150 and 1.75. have been shown to be sus-
pect. Bradshaw and Myers [ 131 presented pressure drop
measurements for fixed beds of Celite cylinders of
dimensions 0.617 mm diameter X 0.488 mm, d =
0.566 mm, in the Ergun manner, but the results were
almost 50% higher than the curve representing the
Ergun equation. Handley and Heggs [14]  also found
that the Ergun equation did not predict the pressure
drop for random fixed beds of spheres, cylinders,
rings, and plates. The Ergun-type expression cor-
related the experimental data extremely well, but
for each particle shape a different pair of constants
were obtained.

Hicks [ 151 showed that the constants in the Ergun-
type equation are also functions of Reynolds number
and not true constants, as is commonly accepted. In
addition. the importance of the Reynolds number
range of the experimental data, the subsequent correla-
tion of the data, and the applicability of using the
correlation outside its Reynolds number range is shown
in Fig. 1. This is a plot off, against Re/(l - E) for the
following correlations for randomly dumped spheres:

Ergun [6] :

0 1983 Hemisphere Publishing Corporation
r 1

t6DiL A



2.2 SINGLE-PHASE FLUID FLOW / 2.2.5 Fixed Beds 2.2.5-3

Figure 1 Pressure drop correlations for dumped spherical packings. 1, Ergun [6] ; 2, Wentz and Thodos [ 161; 3, Handley
and Heggs [ 141  ; 4, Hicks [15] ; 5, Macdonald et al. (171.

Wentz and Thodos [ 161 :

Re/( 1 -- E)
fU = o�396  [Re/(l - ,)]o.“”  - I.20

2 000 < +$<65  000

Handley and Heggs [ 141 :

f�=368+1.24%  60<&<7000

Hicks [15] :

300 < E<6500

Macdonald et al. [17]  :

f,= 180+  1.8E 0.1 < &< 10000

(8)

(9)

(10)

(11)

The correlation of Macdonald et al. covers the widest
Reynolds number range and for the majority of the
range provides the largest prediction of the pressure
drop. This correlation is recommended for predicting
the pressure drop through fixed beds of randomly
dumped spherical packing. The other correlations,
although providing excellent fits for the data, should
not be used outside their Reynolds number ranges.

However, the correlations listed above for spherical
packings can lead to serious errors in the prediction of
the pressure drop for fixed beds of random nonspherical
packings. Figure 2 shows the data and best line fits
for the cylinders and Lessing rings listed in Table 1 [ 141  .
Also included in Fig. 2 are lines representing the correla-

tions of Handley and Heggs for dumped spheres, Eq. (9),
and that of Macdonald, et al., Eq. (11). Neither of the
sphere correlations provides good predictions of the non-
sphere pressure drop over their respective Reynolds
number range. Table 2 lists the values of the constants
obtained by least-squares fitting of the data by the re-
arranged Ergun equation (5) and the respective Reynolds
number ranges. These fixed beds were assembled in an
identical manner to the spherical packed beds of
Handley and Heggs [ 141, and over the entire Reynolds
number range the values of the viscous friction factor
are greater for the nonspherical packing.

Figure 3 shows a plot of f, against Re/(l - E) for
the plates 3.175 mm thick and spaced 1.32 mm apart
(no. 7) listed in Table 1. Six sets of data are shown for
plates of differing lengths: 6.35, 12.7, 25.4, 50.8,

10 000
-.-Macdonald  et al. [171
~ Handley and Heggs [141

8 000

t 6 000

f”

4 000

OY I I I )
2 000 4000 6 000

Re- -
1 --E

Figure 2 Pressure drop data for nonspherical packings.
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Table 2 Pressure drop correlations for cylindrical and
Lessing ring packings

Packing no. m C Re/( 1 - E) range

4 1 . 2 5 5 9 8 200-3  0 0 0
5 1 . 2 8 4 5 8 6 0 0 - 3  9 0 0
6 1 . 5 4 1 083 1 500-4 900

10 3.15 410 200-2  5 0 0
11 2 . 3 7 3 5 6 2 0 0 - 2 6 0 0
1 2 1 . 7 2 4 5 2 300-4100

101.6, and 203.2 mm. It is quite obvious that the re-
arranged Ergun equation (5) fits each individual set of
data, but with widely differing constants. In all cases
the values of the viscous friction factor fall well below
the correlation line of the Macdonald et al. equation
(11). The correlation constants for the rearranged Ergun
equation (5) for these plate dimensions and the other
two plate spacings listed in Table 1 may be found in
[ 141. For other arranged packings, such as woven
screens and compact heat exchanger matrices, Kays and
London [18] present extensive design data.

The wall effect can be accounted for in fixed beds,
when the column diameter to particle characteristic
dimension is less than 7, by including a parameter M in
the Ergun-type equation (5) as recommended by Mehta
and Hawley [ 191.  M accounts for the column surface
in the evaluation of the hydraulic radius of the channel
model and is given by

4d
M=1+6D(1-e) (12)

where D is the column diameter, and the rearranged
Ergun equation becomes

t

- - -  Handley  a n d  H e g g s

S y m b o l  P l a t e  l e n g t h ,  m m

/

/’

2 0 3 . 2
1 0 1 . 6

5 0 . 8

2 0 0 0  -

I 1
2 0 0 0 4 0 0 0 6 0 0 0

Re
l--E-

Figure 3 Pressure drop data for parallel-plate packings.

f, = 15OM�  + 1 .75MRe
1-e (13)

The constants in Eq. (13) may be changed according
to the packing shape being investigated.

No similar modification is available for particle
roughness, although Macdonald et al. [17] have cor-
related rough particles by the Ergun-type equation (5)
and only the value 1.8 is changed to 4, the other con-
stant remaining fixed at 180. �This infers that rough-
ness affects only the inertia contribution to the overall
pressure drop.

Nomenclature for Section 2.2.5 appears at the beginning of Part 2.
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2.2.6
Fluidizedbeds

0. Molerus

A. Overall behavior

(a) Types of fluidization

In a fluidized bed consisting of fine-grained particles,
the upward flow of a fluid just balances the weight of
the particles, which are not, therefore, in permanent
contact with one another. The mobility of the particles
thus achieved gives rise to a liquidlike behavior of the
fluidized bed as a whole.

At low flow rates the fluid percolates the voids of
the bed without changing its structure (Fig. la). An
increase in flow rate, and thereby in the forces exerted
by the fluid on the solid material, results in individual
particles beginning to move within narrowly bounded
regions, whereas the majority of the particles remain
in permanent contact as a solid bed. With a further
increase in the throughput of fluid, a situation is reached
where the particles are not in permanent contact with
one another and are supported by the fluid. In this
state, the fluid pressure drop measured between two
horizontal reference planes is in equilibrium with the
weight of the solid and fluid contained between these
planes when expressed in terms of unit area. The bed
has now attained fluidization (see Fig. lb) and is charac-
terized by the voidage ernf and the height hmP

With a further increase in the throughput of fluid,
two different types of fluidization are observed. Liquid-
solid systems continue, in general, to expand uniformly
and exhibit homogeneous particle distribution (Fig. lc).
This type of fluidization is referred to as particulate.

With gas-solid systems, however, additional through-
put of gas above the minimum amount required for

fluidization takes place essentially in the form of bub-
bles free from solid (see Fig. Id). This type of fluidiza-
tion is referred to as aggregative. In the state of fluidiza-
tion, both voidage and height of the fluidized bed are
greater than emf and h,f, respectively.

The rising gas bubbles grow rapidly by coalescence
unless baffles are incorporated to promote bubble
splitting. With columns that are sufficiently narrow
and tall, the bubble diameter may approach the column
diameter, so that gas seals off the whole cross section.
The fluidized bed is then said to be slugging (Fig. le).

As long as a more or less well-defined, upper bed
surface is observed, dense-phase fluidization prevails.
As the superficial upward velocity of a fluidizing liquid
approaches the free-falling velocity of the particles,
the bed contents will be carried over.

In a gas-solid fluidized system with high voidage,
bubble formation and a defined, upper bed surface
disappear. As a result of the appearance of particle
strands, however, circulating fluidized beds may operate

f � I r h

(a) (b) (C)

Figure 1 Types of fluidization.
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at superficial gas velocities that exceed considerably
the free-falling velocity of single particles (Fig. If).

(b) Pressure drop and minimum jkidization

In a fluidized bed, the pressure drop Ap across a bed
of height h just balances the total weight of fluid and
particles in the bed. Thus,

F = [Cl - E)PS + ePflg

For gas-solid systems, the total weight is approxi-
mately equal to the weight of the particles alone.

With a well-fluidized bed consisting of approxi-
mately equal-sized particles with low cohesion, the
dimensionless pressure drop is related to the super-
ficial velocity u (normalized by means of the minimum
velocity for fluidization untf) as shown in Fig. 2.

In particular, with gas-solid systems and with
fine-grained particles, however, the bed is consolidated
by its own gravitational load, giving rise to increased
cohesive forces between adjacent particles. The pressure
drop curve will thus pass through a maximum before
reaching the horizontal equilibrium line in the fluidized
region. This excess pressure drop is necessary to break
up the consolidated, fixed-bed structure.

With decreasing fluid velocity in the fixed-bed
region, the pressure drop velocity curve lies below the
curve obtained initially for the consolidated bed, be-
cause the fixed bed then remains at a bed voidage
2; that is h ghi er than that of the consolidated fixed

Usually, the transition from the horizontal,
fluidized-bed, pressure drop line to the inclined, fixed-
bed pressure drop curve is continuous. The minimum
velocity for fluidization is therefore defined as the
point of intersection of the respective, extrapolated
pressure drop curves for fixed and fluidized beds (see
Fig. 2).

i
2
a I

Fluldlzed  bed
t

I

0.5 1 5 10 U/Umf

Figure 2 Pressure drop velocity curve.

(c) Calculation of the minimum velocity
for fluidization

In technical fluidized beds, particles of irregular shape
are used and size distributions may be narrow or broad.

At minimum fluidization, the bed is in the state
of loosest packing. The voidage emf increases with a
decrease in the average particle size and with a decrease
in the shape factor Q, but no general rule for emf can
be given.

For particles with a given mass distribution density
q3fdP j, an appropriate average diameter can be de-
fined by

(2)

The state of minimum fluidization may be con-
sidered as the limiting state of the fixed bed. Thus,
equating the pressure drop corresponding to Ergun�s
equation [l] and the fluidized-bed pressure drop accord-
ing to Eq. (1) yields

Re,f
l--E,f

= 42.9 ~
QS

x [JW- 1] ( 3 )

This equation, together with a knowledge of the
data for both solid and fluidizing media, allows the
superficial velocity of the fluid at the point of mini-
mum fluidization to be calculated.

(d) State diagram and nondimensional groups

At a fluidized spherical particle, the average drag force
and buoyancy balance the particle�s weight:

2

CD+Re,ej?�$
2 rrd; nd;
+6PFg=6PSg ( 4 )

In the fluidized state, the particle�s drag coefficient
CD depends on the Reynolds number Re = udp/v  and
on the voidage E.

Rearrangement of Eq. (4) yields

3 u2 PF e2----=

4 dpg Ps -PF cd% E+

which is equivalent to

PF
:Fr-

PS -PF
= f+Re, ej (5)

By evaluating measurements on the basis of Eq. (5)
Reh [2] developed a state diagram that describes the

0 1983 Hemisphere Publishing Corporation



2.2 SINGLE-PHASE FLUID FLOW / 2.2.6 Fluidized Beds

���i
2, 10

d”

0001

o-1 1 10 100 1000 10 000
Re

Figure 3 State diagram for the fluidization of monosized
spheres.

fluidization of monosized spheres (Fig. 3). This state
diagram is not single-valued, because the dashed lines
represent particulate fluidization and the solid lines
describe aggregative fluidization.

In the simpler case of particulate fluidization, the
values indicated by the dashed lines are numerically
correct. For a given particle-liquid system, bed expan-
sion follows a line Ar = const beginning with E x 0.4 for
minimum fluidization up to a limit of e = 1, which de-
scribes a floating, single particle.

The more complex behavior of aggregative fluidiza-
tion depends largely on bed diameter, bed height, and
distributor design. The numerical accuracy of the values
of E predicted by the full lines E = const should not,
therefore, be overestimated. They indicate, however,
some important differences between particulate and
aggregative fluidization. The lines E = const for aggre-
gative fluidization lie above those for particulate fluidi-
zation, i.e., an aggregatively fluidized bed expands less
than a particulately  fluidized bed of the same Archi-
medes number at the same Reynolds number.

Very important for practical applications is the
finding that, for low Archimedes numbers, there exists
a region above the line describing a floating, single
particle in which gas-solid fluidized systems can exist.
As a result of gas-solid demixing in this range, the
so-called fast fluidized bed [3] can operate with re-
circulation of the particles.

The ambiguity of the state diagram Fig. 3 means

2.2.6-3

that a purely static view, taking into account only the
three nondimensional groups of Eq. (5), is not suffi-
cient to describe aggregative fluidization.

Wilhelm and Kwauk [4] concluded from experi-
mental results that the Froude number Fr,, = ukf/d,g
is a rough criterion for distinguishing between the
two types of fluidization. Accordingly,

Fr,f -< 1 holds for particulate fluidization

and (6)

Fr,,,f 2 1 holds for aggregative fluidization

B. Local structure of gas-solid fluidized beds

The overwhelming majority of industrial applications
for fluidized-bed technology involve gas-solid systems.

In gas-solid systems, rapid mixing of solid occurs,
so that coefficients for heat trar.sfer  at thq walls or
at immersed surfaces are relatively high.

Heat transfer mechanisms in gas-solid fluidized
beds may be largely understood from a knowledge of
the local flow patterns for gas and solid. (Compare
Sec. 2.8.4 of this handbook.)

(a) Types of powders

According to Geldart [5], with gas-solid fluidized
systems one has to distinguish among the following
four types of powders (see Fig. 4).

I. Group A

Materials having a small mean size and/or a low particle
density (less than about 1.4 g/cm3) generally exhibit
the type of behavior described below, some cracking
catalysts being typical examples.

Beds of powders in this group expand considerably
before bubbling commences. When the gas supply is
suddenly cut off, the bed collapses slowly, typically
at a rate of 0.3-0.6 cm/s, this being similar to the
superficial velocity of the gas in the dense phase. All
bubbles rise more rapidly than the interstitial gas veloc-
ity. The mean size of bubbles may be reduced in two
ways, i.e., by having a wide particle size distribution
and/or a small mean particle size. A maximum bubble
size does appear to exist.

II. Group B

Group B contains most materials in the mean size and
density ranges, i.e.,

40~m~dP~500~m

1.4 g/cm3 5 ps 5 4 g/cm3
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In contrast with group A powders, naturally occur-
ring bubbles start to form in this type of powder at or
only slightly above minimum fluidization velocity. Bed
expansion is small, and the bed collapses very rapidly
when the gas supply is cut off. Most bubbles rise more
quickly than the interstitial gas velocity. There is no
evidence of a maximum bubble size. At comparable
conditions, i.e., at the same distance from the distribu-
tor, bubble size seems to be independent of particle
size.

III. Group C

Powders that are in any way cohesive belong to group C.
�Normal� fluidization of such powders is extremely
difficult. The powder lifts as a plug in small-diameter
tubes, or channels badly; i.e., the gas passes up voids
extending from distributor to bed surface. This diffi-
culty arises because the interparticle forces are con-
siderably greater than those that the fluid can exert on
the particle.

Fluidization can generally be made possible or
improved by the use of mechanical stirrers [6] .

IV. Group D

This further group of powders is confined to large
and/or very dense particles. Certainly all but the largest
bubbles rise more slowly than the interstitial fluidizing
gas, so that gas flows into the base of the bubble and
out of the top, providing a mode of gas exchange and
bypassing different from that observed with group A
or B powders. The gas velocity in the dense phase is

Figure 4 Powder classification diagram according to Geldart [S] for fluidization by air.

high. If gas is admitted only through a centrally posi-
tioned hole, group D powders can be made to spout.

The powder classification diagram (Fig. 4) evaluated
by Geldart [5] from experiments with air as fluidizing
agent shows that, in general, decreasing density differ-
ence shifts the boundaries between the regimes observed
to larger particle sizes.

Usually, fluidization is confined to group A and
group B particles. The main difference between group A
and group B particles consists of the onset of bubbling
and the limited maximum bubble size of group A
powders.

In the following the behavior of bubbling fluidized
beds is reported with restriction mainly to group B
powders.

(b) Single bubbles

The characteristic property of gas-solid systems is the
appearance of gas bubble swarms. Because of the lack
of transparency, measurements of the local structure
of such fluidized beds are extremely complicated. How-
ever, the essential details of the influence of gas bubbles
on the properties of fluidized beds may be understood
from the investigation of single bubbles existing in
fluidized beds at superficial velocities slightly above the
minimum velocity for fluidization. A comprehensive
survey of the present state of knowledge has been
given by Jackson [7] and by Rowe [8] for theoretical
and experimental investigations, respectively.

Theoretical and experimental results may be sum-
marized as follows (see Fig. 5).

The bubble shape is essentially spherical but with an
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indented base. The bubble rise velocity is given approxi.
mately by

(7)

so that, as long as the bubble is not too small, ur, is
large compared with the interstitial gas velocity in the
surrounding suspension in the case of type A and type B
powders.

Viewed within a frame moving upward with the
bubble�s rise velocity, the particles flow around the
bubble within steady streamlines.

In analogy to the fluid flow pattern around a solid
sphere at Re > 1, a wake, in which particles are carried
upward, exists at the lower end of the bubble.

This flow pattern is in accordance with the pressure
distribution inside a bubble, which was carefully mea-
sured by Reuter [9].

As shown in Fig. 5, the dashed line represents the
pressure distribution within the undisturbed bed far
removed from the bubble, whereas the solid line repre-
sents the pressure distribution along the bubble�s vertical
axis of symmetry.

Following the pressure gradient, gas flows from the
bottom into the bubble and carries with it particles from
underneath into the wake. The bubbles are therefore
flattened at the base, with a little hump at the vertical
axis of symmetry. Since unlimited enrichment of par-
ticles in the wake is not possible, particle shedding
occurs after a certain rise distance.

In accordance with the pressure gradient in the
upper part of the bubble, gas penetrates into the sur-
rounding suspension. Except for very small bubbles,
the bubble rise velocity substantially exceeds the inter-
stitial gas velocity in the suspension, so that gas pene-
trating from the rising bubble into the surrounding
suspension is carried downward and reenters the bubble
from underneath.

The existence of the circulation of gas within a

Pressure  along the  vertical  0x1s through

the bubble  center

Bubble  contour

Bubble  cloud

Horizontal  lme through  the
bubble  center

/�
Wake dlstnbutlon  ,n the

fluldlzed  bed  at o considerable
distance  from the  bubble

PC3SSUV2

Figure 5 Cloud formation and pressure distribution for a single
bubble.

relatively small cloud surrounding the bubble was pre-
dicted theoretically by Davidson [lo]  and confirmed
experimentally for gas-solid systems by Rowe and
Partridge [ 1 l] . With increasing bubble size, the relative
depth of penetration into the surrounding suspension
is steadily reduced.

The results achieved from single-bubble investiga-
tions yield the following important insights into the
overall behavior of gas-solid fluidized systems of type A
and type B powders:

1. Gas bubbles carry particles upward in their
wake. As a consequence of the motion around rising
bubbles, even particles not captured in the wake are
moved some distance in an upward direction, as can
be seen from observations of total particle movement.

2. Gas circulation inside the bubble gives rise to
a bypass effect, whereby the gas inside the bubble does
not come into direct contact with the particles.

3. As a consequence of the lower pressure at the
bottom of the bubble, a larger and faster-rising bubble
will, in overtaking, absorb a smaller one into its base.
The consequence of this coalescence is rapid bubble
growth in the direction of upward movement.

(c) Bubble coalescence

Using miniaturized capacitance probes of a shape that
did not disturb the state of fluidization, Werther and
Molerus [12] investigated the local structure of large-
diameter (DB = 1 m) fluidized beds.

Figure 6 shows the two cumulative number distri-
butions of the bubbles passing two points in the bed at
heights of 8 and 30 cm above the distributor.

As may be seen, both the average bubble diameter
and the width of the bubble size distribution increase
with distance above the distributor.

In Fig. 7, measurements of local, average bubble
volumes reported by Werther [ 131  are depicted. The
results reveal that in a fluidized bed of DB = 1 m bed
diameter, the average bubble volume increases over a
distance of almost 1 m by a factor of about 100 (filled
circles: u = 10 cm/s superficial velocity; open circles:
u = 20 cm/s superficial velocity).

Using measurements as depicted in Fig. 7, Werther
[13]  developed a statistical model of bubble coalescence
that yields the following empirical correlation :

2 = 0.853
3J u -Umf

1 + 0.272 ~
cm/s

X
(

1 + 0.068 4 2
)

1.21

(8)

Equation (8) relates the local, average bubble diameter
to the excess, superficial gas velocity u - umf  and to the
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Figure 6Figure 6 Bubble size distribution at two different heights x above the distributor.Bubble size distribution at two different heights x above the distributor.

height x above the distributor. In this equation, the
properties of the fluidlzed solid appear only in the
form of the minimum velocity for fluidization u,,,~
Furthermore, in contrast to the opinion often expressed
in the published literature, the excess, superficial gas
velocity and not the �fluidization number� u/umf is
seen to be the determining factor. Figure 8 shows a
comparison of values predicted by Eq. (8) with results
obtained experimentally.

The bubble growth rate investigations reported
here deal with fluidized beds without any baffles or
immersed tubes, although the latter are often present
of necessity for purposes of heat transfer. Disadvan-
tages of these and similar attachments include the

3000
I

sand, umf=135cm/s

�E  1000
t

Dg q lOOcm

~- au = lOcm/s
0 ou = 20cm/s

t

c
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c
x , c m  -

-
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.

Figure 7 Local average bubble volume as a function of height
above the distributor for two different superficial gas velocities
u [13].
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possibility of erosion, the formation of deposits or
encrustations of solid, and the hindrance to fluid flow
and to particle movement. Apart from the qualitative
knowledge that baffles or immersed tubes are suitable
for the control of bubble growth, no detailed, quanti-
tative information on this problem of significant prac-
tical importance is at present available.

(d) Spatial distribution of bubbles and
circuh  tion of solids

In the preceding paragraph, only the dependence of
bubble size on height above the distributor was con-
sidered. Another effect that gives rise to a further
complication in the flow pattern of gas and solid in a
fluidized bed is the typically nonuniform distribution
of rising bubbles over the bed�s cross section.

The left side of Fig. 9 shows the results of mea-
surements made by Werther [ 151 of the dependence
of local gas flow rates on the radial distance from the
central axis of the tube. The curves indicate increased
bubble formation at the walls of the vessel, close to
the distributor plate. With increasing height above
the plate, this peak in the gas flow rate is shifted toward
the middle of the tube. Associated with this effect is
a characteristic pattern for the circulation of solids, as
depicted schematically on the right side of Fig. 10.

Calculations carried out by Johnson [16] show that
this characteristic flow profile is caused by the influence
of the walls on bubble coalescence. This interaction,
however, indicates only the initiating mechanism,
because the bubbles carry particles in their wakes
that are ejected at the bed surface and sink down prefer-
entially in the zones of reduced bubble development.
As a consequence of this circulation pattern shown in
Fig. 9 the nonuniform distribution of the bubbles over
the bed�s cross section is further increased and stabilized.
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Figure 8 Comparison of measured bubble diameters with bubble diameters predicted by Eq. (8).

The circulation pattern described above gives
rise both to intensive, convective mixing of solids
and to back mixing of gas, an effect that may be of
disadvantage in catalytic fluidized beds because it
results in the reentry of exhausted gas associated with
the downward-flowing solid. In other applications,
however, the intensive mixing in the solid phase is of
great benefit.

By adjusting the inlet gas distribution over the
cross section of the bed, it is possible to increase the
circulation of solids as described by Merry and Davidson
[ 171.  It is very difficult, however, to reduce the circu-
lation of solids, because the underlying mechanism of
preferential bubble coalescence near the walls, which
is typical for all bubbling fluidized beds, means that

0’
0 10 20 30 LO 50

r ,cm

the influence of the distributor on the flow distribution
of the gas transported in bubbles is very limited.

On the other hand, as indicated in the literature
[18-201, all measures that limit bubble growth or that
promote bubble splitting-i.e., baffles, immersed tubes;
increased static pressure; and increased fraction of fines
in the solid phase-give rise to a more uniform bubble
development.

(e) Influence of distributor design

As a criterion for good gas distribution, a very high
ratio of distributor pressure drop to bed pressure drop
is often recommended. Relevant measurements [21] ,
however, show that an increase in distributor pressure

_--- - -- +------

Pattern for the circulation  of solld 1

Figure 9 Spatial distribution of gas flow in the form of bubbles at different heights h above the distributor (left) and the
associated pattern (right) for the circulation of solids. From Werther [ 151.
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sand I
umf= 135cm/s I

-25 0 25 r.cm 50

Figure 10 Measured irregularities in the flow distribution of gas
transported in bubbles at a ratio of distributor pressure drop to
bed pressure drop = 0.19 [ 151.

drop above a certain limit does not result in a further
improvement in gas distribution, whereas below a cer-
tain minimum distributor pressure drop, distinct irregu-
larities and instabilities in the flow distribution of gas
transported in bubbles are observed (see Fig. 10). In
general, minimum ratios of distributor pressure drop to
bed pressure drop of between 0.1 and 0.4 are recom-
mended [21-231, but Fig. 10 reveals that such recom-
mendations should be treated with caution.

Investigations of Whitehead et al. [18] on a multi-
tuyere distributor indicate a dependence of the neces-
sary minimum distributor pressure drop not only on

o-.
�O\ \ \

i
I-
lk

& (----J--

0
;

I

1'0 io + 3'0 r,cm io , ! 3I

Figure 11 Influence of distributor design on the flow distribu-
tion of gas transported in bubbles (241.

the bed pressure drop, but also on the superficial gas
velocity and on the pressure drop velocity characteris-
tics of the distributor.

Figure 11 shows the results of measurements of
gas flow rates of gas transported in bubbles [24] at two
different heights x above a multihole distributor. The
arrows at the bottom of the figure indicate the position
of three distributor holes in the vertical plane of the
measurements. It is apparent that at a distance of
x = 40 cm above the distributor, the influence of the
location of the holes is discernible, whereas at a height
of x = 60 cm the typically nonuniform distribution of
flow rate of gas transported in bubbles as associated with
porous plate distributors prevails (compare Fig. 9).

NOMENCLATURE FOR SECTION 2.2.6

Ar Archimedes number [= gdi@s  - pF)/vZpF]

cD coefficient of drag, defined by Eq. (4)
db bubble diameter

d, particle diameter

G average particle diameter, defined by Eq. (2)
dpmax maximum particle diameter
dpmin minimum particle diameter

DB bed diameter
FT Froude number (= u2 /dpg)
b.t- Froude number at the point of minimum fluidi-

zation (= ukf/dpg)
g gravitational acceleration
h bed height
ho fixed bed height

bed height at minimum fluidization
6�P ressure drop across the bed
q3 mass distribution density for a particle size dis-

tribution
Qo cumulative number of distribution curve of bub-

ble diameters

r
rb

rc
Re

Remf

u

ub

Umf
-
5
vb
X

radial distance from tube center
bubble radius
cloud radius
Reynolds number (= udp/v)
Reynolds number at the point of minimum fluid-
ization (= Umf q/v)
superficial velocity
bubble rise velocity
superficial velocity at the point of minimum
fluidlzation
average bubble volume
flow rate of gas transported in bubbles
height above the distributor
bed voidage
bed voidage at the point of minimum fluidization
kinematic viscosity
fluid density
solid density
sphericity
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2.2.7

Headers, nozzles, and turnarounds

J. A. R. Henry

A. Introduction

The prime purpose of nozzles, headers, and turnarounds
is to distribute fluid through a heat exchanger matrix,
as shown in Fig. 1 for a typical case.

The indirect purpose of these components, in com-
mon with the others making up the structure, is to con-
tain the process fluids, which may be under high pres-
sure. Hence, although their prime function is to direct
and distribute flow, it is often found that their design
is dictated by strength, cheapness, or ease of manufac-
ture, rather than by considerations of fluid dynamics.
In many instances this approach results in poor distri-
bution of the fluid within the heat exchanger.

Poor distribution may or may not result in unsatis-
factory performance, which in the past has usually
been of secondary importance. However, with the in-
creasing cost of energy and materials, it is desirable

to utilize equipment to maximum efficiency during
its lifetime. This requires a balanced performance,
one aspect of which is achieving more uniform flow
distribution. Associated with this is the need to pre-
dict pressure drop with some accuracy.

The prime purpose of a nozzle is to provide a con-
necting point between the heat exchanger shell and
its supply pipework, both at inlet and outlet.

The inlet nozzle supplies process fluid to the inlet
header, whence it is distributed to individual tubes
comprising the tube bank. The inlet nozzle usually
represents an expansion in the flow path and the dy-
namic head of the entering fluid tends to create a pres-
sure gradient within the header box. This is, of course,
strongly dependent on the position of the nozzle on
the header box, as will be evident from Fig. 2; it might
be expected that arrangement (a) would result in a
different pressure profile across the face of the tube

TURNAROUND
/

Figure 1 Definition of terms.
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Figure 2 Inlet nozzle arrangements with and without impingement baffles.

plate than arrangement (b), and hence a different
flow distribution. In arrangement (a), tubes at the
bottom of the tube bank will tend to have greater
flow through them than the tubes at the top; where-
as in arrangement (b), tubes in the center of the tube
bank will have greater flow than those at the periphery.

An outlet nozzle usually represents a contraction
in the flow path. Its position in the outlet header also
affects flow distribution by imposing a specific pressure
distribution across the outlet header of the tube bank.

It is difficult to divorce the design of these com-
ponents from one another. Hence the behavior of the
combination of them must be considered.

Tolerable distribution can always be attained in
single-phase flow by the simple expedient of increas-
ing the overall system pressure drop by throttling at
a suitable point in the flow path. This represents in-
creased running costs, and possibly increased capital
cost, because of the increased pumping power required.
Good distribution could also be achieved by experimen-
tation-for instance, flow visualization tests-but there
are so many possible configurations that each case would
probably have to be considered in isolation. It is there-
fore the decision of the design engineer to assess how
important it is that good distribution be obtained and
to decide what further steps would be reasonable to
achieve it.

0 1983 Hemisphere 1

The cause of flow maldistribution is contained in
the momentum and frictional forces acting on the
flow. Hence some indication of a satisfactory solution
can be obtained by considering.these  equations. Some
sources of pressure loss will therefore be considered.

B. Nozzles

(a) Inlet nozzle pressure change

The pressure drop at the inlet nozzle is usually a rela-
tively small part of the total heat exchanger pressure
loss and is normally assumed to be due to a sudden
expansion from the nozzle flow area S, to the ap-
propriate downstream area SD.  The change in static
pressure caused by the change of section has two com-
ponents, the first owing to irreversibilities and the
second to the change in velocity. These are, respectively,

For fully developed turbulent flow in the nozzle, Re, >
4 000, the irreversibility coefficient K, is given by the
Borda-Carnot  equation

2
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Figure 3 Energy loss coefficient for a sudden expansion. From ESDU [ 11.

When the nozzle area is small compared with the
downstream area, that is, &/SD = 0, it can be seen
that Eq. (2) indicates that the change in specific energy
amounts to one nozzle velocity head, that is, $r$, . When
flow through the nozzle is not turbulent, Re < 4 000,
K, is given by Fig. 3 [ 1 ] .

(b) Outlet nozzle pressure change

The -pressure  drop at the outlet nozzle is normally
calculated on the assumption of a sudden contraction

from flow area SU to nozzle area S,, and the static
pressure difference is given by

~ Pu-Pn--+($)*+A&-]$
P (3)

the coefficient Kc being given by Figs. 4 and 5 [2]
The energy loss associated with a sudden con-

traction is strongly affected by the radius of curvature
of the contraction edge. This can be tentatively taken
into account using the factor h, which is presented
in Fig. 5b [2]. Little research has been carried out on

I I c I I
- . - U P P E R  L I M I T  O f  E X P E R I M E N T A L

SCATTER

-LIMIT  OFAPPLICABILITY  O F
EQUATIONS

WARNING

THE ORDINATE OF THIS FIGURE IS
Kc+O.l  TO ALLOW VALUES OF

TO BE INCLUDED

1 1” 1”-
Re

I”- I”

Figure 4 Energy loss coefficient for a sudden contraction for Re < lo4 (incompressible flow). From ESDU [2].
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(a) LOSS COEFFICIENT FOR INCOMPRESSIBLE FLOW

Figure 5 Energy loss coefficient for a sudden contraction for Re 2 IO4 (incompressible flow). From ESDU [ 21.

this aspect of heat exchanger design. One of the few
papers that deals with this subject in passing is that of
lshigai and Nishikawa [3], who recommend that the
sum of the inlet and outlet nozzle energy losses can be
calculated from

AP 2
-= 1.5;
P (4)

This compares fairly well with the values given by
Eqs. (1) and (3) for the case Re, > 4 000 and

sn %I-=() -=o
SD SU

That is,

AP 2
- =  1 . 5 8 ~
P

(c) Effect of impingement plate

There are occasions when it is necessary to fit an im-
pingement plate to the inlet nozzle. The purpose of
the impingement plate is to protect the tubes directly
in line with the inlet nozzle from the abrading effects
of the jet of fluid.

An impingement plate is normally fitted when the
value of pu2  exceeds the following [4] :

0 1983 Hemisphere 1

tcL

Noncorrosive, nonabrasive, single-phase fluids:
2 235 N/m�

All other liquids, including a liquid at its boiling
point: 745 N/m2.

For all other gases and vapors and two-phase mixtures,
impingement protection is required regardless of the
value of pu2  .

The impingement plate is normally positioned not
less than On/4 below the lower tip of the nozzle, as
shown in Fig. 6, which means that there is no change
in flow area caused by the impingement plate. Under
such circumstances the static pressure change is given
approximately by the normal equation for a square
right-angled bend:

(6)

In the absence of an impingement plate, the inlet
nozzle will discharge directly into the tube bank. The
pressure drop in this case is not well defined owing to
the complex flow field downstream, but to some extent
may be allowed for by basing the downstream velocity
on the flow area between the tubes.

Although the prime purpose of an impingement
plate on the shell side of a heat exchanger is to pro-
tect the neighboring tubes from erosion, it is also often
used in the tube-side inlet header as shown in Figs. 2c
and 2d to dissipate the kinetic head of the entering

blishing Corporation
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Figure 6 Position of impingement plate.

fluid stream and so promote a more uniform pressure
distribution within the inlet header. As will be seen
in a later section, this can greatly improve the distribu-
tion of fluid through individual tubes.

C. Headers

The function of a header is to distribute fluid to a
number of closely spaced tubes such as in a tube bank,
and also to recombine the flow from a number of tubes
into one stream, as at exit from the tube bank, as shown
in Fig. 1. Normally the ideal is to ensure that every
tube has the same flow rate and, under most circum-
stances, +5% of the mean flow would be regarded as
uniform distribution. Some consequences of maldistri-
bution  are considered by Mueller [5]

Unless the flow is one-dimensional, designing a
header from theory is not straightforward, and it is more
usual to resort to experiment to obtain a design with
the desired characteristics. In most cases the flow field
is three-dimensional and must be solved by computer.
Up till now this has not been reported in the literature
in the context of heat exchanger headers.

To some extent it is possible to quantify the poten-
tial for the maldistribution of flow within a tube bank
by relating it to the overall pressure drop across the
tube bank and the dynamic head of the fluid at entry
to the header. Hence,

Maximum velocity through a tube

J

&T + (ipu2 )in

=Mean velocity through a tube 4JT

(7)

This shows that distribution can be improved in two
ways :

1. By increasing the overall pressure drop until
it is large compared with the inlet dynamic head, that
is,

&T %� (iPu2  hn

2. By ensuring that the inlet dynamic head is small
by suitable sizing of the header

Unfortunately, these obvious steps are not always ac-
ceptable because of the higher pumping power in the
first case and to the large physical size of the header
resulting in the second. If flow maldistribution must
not exceed 55% of the mean flow rate, then Eq. (7)
shows that the inlet dynamic head should not be greater
than 10% of the overall pressure drop [6] .

In general, the variation in pressure over the face
of the inlet tube plate will be less than the inlet dynamic
head and can be reduced still further by taking suitable
steps to dissipate the dynamic head before the tube
plate is encountered. An impingement baffle as shown
in Figs. 2c and 2d is one way of achieving this.

For cases in which the flow can be considered
one-dimensional, a more theoretical analysis is possible,
provided that certain, largely empirical quantities are
known. Very little such data have been published in
the open literature.

When flow encounters a branch, there are two
pressure changes that have to be taken into account:
that of the main stream, and that of the branch flow.

(a) Inlet distribution header

An inlet header distributes flow to a number of branches
as shown in Fig. 7. In this case the main flow suffers
a deceleration as part of it divides to flow through the
branch pipe.

Applying the energy equation across the junction
control volume gives [7]

(8)

The pressure change across the junction in the direc-
tion of the main flow can be related to the upstream
velocity by the constant KMD. As shown in Fig. 8,
this is a function of the fraction of the total flow that
leaves through the branch and also the ratio of the
branch diameter to the main header diameter. The
solid lines on Fig. 8 agree well with the data of McNown
[7] and of Rouse [8]. The data points have been
omitted for clarity.

The part of the flow that enters the branch also
undergoes a pressure change, which can be related to
the flow velocity in the main header by the constant
KsD  as follows:

2
=K,yD

Values of KsD are given in Fig. 9.

(9)
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Figure 7 One-dimensional dividing header.

(b) Outlet (combining) header

An outlet header takes the flow from several branches
and combines them as shown in Fig. 10. In this case
the main flow is accelerated as the branch flow joins
it; the resulting pressure change can be calculated from
the energy equation

PU-PD

The momentum coefficient for combining flow, KM,-,  is
given in Fig. 11 and is once again a function offiB/MD
and the diameter ratio d/D.

The side-stream loss coefficient for combining flow
is defined as

PB-PD
2

~-
;w:,

I+ 5
0SB

= KS, (11)

0.6

440

0.4

Figure 8 Momentum coefficient for dividing flow. Figure 9 Branch loss coefficient for dividing flow.

Values of Ksc can be represented by the curves given
in Fig. 12.

(c) One-dimensional continuously dividing
header

For the case in which the removal of fluid from a
constant-diameter header is continuous (or can be re-
garded as continuous), the equations governing flow
within the header can be written in differential form
[91 as

d2VdV~- + VdV+Ffr7/4  = 0
dz2 dZ dZ (12)

where V is the ratio of the local axial velocity to the
header inlet velocity, and Z is a dimensionless distance
along the header.

(13)
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F L O W  pv
-P ’ 6 5 4 3 2 1

Figure 10 One-dimensional combining header.

and

FE f1

d\/(25K&&C
(14)

The boundary conditions for solving Eq. (12) are
that at Z = 0 (that is, X = 0, inlet of manifold),

v= 1

dVE=-M

(15)

The parameter M relates the pressure difference causing
branch flow at the start of the header to the fluid
momentum (along the header axis) at that position,
and is defined as

M=J APB

KMD&

(16)

Equation (12) can be solved for various values of
M and F. �Typical variation of branch flow along the
header axial direction is shown in Fig. 13. The range
of side flow is shown in Fig. 14. It is apparent that
approximately uniform flow division can be attained
by choosing the value of the inlet condition parameters
F and M. In all cases, however, the distribution is best

2.41

1.6

KMC

1.2

Figure 11 Momentum coefficient for combining flow. Figure 12 Branch loss coefficient for combining flow.

when M is large, which has already been noticed from
Eq. (7)  this being the condition in which the branch-
ing flow pressure drop is large in comparison to the
dynamic head at inlet to the distributing device.

For the case of a combining header as shown in
Fig. 10, Eq. (12) can be rewritten [9] as

d2Vdl�-  @+FV7/4 = 0

dZ2 dZ
(17)

This equation, together with Eqs. (13)-(16)  can be
solved numerically as before; the result is shown in
Fig. 1.5.

In a combining manifold the friction and momen-
tum forces act in the same direction, and this is re-
flected in that the solution no longer displays a turning
point as it did in the case of the dividing manifold.
For a given pair of M and F values, Fig. 13 shows that
the maldistribution is worse in the case of the com-
bining manifold, all other parameters being equal.
Hence, for similar flow distribution to a dividing mani-
fold to be achieved, a combining manifold would need
to be larger in cross-sectional area.

(d) Calculation of tube entry pressure loss

Tube entry pressure loss can usually be adequately
calculated from the equation for a sudden contraction,
that is, from Eq. (3)

c
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1.2

DIMENSIONLESS DISTANCE FROM ENTRANCE, 2

Figure 13 Variation of local flow rate with position (dividing
flow).

Pu -pLl

P
=[A&+1-@]~

in which LJ is the mean tube velocity. The coefficient
Kc is given by Figs. 4 and 5, depending on the value
of the tube Reynolds number. The downstream/
upstream area ratio can be evaluated from

sD

0

2

For triangular tube pitch: -=0.907  f
SW (18)

For square tube pitch:
sD d2
SlJ
-=0.785  F

0

0.7 -

0.6 -
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M

Figure 14 Range of flow rate as a function of position (dividing
flow).

0 1 2
&I�

4 5 6

Figure 15 Range of flow rate as a function of position (com-
bining flow).

The pressure loss at entry to the tube bank is
rarely controlling, but if it is then it will also be neces-
sary to include the effect of the constant X, which makes
allowance for the radius of curvature at entry to a tube.

(e) Calculation of tube exit pressure loss

Flow leaving a tube to enter the downstream header
undergoes a sudden expansion, and the pressure loss
can be well calculated by Eq. (1).

PU -PD

P
=[&+($$)2-l]% (19)

in which LJ is the mean tube velocity and the expansion
coefficient K, is given by Fig. 3, in which the ratio of
upstream/downstream flow area ratio is given by

For triangular tube pitch:

For square tube pitch:

When these equations are applied to tube entrance
and exit losses it is, of course, implied that all tubes
behave in a similar manner, that is, that there is ideal
flow distribution.

D. Turnarounds

It is normal practice for each pass of a multiple-pass
heat exchanger to contain approximately the same
number of tubes. The turnaround receives the flow
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from a pass of the heat exchanger and distributes it to
the next pass. The turnaround therefore represents an
even more complex flow situation than either the
inlet or outlet header, since it combines both functions,
and it is unlikely that the flow can be considered to be
one- or even two-dimensional.

The entry and exit pressure loss can be calculated
as described above in Sets. C(d) and C(e). As well as
these losses, the flow direction is being changed through
180�  in a rather complex manner. There appears to be
no experimental information in the literature covering
this specific problem, and it seems reasonable that 1.5
velocity heads be allowed (based on the tube velocity);
this is equivalent to a 180� bend.

The effect of the turnaround on flow distribution is
also difficult to quantify in the absence of experimental
data. It seems unlikely, however, that it will be greater
than that of the entry header, and hence the same
criteria should apply. Steps should therefore be taken to
ensure that the dynamic head within the turnaround
is small compared with the pressure drop through the
pass downstream of it. The extent to which this can be
carried out, however, depends on the overall pressure
drop that can be tolerated.

E. Example

Some of the foregoing can be illustrated by an example.

(a) Example

Calculate the pressure drop and possible maldistribution
that will occur in a heat exchanger as follows:

Header inside diameter = 400 mm
Tube length = 1 500 mm
Header depth = 300 mm
Inlet and outlet nozzle diameter = 100 mm

The shell contains 150 tubes in a single pass and the
tubes are 17 mm in inside diameter and are on a pitch/
diameter ratio of 1.25. Liquid of density 1 000 kg/m3
and viscosity 1 CP flows through the tubes at a rate of
25 kg/s.

Nozzle flow area S, = $0.1�  = 0.007 85 m2

Nozzle velocity u, = 1 ooo X foo7 85 = 3.18 m/s

(b) Inlet nozzle pressure drop

From Eq. (1)

The nozzle Reynolds number

P%d
Re, Z--E

1 000 X 3.18 X O.l= 3,18 X lo5

P 0.001

The coefficient K, can therefore be calculated from
Eq. (2):

2

= 0.87

Hence

= -633 N/m2

That is the pressure increases owing to momentum
effects.

(c) Outlet nozzle pressure drop

From Eq. (3)

Again the Reynolds number is 3.18 X 10�)  hence Kc
may be obtained from Fig. 5 for

S?l 0.007 85-=
SCJ
~ = 0.065 5

0.12

and is

Kc = 0.56

It is assumed that the nozzle edge is sharp, therefore
h= 1.

pu - pn = [ 1 - (0.065 5)�  + 0.561  yx 1 000

= 7 866 N/m2

(d) Mean jlow through tubes

Total flow area ST = 150 a (0.017)2  = 0.034 m2

Mean velocity
25

u = 1 000 x 0.034
= 0.73 m/s

Hence the Reynolds number

Re
1 000 x 0.73 x 0.017= =

0.001
12 410
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(e) Tube entry pressure change

Regarding as a sudden contraction, use Eq. (3).

From Eq. (18)

2

that is,

= 0.58

Hence, from Fig. 5,

Kc = 0.275

and

pu-pD  =(0.275  + l-0.58*)y x 1 000

=  250  N/m*

(f) Tube exit pressure change

Since Re > 104, Eq.(2) may be used.

= (1 - 0.58)*  = 0.176

The pressure change may be calculated from Eq. (1).

pu-pD=~~+&)*-i-,$
= (0.176 + 0.58* - 1 j q = -130 N/m*

C
D
d

Ef

1
K
M
M
P
P
AP
Re

-

The tube pressure drop may be calculated from the
Darcy  equation

4flV2P
AP = 7

where the friction factor

0.046f=-= 0.046

Re�.* 124100.2  =0.0°7

Ap 4
x

0.007 x 1.5 x 0.73* x 1000= =
2 x 0.017

658 N/m*

Hence the total pressure drop is

Apr = -633 + 7 866 + 250 - 130 + 658

- 8 0 1 1 N/m*

The possible level of maldistribution may be eval-
uated from Eq. (7).

Maximum velocity APT + t Pd

=Mean velocity APT

=J 8 011 + 5 8011 X 1 000(3.18)*

= 1.28

Hence there is a possibility that the flow through some
tubes is 28% greater than the ideal, other tubes taking
correspondingly less.

NOMENCLATURE FOR SECTION 2.2.7

contraction coefficient S flow area, m*
header diameter or equivalent diameter, m V dimensionless velocity
branch diameter, m V velocity, m/s
specific energy loss due to viscous dissipation, X distance along flow path, m
J/kg Z dimensionless distance [ Eq. (13)]
defined by Eq. (14) CY fraction of internal area of header occupied by
fanning friction factor branches, assumed uniformly spaced
loss coefficient P density, kg/m3
defined by Eq. (16) h correction factor for entry radius
mass flow rate, kg/s
pitch [Eqs. (18) and (20)],  m

Subscripts

pressure, N/m* B branch
pressure difference, N/m* c contraction; combining
Reynolds number D downstream of junction

0 1983 Hemisphere E blishing  Corporation

- --~ .-.



2.2 SINGLE-PHASE FLUID FLOW / 2.2.7 Headers, Nozzles, and Turnarounds 2.2.7-l 1

e expansion S sidestream
M momentum T total
n nozzle u upstream
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2.28

Non-Newtonian fluids

Robert C. Armstrong

A. Introduction

Many fluids do not obey Newton�s law of viscosity;
these materials are commonly grouped together under
the broad heading of non-Newtonian fluids. Examples
of non-Newtonian fluids include polymer solutions and
melts, paints, soaps, biological fluids, greases, pastes,
and suspensions. The field of study that is aimed at
understanding the deformation and flow behavior of
these substances is known as rheology. Because they
make up the most commonly encountered subgroup of
non-Newtonian materials, polymers will be emphasized
in this section.

There are many simple experiments that can serve
to illustrate the often dramatic differences in behavior
between Newtonian and non-Newtonian fluids. If, for
example, the �viscosity� of a polymer solution were
determined in a falling-ball viscometer and in a tube
flow experiment, different results might be obtained. If
a rotating shaft is inserted into a beaker of polymeric
fluid, the polymer �climbs� the rod. Polymer extruded
through a circular orifice may swell to a diameter
several times that of the hole. If a filament of molten
polymer is suddenly stretched and then released, it will
snap back nearly to its original length [l] .

Because of the very high viscosities exhibited by
most concentrated polymer solutions and melts, the
flow of these fluids is laminar in most applications,
and laminar flow will be the primary focus of this
section. In Sec. B, experimental methods for character-
izing non-Newtonian fluids are described. Section C
then presents models for describing these properties,
and Sec. D gives examples to illustrate the calculation

of quantities of engineering importance. In Sec. E,
turbulent tube flow of non-Newtonian fluids is dis-
cussed.

B. Experimental characterization of
non-Newtonian fluids

Most currently used experimental methods for charac-
terization of non-Newtonian fluids involve measure-
ment of the stress/rate-of-strain behavior of the mater-
ial in either a shear flow or a shear-free flow. Shear
flow is found in pipe flow, flow through slits, and flow
in runners and mold cavities. Approximations to shear-
free flows are found in stagnation flow, fiber spinning,
blow molding, vacuum forming, and film blowing.

(a) Shear flow

As an example of shearing flow, consider the velocity
field (see Fig. 1)

VX = yy vy = 0 v, = 0 (1)

which can be generated in a fluid contained between
parallel plates that are made to undergo a relative
sliding motion. The velocity gradient + is known as the
shear rate; when y is constant, the flow is steady shear
or viscometric flow.

In the time interval between t� and t, the cube in
Fig. la is sheared by an amount (t - t�fi, but the
lengths of the edges of the cube along x and z do not
change. There is no shear present in Fig. lb, and in the
interval (t-t�) the length of the cube in the direction
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(a) (6)

Figure 1 Deformation of an isolated unit cube of fluid under-
going (a) steady shear flow with shear rate + and (b) steady
elongational flow with elongation rate 2 (see text).

of stretching increases by a factor e�cfet�).  The volume
is unchanged in either flow.

For a fluid undergoing shear flow, it can be shown
that the only stresses that can be nonzero are the
shearing stress Tyx = r and the three normal stresses
TXX, T,,,,, and T,,. Here the Tij are components of
the extra stress tensor and are defined to be positive
when a fluid element is in tension. If the fluid is
incompressible (a good assumption for most non-
Newtonian flow problems), it is not possible to
measure normal stress components individually;
instead, normal stress differences can be found. It is
customary to use for these differences TX, - Ty,, =
Nr and Tyy - T,, = Na, known as the primary (first)
and secondary (second) normal stress differences,
respectively. The steady shear flow behavior of non-
Newtonian fluids can thus be reported in terms of
three stress coefficients 7, 9r, and q2, defined by

In these equations, TJ is the (non-Newtonian) viscosity,
and qr and \k2 are the first and second normal stress
coefficients, respectively. Note that for a Newtonian
fluid in steady shear flow, 17 is the constant viscosity p,
and \kr and \k2 are both zero. For most non-
Newtonian fluids 17, J1r and \k2 depend on the shear
rate +.

In Fig. 2 results are shown for nf+j for two
polymer solutions and a soap solution; these data are
typical of the behavior shown by a wide variety of
non-Newtonian fluids. At low shear rates it is seen that
the viscosity approaches a constant value v. known as

the zero-shear-rate viscosity. As the shear rate is
increased, the viscosity shows a dramatic decrease; n
can decrease by three or four orders of magnitude with
increasing shear rate. In the region of steepest descent,
log n is a linear function of log q, and this range of
shear rates is often called the power law region. This is
a particularly important zone because the shear rates in
many applications fall into this region.

Materials that show this decreasing viscosity are
called shear-thinning or pseudoplastic. A few fluids
exhibit the opposite behavior, with n increasing with
increasing +; such fluids are called shear-thickening or
dilatant. This behavior is exhibited by fairly concen-
trated suspensions of very small particles, two
examples being titanium oxide in a sucrose solution
and corn starch in an ethylene glycol/water  mixture.

In Fig. 3 the first normal stress coefficient \kr is
shown for the same solutions as in Fig. 2. At low shear
rates, 9r also approaches a limiting value iPr,o; and at
high shear rates it shows a power law region. Most
often, the rate of decline of qr with y is greater than
that of 17 with +. Moreover, qr can decrease by as
much as a factor of lo6 in the power law region.

The second normal stress coefficient is much more
difficult to measure than 7) or 9r, and consequently
much less is known about it. Available data on
polymer solutions suggest that its magnitude is roughly
10% of \k, and it is opposite in sign. For most
engineering applications. it is probably safe to ignore
\k2; however, the second normal stress difference may
be important in hydrodynamic stability problems and
in calculating secondary flows.

In addition to steady shear flow, a wide variety of
nonsteady shear flow experiments can be performed. A
sampling of these is given in Table 1, where y-(t) is

lo=

3
210
F

1

10-l

10-S 1o-2 10-l 1 10 lo* 10) lo4
f(s-’  1

Figure 2 Dependence of viscosity on shear rate for two polymer
solutions and an aluminum soap solution. o 1.5% polyacrylamide
(Separan AP 30) in a SO/SO  mixture by weight of water and
glycerin, A 2.0% polyisobutylene in Primol, and 0 7% aluminum
laurate in a mixture of decalin and m-cresol. The data shown by
d were taken on a Ferranti-Shirley viscometer; all others are
from a Weissenberg Rheogoniometer. All data were taken at 298
K. From [2].
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Figure 3 Dependence of the primary normal stress coefficient
on shear rate for two polymer solutions and a soap solution.
o 1.5% polyacrylamide in a water/glycerine mixture. A 2.0%
polyisobutylene in Primol, and q 7% aluminum laurate in decalin
and m-cresol. All data taken  at 298 K. From [ 21.

given for each. Stress coefficients analogous to 7, ql,
and q2 can be defined and measured for each of these
flows. In some of these experiments-for example,
constrained recovery after steady shear flow-it is
possible to observe directly the elastic character of
non-Newtonian fluids. Quite a lot of information has
been developed interrelating results from the small-

amplitude oscillatory experiment and molecular struc-
ture, with the result that this area, a part of linear
viscoelasticity, now constitutes a form of mechanical
spectroscopy. A survey of this field is given by Ferry [3] .

A number of standard experimental geometries for
measuring shear flow properties are listed in Table 2. A
particularly convenient arrangement for obtaining both
1) and \k, is the cone-and-plate instrument. If the cone is
rotated at angular velocity W and makes angle 19~  with
the plate (0, < l), then the shear rate is everywhere
IV/e, in the gap. The values of the torque c required
to hold the lower plate fixed and the total thrust
exerted downward on the lower plate can be used to
calculate 7) and q, at this shear rate from the formulas

33
rl=-

2nR3-j (5)

(6)

where R is the radius of the plate. If the radial
dependence of pressure on the lower plate were
measured, then \Ir, could also be determined. These
pressure measurements are very difficult, however, and
provisions for them are not included on commercially
available instruments.

Formulas for reduction of data in other geometries
are available in [l] , [4] , and [28].

(b) Shear-free flow

Shear-free flow is characterized by the absence of
rotational motion in the fluid. As an example we

Table 1 Shear flow experiments used in rheology

Name t<O f>O

1. Steady shear flow + = constant (jO)
measure Tijf+, j

2. Small-amplitude oscillatory y = r�  cos wt

shear flow Y�O = shear rate amplitude
w = angular frequency

3. Stress growth upon incep f=O + = constant (7,)
tion of steady shear flow measure Tijftj

4. Stress relaxation after + = constant (i,) + = 0
cessation of steady shear flow measure Tij4 t +

5. Stress relaxation after a +=o i=-YoSftf
step shear strain y0 = magnitude of shear strain

measure Tijftf

6. Creep f=O Tyx = constant (T,,)
measure +ft j

7. Constrained recoil after
steady shear flow

+ = constant (To) Tyx = 0
measure +fr j, Tiiff j

Flow:  ux = ++tjy; uy = 0; vz = 0.
Stresses: Tyx = 7; TX, - T,,,, = N, ; Tyy - T,, = N,.
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2.2.8-4 2.2 SINGLE-PHASE FLUID FLOW / 2.2.8 Non-Newtonian Fluids

Table 2 Methods for determining viscometric functions

Geometry Measure Compute

Capillary viscometer Q = volume flow rate
Ap/L = pressure gradient

Cone and plate instrument W, = angular velocity of cone

3 = torque on plate

Parallel-disk instrument

Couette viscometer

5 = downward force exerted on
plate

W, = angular velocity of upper disk

3 = torque on lower disk

5 = downward force exerted on
lower disk

W, = angular velocity of inner
cylinder

3 = torque on outer cylinder

Tw = ApRIZL
ia = 4Q/lrR’

^JR = W,R/H

(t = 3/2nR3)

(f= 5/rrR*)

@�OR,y=-.---
R, -R,

,+.. = SW, --RI)
2rrR; W,

Slit die

Q = volume flow rate
dr,
z = pressure gradient

7 ,+, = (- dp/dz)B

-$, = 3Q/2WB2

W = width
2B = gap
L = length

V
flush  mounted  pressure
transducers

- .SBL = pressure reading at exit

(for low Reynolds number)

0 1983 Hemisphere Publishing Corporation



2.2 SINGLE-PHASE FLUID FLOW / 2.2.8 Non-Newtonian Fluids 2.2.8-S

consider the simple elongational flow given by the
velocity components

(7)

in which i- is the elongation rate. A sketch of the
deformation in a fluid element undergoing this flow in
shown in Fig. 1.

In simple elongational flow there are no shear
stresses; and for incompressible fluids, the only measur-
able combination of normal stresses is T,, - TX, =
Tzz - Tyy. For steady flow in which e is constant for
all times, the state of stress is customarily reported in
terms of the elongational viscosity ?j, defined by

For Newtonian fluids 7 is constant and given by

ij = 31.1 (9)

so that elongational flow experiments do not give any
new information about the fluid. For non-Newtonian
fluids, +j is a function of the elongation rate and is not
simply related to the viscosity n(y).

Figure 4 shows the elongational viscosity for a
low-density polyethylene melt as a function of 6. At
low elongation rates, q approaches a constant value
equal to 3n0.  As the strain rate is increased, fl first
rises, then levels off, and finally decreases with increas-
ing i at a rate similar to nfy) at large q. The
strain-rate thickening in fl that polymeric fluids exhibit
is associated with the alignment and extension of the
macromolecules in the direction of the stretching. In
this configuration they offer increased resistance to the
deformation.

Measurements of fl are not easy to make because
of the difficulty in reaching steady state. Indeed,
recent evidence [6] suggests that perhaps steady state
was not reached in the experiments reported in Fig. 4.
From Fig. 1 it is seen that in steady flow, the length

Figure 4 Dependence of elongational viscosity on elongation
rate and viscosity on shear rate for a low-density polyethylene
melt (IUPAC  A). Data from [5 I.

Figure 5 Elongational stress growth coefficient fi�  versus time at
various elongation rates for a low-density polyethylene melt
(melt I). Data from [ 71.

of an element of fluid lying along the stretching
direction increases exponentially with time. At
moderate elongation rates the cross-sectional area of a
test specimen rapidly decreases to the point that either
the sample breaks or the total force transmitted
through it is too small to be measured accurately.

Two types of devices are presently used for
measuring 4; they differ in whether or not the clamps
that hold the sample move relative to one another or
not (see, for example, [S]). With movable clamps, the
specimen is elongated by separating the clamps at an
exponential rate. With fixed-separation clamps, one or
both clamping devices are rotated in such a way that
sample is removed from between the clamps at a
constant velocity. This latter method seems capable of
producing larger strains E = Et in the sample, and can
thus give steady flow at higher vahres  of strain rate.

In elongational flow, transient measurements are
particularly important, both because steady state is
hard to achieve in the laboratory and because it is
doubtful that steady state (in a material sense) is
achieved in processing applications. The most common
transient experiment is the sudden startup of steady
elongation with constant elongation rate E,,.  In this
test the growth of the tensile stress toward its steady-
state value is observed. Results are given in terms of an
elongational stress growth coefficient ?jf, defined by

(10)

which approaches fl as t -+m. Some illustrative data are
shown in Fig. 5 for a low-density polyethylene melt.
The monotone increasing curve observed for low strain
rates is the linear viscoelastic response. For high strain
rates, sudden upturns in ii+ are seen at a roughly
constant value of imposed strain i,t.

It is important to emphasize that methods for
measuring elongational flow properties of non-
Newtonian fluids are still under active development.
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There is very little elongational viscosity data available
on polymer melts, and none for polymer solutions.
Reviews of theoretical and experimental aspects of
shear-free flows can be found in [4], [S], and [9].

C. Models for non-Newtonian fluids

Attempts to construct constitutive equations or rheo-
logical equations of state that are capable of describing
the diverse stress/strain behavior of non-Newtonian
fluids have been a major activity in rheology over the
past two decades. Although progress has been made in
incorporating a variety of viscoelastic behavior into a
single model, this has come at the expense of increased
complexity in the constitutive equation and added
difficulty in its use for solving hydrodynamic flow
problems. Thus this section begins with a discussion of
the generalized Newtonian fluid which, though it is
one of the oldest and simplest non-Newtonian models,
is one of the most useful for engineering calculations.
A brief outline is then given of some of the more
recent models and an indication of useful limiting
forms of these.

(a) Generalized Newtonian fluid

The generalized Newtonian fluid is a modification of
Newton�s law of viscosity, which describes the shear-
rate-dependent viscosity of non-Newtonian fluids. The
constitutive equation is

T = v4fj-i (11)

in which 9 = Vv + (VV)~  is the rate-of-strain tensor.
Equation (11) is identical to Newton�s law of viscosity
except that the viscosity 17 is dependent on the magni-
tude f of the rate-of-strain tensor, defined by

9 = (i i,:i,y = t/+ &xjfi,+ji (12)

For the simple shear flow in Eq. (l), the quantity
defined by Eq. (12) is identical to the shear rate.

A number of empirical expressions are available to
describe the dependence of viscosity on y. By far the
best known and most widely used of these is the
power law of Ostwald and de Waele:

v(y) = minM1 (13)

Equation (13) describes the important region of the
viscosity where log 7) decreases linearly with log j. The
quantities m (with units of N P/m�)  and n (dimen-
sionless)� serve to characterize each non-Newtonian
fluid. In Table 3 the values of m and n are given for
the three fluids illustrated in Fig. 2. Note that m gives
the magnitude of the viscosity and n gives the slope of
the power law region. For pseudoplastic fluids n lies

Table 3 Power  law parameters for fluids in Figure 2

Fluid m, N s�/m� n

1.5% polyacrylamide in water/glycerin 18 0.320
2.0% polyisobutylene in Primol 27 0.295
7.0% aluminum Laurate in decalin/
m-cresol 62 0.207

between 0 and 1; for dilatant fluids n is larger than 1.
If n = 1, then the Newtonian fluid is recovered, and m
is equal to the viscosity p. For most polymeric fluids n
lies between 0.15 and 0.6.

The power law model is deficient in its failure to
describe the limiting value of viscosity at low shear rates
and also in its lack of a time constant. This latter
problem means that it is not possible to correlate
viscous and elastic behavior for this model. A variety
of other models have been proposed to resolve these
problems, and some of the most common of these are
listed in Table 4.

The temperature dependence of the viscosity can
be described by giving the variation in m and n with
temperature. Experimentally it is found that the power
law slope is not nearly as sensitive to temperature
variations as is m. The following empiricisms  have been
found useful [lo] :

m = moe-W--ToYT, (14)

y1 = no + B (T ioTo) (15)

where To is a reference temperature and m�  and no
are the power law parameters at this temperature. The
constants A and B must be determined from experi-
mental data for each fluid. The assumption that B = 0
is often quite reasonable.

The generalized Newtonian fluid is capable of
giving exact results for volume flow rate versus
pressure drop for flow through straight ducts of
constant cross-sectional area inasmuch as the shear
stress can be described arbitrarily well. This model,
however, is not capable of describing any of the
time-dependent or elastic phenomena discussed in the
previous section. Nonetheless, the generalized Newton-
ian model has been used for a wide variety of calcula-
tions in which the flow is not steady state and in
which more than just the shear stress is computed.
Unfortunately, it is not possible at this time to assess
the errors associated with using this model outside of
the range for which it was intended.

(b) Modern continuum theories

It is an objective of modern continuum theories to
produce constitutive equations for non-Newtonian
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Table 4 Viscosity models for use in the generalized  Newtonian fluid

Model Parameters

Power law

Truncated power law

Carreau

Eyring

Ellis

Bingham

.I?-,
m-t

u - 7 ) -- -  = [l + (A#](n-�)�*
�lo  --rim

No time constant and no zero-shear-rate viscosity

(l/f,)  is a characteristic time: the slope of q versus
+ is discontinuous at f,

Gives smooth transition from zero-shear-rate
viscosity to power law region and then to infinite-
shear-rate viscosity

to, T,, are characteristic time and stress; t,,T,, is the
zero-shear-rate viscosity

Model gives viscosity as function of shear stress
rather than shear rate; 71,2  is shear stress at which
rl = ?,I2

Useful model for slurries and pastes; 7O is a yield
stress; there is no flow unless applied stress
exceeds this value

fluids that contain the ideas of both viscosity and
elasticity. It is hoped the wide range of experimental
phenomena can be described with relatively few
unknown functions (such as Q++)  in the generalized
Newtonian fluid) or constants (such as m and n in the
power law model). To date, work in this area has
concentrated on rheologicczlly simple fluids; these
materials are defined as fluids in which the stress at a
particular fluid element depends only on the deforma-
tion history of that element and not, for example, on
the motion of neighboring elements. So far, it appears
that this definition is sufficiently broad as to include all
non-Newtonian fluids. This statement regarding the
stress in simple fluids is not particularly useful from the
point of view of making calculations. By making certain
simplifying assumptions about either the flow under
consideration or the material behavior itself, useful
special forms of the simple fluid constitutive equation
can be produced. Many of these are summarized in [l] .

The convected Maxwell model can be obtained in
this way by making some rather strong assumptions
about the material behavior:

T + ho ?;bi T = qoj. (16)

where b/bt is a �convected derivative� defined by

k T = $ + (v . VT) - [(Vv)?  * T + T . Vv] (17)

The first two terms in b/bt are the usual material or
substantial derivative; the remainder takes into account
the deformation of the fluid element for which T is
being computed. The two constants in the model, v.
and ho, are the zero-shear-rate viscosity and a time
constant. In terms of these parameters the steady shear
flow material functions are

7) = 770

\Ir* = 2ho?70 (lf9

$ = 0

Since 77 and q1 are both nonzero, the Maxwell model
is seen to describe simultaneously the viscous and
elastic characteristics of a fluid. However, the model is
not capable of predicting the shear-rate dependence of
77 and \zrl, although it can be modified to do so. In
elongational flow, strain-rate hardening is predicted by

37)o

ii = (1 + &)(I - 2X04
(19)

although no steady state is approached for even moder-
ate strain rates (C> 1/2X0).  In spite of its inability to
describe non-Newtonian behavior quantitatively, the
convected Maxwell model has been popular, because of
its simplicity, for exploratory calculations in which it
is desired to assess the relative importance of elastic
and viscous forces. Examples of flows where the

o 1983 Hemisphere publishing Corporationr 1ND4L A
.�I -_ ___ * __-.-.-._. _-_--_. . . - .-.---.  - .I~-~_~_.�--__--�  ----  -._p-e.�-



2.2.8-8 2.2 SINGLE-PHASE  FLUID  FLOW / 2.2.8  Non-Newtonian Fluids

elasticity gives rise to interesting effects are converging
and diverging flows, stagnation flows, and secondary
flows produced in geometries with curved streamlines
in the primary flow field.

An improvement in the convected Maxwell model
is obtained by replacing v. in Eq. (16) with a shear-
rate-dependent viscosity function a+$) and by replac-
ing X0 by of+ j/G, where G is a constant modulus.
The function 77 can be either the experimentally deter-
mined viscosity or a convenient empirical expression
such as one used in the generalized Newtonian fluid.
The resulting model, known as the White-Metzner
model, predicts that

77 = 77fYj

(20)

** = 0

A systematic procedure for improving the con-
vected Maxwell model was given by Oldroyd [l I].
Oldroyd suggested that since the convected derivative
in Eq. (17) contains the product of velocity gradient
and stress, one should include in such a model all
possible terms that contain products of velocity
gradient with stress and with itself. The resulting
modification of the convected Maxwell model is the
Oldroyd eight-constant model:

(+f)S1 (21)

where tr denotes the trace of a tensor and S is the unit
tensor. Many of the popular models used for hydro-
dynamic calculations can be obtained from Eq. (21) by
special choices of the constants hl, XZ, po, ccl,  p2, v1 ,
u2, and v. (see Table 8.1-1 in [l]).  For example, the
convected Maxwell model has p. = pl = p2 = h2 =
u1 = v* = 0.

Most of the differential models presented above
can be integrated to give explicit expressions for stress
in terms of strain. For example, the integral form of
the convected Maxwell model is

/

t
T=- Mft - t’ )y,ol ft’) dt’ (22)

-ca

Mft - t'j = $ e-wl/~o
0

is known as the memory function, and rIo 1 is a finite
strain tensor defined by

qol ft�) = 6 - Eft�j  . Et+�) (24)

(25)

in which Xi and xi are the Cartesian coordinates of a
fluid particle at times t and t�, respectively. The
product E * Et .1s commonly known as the Finger
strain tensor. From Eq. (23) we see the fading memory
of a polymeric material expressed as a decaying expo-
nential function.

Equation (22), with M(t - t�) unspecified, has
been obtained from a network model of a polymeric
fluid and is known as Lodge’s rubberlike liquid [12].
Regardless of the form of Mft - t�j, the rubberlike
liquid is incapable of describing a non-Newtonian
viscosity or shear-rate-dependent normal stress
differences:

17=
/

-Mfs js ds
0

\kl =
/

-M+js* ds (26)
0

\kz = 0

A simple method for modifying Eq. (26) to account
for shear rate dependence has been used by Wagner [13]:

/

t
T=- Mft - t’jh 41, II j7101  ft’j dt’ (27)

--m

where h(1, II j is a function of the first two invari-
ants, I and II, of rlol and describes the nonlinearity
in the viscosity and first normal stress difference. The
invariants I and II can be taken to be

1 = tr Y[O] = 2Y[O]ii
i

c c

(28)
11 = tr (7101  l 7[01)  = (7[0] ii7IOlii)

i j

For simple shear flow, both invariants depend simply
on the magnitude of shear 7 = jflift�jdt�,  so that for
shear flow h can be taken to depend only on 7. It
further appears that for shear flows we can take [13,14]

hfy) = emnr (29)

where n is a constant that is fairly insensitive to
molecular structure.

For elongational flow h is a different function of
the strain invariants, and it is a disadvantage of the
type of model in Eq. (27) that the function h cannot
be measured directly. It is, however, possible to con-
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struct an expression for hf1, II) that simplifies
properly in the limiting cases of elongational and
shearing flow [ 151.  Moreover, it has been shown that
in flows where the strain is not always increasing with
time, h may be a functional rather than a function of
the strain invariants [15].  The Wagner model has been
found capable of describing quantitatively a wide
variety of shear and elongational flow data on low-
density polyethylene.

D. Volume flow rate/pressure drop relations

In this section we consider how the models in Sec. C
can be used to predict a quantity of engineering design
interest such as volume flow rate through a circular
tube or a slit. For either of these situations, the only
non-Newtonian property that affects the flow rate is
the relation between the shear stress and shear rate,
that is, the shear-rate-dependent viscosity. For this
reason, the generalized Newtonian model is as complex
a model as need be considered. Note that the differen-
tial and integral models in Sec. C(b) which predict a
constant viscosity will all give Poiseuille�s law,

l&R4Q=.--.-
877oL (30)

for steady tube flow. In Eq. (30), Q is the volume
flow rate, Ap/L  is the pressure gradient, R is the pipe
radius, and no is the constant (zero-shear-rate) viscos-
ity. In slit flow the corresponding result is

Table 5 Flow rates through slits

Q=2apB3W
3 l)oL (31)

where W is the width of the slit and 2B is the gap
thickness.

In Tables 5 and 6 results analogous to Eqs. (30)
and (31) are presented for a number of viscosity
models listed in Table 4. A method for estimating
volume flow rate as a function of pressure drop for
non-Newtonian fluids in ducts with irregular cross
sections has been given by Miller [16]  (see also Hanks

P71).
It should be emphasized that the results in these

tables are restricted to laminar isothermal flow of the
generalized Newtonian fluid. Because of the large viscos-
ities that are typical in polymeric fluids, viscous dissi-
pation is often significant in these flows, with the
result that nonisothermal calculations are required.
Generally these must be done numerically; a review of
viscous heating in shear flows is given in [ 181.  Below
are presented two examples that show how the entries
in these tables can be used.

(a) Example I: Tube flow of a polystyrene
melt

The viscosity of a polystyrene melt at 453 K is shown
in Fig. 6 as a function of shear rate. It is desired to
pump this melt at 453 K through a tube 8 cm long
and 0.5 cm radius. If a pressure drop of 5.6 X lo6 Pa
can be applied, what is the resulting volume flow rate?

Solution. As a first approximation we model the

Model (constants)
3Q

‘=2B’W

Power law

Cm, n)
3

[(l/n) + 21 2

IIt?

0
(A)

Truncated power law
(170, f,,n)

Eyring

(to. 70)
K)

CD)

Bingham

(PO,  70)
03

Note: Q = volume flow rate; 2B = thickness of slit; W = width of slit; Ap/L = pressure gradient; 7W = wall shear
stress (APB/L).
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Table 6 Flow rates through tubes

Model (constants)

Power law 4 lItI

(m, n) [(l/n) + 31  20
(A)

Truncated power law
4

(l)o,fo,n)
�w [(%)-I��  + +(;- l)(%]]

[(l/n) + 31 Qo
(for r,,, S q,+,) (B)

Eyring
(t0970)

t(z)�)  [it<] + l]coshc<)--$sinhc$)-11 63

Ellis
(7 ,,2�%P4 2 [1+&($$-�1

CD)

Bingham
ciJ,,~o)

(E)

Note: Q = volume flow rate; R = tube radius; Ap/L = pressure gradient; T,,,  = wall shear stress (ApR/2L).

polystyrene melt as a power law fluid. A power law fit
of the viscosity is shown as the dashed line in Fig. 6.
The slope of the power law region is found graphically
to be

n - 1 = - 0.6

[n = 0.41

The value of the parameter m in the power law model
is the value of the dashed line at r = 1 s-l. Thus

105b , , , , , , ,, ,

Figure 6 Viscosity of molten polystyrene at 453 K. The dashed
line shows the power law approximation to the viscosity, and the
dotted lines show the truncated power law approximation. The
data are from [ 191.

m = 1.45 X IO4

The wall shear stress for the specified tube dimensions
and pressure drop is

= (5.6 X 1 O�)(O.OOS)
2(0.08)

= 1.75 X 10�  Pa

Finally, the volume flow rate is given by Eq. (A) in
Table 6 to be

= 3.61 X IO-�  m3/s

= 36.1 cm3/s (32)

To see how serious the neglect of Q, in the
volume flow rate calculation is, let us use the trun-
cated power law model. In addition to n = 0.4, we
now also need the zero-shear-rate viscosity qo, which is
seen from Fig. 6 to be

rlo = 1.48 X lo4 Pa s

and a critical shear rate fo, which is the shear rate at
which the power law line intersects vo,

‘y. = 0.966 s-l
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Then Eq. (B) in Table 6 gives

77R37,

Q = I(l/n)  + 317?0

l)ofo l-lm

I->7,

++(;-l)p$y]

= (8.44 X 10-7)(4.28 X 10�  + 1.6 X 10-5)

= 3.6 X lo-�  m�/s

= 36 cm3/s (33)

which is the same value of Q given by the power law
model. Note that noyo = 1.43 X lo4 is an order of
magnitude less than r,, as required for use of the
above expression for Q.

In general, the use of the power law model in
place of a more complex viscosity expression that
includes no is reasonable as long as the apparent shear
rate ja, defined by

(34)

is much greater than the characteristic shear rate at
which TJ begins to decrease from no. In the above
example,

?;
a

= (4)(45 x lo-5)  = 460 & f.
7r(O.O05)3

The apparent shear rate is just the wall shear rate that
a Newtonian fluid would have for the same values of Q
and R.

(b) Example 2: Axial annular flow of a
carboxymethylcellulose solution

It is desired to force a 3.5% aqueous carboxymethyl-
cellulose solution through the annular region between
tubes of radius 6.80 cm and 7.0 cm at a volume flow
rate of 50 cm3/s. This polymer solution can be
described by an Ellis model with

v. = 2.27 Pa s

71/Z = 152 Pa

a = 3.0

Determine the required pressure gradient to obtain this
flow rate.

Solution. We do not have an exact expression
available that gives the relationship between Q and
Ap/L  for annular flow of an Ellis model. However, an
approximate solution can be obtained as follows.

Since the annular gap is small compared with the
radius of either of the bounding tubes, we can replace

the annulus by a rectangular slit of width 27rR,,  and
thickness 2B = M. The result in Table 5, Eq. (D), can
then be used. For the conditions of this problem,

3Q WW2.2�4  = 392 Pa
2WB’ ” = 2(43.4)(0.1)2

The wall shear stress r, must be such that

r, [ 1  +&(~)ff-r]=392 (35)

By trial and error it is easy to find that

7, = 196 Pa

The required pressure gradient is then

y=F= 1.96X 10�  Pa/m (36)

Although it is not possible to assess precisely the errors
associated with the slit approximation here, exact
results for Newtonian fluids suggest that the error is
about 2% for this problem (see Eq. 5.2-42) in [ 1 ] ).

E. Turbulent flow of non-Newtonian fluids

In this final section we consider volume flow rate/
pressure drop relations for pipe flow of non-Newtonian
fluids in the turbulent regime. Because of the very high
viscosities of most non-Newtonian fluids, turbulent
flow is not typically encountered. One exception is for
exceedingly dilute polymer solutions, where the
phenomenon of drag reduction in turbulent flow is
observed. The results in this section are presented in
terms of a friction factor i defined by

(37)

where Ap is the pressure drop over a length L of pipe
and V is the average velocity in the pipe, and a
generalized Reynolds number Re, , defined by [20]

The parameters m and n in Eq. (38) are the power law
parameters; the form of Re, is suggested by dimen-
sional analysis of the equation of motion coupled with
the generalized Newtonian fluid model and power law
viscosity [21]. Note that for Newtonian fluids, Eq.
(38) reduces to the customary Re (= DV p/,u).

(a) Drag reduction

Drag reduction refers to the substantial reduction in
friction factor that results when a small amount of
certain high-molecular-weight polymer additives are
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lIltI/ / I l,llTr

P o l y m e r
c o n c e n t r a t i o n  (ppm)
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3 5

i

103 IO4 105 lo6
R e y n o l d s  n u m b e r  R e  =  D <u > P/M

1 0 '

Figure 7 Friction factor versus Reynolds number for water and
dilute aqueous solutions of poly(ethylene  oxide), Mu = 6.1 X
106. In the turbulent regime, the curves for the polymer
solutions lie below that of the solvent and illustrate drag
reduction. Data replotted from [ 221.

added to Newtonian fluids undergoing turbulent tube
flow. The magnitude of the effect is illustrated in Fig.
7, where f versus Re results for small amounts of
poly(ethylene  oxide) in water are shown. In this figure
Re is the ordinary Reynolds number, since polymer
solutions at these low concentration levels have virtu-
ally shear-rate-independent viscosities. There is no
effect of the polymer on fin the laminar flow regime.
After the onset of drag reduction at Re of about
3 000, the amount of drag reduction increases with
increasing polymer concentration. There is a maximum
amount of drag reduction that can be achieved, how-
ever, by adding more polymer. It can be seen in the
figure that the addition of 5 ppm (by weight) of
poly(ethylene  oxide) to water reduces f by 40% at
Re = lo�, whereas the viscosity of the solution is
increased by only 1% over that of water. Some other
examples of drag-reducing systems are listed in Table
7. Additional information on drag reduction can be
found in the reviews by Virk [23] and Berman [24].

(b) Concentrated solutions

For polymeric fluids transition from laminar to turbu-
lent flow occurs at a generalized Reynolds number of
about 2 100; somewhat higher values of Re, are found
as n decreases from unity [25]. Dodge and Metzner
have found that for fluids described by the generalized
Newtonian fluid model, that is, that are not very

elastic, Prandtl�s universal law of friction should be
modified as follows:

-= -$ log (Re f(�  -n)�2)  - 5

The above result describes the frictional behavior of
soft gels and suspensions.

Non-Newtonian fluids that are viscoelastic gener-
ally exhibit lower friction factors than nonelastic fluids
with similar viscosities. A relatively simple correlation
for these fluids is given by Shaver and Merrill [26]  :

0.079f=--.---
n5 ReY

2.63
y = (10.5)

(40)

A slight improvement in the predictions of f given by
Eq. (40) can be obtained by the following pair of
equations due to Meter [27]  :

f = 0.0064 - 0.00425 log 0.2

(41)

f=0.0117($-“.73  (10<?<40)  ( 4 2 )

where r, is the wall shear stress and T,,~ is the Ellis
model parameter given in Table 4. All of the above
friction-factor expressions are restricted to flow
through smooth pipes.

Table 7 Some polymer solvent systems that show drag
reduction

Polymer Mw X 10m6  Solvent

Poly(ethylene  oxide)
Poly(ethylene  oxide)
Polyacrylamide homopolymer
Polyacrylamide partially

hydrolyzed
Polyisobutylene
Polydimethylsiloxane
Polymethylmethacrylate
Polycisisoprene
Cuar  gum
Guaran triacetate
Hydroxyethylcellulose

0.30-8.45

0.8-4.0

1.0-10.0
1.0-15.0

0.4-3.3
0.07-1.0

1.72
0.07-5.34
0.08-0.63

Water
Benzene
Water

1 .O M NaCl
Cyclohexane
Toluene
Toluene
Toluene
Water
Acetonitrile
Water

Nomenclature for Section 2.2.8 appears at the beginning of Part 2.
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2.3.3
Solid-gas flow

M. Weber and W. Stegmaier

A. Principle  of pneumatic  conveyance

Pneumatic conveyance is of great importance for the
transport of grained  and powdered materials, especially
for short distances and in connection with heat ex-
change and mass transfer processes.

The physical principles involved are, however, very
numerous. For this reason, only a few aspects of the
phenomena will be treated here. A more exhaustive
treatment of this principle of conveyance may be
found in certain basic books [l-6]  .

(a) Pneumatic conveyance in vertical pipes

The principle of pneumatic conveyance may best be
explained by referring to Fig. 1 for the case of
vertically upward movement. The weight of a solid
particle Fw and its inertial force MS du,/dt  have to be
compensated by the drag force Fo and the force due
to the pressure gradient V, dpjdl,  which are both
opposite to the flow direction of the particle. To bring
this about, the velocity of the fluid medium ug has to
be greater than the free-fall velocity of the solid
particle w, .

ug>%o (1)

(b) Pneumatic conveyance in horizontal pipes

In the horizontal pipe, relations are far more complex,
for the main direction of the fluid flow is perpendicu-
lar to the gravity force acting on the solid particles.
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Figure 1 Force balance for vertical pneumatic conveying.

Short mention is therefore made solely of the effects
essentially compensating the gravity force:

1. Transverse forces caused by the asymmetric
direction of the fluid flow near the pipe wall due to
the velocity gradient.

2. The Magnus force acting on spinning particles.
3. Transverse forces generated by the turbulent

exchange of eddies.
4. The buoyant force is a minimum in pneumatic

conveying, but it is of immense importance in hy-
draulic conveying.

5. Under certain circumstances, part of the axial
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kinetic energy of the particles is converted into radial
kinetic energy by their impact on the pipe wall.

6. In many cases the conveyed material is sup-
ported by the wall if it is sliding along the bottom of
the pipe in the form of a settled layer.

The effects named under 1, 2, 3, and 5 would be
neutral with regard to symmetry, but since particle
concentration in the lower part of the pipe is higher
due to gravity, upward-directed forces are the result.

(c) Pneumatic conveyance in inclined pipes

The above-described effects superpose each other in
the case of an inclined pipe.

B. Flow patterns

Different flow patterns appear depending on gas
velocity, free-fall velocity of a single particle, solids
concentration, and position of the pipe. These are
explained in the following example using a vertical
pipe (Figs. 2 and 3).

1. Dilute-phase flow appears at low mass flow
ratio (z? < 10) and the simultaneous condition of high
gas velocities. The concentration distribution over the
pipe cross section is nearly homogeneous (see Figs. 2a
and Fig. 3,3a).

2. Flow as clouds is experienced at higher mass
flow ratio (L? > 30) combined with relatively low gas
velocities. The solids distribution is inhomogeneous,
the mode of flow is unsteady, and blockages are
possible, if the characteristic of the blower is not
stable (see Figs. 2, b-d and 3, b-d).

3. Slugging dense-phase flow and packed-bed flow
appear at low gas velocities (ug < w,) and high solids
concentrations. The pressure loss that is found at
conveying is considerable (see Figs. 2e, 2f, and Fig.
3, e and f).

,-. -xI

Ll

“s

cv
f=J

If!
tt

I.-.-.-.
----

t
A+A

b) UI,  c, d) b-1 (0 k7)

Figure 2 Flow patterns for vertical pneumatic conveying. See
Fig. 3.
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Figure 3 Schematic representation of pressure drop for pneu-
matic and hydraulic conveyance of medium- and coarse-grained
materials in vertical pipes [2]. 1. Fluid phase alone. 2. Free-fall
velocity of a single particle wso.  3(a) Flow through a moved bed
of solids. 3(b) Flow through a fiied bed. 4. Point of minimum
fluidization velocity. 5. Expanded fluidized bed. 6. Charac-
teristic of a fan. 7. Characteristic of a positive displacement
blower. (a) Homogeneous. (6) Heterogeneous dilute-phase flow.
(c)Cloud. (d) Layer. (e) Slug flow. (fl Packed-bed flow and
hydraulic dense-phase flow. (g) Fluidized bed and hydraulic
slurry conveyance.

4. Flow as a moving fluidized bed is possible with
solids consisting of fine particles that can be easily
fluidized. In this case high solids concentrations and
low solids velocities can be achieved (see Figs. 2g and
w.

C. Schematic  representation  of pressure  drop

The conveying modes discussed in Sec. B can be
characterized by the relationship between the pressure
gradient dp/dl and the fluid velocity ug. This is shown
in Fig. 3 for the case of vertical pneumatic conveying
of medium- and coarse-grained material.

D .  Air-activated  gravity conveyor

A particular case of pneumatic conveying is realized in
the air-activated gravity conveyor. It is based on the
principle of transforming the powdered material by
vertical aeration into a fluidized-bed state. With a
conventional inclination of the channel of from 2� to
6�,  the material flows gravity-assisted in the desired
direction (Fig. 4). Relatively low specific energy con-
sumption (OS-4 J/kg), little wear of the conveying
duct, and a small amount of attrition due to low
conveying velocities (OS-2 m/s) are advantages of
these systems.
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-B

:.,;rQ=cl/

5 Inclination  7

Figure 4 Air-activated gravity conveyor. 1. Air supply. 2. Feed-
ing section. 3. Air supply channel. 4. Conveying channel. 5. Por-
ous base. 6. Conveyed material. 7. Conveyed material exit. 8. Air
exit.

E. Principles  of computation

(a) Definition of important parameters

It is useful to define a number of parameters for the
description and calculation of solid-fluid flows:

The volume of the fluid component is called V,,
and the total volume of the solid-fluid system is named
P�,  + VS. The ratio of these two volumes is defined as
voidage  fraction or porosity:

b
E=V,+Vs (2)

For hydraulic conveying, however, the spatial con-
centration c, is widely used:

c,=l-E (3)

In pneumatic conveying practice, the mass flow
ratio 1 is commonly used, which is defined as the mass
flow ratio of solid to fluid:

(4)

In hydraulic transportation the delivered volume
concentration cT is normally employed,

Table 1 Conversion  of parameters for gas and liquid flow

(5)

which is defined as the flow ratio of solid volume to
total volume.

The conversion of the parameters as defined above
from one into another can be seen in Table 1.

(6) Free-fall velocity

The free-fall velocity of particles is of multiple impor-
tance in hydraulic and pneumatic conveying. It can be
computed by a force balance made up by weight, drag,
and buoyancy.

The free-fall velocity of a spherical single particle
w, in an undisturbed static fluid without any in-
fluence of the pipe wall is given by

J 4d,Ps--Pg,P
w, = - -

3 t Pg,Q  gn
(6)

The drag coefficient 5 of a single particle depends on
the Reynolds number, Re,:

dswso
Re, = 7

The correlation of the drag coefficient .$ and the
Reynolds number Re, can be given as an empirical
equation. Examples of this are shown in Table 2. For
Reynolds numbers less than 2 X 104, an implicit equa-
tion results for the free-fall velocity w,. This can be
solved by iteration methods. Values for the free-fall
velocity of single spherical particles in air at standard-
ized conditions can be read off Fig. 5.

Frequently particles are not of a spherical shape.
In this case an additional shape factor K must be taken
into account. Empirical coefficients can be found
from Torobin and Gauvin [8] and Heywood  (cited in
[S]). In some cases the influence of the pipe wall
and solids concentration have to be considered. Clauss
[9] provides equations that show a good fit with
measured values.

E i cv CT

E
1

1 + ~(Pg,Q/P&Vg,Q/Vs)
I- cv

1

1 + [CT/(1  - CT)] kg,  Q/us)

d-2

cv

CT

l--E US ps cv us ps CT Ps
- - - - - -

E %, Q Pg,  Q l-cvVg,QPg,Q 1 -CTPg,Q

1 1
l--E l-

-1 + 1 bg, Q/P&g, Q/us) 1 + [(I - cT)/cTl  b$Vg,  Q)

1 1 1

-1 + [E/(1  -E)] (Vg,Q/Vs) 1 + (l/i)(P,/Pg,Q) 1 + [Cl - cv)/cvl  (vg,  !2/vs)
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Table 2 Correlations of drag coefficient  of a single
spherical  particle

Equation DeYmed  range Author

+ 0.28

[ = 0.47

Re, < 0.2 Stokes [22]

0 . 1  < Re, < 4 x 10� Ktiten et aL [ 71

2X lo4 < Re,< 10�

(c) Velocity ratio

According to the relationships shown in Sec. A(a), the
solid velocity in a vertical pipe is given under certain
simplified conditions (u,/w, < IO)+ by

+At h igher  ve loc i t ies  (u,/w,,  > lo), the  inf luence  of
friction caused by particle-wall impacts and particle-particle
impacts cannot be neglected any more. In these cases, the
relative velocity w can be calculated with less simplified
equations of motion according to Weidner [ 161, p. 148,
equation (27); or Weber 121,  p. 121, equation (4.7).

L

2
\

7,
\

‘00

lci� -1
\,

100 2 L 6810� 2 L 6 8 lo2 lo2 2 L 6 8 lo3 2 L 6 8 10�

Pa r t i c l e  D iame te r  d, , pm Par t i c l e  D iame te r  d, , pm

IO) (b)

v, = us - w, (8)

From this the velocity ratio can be derived:

!+-~ (9)

The relationships are more complicated in horizontal
conveyance. For coarsegrained  materials, Eq. (23) may
be used.

(d) Pressure loss

I. General

The pressure drop Ap/l  along the conveying pipe is an
essential parameter for the design of pneumatic con-
veying systems. This pressure drop is dependent on
numerous parameters:

Ap = f (roughness of the pipe wall, conveyor length,
pipe diameter, density and viscosity of the fluid,
fluid velocity, material to be transported, mate-
rial of the pipe, size and density of the particles,
velocity of the particles, inclination of the pipe,
particle size distribution, electrostatic properties,
adhesiveness, cohesiveness, and moisture)

lo2
8
6

c
L

E

b 2
9

10�
xc 8
; 6

>” L
=
2

’: 2

Ii
100 2
8
6

Figure 5 Free-fall velocity of a single particle in air [ 21. (u) Low Reynolds numbers; (b) high Reynolds numbers.
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In many cases it is therefore necessary to carry out
experiments in a test rig because no computation
formula gives sufficiently exact results. Only approxi-
mate values can be obtained by empirical equations
shown in the following material.

Under some simplified assumptions the pressure
drop may be regarded as being composed of the
following parts:

1. Pressure loss Apg, Q of the fluid flow
2. Pressure loss Ap, generated by the solid friction
3. Pressure loss Aps generated by the solids

weight in a nonhorizontal pipe
4. Pressure loss Apd generated by the accelera-

tion of the solids at the beginning of the pipe
5. Pressure loss Apa generated by the accelera-

tion of the solids after bends

&=AP~,Q+AP~+&~H+&-GA  +&a (10)

According to Barth [lo], the above equation may be
written for gas-solid mixtures as follows, where the
same sequence is valid:

+ ~P,v,(v, + W (11)

The velocity of the gas is determined from the mass
flow rate of the solids MS, the cross-sectional area of
the pipe S, and a chosen mass flow ratio 1:

ni,u =-g ip,se (12)

For dilute phase flow, the most frequent case of
pneumatic conveying (i < 30), the porosity approaches
unity (e x 1).

At higher mass flow ratios (z? > 30),  the velocity
of the gas may be calculated more exactly by the
following equation for vertical flow:

ni,=- 1+
(

PgIPs
%s IPgS 1 Ii - PgW,,S/~s >

(13)

In this case, the porosity follows from Eq. (12) and
the velocity of the solid from Eq. (8). For horizontal
pneumatic conveying at mass flow ratios i > 30, Eq.
(23) has to be used. By using Eq. (12) approximately
with E x 1 to receive the Froude number, Fr = ui/Dgn,
an approximate velocity ratio (ug/v,)*  follows from
Eq. (23). This results in

ugh  = iP,S u I[1 + (~gI~s>*cog/P,)�;.l~
(14)

Having obtained approximate values with E = 1, Eqs.
(14) and (23) may be used iteratively to improve the
accuracy of the results.

The friction factor fg,* for the fluid flow can
be described by numerous empirical formulas. As
an example, the correlation according to Blasius is
given for smooth pipes:

fg,,a = 0.316 4

with

Dug.  Q
Re=y

(15)

II. Solid friction  factor

The solid friction factor f,, like the pressure loss Ap,
depends on numerous parameters. In the following
some examples of empirical correlations are given.

(i) Solid friction  factor for horizontal  pneumatic  con-
veyance of powdered materials.  The following correla-
tion for the solid friction factor according to Stegmaier
[ 111 is adapted for powdered materials (d, < 150 pm)
in horizontal conveying pipes. It is applicable to dilute
and dense phase flow.

2.1(Frw)0.25
fs = i0.3 @/0>0.1  Fr

with
2

WSO
Frw =G

(17)

(18)

and

2

Fr=$
n

(19)

Figure 6 shows f>“‘3 (d,/D)‘.’ (Frw)-0.25  versus fi.

(ii) Solid friction factor for horizontal  conveyance of
coarse-grained  materials.  The subsequent correlation
for the solid friction factor f, may be used in the case
of materials with grain sizes from 0 to 40 mm in
horizontal pipes. It was derived by Schuchart [12].

with K as the shape factor,

24+ 4+0.4�=Re, ,/&
and

Re, =
&(vg - us)

V

(20)

(22)
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. 70 1500 8

’\ 0 69 2650 8
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Figure 6 Correlation for the solid friction factor according to
Stegmaier [ 111 .

Equation (20) contains the velocity ratio u&r,,  which
can be computed according to [12],

~=l+C*(~-l)y3($)~3(l+Fr~;oo)  ( 2 3 )

with Eq. (19) for the Froude number,

2

Fr=$-
n

Empirical values for the factor C* amount to 0.014-
0.09 (usually 0.015) depending on the material to be
conveyed. In Figs. 7 and 8 the friction factor f, and
the velocity ratio u,/u, are shown.

(iii) Solid friction factor for vertical pneumatic  con-
veyance. The solid friction factor f, for vertical pneu-
matic conveyance and a relatively low mass flow ratio
(z? < 20) may be computed with relative high accuracy
according to Kerker [13]  :

.o

2 0.6

0.9

0 . 8
>-
\
>-

x

5 05
0
5
>

0.L

0 . 3

0
0

0.2 .

0.1
0 0.5 1.0 1.5 2 . 0 2 .5

C%,/PP-llo’66 ldS/D]o’66(1+  &)

Figure 7 Velocity ratio for horizontal conveying according to
Schuchart [ 121.

+ (1.55 x 10-3)  g+
0 . 5( >I (24)n s

3

2

1Ci’

2

1Ci3

lo3 2 C 6 lo2 2 L 6 16’ 2 3

Figure 8 Solid friction factor for horizontal conveying accord-
ing to Schuchart [ 121.
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2.3 MULTIPHASE FLUID FLOW AND PRESSURE DROP / 2.3.3 Solid-Gas Flow 2.3.3-7

where u, is the sound velocity of the solid material.
The accuracy is approximately 30%, as shown in Fig.
9, and is thus much higher than that obtained by other
authors. The parameters varied as follows: D = 53 and
80 mm, 0.1 G d, < 1.07 mm, 1 050 < ps < 8 650
kg/m3. For a simple estimate the correlation of Capes
and Nakamura [14]  may suffice in some cases. It gives
good results on an average, but may show great
differences in special cases when compared to experi-
mental results.

f = O.l93u,�-22
s 1

u, is to be introduced in meters per second.

(25)

III. Pressure  losses in bends

A certain separation of the solid material from the
conveying fluid occurs due to the centrifugal forces
acting on the solid-fluid mixture flowing in bends. The
particles are decelerated owing to the higher wall
friction. A pressure loss occurs in the adjoining straight
section of the pipe because of the ensuing acceleration
of the solids.

Velocity losses are different depending on the
position of the bend (horizontal, horizontal-vertical,
vertical-horizontal). The pressure losses in bends de-
pend on the type of the material and the radius of the
bend [16].

Investigations of pressure losses in bends were
carried out by Uematu and Morikawa [1 S] , Weidner
[ 161,  Siegel [17], and Schuchart [12]  . According to
Weidner 1161 , the additional pressure loss in the bend
&a will amount to

4&L? = %& - us, out)%E V-3

where u, is the velocity of solids after reacceleration.

5

? 2

f 102

a” 5

:2

E 1 0 ’3
:: 5
2CL
2

z
it

2 5 10’ 2 5 102 2 5

camp.  p r e s s u r e  d r o p  Ap/L, N/m3

Figure 9 Comparison of measured and computed data accord-
ing to Kerker [ 131.

Figure 10 shows the inlet and outlet velocities for
different types of bends.

The influence of branching was studied by Jung
[18]  and Lempp [19].

IV. Layout of fluidized-bed gravity conveyors

Fluidization of the material may be computed accord-
ing to the equations shown in Sec. 2.5.5. It should be
mentioned here that the actual fluidization velocity
should be 2.5-6 times the minimum fluidization
velocity.

The mass flow conveyed by a fluidized-bed gravity
conveyor may be approximately determined according
to Muschelknautz et al. [20]  as follows:

A!& =
H3.5B1.5

KR(l + 2H/B)2
[(1 - e)&] 3g, sin 6 (27)

where H is the height and B the width of the
fluidized bed. The empirical factor KR  amounts to
15-20  N2 s/m4. A more accurate computation is pos-
sible according to the equations and empirical factors
shown in [21] .

(i) Example. In a pneumatic conveying plant consist-
ing of three vertical and one horizontal pipe section
according to Fig. 11, 3 600 kg/h of fine spherical grain
is to be conveyed and simultaneously refrigerated with
air at room temperature. The mixture ratio is assumed
to beP=S:

T=293K ps = 2 500 kg/m3

pg = 1.2 kg/m3 us = 3 500 m/s

vg = 15.1 X 10m6  m2/s d, = 200 pm

Since the pressure loss is not yet known, this example
is calculated using the air density at atmospheric
pressure (760 torr). This density and the corresponding
kinematic viscosity will be kept constant to simplify
matters. For the determination of the settling velocity
W so, diagram Fig. 5b can be used. For a more exact
calculation and for discrete cases, the density and the
viscosity along the conveying pipe must be corrected
sectionwise to correspond more closely to the actual
conditions. The density and viscosity of the air vary
not only due to pressure loss but also due to heat
transfer. The settling velocity of the solids must be
determined using Eqs. (6) and (7) and using the drag
coefficient .$ according to Table 2. Since in Eq. (6) the
drag coefficient [ is a function of Reynolds number,
the calculation must of necessity be performed by
successive approximation.

(ii) Calculational procedure. At first the settling
velocity of the solids is determined from Fig. Sb for
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0 2140 214 6 86 8
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8
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8 0

R=1500.

i//1111 I Tvpe d

2 4 6
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Figure 10 Computed exit velocities in bends according to Weidner [16], for different bend radii R and entry velocities.
Medium: gas; Solid: sand. Bend angle AS = 90�. Mechanical friction factor EF = 0.5 (horizontal bend interrupted line for
all radii, bends in vertical plane full lines).

Figure 11 Layout of a pneumatic conveying plant with simul-
taneous refrigeration of the conveyed solids for the calculation
example.

the given data for air and solids as

w so = 1.4 m/s

With E e 1 and D = 0.15 m, Eq. (12) yields the air
velocity as

ug =9.43  m/s

With this the Reynolds number is given according to
(16) as

Re = 9.36 X lo4

and according to Eq. (15) the friction factor for pure
air amounts to

f- = 0.018

The solids velocity in pipe section I is given according
to Eq. (8) as

U,J = 8.03 m/s

According to Eq. (24), the solids friction factor f, for
pipe section 1 is given with (1 -e)r = 2.81 X 10e3
according to Table 1:

&I = 0.013 8 =fs,m

For pipe section II (downward flow) the solids friction
factor amounts to [with u,,rI = 10.83 m/s and (1 -
+I = 2.08 X lO-3]

o 1983 Hemisphere Publishing Corporation
r

taiA



2.3 MULTIPHASE FLUID FLOW AND PRESSURE DROP / 2.3.3 Solid-Gas Flow 2.3.3-9

f,JI = 0.015 9

For the horizontal pipe section IV, Eq. (17) yields

fs,N = 0.233 6

Using the radius of the outer wall of the pipe bend as
R = 0.250 m, the following solids velocities at entrance
and exit are obtained according to Fig. 10 correspond-
ing to the applicable bend types:

1. Pipe bend 2. Pipe bend 3. Pipe bend
Type candd b and a C

%, in m/s 8.03 10.83 8.03
us, out,  m/s 2.6 1.0 3.5

(iii) Pressure losses. For pipe section I the following
pressure loss components are obtained using the above
data and using Eqs. (10) and (11) (I = 15 m):

AP, = 0.018 o.15 2151.2  (9.43)2  = 0.018 X 5 335.5

= 96 N/m*

Ap, = 5 X 0.013 8 X 5 335.5 = 368 N/m2

9.43
apsH = 5 8.03

- 1.2 X 9.81 X 15 = 1 037 N/m2

Apd = 5 X 1.2 X 9.43 X 8.03 = 454 N/m2

42 Apr = 1 955 N/m2

For pipe section II,

Apg  = 96 N/m2

Ap, = 5 X 0.015 9 X 5 335.5 = 424 N/m2

APH = -5 10.839.43 1.2 X 9.8 X 15 =-769 N/m2

Apss  = 5 X 1.2 X 9.43(10.83 - 2.6) = 466 N/m2

[Eq-  (WI

I2 ALIT  = 217 N/m2

For pipe section III,

Apg = 96 N/m*

Ap, = 368 N/m2

APH = 1 037 N/m2

Apss  = 5 X 1.2 X 9.43(8.03 - 1) = 398 N/m2

2 A~III= 1 899 N/m2

For pipe section IV,

Ap, = 96 N/m2

Ap, = 5 X 0.233 6 X 5 335.5 = 6 232 N/m2

Apa = 5 X 1.2 X 9.43(9.43 - 3.5) = 335 N/m*

I: Apw = 6 663 N/m2

The total pressure loss for all four pipe sections
amounts to

Aptot = 10 734 N/m2

Nomenclature for Section 2.3.3 appears at the end of Section 2.3.4.
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2.3 MULTIPHASE FLUID FLOW AND PRESSURE DROP 2.3.4-l

2.3.4

Solid-liquid flow

M. Weber and W. Stegmaier

A. Principle of hydraulic conveyance

Contrary to the pneumatic conveyance (Sec. 2.3.3),
the hydraulic conveyance of granular and powdered
solid materials can also be used for very long distances
because the carrier fluid is so incompressible. The
applied physical principles are similar to those of the
pneumatic conveyance. In this section only some special
aspects, different from pneumatic conveyance, will be
treated.

The most essential differences between pneumatic
and hydraulic conveying systems are the aforementioned
incompressibility and the density of the carrier fluid.
Because of the high density of the carrier fluid, the flow
forces required for the transportation of solids can be
achieved at relatively low flow velocities. In addition,
the buoyancy of the particles in the liquid partly bal-
ances the gravitational forces. The effect on the settling
velocity of the particles is apparent from Fig. 1 and
Eq. 2.3.3(6).

B. Flow patterns

The flow patterns are in principle similar to those of
pneumatic transportation. Differences due to the high
density of the fluid exist and are manifested by higher
solids concentrations for hydraulic conveyance, by lower
velocities, and by solids movements that are much more
attenuated.

For vertical transportation a relatively low tendency
toward segregation exists as a result of the axial config-
uration of forces. Even for coarse material, a fairly uni-

form solids distribution can be expected in the pipe as
long as the condition for conveyance is well satisfied.
This means that the flow velocity must be much greater
than the settling velocity of the solids. The vertical flow
of the mixture can therefore be looked at as pseudo-
homogeneous and the flow conditions can be corre-
spondingly calculated with good accuracy.

For horizontal conveyance, gravity always assists
the segregation of the solid particles, even when the
corresponding transport condition is well satisfied. In
this case this means that the flow velocity must be
greater than a certain critical velocity at which the first
single grain is deposited. In the horizontal pipe a more
or less strong segregation appears depending on particle
size and flow velocity. The segregation is characterized
by a certain distribution of concentration.

C. Flow regimes: Horizontal conveyance

The classifications of Durand [2] and Newitt et al. [3]
that have been established for hydraulic transportation
of sand can be expressed in a more general manner.
Fine granular material, whose characteristic Reynolds
number is Re, < 0.02, is nearly uniformly mixed with
the carrier fluid and can be conveyed as a homogeneous
suspension as long as there is turbulent flow.

The characteristic Reynolds number is calculated
using the particle size, settling velocity, and kinematic
viscosity of the fluid. Such a homogeneous suspension
appears as a liquid with correspondingly higher density
and viscosity. Only very fine solids with Re, < 10e6
remain at rest in a uniform distribution, since they are
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Figure 1 Free-fall velocity of a single particle in water [l] .

already kept in suspension by the Brownian  molecular
movement (colloidal dispersion). Coarser solids cannot
be kept completely in uniform suspension by turbu-
lence. A certain degree of segregation is permitted. This
type of suspension can exist at economically feasible
transport velocities and is called pseudohomogeneous
suspension. The Reynolds numbers range is 0.1 < Re, <
2. At these limits, in order to guarantee an equal degree
of homogeneity for solids of any density, the ratio of
the settling velocity and the fluid velocity, w,/uc, must
remain constant. The fluid velocities required for this
condition can be obtained from Table 1. For larger
Reynolds numbers, segregation is greater and transpor-
tation is more heterogeneous. This fact can lead to
conveyance by saltation or dune movement. Normally
such mixtures are differentiated according to their
rheological  behavior. Very fine solid-fluid mixtures
display, at very high solids concentrations (c, > 35%)
increasingly non-Newtonian behavior. For classifica-
tion see the summary in Table 2.

D. Basic relationships for pressure losses

(a) Homogeneous and pseudohomogeneous
conveyance

With Newtonian flow behavior, which means at solids
concentrations of about c, < 35% and turbulent flow,
the pressure loss can be calculated for homogeneous

and pseudohomogeneous transportation in the same
way as for Newtonian fluids with an average density of

P m  = CUPS  + (1 -CuIPP (1)

The pressure loss for the horizontal and the vertical
case is

(2)

This is valid for homogeneous and pseudohomogeneous
vertical and horizontal transportation and can also be
applied to approximate the vertical conveyance of coarse
material that is pseudohomogeneous relative to its
solids distribution. The pressure gradient of the pure
fluid must be entered correspondingly; for horizontal
transportation,

Qh

and for vertical transportation,

&
0T Qv

urn being the velocity of the mixture:

vs + tiQ

vm = ___ = c,v, + (1 -c&Q

S

(3)

(4)

(5)

where c, is the spatial concentration of the solids.
The velocities of solids and carrier fluid are nearly
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Table 1 Limits for pseudohomogeneous  flow regime

PS
1.5 2 2.5 3 4 5 6 I 8

PP

Re, = 2; Wso/VQ = 0.005 6

d, pm 231 184
WSO  cm/s 0.97 1.25
VP m/s 1.73 2.23

d, wn 80 63
WS.0  cm/s 0.147 0.186
"Q m/s 1.00 1.27

162 147 128 116
1.42 1.56 1.8 1.98
2.53 2.78 3.21 3.53

Re, = 0.1; wso/UQ = 0.001 46

55 49.5 43.5 39.5
0.214 0.236 0.27 0.298
1.46 1.62 1.85 2.04

108 101 96
2.12 2.26 2.38
3.78 4.03 4.25

36.5 34.5 33
0.322 0.34 0.36
2.20 2.33 2.47

equal for homogeneous and pseudohomogeneous con-
veyance (v, = vp % v, ). Therefore, the discharge con-
centration CT and the spatial concentration c, are also
nearly equal (cT = c, ). This is no longer valid for vertical
transportation of coarse solids, since in this case the
settling velocity is not neglectable. Noticeable slip
between solids and fluid will occur. In this case the
solids velocity amounts to

v, = VQ - w, = v, - (1 - c,)w, (6)

The friction coefficient fQ for smooth pipes can be
calculated according to Eq. 2.3.3( 12).

The following relationship exists between the
spatial concentration and the discharge concentration:

vm 1
�  = cT y, = 1 + [(l -CT)/+]  (v&Q)

(7)

where CT is defined by Eq. 2.3.3(s).
For higher concentrations (cU  > 5%),  the velocity of

the solid has to be calculated by the following equation:

where w, is the settling velocity hindered by the mean
density of the mixture :

J

4 ds Ps-Pm
ws =

3c,ppgn

Table 2 Classification  of hydraulic  flow regimes

(b) Heterogeneous horizontal conveyance

For heterogeneous horizontal hydraulic conveyance the
pressure loss can be calculated by using Durand�s rela-
tionship, which is given here in a generalized form for
solids with variable density:

~ = @i@>  - @?$)Q  = K

t

gD @S - PQ)/PQ
-

(L\PP)QCT 6% 45 i

*

(10)

where ,$ is the drag coefficient of the particles. Durand
supplies the values of K = 83 and II = 1.5 as a good
approximation for 310 data points (see Fig. 2~). These
measurements were made, however, using nearly uni-
form solids. For solids with a certain particle size distri-
bution, which is the most common case in practice,
completely different values of K and n are found. There-
fore, in Fig. 2a, examples of a few more empirical
results are given. It is recommended that tests be per-
formed in cases of extremely wide particle size distribu-
tions and uncommon materials compositions of con-
veyed solids and pipe material. The results of these
tests must then be correlated according to the equation
above on double logarithmic paper to obtain the values
of K and n for the specific combination of materials
(see Fig. 2b).

The critical velocity, above which satisfactory con-
veyance is possible without deposition, is given accord-
ing to tests made by Durand by the following formula:

Flow behavior Rheologic behavior
Concentration
by volume, % Reynolds number, Re,

Homogeneous Non-Newtonian >35
Homogeneous Newtonian <30
Pseudohomogeneous Non-Newtonian >35
Pseudohomogeneous Newtonian <30
Heterogeneous Newtonian <30

�co.1

0.1 < Re, < 2

>2
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4 Pipe 9 in mm 580 253 150 104 40.61 301

^ -^^-^ .- ^^^^ Frm

Modified Froude  Number,  Fr, = ym
q:,fi

Figure  2 Durand�s correlation of mixture friction losses according to [2] replotted from [4], where q = [Ap/l -
(Ap/l)~h]  /(A~/I)Q~cT.  In this figure, adapted from Durand�s original work, K amounts to K = 176, since K comprises
[b’s - PQ)/PQ  1 1 " .

v,= FQ 2gDy

This formula has been confirmed in recent tests by
Godde [5]. Fp is a function of particle diameter and
concentration and can be read off Fig. 3.

The pressure losses due to acceleration can be cal-
culated analogously to the last terms of Eq. 2.3.3(11).
The initial acceleration is given by

and the reacceleration after bends by

where s = pJp~.

I. Example

In a hydraulic conveying plant consisting of three ver-
tical and one horizontal pipe section according to

1 . 2

Ic" 0.2

0 1 2 3 4
Part ic le  d iameter ,  mm

Figure 3 Critical velocity for heterogeneous mixtures according
to [2] replotted from [4] (s = P~/PQ).

Figs. 4 and 5,36  t/h of fine spherical grain are to be con-
veyed. The transport concentration is assumed to be
CT = 5%:

T=288K ps = 2 500 kg/m3

PQ  = 1 000 kg/m3 d,=lmm

up = loe6 m*/s D= 150mm

For water at 288 K, the settling velocity w, of var ious

solids can be obtained from Fig. 1. For different water
temperatures or different liquids, the settling velocity
must be calculated using Eqs. 2.3.3(6), 2.3.3(7), and
Table 2.3.3(2). For higher concentrations, Eq. (9) must

be applied.

II. Calculational procedure

First the settling velocity of the solids is determined
from Fig. 1 (right) for the given data for water and

solids. It is found to be

w, = 0.15 m/s

In this case, with the above-mentioned particle size,
heterogeneous hydraulic conveyance is encountered
especially in the horizontal section. The velocity of the
mixture is given by Eq. 2.3.3(5) and Eq. (5) and the
simple relationship vS = h&/p,  as

tis 10
%2=-= =

sp,cT 0.017 67 x 2 500 x 0.05
4.53 m/s

With this, the Reynolds number is given according to
Eq. 2.3.3(16) as

Re = 5.9 X 10�

o 1983 Hemisphere Pub1r 7NDL I�
ing Corporation



2.3 MULTIPHASE FLUID FLOW AND PRESSURE DROP / 2.3.4 Solid-Liquid Flow 2.3.4-S

8

‘ 2 5 0

‘ 1 2 5

D 2 4 6 8

4 Out,  m/s

0 2 84 6

VS, Out,  m/s

Figure 4 Computed exit velocities in bends for different bend radii R and entry velocities. Medium: water. Solid: sand.
Bend angle Ad = 90�.  Mechanical friction factor SF = 0.5 (horizontal bend interrupted line for all radii).

and according to Eq. 2.3.3(15), the Blasius friction
factor for the mixture amounts to

fQ = 0.011

The pressure gradient of the mixture in the vertical
sections I and III with upward flow is obtained from

/

i

-

-7
4

-

i-
J

-

Figure 5 Layout of a hydraulic conveying plant for the calcula-
tion example.

Eq. (2) using the pressure gradient of clear water accord-
ing to Eq. (4) and the density of the mixture according
to Eq. (1). These equations contain the influences due
to friction and weight of both phases. Since the settling
velocity is relatively small, u, = up = u, and c, = CT
are set with good approximation. Then the mixture
density can be simply calculated as

pm = 0.05 x 2 500 + 0.95 x 1 000

= 1 075 kg/m3

X 1 000 = 10 562 N/m3

(~)l=(~)m=10562~=  11 355N/m3

The pressure gradient of the pure liquid for pipe section
II is given again by relationship (4) as

1 000 4.532
= 0.011 - - - 9 . 8 1 X 1000

PIllI 2 0.15

= -9 058 N/m3

and the pressure gradient of the mixture as

4�
0LI = -9 058 E = -9 737 N/m3
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2.3.4-6 2.3 MULTIPHASE  FLUID FLOW AND  PRESSURE  DROP / 2.3.4 Solid-Liquid Flow

For the horizontal section IV, Eq. (3) yields

with Re, corresponding to expression 2.3.3(22) and
Eq. 2.3.3(21):

Re, = 130

QL+ 4- + 0.4 = 0.935
1 3 0  g3G

The pressure gradient is obtained by rearranging Eq. (10)

i) (

ap

-7 Iv=83

9.81 x 0.15 2 500 - 1 000

4.532 1 oooa

1.5 752

X 0.05 + 752 = 868 N/m3

Pressure losses due to initial acceleration and reaccelera-
tion after pipe bends must be calculated from expres-
sions (12) and (13).

With a bend radius of the outer wall of R = 200
mm, Fig. 4 yields the following solids velocities at entry
and exit (values are interpolated for R = 200 mm):

1. Pipe bend 2. Pipe bend 3. Pipe bend
(2 x 90�) (2 x 90�) (1 x 90�)

Vs,in* m/s 4.53 4.53 4.53
US,~~~ l 4s -2.2 -0.5 2.6

III. Pressure  losses

For pipe section I, the following pressure loss com-
ponents are obtained using the above data:

(&!2+4Js+4%H+PPPH)I=  11355x  15

= 170 325 N/m2

c\psA  = 0.017 67
4�53  �  lo = 2 564  N/m2

737 x 15

X ApI = 172 889  N/m2

Pipe section II:

(~PQ+~Ps-&sH-~PQH)U=+

= -146 055 N/m2

Apss  = 1 319 N/m2

Z Apu = -144 736 N/m2

Pipe section III:

@PQ + aPs + 4~s~  + &QH)III = 170 325 N/m2

Apsr, = 2 281 N/m2

E Apm = 172 606 N/m2

Pipe section IV:

(ApQ + ps)rv = 868 X 15 = 13 020 N/m2

Apss = 1 092 N/m2

2 ApIv = 14 112 N/m2

The total pressure loss for all four pipe sections amounts
to

Aptot = 214 871 N/m�

B
cT

CV
c *

4

;Q

fs’
FD
Fw
Fr
Fr,
&I
H
K

NOMENCLATURE FOR SECTIONS 2.3.3-2.3.4

width of a fluidized-bed conveyor, m
delivered concentration by volume
concentration by volume
constant
mean particle diameter, m
tube inside diameter, m
Blasius friction factor of gas or liquid
solid friction factor
drag force, N
gravitational force, N
Froude number
Froude number relative to a falling particle
gravitation acceleration, m
height of the fluidized bed in a conveyor, m
shape factor: ratio of free-fall velocities irregular
grain to spherical grain with equal volume

KR constant factor, N2 s/m4
1 length, m
hfg,Q mass flow rate of gas or liquid phase, kg/s

ni, mass flow rate of particulate phase, kg/s
P pressure, N/m2
Re Reynolds number related to fluid flow in the

pipe
Res Reynolds number related to a falling particle
S cross-sectional area of pipe

%,Q mean velocity of gas or liquid, m/s
%?I mean velocity of the mixture, m/s

us mean particle velocity, m/s

VSS velocity of sound of the solid material, m/s
v,,~,, particle velocity in bend entry, m/s
v~+,,~ particle velocity in bend exit, m/s
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2.3 MULTIPHASE FLUID FLOW AND PRESSURE DROP / 2.3.4 Solid-Liquid Flow 2.3.4-7

V&T velocity of solids after reacceleration behind
bends, m/s

y&Q volume of gas or liquid component, m3
I/g,a volume flow rate of gas or liquid phase, m3 /s
V.S volume of solid component, m3
vs volume flow rate of particulate phase, m3 /s

ws settling velocity, m/s
WSO free-fall velocity of a single spherical particle, m/s
i mass flow ratio (ni,/ni,)

ap
E

i,

pg, Q
Ps
6
V

pressure loss, N/m2
voidage fraction
drag coefficient of a single particle
mechanical friction factor
gas or liquid medium density, kg/m3
particle density, kg/m3
inclination angle of the pipe
kinematic viscosity, m2 /s

REFERENCES FOR SECTION 2.3.4
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2. Durand, R., Basic Relationships of the Transport of Solids in Pipes. Experimental Research, Proc. Minnesota Int. Hydr. Div. ASCE,

pp. 89-103, September 1953.
3. Newitt, D. M., Richardson, J. F., Abott, M., and Turtle, R. B., Hydraulic Conveying of Solids in Horizontal Pipes, Trans. Inst. Chem.

Eng., vol. 33, pp. 93-110, 1955.
4. Bain, A. G., and Bonnington, S. T., The Hydraulic Transport of Solids by Pipelines, Pergamon, New York, 1970.
5. GBdde,  E., Untersuchungen zur kritischen Geschwindigkeit heterogener hydraulischer Feststofforderung  in horizontalen Rohren,

Dissertation, University of Karlsruhe, 1977.
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2.4 HEAT CONDUCTION 2.4.1-1

2.4.1
Basic equations

H. Martin

n The analysis of the temperature distribution in a
body is based on the first law of thermodynamics (the
�energy balance�) and Fourier�s equation of heat con-
duction (the �rate equation�). The energy balance,
applied to an incremental volume of an incompressible
medium at rest, may be written

Equation (1) states that the internal energy, and so the
temperature of the volume, will rise if the divergence of
the heat flux is less than zero, that is, if the heat fluxes
into the volume exceed the outward-directed ones.

Additional contributions to the internal energy-
for example, by conversion of mechanical (�viscous
dissipation�), electrical, chemical, or nuclear energy-
may be accounted for by adding the appropriate
�source� term to the right side of Eq. (1).

The heat flux vector can be expressed in terms of
the temperature gradient by Fourier�s equation:

cj = --xVT (2)

The direction of the heat flux coincides with that of
the negative temperature gradient unless the thermal
conductivity h depends on direction as it does for
anisotropic media such as crystals or wood.

Combining the energy balance Eq. (1) and the rate
equation (2) yields a partial differential equation for the
temperature distribution:

(3)

With constant thermal conductivity h, Eq. (3) may
be simplified, introducing the thermal diffusivity
K  =  h/&,), t0

(34

The various differential vector operations symbolized
in Eqs. (1) to (3a) by the �nabla� or �del� operator
V are specified in Table 1 in Cartesian, cylindrical, and
spherical coordinates for convenience.
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2.4.1-2 2.4 HEAT  CONDUCTION  / 2.4.1 Basic  Equations

Table 1 Vector operations  in Cartesian, cylindrical,  and spherical  coordinates

Cartesian coordinates Cylindrical coordinates Spherical coordinates

CT Y.  2) cr. 9.2) (r, 9. $1

Divergence 04
a4, NY ah

ax+Tg+az

Gradient V9 ?e+ e e g+e
e a8+e i

ex ax
as+e ias- -

r ar r ar Ip r sin J, a9 *;qi

Laplacian V* 19
aQ+a�s+a�s

a.9 ay2 a2

Relation to
Cartesian
coordinates

x=rcosq
y = r sin 9
z = z

x=rcos9sin$
y = r sin 9 sin $
z = r cos $

e unit vector

Nomenclature for Section 2.4.1 appears at the beginning of Part 2.
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2.4 HEAT CONDUCTION 2.4.2-l

2.4.2
Steady state

H. Martin

A. Plane, cylindrical, and spherical shells
without internal heat sources

For systems that are steady with respect to time, Eq.
2.4.1(3) reduces to

(v~xvT)=o (1)

or

V=T= 0 (2)

if the thermal conductivity h may be regarded as a con-
stant.

If the thermal conductivity is a function of tempera-
ture but not of position, Eq. (1) can also be written in
the form of Laplace�s equation [Eq. (2)]  by introducing
a new temperature variable

(3)

where To is an arbitrary reference temperature and he is
the conductivity at that reference state [X0  = X+To j] .

V=T*=O (4)

Temperature distributions are easily calculated from
Eq. (l), (2), or (4) if it is possible to define a coordinate
system (xy) in which one coordinate (say, x) coincides
with the direction of the heat flux vector 4 = -XVT.

For these one-dimensional problems Eq. (4) may
be written

1 d- -  -
-4+X+&

(5)

where A+x j is the isothermal area perpendicular to x.
Equation (5) can be integrated immediately to give

--A+T j l A fx j ‘z = 0 = const (6)

Equation (6) says that the heat rate 0 = 4+x j . A+x j
in a steady one-dimensional system without �sources�
or �sinks� is independent of the position x.

From Eq. (6) we can calculate the heat rates
through plane cylindrical and spherical shells with
given temperatures T, and T2 at the inner and outer
surfaces of the shell (x = x1 and x = x2, respectively;
see Fig. 1).

T*- X+T j dT

Equation (7) may be written in a more convenient way
by introducing the following quantities: the integral
average conductivity,

(8)

the shell thickness,

s=x2 -x1

and a mean surface area A *, defined by

(9)
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2.4.2-2 2.4 HEAT CONDUCTION / 2.4.2 Steady State

XI x2 x XI  x2 x XI x2 x

Figure 1 Steady-state conduction in plane, cylindrical, and
spherical shells.

A,,,= s

I
x2 @-+tx+)

(10)

XI

With Eqs. (8), (9), and (10) the heat rate [in Eq. (7)]
becomes

Q=:A,(T, -T=) (11)

The mean surface area defined by Eq. (10) is

A =A1 =A2 plane shell

A2 -Al 2nQ.s
ln(AdA~)=1n(&/R~)

A , =

2?rR1Q
=(Rr/s)ln(l +s/R,)

cylindrical shell
(12)

dm= 4?rR1R2

spherical shell

For the cylindrical shell A, is the logarithmic mean
area between Al and A=,  whereas it is the geometric
mean for spherical shells.

If the shell thickness s is small compared to the
inner radius RI (s < RI), then A, may be calculated
approximately as the arithmetic mean

A ,  =+(A,  +A=) (seR1) (13)

For the infinitely extended plane and cylindrical shells,
the heat rates tend to zero as the shell thicknesses tend
to infinity.

This is not true for the spherical shell. With a given
inner radius RI , the heat rate remains finite when s
(or R2) tends to infinity:

min &here  = l i m  :4nRl(Rl  +s)(T, -T2)

min &here  = f Al (T, - T2)
1

From Eqs. (11) and (12) one can also find the tempera-
ture variation within the shell for a constant thermal
conductivity A:

Tfx+ - T1 Antx1~2+ X-XI

T2 - TI = Antx~;cj  x2 --XI
(15)

(

x -x1

x2 -x1

plane

TW - Z-1 ln (x/R I 1
=T2 - TI ln @2/R,)

cylindrical (16)

1 -Rlfx

1 --RI/&
spherical

For temperature-dependent conductivity h+Tj,  Eq.
(16) has to be replaced by

I
Tf-+

hfTj dt
�T,

747-2 - TI 1

= fW (17)

where ffx j denotes the same linear, logarithmic, or
hyperbolic function as on the right-hand side of Eq.

(16).
If we define a heat transfer coefficient for steady-

state conduction through plane, cylindrical, and spheri-
cal shells by

(18)

The corresponding Nusselt number

x
(19)

always has the value Nu = 1 by definition.
If the shell consists of n - 2 layers with thicknesses

si,~+r and average conductivities Xi,i+r  (or heat transfer
coefficients (Yi,i+r  ) the heat rate may be calculated from
(see Fig. 2)

0 = UA(To  - T,,) (20)

where the overall heat transfer coefficient U is defined as

(21)

In Eq. (21), Q~,~  and CY~-~,~ are the convect ive  h e a t
transfer coefficients at the inner and outer surfaces of
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2.4 HEAT CONDUCTION / 2.4.2 Steady State 2.4.2-3

the shell. The corresponding mean surfaces are A,,e,r  =
Al andA,,,-,,, =A,-l.

The choice of A in Eqs. (20) and (21) is arbitrary.
It is not necessary to specify A, since the product UA
is independent of that choice.

The temperature difference in one layer (Ti - Ti+l)
may be found from the overall temperature difference
(To - Tn) by

(22)

B. Temperatures in standard bodies
with internal heat sources

Conversion of other forms of energy (electrical, chemi-
cal, nuclear, etc.) inside a solid may be regarded as
conduction with internal �heat sources.�

The rate of conversion of energy per volume will
be denoted by 3 (in watts per cubic meter) (the
�strength of the heat source�). In general, i may depend
on temperature and position and therefore one has to
start with a differential balance

1 d_-- -
A+x j dx [ 1A+xjx$ =s+x,Tj (23)

for one-dimensional steady-state conduction with in-
ternal sources.

If s�is  a function of position only, Eq. (23) can be
solved by separating the variables:

XI x2 x3 xi 5. x,-2 X�.l x

Figure 2 Steady-state conduction in multilayered shells.

-A+xjh$=&xjA+xjdx+C,

&x j dV + Cl
-hdT=

A@+

where

(24)

A+xjdx=dV

For constant thermal conductivity we find the tem-
perature variation inside the body by

where the two constants are to be determined from the
boundary conditions.

Constant rate of energy conversion, S = const, in
a slab of thickness 2R (infinitely extended in the other
two directions), an infinitely long cylinder, or a sphere
of radius R, with the surfaces held at a constant tem-
perature To, leads to a parabolic temperature profile
inside the body:

(26)

The ratio A/V, that is, the surface area per volume, is
inversely proportional to R :

0 for a slab
A n+l-=-
V R

with n =

1

1 for a cylinder

2 for a sphere

If we define a heat transfer coefficient

0 SV
Q=A(T-To)=A(T-T,,)

(27)

where T is the integral caloric mean temperature

T=;
/

TdV (28)
v

(for constant physical properties pc = const), the cor-
responding Nusselt number becomes

I

3 for a slab

NuR EF=A$+2= 4foracylinder (29)

5 for a sphere

Nomenclature for Section 2.4.2 appears at the beginning of Part 2.
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2.4 HEAT CONDUCTION 2.4.3-l

2.4.3
Transient response to a step change

of temperature

H. Martin

A. One-dimensional systems

(a) Series solutions for the temperature field

Transient temperature distributions may always be
considered to be due to a perturbation of an initially
steady state. In general the perturbation consists of a
change in the state of the surroundings at a certain
time, t = ttnitid. For convenience, ltntttd = 0. The tem-
perature distribution is then completely determined for
any time t > 0 if the initial distribution is knownt

T(r,O+  = T&r j (initial condition, I.C.) (1)

and if the state of the surroundings is given for any
time greater than zero (boundary condition, B.C.). Gen-
erally the B.C.�s  may be written

-hE *( >an B =qB (2)

where dT/&z denotes the component of the tempera-
ture gradient vector in the outward direction normal to
the surface of the body under consideration. The heat
flux dB, transferred across the surface, in turn has to
be determined from the temperature distribution of the
surroundings. Strictly speaking, a whole system of
coupled thermal field equations [2.4.1(3)]  has to be
solved simultaneously. In practice one avoids those
difficulties by suitably specifying the heat flux 4~ in a
simpler, idealizing way.

i’r is a vector of space coordinates; for example, r = (x,y,z)
in Cartesian coordinates.

For example, by putting it proportional to the
temperature difference between the surface and the
surroundings (�Newton�s law�),

(iB = (Y(TB - T-1 (3)

This form of B.C. with a constant heat transfer coefti-
cient (Y and the temperature of the surroundings a
prescribed function of time and position T, = T, +r,t j
contains the B.C. of a prescribed surface temperature
as a special case, where the outer thermal resistance
(I/o)  is considered to vanish:

TB = T,tr,t+ (4)

This is referred to in the literature as a B.C. of the first
kind. Prescribing the heat flux at the boundary, that is,

= LiB +,tj (9

is called a B.C. of the second kind, and the case already
mentioned with

[from Eqs. (2) and (3)]  is referred to as a B.C. of the
third kind.

For bodies of simple shape a multitude of ana-
lytical solutions of Eq. 2.4.1(3a) with various forms
of initial and boundary conditions may be found in
textbooks on heat conduction [l-4].  Some of the
simplest and most frequently encountered of these
solutions will be treated here. Many problems may
be treated, at least approximately, by assuming that
the heat flux occurs only in one direction-for example,
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2.4.3-2 2.4 HEAT CONDUCTION / 2.4.3 Transient Response to a Step Change of Temperature

the x direction in Cartesian coordinates if the planes
x = const. are isothermals, or the r direction in cylin-
drical and spherical coordinates if the cylindrical or
spherical shells r- = const. are isothermals. In these
cases Eq. 2.4.1(3a) may be written [see Table 2.4.1(l)]  :

(7a)
aT a=T
at=KgT for the plane field T+x,t  j

for the cylindrically symmetric
field T+r, t j

U�b)
for the spherically symmetric
field T+r,t+

(7c)

Summarizing, one may write generally for one-dimen-
sional heat flux (and constant thermal diffusivity K):

(7)

with n = 0, 1, 2 for the three main coordinate systems.
The simplest bodies pertaining to these one-dimensional
temperature fields are as follows:

1. -L<x<L;---00<y,z<m
The slab of thickness 2L extended infinitely in the
y and z directions. (This will be referred to as the �slab�
in the following.)

2 .  O<r<R;O<cp<2n;---m<z<m
The circular cylinder of diameter 2R extended infinitely
in the z direction. (This will be referred to as the �cylin-
der� in the following.)

3 .  O<r<R;O<cp<27r;O<JI<~
The sphere of diameter 2R.

The initial and boundary conditions may be taken to be

T+x,O j = TI = const. 63)

and

(9)

that is, a sudden step change of the temperature of the
surroundings from the constant initial temperature TI
to the constant temperature T, for all times greater
than zero.

The one-dimensional thermal field equation (7) and
the I.C. and B.C.%  of Eqs. (8) and (9) may be written
in dimensionless form by introducing the following new
variablesand parameters.

Dimensionless temperature:

(10)

Dimensionless distance from the center of symmetry:

x+=f- (or:, r e s p )

Dimensionless time (= Fourier number):

r+=$ (or-$-,resp]

(11)

(12)

Ratio of the internal conductive resistance (R/h)  to the
outer heat transfer resistance (l/or) (Biot number):

Bi=$- (orF,resp) (13)

D.E.:

(slab. n = 0

cylinder, n = 1

sphere, n = 2

(14)

I.C.: T+cx+,O j = 1 (15)

B.C.�s:

(IQ)(h$+T+)x+=,=O (t+>O)

= 0 (symmetry) Cl@)
x+=0

With this normalized representation it makes no differ-
ence whether the body is heated (T, > TI) or cooled
(T, < TI).  In each case the normalized temperature
T’, Eq. (lo),  will go from unity (at t+ = 0) to zero (when
t+ tends to infinity).

Figure 1 shows an example for a transient tempera-
ture distribution for the conditions described by Eqs.
(14) through (16).

It may be helpful when plotting these tempera-
ture distributions to note that the tangents to the tem-
perature curves at the surface of the body (x� = 1)

Figure 1 Temperature distribution ,�+x�,  I+, Bi) in a slab.
Boundary condition of the 3rd kind (calculated for Bi = 5).
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2.4 HEAT CONDUCTION / 2.4.3 Transient Response to a Step Change of Temperature 2.4.3-3

intersect at one point. This may be seen immediately
from the B.C.�s  [Eq. (16u)].  The coordinates of the
point of intersection are (see Fig. 1)

This point is situated the closer to the surface (x�=  i),
as the outside resistance ratio (l/Bi)  decreases, leading
to B.C.�s  of the first kind in the limit as l/Bi tends to
zero. In this case [T’+x’ = *l j = 0] the variation of
temperature inside the body is the maximum possible.

Example. Consider cooling or heating of a large
body of poorly conducting material with a high outer
heat transfer coefficient (as obtainable by evaporation
or condensation on the surface).

If the resistance ratio (l/Bi) increases, however,
the point of intersection of the tangents of the tempera-
ture curves at the boundaries moves outward. The whole
temperature variation inside the body becomes flatter
and flatter. The maximum difference for the tempera-
tures occurring within the body {max [T’(x’ = 0) -
T’(x’  = l)] = AT;,,}  may be estimated by simple
geometric considerations to be less than Bi/(l + Bi).
For Biot numbers <O.l, the center and surface tem-
peratures differ by less than 9% of the whole tempera-
ture step (TI - T,).

Cooling or heating of a small body of good con-
ducting material such as a metal in quiescent gas is an
example of this type.

For short times t� the change in temperature is
felt only in a smaIl  zone near the surface of the body
(see Fig. 1). The thermal field may be said to be of the
�boundary-layer type.� Since the boundary condition
at the other side has no influence, the body may be
considered to be semiinfinite.  It is more appropriate
to use a new length coordinate y with its origin at the
surface and its direction opposite to x:

y=L-x or (Z? - r), resp. (17)

Since there is no finite length involved in this problem,
one may use the quantity fi, which has the dimen-
sion of length, to nondimensionalize the variables and
parameters:

(18)

fffiBi*G -
h

(= Bi @) (19)

The temperature distribution T’(Y’,  Bi*) may be written
ill :

T+=  erfy� + eeYtZ + F+y+ + Bi* j

with

(20)

Table  1 The error function  and related functions

/

z

Lkfmitions: erf(z)  = 2
fi

8 dg
0

erfc(z)  = 1 - erf(2)

erf(0)  = 0 erf(-) = 1 erf(-z) = -erf(z)

Series expansions:

ca

erf(z)  = 2 e-��
yz2n+1

h- cn=. 1*3*5...(2n+l)

Asymptotic expansion (for large arguments z):

N

e�  erfc(z)  = -
kz 1 1 +

c (-1)�
l*3*5...(2n-1)

n=1 (222)”  +RN
1

with lRNl < I (the Nth term of the series) I

F+z j z 8�  erfc(z) (21)

Definitions and series expansions of erf(z), erfc(z)
[= 1 - erf(z)] , and F+z j are given in Table 1 for
convenience.

Equation (20) is a rigorous solution for a semi-
infinite body. For bodies of finite thickness 2L (or 2R),
it has to be considered an asymptotic one for small
values oft+.

From Eq. (20), the surface temperature Ti =
T’tj’ = 0) becomes

Ti = F(Bi*  j = eBi**  erfc(Bi*) (22)

For large values of Bi* [or 0�  + Bi*) in Eq. (20)]  , one
may use the asymptotic expansion of F(z), which is
valid for large arguments z (see Table 1).

The surface temperature may be written

(23)

For Bi* + 00, Ti becomes zero, that is, the B.C. is of the
first kind and Eq. (20) reduces to

T’ = erfb�) (Bi* + -) (24)

The instantaneous heat flux Gt across the surface may be
obtained from (23) and (24):

1dE
~~=~~(T�-T,)=~\/I-(T,-T,)  ( 2 5 )

So, for short times the heat flux decreases with II&
and is proportional to the quantity 6, which is
sometimes called the �heat penetration coefficient.�
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2 . 4 . 3 - 4 2.4 HEAT  CONDUCTION  / 2.4.3 Transient Response to a Step Change of Temperature

The integral mean value of the heat flux, averaged
over the time interval from t = 0 to t(>O), is twice
the instantaneous value at the same time:

(254

For sufficiently long times t+, the temperature pro-
files inside the body of finite thickness become similar
to each other (see Fig. 1). They all might be represented
by the same function of the spatial variable ffx’j,
times a scaling factor g+t’j  that is a decreasing func-
tion of time:

T’ = g+t+ j * f+x+  j (26)

Substitution of this trial function into Eq. (14) trans-
forms the partial differential equation into two ordinary
ones for g(-t+ j and f+x’j,  respectively. The time func-
tion will be found to be

g+t+)  = eem2 �+ (27)

where m is a constant to be determined from the boun-
dary conditions.

The form of the space function ffx’j  depends on
the shape of the body (see Table 2, last column). Of
course, it is impossible to describe the thermal field
for short times, especially the rectangular initial tem-
perature distribution, by one of these parabolalike
curves. Since there is an infinite number of values mi
that fulfill the boundary conditions (see the first column
in Table 2), any of the functions T; = Cif+m&-“ft’  is
a solution of Eq. (14), and, because of the linearity
of this equation, the sum of these functions Z T; is
a solution, too. The yet unknown coefficients Ci can be
determined to obtain a least-squares approximation

to the initial temperature distribution by a finite series
ZyC�i+mi  jf+mix+  j with the errors approaching zero as
n tends to infinity.

The so-called eigenvalues mi are the roots of the
transcendental equations given in the first column in
Table 2. They have to be determined graphically or
by iteration.

Table 2a gives the first four roots ml to m4 for
slab, cylinder, and sphere depending on the Biot num-
ber. Successive values mi and mi+l differ by an amount
A??li = tTli+l  - mi that tends to n for large numbers i.
The fourth eigenvalue is always greater than (or equal
to) 3n, and so the fourtk$I;fn of the series Eq. (28)
contains a scaling factor e 4 that becomes very small
unless the time is extremely short. This factor is less
than 5 X 10e3  for t+ = 0.06. Therefore it will often be
sufficient to calculate the first three terms of the series
if t+ > 0.06, and only the first term if t+ > 0.6. Figures
2 through 10 show the normalized center and surface
temperatures Tz and TA calculated from Eq. (28)
with x+ = 0 and x+ = 1 and the normalized average
temperature r according to Eq. (29). The latter is re-
lated to the heat Q transferred across the surface from
t = 0 to t.

Q
PCVZ - T-1

The average temperature T is defined by

fl@cT)dV

Table 2 Temperature  distribution  for onedimensional  heat fly in slab, cylinder,  and sphere

The temperature distribution for one-dimensional heat co
flux in the slab, the cylinder, and the sphere after a step T�  =

c
C&ml ;)ffm& je-mt�+ (28)

change in temperature of the surrounding medium from i= 1

TI (the constant initial temperature of the body) to the
constant value T,, with a given, constant, outside heat ca

transfer coefficient a! (3rd B.C.). T+=
c

Cifm,+Dlfm,  jcm; ‘+ (2%
i= 1

rni to be determined
from:

Slab

Cylinder� CUR  J&i)
mi=hJl(mt)

2
sin mi sin ml

ml + sin mi cos ml l-
mi

2 Jl hi)
mdJ%md  + Jh)l

2 JI (mi)
mi J O mii

( >

Sphere 2
sin mi - mi cos mi
mi - s i n  mi c o s  ml

3
sin mi -ml cos mi sin [m(rlR)l

4
mXrlR)

�Tables and graphs of the Bessel functions Jo and JI may be found in [7]  and [8]  .

(3 1)
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2.4 HEAT CONDUCTION / 2.4.3 Transient Response to a Step Change of Temperature 2.4.3-S

Table 2u The first four roots  mi of the transcendental  equations  given in Table 2

Slab Cylinder Sphere

Bi ml ma m3 m-3 m, m, m3 m, ml ml m3 m4

0 0.000 77 2n 377 0.000 3.832 7.016 10.174 0.000 4.493 7.725 10.904
0.001 0.032 3.142 6.283 9.425 0.045 3.832 7.016 10.174 0.055 4.494 7.725 10.904
0.002 0.044 3.142 6.284 9.425 0.063 3.832 7.016 10.174 0.077 4.494 7.725 10.904
0.005 0.071 3.143 6.284 9.425 0.100 3.833 7.016 10.174 0.122 4.495 7.726 10.905
0.01 0.100 3.145 6.285 9.426 0.141 3.834 7.017 10.175 0.173 4.496 7.727 10.905
0.02 0.141 3.148 6.286 9.427 0.200 2.837 7.019 10.176 0.242 4.498 7.728 10.906
0.05 0.222 3.157 6.291 9.430 0.314 3.845 7.023 10.178 0.385 4.504 7.732 10.908
0.1 0.311 3.173 6.299 9.435 0.442 3.858 7.030 10.183 0.542 4.516 7.739 10.913
0.2 0.433 3.204 6.315 9.446 0.617 3.884 7.044 10.193 0.759 4.538 7.761 10.923
0.5 0.653 3.292 6.362 9.477 0.941 3.959 7.086 10.222 1.166 4.604 7.790 10.950
1.0 0.861 3.426 6.437 9.529 1.256 4.079 7.156 10.271 7712 3 n/2 5 n/2 7 n/2
2.0 1.079 3.644 6.578 9.630 1.599 4.292 7.288 10.366 2.030 4.913 7.979 11.085
5.0 1.314 4.034 6.910 9.893 1.990 4.713 7.617 10.622 2.569 5.354 8.303 11.335

10 1.428 4.305 7.229 10.200 2.180 5.034 7.957 10.936 2.836 5.717 8.659 11.658
20 1.498 4.491 7.495 10.513 2.288 5.257 8.253 11.268 2.986 5.978 8.983 12.003
50 1.536 4.619 7.703 10.783 2.357 5.411 8.484 11.562 3.079 6.158 9.239 12.320

7712 3 n/2 5 n/2 7 n/2 2.405 5.520 8.653 11.792 n 2n 3n 4n

(3)

0.2

0

0.2

0
10-z IV' 100 IO' 102 10.’ IO-’ IO0 IO’ IO’

(4) t +  =  U/L� (7) t+ = Kt/R~

Figures 2, 3, 4 Normalized centerline, average, and surface tem- Figures 5,6,  7 Normalized centerline, average, and surface tem-
peratures in a slab as functions of dimensionless time I* with peratures in a cylinder as functions of dimensionless time f*
Bi = o/L/h as a parameter. with Bi = c&h as a parameter.
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2.4.3-6 2.4 HEAT CONDUCTION / 2.4.3 Transient Response to a Step Change of Temperature

Q
+
2R6 k

i

-Et
1.0

-4 TB

1, 0.8

'r
0.6

l 2
0.L

02

(8) 0

1.0

0.6

:h-
0.4

0.6
fin
r

OL

0.2

0 I-

d 10-l IO0 IO' IO'

(IO) t+ = la/R*

Figures 8,9,10 Normalized center, average, and surface tem-
peratures in a sphere as functions of dimensionless time t+ with
Bi = &Z/h  as a parameter.

With constant pc and one-dimensional heat flux this
may be written in dimensionless form for slab, cylin-
der, and sphere (n = 0, 1,2) as

/

1

F=(rz+ 1) ,�+x+jx+�dx+ (32)
0

From this the functions Difmij in Table 2 were ob-
tained. For sufficiently long times t+, the first of these
functions gives the ratio of r/T,‘.

&(m+$ (t’+=) (33)
c

If the Biot number tends to zero, the series in Eqs. (28)
and (29) reduce to a single term:

lh T+= lh $=+ = lim e-(n+l)Bit+  = 1 (34)
Bi’O Bi+O B i - 0

This asymptotic solution may be used as an approxima-
tion for small Bi numbers (Bi < 0.05).

0 1983 Hemisphere I blisbing  Corporation

T�  s e-(n+l)Bi  t+ (Bi < 0.05) (35)

The same expression may be obtained immediately by
considering the body to be a perfect conductor (or a
well-stirred fluid). With (n + 1) = AX/V  and Bit+ =
(aX/A)(~t/x�)  = cut/(pcX), Eq. (35) may be seen to be
independent of X.t

T�  z e-(W~cVt y < 0.05 (36)

In the other limit, as Bi tends to infinity (B.C. of the
first kind), the first terms of the series Eqs. (28) and
(29) are (see Tables 2 and Zr) as follows:

Slab:

4 RXT’s;cos  or,
( )

e -(?r/z)*(Kr/L2)

T’z2c -(n/zy (ldlLZ)

(7m2

(37)

(38)

Cylinder:

T+ g 1.613~~ 2.405; e-(2.405)*  (Kt/R*)
( )

(39)

T’~L!- e -(2.405)’  (H/R*)

(2.405)’
(40)

Sphere:

sin (71 r/R)

T’r 2 (mr/R)
,-n�(Kt/RZ) (41)

T’= ~-e-nzW~2) (42)

for large values of t�(t�  > 0.3) and Bi + m. The relative
errors of these long-time asymptotic solutions remain
less than 1% if t+ is greater.than 0.3 [S] .

From these equations the heat flux across the sur-
face can be determined:

Slab:

4 = 2; (TI _ T,)e-b/2)2f+  = $; (T-- T,)

Cylinder:

(43)

4 = 2; (TI - T,)&405)* t+

=(+. &T-T,) (44)

TX stands for the half-thickness L of a slab or the radius R
of a cylinder and a sphere, respectively.
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Sphere:

for t+ > 0.3 and Bi + 00.
In general, the calculation of the temperature distri-

butions or heat fluxes involves the evaluation of infinite
series [see Eqs. (28) and (29)]  .

Some limiting cases may be calculated much more
easily by using asymptotic solutions [see Eqs. (20)
through (2%) for t+ + 0, Eqs. (37) through (45) for
t+ -+ 00, and Eqs. (34) through (36) for Bi + 0] .

(6) Application of Internal Heat Transfer
Coefficients in Transient Conduction

In order to simplify the calculations of nonsteady-state
heat transfer in the whole range of variables (0 < t+ < 03;
0 < Bi < -), one may apply a method that is well estab-
lished in the calculation of steady-state convective heat
transfer to a fluid passing through a channel. In steady-
state problems of this type, one usually defines a heat
transfer coefficient that depends on the length of the
flow path and on the fluid velocity. From another view-
point, one may say that they depend on the residence
time (= flow path/velocity) of a fluid element. Analog-
ously, we can use an internal heat transfer coefficient
cri to calculate nonsteady-state conductive heat transfer
as well [6]. Clearly, these oi have to depend on the time.
Defining the instantaneous internal heat transfer coeffi-
cient oi, t in terms of the temperature difference between
the average temperature of the body and its surface
temperature, we may write:

GB, ttt+ = ai, ttt+A IF@+ - TBtt+l (46)

The same heat flux may be expressed by the outside
temperature difference

Q&t+ = d [T&t+  - T.x I (47)

Introducing an overall heat transfer coefficient Ut, with

-=L+ 11
uttt+ a ai,ttt+

(48)

the surface temperature TB may be eliminated from Eqs.
(46) and (47):

Q&t+ = WW[%t+  - To, 1
Combining this with the energy balance

(49)

yields

/

dT A

/
- - -  =  - ~
T - T , PCV

U&t  j dt (5 )

0 1983 Hemisph

Integration of Eq. (5 1) leads to the familiar exponential
decay of temperature with time

F+t j - T, Wtj-4TI--T, =exp [ 1-~
PCV

t

with

(52)

(53)

In principle, this average overall heat transfer coefficient
could be determined exactly from Eqs. (28) and (29).
This would make little sense, however, since its insertion
in Eq. (52) must result in Eq. (29) again.

To simplify the calculation, we determine the inter-
nal heat transfer coefficient ai for the limiting case
Bi -+ *l/o +O) and assume it to be independent of the
outside heat transfer coefficient a. The overall heat
transfer coefficient U will be exact in this limit. In the
other limit (Bi -+ 0), it is also exact, whether this as-
sumption holds or not [see Eq. (48)]  .

The integral mean internal heat transfer coefficient
for short times (t� + 0) may be found from Eq. (25a)
with F= TI:

For long times one obtains, from Eqs. (43) through (45),

t+ -+ 00

Slab:
73 h

@i,- = - -4 L

(yi m (2.405Y  h
C y l i n d e r :  ,  =  ~-2 R

7T2  x
Sphere: , 7~(IL{ m =

A good approximation for the whole range of time may
be obtained by the following interpolation formula:

a&) = [a& + a;,o +t j] 1�2 (58)

With the dimensionless quantities defined by Eqs. (lo),
(12), and (13), and the dimensionless inside heat trans-
fer coefficient

Eq. (52) becomes [with Eqs. (54) through (58)]

Nui(t’)  g

exp  -ui
[

t+
(l/Bi) + l/Nui(t’) 1

(60)

lblishing  Corporation
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Slab 1 2.461 = (n/2)2
Cylinder 2 2.892 = (2.405)2/2
Sphere 3 3.290 = 77'13

t+&!C=-Xt Ttx,t+  - Tc.,
X2 /XX2

T+= T,-T,

BiEF
+ _ A - Xa =- (dimensionless volume-specific
� V surface area)

This approximation is sufficiently exact for most en-
gineering calculations, as one may see by comparison
with the charts (Figs. 3,6, and 9).

From the more rigorous series solutions one can
find that the internal heat transfer coefficients (Y[  are
not independent of the outside transfer coefficients (Y.
The Nusselt numbers Nu+, are functions of Bi and vary
between the values of C, given in Eq. (60) for (Bi -+ -)
and the values

lim Nui, = U: + 2 (61)
Bi-+O

in the other limit [see Eq. 2.4.2(29) for comparison].
The following empirical formula accounts for this

functional relationship between inside and outside heat
transfer coefficients:

Nui, fBi j g C,
(u: + 2) + Bi

C, + Bi (62)

If this is used in Eq. (60), the accuracy of the approxi-
mation becomes even higher, especially in the range of
intermediate Biot numbers.

Equations (60) through (62) may also be used to
calculate the time required to heat or cool a body from
an initial temperature TI to an average temperature T:

t+=i [:+A] lnz (63)

Equation (63) has to be solved by iteration, since the
right-hand side depends on time [Nui(t’)].  Starting with
Nd’)(t+) = Nu.
rapidly.

t- as a first approximation, it converges

To reach the same temperature in the center of the
body, an additional time At: is required.

T;(t+ + At;) = T’(t+)

This time lag between average and center temperature
turns out to be almost independent of the Biot number
and the time:

I
1
z slab

At; r + cylinder (65)
1
is sphere

For very high Biot numbers (Bi + -), At: becomes
0.183, 0.145, 0.121, respectively, instead of 0.167,
0.125, 0.100 according to Eq. (65). For very short times(t’ < At:),  the center temperatures T,’ calculated from
Eqs. (64) and (65) are higher than the exact ones.

(c) Numerical methods

In cases of more complex boundary conditions or geo-
metric shapes, it is often very difficult or even impos-
sible to find analytical solutions. Such problems may
be solved by numerical methods. In the following we
shall give only an example for a very simple and straight-
forward explicit finite difference method. For more
sophisticated numerical techniques, such as implicit
finite difference (FD), or finite element (FE) methods,
the reader should consult textbooks on numerical meth-
ods such as Dusinberre [9] and Smith [lo] for FD,
Zienkiewicz [ 1 l] for FE, and Marsal [ 121 or Ames
[ 131 for a comprehensive treatment of both FD and
FE methods.

To illustrate the technique in principle, we start
from the differential equation for one-dimensional
conduction of heat, Eq. (7).

(66)

(The method can easily be generalized for multidimen-
sional problems).

Using the following simple approximations for the
time and space derivatives in Eq. (66),

aT TI+I,K - TI.K-.-g:-
at At

aT TIJ+~ -TIJ-~-..-s
ax 2Ax

(67)

(68)

a2T (TIJ+I  -TIJ)-(TIK-TI,K-I)-1

ax2 W)�
(69)

where the subscripts I and K refer to certain values of
time (tI+, = tI + At) and position (xK+i = XK + Ax),
we get an algebraic equation for the temperature T,+,,
as a function of T1.K)  TIJ(-~ , and TIJ,, :

+ T,,+, (70)

0 1983 Hemisphere Publishing Corporstion



2.4 HEAT CONDUCTION / 2.4.3 Transient Response to a Step Change of Temperature 2.4.3-9

In Eq. (70), A4 is an abbreviation for a Fourier number
formed with At and Ax:

ME K l A t

(ax)2
(71)

To assure stability of the numerical solution, M is re-
quired to be less than or equal to i. For M > $ the
coefficient of TI,J in Eq. (70) would become negative,
leading to a physically absurd result: The higher the
temperature TI,K,  the lower it would become at a time
interval At later.

Following Binder [ 141 and Schmidt [ 151,  one may
use the value M = i to get an extremely simple finite
difference method. In Cartesian coordinates (n = 0),
Eq. (70) then becomes

TI+,,K +VI,K-, + Tz,K+I) (71)

The new temperature TI+~,K  at position XK is found
by simply taking the arithmetic mean of the tempera-
tures at the two adjacent positions XK -i and xK+i at
time tI.

With two or three Cartesian space coordinates
(xKtYL)>  (xK>YL,  z‘w), taking

Ax=Ay=Az (72)

we get

TI+~,K,L  ~MG"I,K-I,L  + TI,K+~,L  + TI,K,L-1

+ TIJL+~ > + (1 - “M)TI,KL

and

(73)

TI+I,K,L,M ~JWI,K-I,LN  + TI,K+I,LM

+ TI,KJ-I,M  + TIJL+I~~

+ TIJ,LM-I  + TI.KJ+~+I)

+ (~-@~V'I,KL~ (74)

with M Q d and M < 5, respectively, to assure stability.
To show the application of the finite difference

method, we start from the one-dimensional difference
equation (70) in Cartesian (n = 0), cylindrical (n = l),
or spherical (n = 2) coordinates, taking M = i for
simplicity.

We subdivide the body (a slab, a cylinder, a sphere,
or a hollow cylinder or sphere) in KN shells of thick-
ness Ax (see Fig. 11). The center(line) of the innermost
shell must not coincide with the center(line) of a full
sphere or cylinder [for XK = 0, Eq. (70) cannot be
used]. With the numbers K of the shells as shown in
Fig. 11, we get the coordinate of the centerline of the
Kth shell as

XK = Ax(K - 0.5) (75)

and hx is related to the radius R (or the half-thickness

0 1983 Hemisphere 1

Figure 11 Subdivision of a body in KN shells of thickness Ax
for finite difference method.

L) and the total number of shells KN by

AFK$
To account for the boundary conditions we need the
additional �shell� numbers K = 0 (AX/~  left of the
center) and KN + 1 (AX/~  outside the surface).

Assuming no heat flux (because of symmetry) at
the center and the B.C. of the third kind at the surface
(16), we get

TI,O  = TI,I (symmetry) (77)

and

T
-A

I&N+1 - TI,f+J
ax = ~TI,K~+I,z  -T,)

For the first step (Z = 0), the heat flux at the surface
has to be expressed as

T
--A --

o&N+’  -. T0,K~+1/2

w2
= c~(To~~+,,2  - TJ (79)

Using the normalized temperatures T’ [see Eq. (lo)]
with TL = 0 and writing the surface temperature
TKN+I,2  -which does not occur in the difference
scheme-as the arithmetic mean of TK~ and TK~+I,
the boundary condition becomes

T’o&N+1 = T:,K~+I,~  1 -+
( >

for the first step
(I = 0)

(80)

T+I&N+1  = T+
1 - @ &/2x for all succeeding

IAN i + a Ax/2X steps (Z > 0)
(81)

With Eq. (76), the group (Y Ax/(2h) may be written as

cwaXoR1 B i-=--=-

From Eqs. (70) and (75) through (82), we get

lb1 ling Corporation
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T+I+1$  =
(2K - 1 -n)Tj& + (X - 1 + n)T;x+,

2(X - 1)

(83)

$0 = T;I, (84)

Example. Consider cooling (or heating) of a sphere
(n = 2) with constant initial temperature (T~K = I),
constant temperature of the surroundings (TL = 0),
and a Biot number of Bi = 1.

We want to know the temperature distribution in
the sphere at a (dimensionless) time t+ = 0.25. Choosing
a relatively coarse subdivision of the sphere in only four
shells (AX� = Ax/R  = $) leads to a dimensionless time
step of At� = $(aX+)�  = 5. It is necessary to take
eight steps in time to reach t+ = 0.25 (ti = 8 . At’ =
0.25). The calculation is carried out in tabular form
in Table 3.

The expressions given in Eqs. (83) through (86)
are used to obtain the temperatures at time t; = I At�
and position x;( = (K - O.S)/KN. The surface tempera-
ture T;A~+~,~  is calculated as the arithmetic mean of
the temperature in the center of the outermost shell
TIJ~ (Ax/2 under the surface) and the (fictitious)
temperature T1~N+l (AX/~  outside the surface). Figure
12 shows the results of the numerical calculation for
Z = 2, 4, and 8 (t’ = 0.062 5,0.125,  and 0.25), together
with curves calculated from the exact analytical solu-
tion [Eq. (28)].  The agreement between numerical and
analytic results is surprisingly good (less than 2% devia-
tion for I = 8).

0.8
PFi i

, 4
o f in i te  d i f ference  method
- analy t ic  so lut ion

Figure 12 Comparison of numerical and analytical results for
transient temperatures in a sphere.

B. Multidimensional  systems

Solutions of Eq. 2.4.1(3a)  for some multidimensional
systems may be found by simply multiplying the corre-
sponding one-dimensional solutions:

In Cartesian coordinates,

the temperature field T+(w,z,t)

with the initial condition T+(x,y,z,O)  = 1 (87)

and the boundary conditions (3rd B.C.):

(88)

Table 3 Finite  difference  calculation  of transient  temperatures  in a sphere

Center Surface

K 0 1 2 3 KN=4 KN+1=5 KN+l/z

T TI, I
-1.0 + 3T1,z TI,I + 5Tr.s 3Tr,z  + 7To ~TI,~ + ~TI,~

G+1M 2 6 10 14 $1.4

T1.4 + TIS

2

I=0 1 1 1 1 1 0.875a 1
1 1 1 1 1 0.920 0.715 0.818
2 1 1 1 0.944 0.817 0.635 0.726
3 1 1 0.953 0.872 0.745 0.580 0.662
4 0.930 0.930 0.893 0.807 0.684 0.532 0.608
5 0.875 0.875 0.827 0.747 0.630 0.490 0.560
6 0.803 0.803 0.768 0.689 0.582 0.453 0.517
7 0.75 1 0.751 0.708 0.638 0.537 0.418 0.478
8 0.687 0.687 0.657 0.588 0.497 0.386 0.441

0 1983 Hemisphere Publishing corporation
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is given by

T+(x,Y,zJ)  = T;(x,t)T,�(y,t)r3(z,t) (89)

where T;, T;, and T; denote the solutions of the cor-
responding one-dimensional problems with the same
initial and boundary conditions. Examples of systems
of that kind include the following.

1. The quarterspace (x > 0, y > 0, --m < z < -)
(a two-dimensional rectangular comer) with unit initial
and zero surface temperature (X/o  -+ 0):

T’(x,y,t) = erf -?- erf -?-
2fi 2fi

(90)

[see Eq. (20) with Bi -+ 00 for the corresponding one-
dimensional problem, the semiinfinite body or half-
space].

2. The octant  (x > 0, y > 0, z > 0) (a three-dimen-
sional rectangular comer) with unit initial and zero sur-
face temperature:

T”(x,y,z,t)  = erf -?--  erf
Y Z

2*
-erf---
2fi 2&i

(91)

3. The (infinitely) long bar of rectangular cross
section(--X<x<X, -Y<y< Y, --oo<z<m)with
3rd B.C.:

T+(x,y,t) = T;W)T;(y,t) (92)

with Ti(x,t)  from Eq. (28) (slab of thickness 2X) and
T,‘(y,t)  from Eq. (28) (slab of thickness 2Y).

4. The rectangular parallelepiped (-X < x < X,
-Y<y<Y,-Z<z<Z)with3rdB.C.:

T+(x,y,z,t) = Tr(x,t)Tz�(u,t>TS(z,t) (93)

with T; , Tt , Ti from Eq. (28) (slabs of thickness 2X,
2Y, and 22).

In cylindrical coordinates T+(r,z,t) with unit initial
temperature

T+(r,z,O) = 1 (94)

and 3rd B.C.

(95)

the finite cylinder (0 < r < R , -Z < z < Z) is given by

T’(r,z,t)  = T:(r,t)T;(z,t) (97)

with Tf(r,t) from Eq. (28) (infinite cylinder of radius R)
and Ti(z,t) from Eq. (28) (slab of thickness 22).

The simple multiplication of one-dimensional solu-
tions to get the multidimensional ones is also valid for

the average temperature 7, so the method may be used
with the approximative equation (60) as well.

Example. A solid foodstuff (thermal diffusivity
K = 0.16 X 10M6  m2 /s, thermal conductivity h = 0.6
W/m K) in thin-walled cylindrical tins of diameter D =
2R = lOOmmandheightH=22=  5 0 m m i s t o b e
sterilized by placing in a hot water bath at T, = 150°C
(under pressure). We assume the heat transfer coefti-
cient from the hot water to the tin surface to be 01 = 600
W/m2  K. What time is necessary to heat up the foodstuff
from its initial temperature of 20°C to an average tem-
perature of T= lOO�C?

From Eq. (97), we have

T�=g;fT;

(infinite cylinder)

(slab of thickness 22)

Since we wish to find the time, a solution using Eq. (29)
or Figs. 3 and 6 can be found only by iteration. Also,
the approximation (60) cannot be solved explicitly
for the time in this case. The required iteration, how-
ever, is quite simple, and may be carried out in a few
minutes with a pocket calculator.

With eneb  = ea+b we get, from (60) and (97),

1

tk

r= exp -(l/Biz) + [l/Nua(&)]

2 * t;z

-(1/&) + [l/Nui,(t;i)I

Taking the logarithm and writing

(99)

we get an implicit equation for the heating (or cooling)
time of a finite cylinder

1

1 (l/Biz)  + [Nu&,  + (4/n)(l/tL)]  -1�2

- 1

+
WW)2

(l/B&) + [Nu&_ + (4/7r)(D/H)�(l/t>)]  -1�2

(100)

With the given data we get:

y= loo-150=5-
20-  1 5 0  1 3

H
o= 0.5 Biz =

600(25  X 10-3)

0.6
= 25 BiR = 50
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2.4.3-12 2.4 HEAT CONDUCTION / 2.4.3 Transient Response to a Step Change of Temperature

Nu;.z, = 6.326 N&o, = 8.718 from Eq. (62)

t+ - ln !.J 1
z-

5 0.04 + [6.326  + (4/7r)(  l/t;)] -1�2

0.5 -1
+

0.02 + [8.718+(16/79(1/t;)]  -1�2

This is easily solved by using the result of the right-
hand side with l/t; = 0 (i.e., Nui = Nu,) as a starting
value for the iteration:

tp) = 0.26 rounded off to 0.2 and recalculated

yields t$�)  = 0.167 rounded off to 0.16 and recalculated

yields tz*) = 0.156 5 rounded off to 0.156

and recalculated

yields tZ .+(3)  = 0 155 3 rounded off to 0.155

and recalculated

yields tp) = 0.155 0

From this result the time required to heat up the food-
stuff in the tins is found from the definition oft+:

- 0 . 1 5 5  s= 6 0 5  sz 1Omin

Checking this with the more rigorous series solutions
(or the charts) shows that the time calculated from the
approximation is sufficient to heat the foodstuff to an
average temperature of -105°C instead of 100°C.
This seems to be a reasonable fair approximation if we
keep in mind the uncertainties involved in the input
data of our problem (physical properties of foodstuffs,
heat transfer coefficient, etc.).

C. Coupled thermal fields

It is not always possible to specify the boundary condi-
tions immediately on the surface of one homogeneous
body, that is, the region under consideration, whose
boundary conditions are known, may contain several
bodies with different physical properties h, p, c. Assum-
ing these properties to be constant within each body,
Eq. 2.4.1(3a) is valid for each body separately. At
the interfaces the thermal fields are coupled by the
following interface conditions:

Ti = Ti+l (101)

(on the interface of bodies i and i + 1).
Condition (101) is not necessarily fulfilled on the

interfaces of real solids. Imperfect contact due to the sur-
face roughness, oxide films, or sorption layers may result
in additional �contact resistances� (see Sec. 2.4.6).

A simple example of coupled thermal fields is the
contact of two semiinfinite bodies of different initial
temperatures TI, and T12  with the plane x = 0 as inter-
face (Fig. 13). The solution is

Tt -To
Trt -To

=-erf-

T2 -To
Tr2 - To

=+erf-X
2dG

(x > 0)

(103)

(1W

The contact temperature T1 (x = 0) = T2 (x = 0) = To is
found from these equations using the interface condition
(102):

To = Trt + b6%~1 Tr2

1+ b4GmhS-I
(105)

The contact temperature depends on the ratio of*.
It is always closer to the initial temperature of the body
with the higher value of hpc. The maximum tempera-
ture differences (TI, - To) and (To - Tlz)  in the two
bodies are inversely proportional to that ratio:

TII -To 4GK=---
To - TI2 x(&G&-

(105a)

Therefore wood seems to be warmer (cooler) than metal
when touched by hand if both materials are at the same
temperature below (above) the hand�s temperature.

Other examples for coupled thermal fields such as
multilayered slabs or bodies in contact with a well-
stirred fluid of finite capacity are found in [l] and [2].
Analytical solutions may best be found by the method
of Laplace  transforms.

------ ------

Figure 13 Coupled thermal fields of two semiinfinite bodies
during contact.

Nomenclature for Section 2.4.3 appears at the beginning of Part 2. References appear at the end of Section 2.4.5.
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2.4 HEAT CONDUCTION 2.4.4-l

2.4.4
Melting and solidification

H. Martin

n If the temperature inside a body passes a melting
point Tp (subscript P for �phase change�), the isother-
mal surface T = Tp subdivides the body into two re-
gions, each with a different phase and properties. The
thermal fields in both phases are coupled (see Sec.
2.4.3C).  Additionally, the position of the interface
may change with time. Exact analytical solutions for
these problems are known only for some simple special
cases [l, chapter XI] . For practical applications it is
often sufficient to know only the time required to
solidify or melt a body completely, with the details
of the temperature field of minor interest.

Solidifying times may be calculated by a simple
approximation if the enthalpy change of the solid shell
is small when compared with the latent enthalpy of
solidification. Figure 1 shows the problem. It is assumed
that the liquid (subscript 1) is initially at the phase-
change temperature Tp.

The energy balance for this system may be written

dvl (x> dx---0%~~  Ahl2  -dx dt (1)

where x denotes the position and dx/dt  the velocity of
the liquid-solid interface.

The change of enthalpy in the solid shell (subscript
2) is neglected in this balance, as we mentioned before
[cp2(Tp  -- Tm) < Ahlz]  . In this case the temperature
profiles in the solid shell are always like those for the
steady state [Eq. 2.4.2(16)].  The heat rate 0 may be
expressed as

o= UA(Tp--T,)

with

(2)

o 1983 Hemisphere I

or (3)

1 1 1
r/==j?cr,

The inside heat transfer resistance l/cYi  as a function
of the position of the interface is

slab (44

cylinder (4b)

sphere (44

From Eqs. (1) through (4) we get a relation for the
velocity of the interface dx/dt,  which may be written in
dimensionless form as

(5)

In Eq. (5) the dimensionless quantities are defined as
follows:

Phase change number: Ph e
P I  Ahlz

PZC~Z(TP  -T.J
(6)

Biot number: BiEF
2

Dimensionless interface position: x+zX
R (8)
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2.4.4-2 2.4 HEAT CONDUCTION / 2.4.4 Melting and Solidification

_-’- -. :
- t I\.- :

I -d--I- -.�.I---c----_ . .- -----�.Q ; @. :--A -�k/LTOJ-
Figure 1 Solidification (or melting) of simple bodies.

Dimensionless time (Fourier number):
X2tt+ E ~

p2cp2R2

(9)

The dimensionless shell resistance I/Nufx�j follows
from Eqs. (4a), (4b), and (4c):

n=O slab

n=l cylinder

n=2 sphere

(lk)
(lob)

(1Oc)

Integration of Eq. (5) with (lOa), (lob),  and (10~)
in the limits x+ = 1 to x+ = 0 gives the solidification
time ti.

Since we neglected the enthalpy change of the
shell, this calculation gives a minimum solidification
time t&in (�quasisteady-state solution�):

(11)

The same calculation may be used for melting (sub-
script 1 for solid, 2 for liquid) if there is no natural
convection in the liquid shell.

The real solidification time is always greater than
t$,in. It may be calculated from

ts = W�h,  Bi, njt,,i, (12)

The function $ can be determined from an exact ana-
lytical solution only for n = 0 (slab) and Bi = 00 (Neu-
mann�s solution, see [l] , p. 285):

1
J/+Ph, 00, 0 j = -

2Ph v2

with v to be found from

(13)

0 1983 Hemisphere I

�  five�  e r f  vis= (14)

Values of $ for other n and Bi can be found only from
numerical (finite difference) calculations. If one plots
the numerical data of Linge [ 161 and Tao [ 171 for a
slab [ 161,  cylinder, and sphere [ 16, 171 in the form
$ versus (n + l)/Ph [with (n + 1) = AR/u  , one finds
that the data for all three geometries may be represented
by one curve with a reasonable degree of approximation
(see Fig. 2). In Fig. 2, Neumann�s solution [Eqs. (13)
and (14)]  is shown as a dotted line.

The full lines are calculated from the empirical
equation

x
AR/V- -1+2-Ph 1 (15)

The error of Eq. (15) is less than +5% compared with
Neumann�s solution for 0 < l/Ph < 6.

Solidification times calculated from Eq. (12) with
(11) and (15) are in very good agreement with Tao�s
[ 171 numerically calculated charts for cylinders and
spheres.

Example. For freezing water with a coolant tem-
perature of T, = -18�C,  the phase-change number
Ph becomes

Ph =
(1 000 kg/m3)(333 kJ/kg)

(917 kg/m3)(2.05 kJ/kg  K)[O -(-18)]K
= 9.84

that is, the reciprocal value l/Ph = 0.102. So the freez-
ing time can be calculated from Eq. (11). The correc-
tion $ remains less than 14% for a sphere, less than 10%
for a cylinder, and less than 5% for a slab with Bi + 00.
The time required to freeze a slab of thickness X (with
a high heat transfer coefficient on one side) becomes

---I Neumann’s solution  lslobl Bi = OD
I I I

3 - empirical approximation  eq. II51

o=& n

I

- slab
. cylmder

numemol doto

- sphere

2 I

ARlV
Ph

Figure 2 Correction $ to calculate real solidification times from
the minimum values given by the �quasisteady-state solution�
equation ( 11).
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2.4 HEAT CONDUCTION / 2.4.4 Melting and Solidification 2 . 4 . 4 - 3

P2Cp2
t, min (Bi + -) = x

Pl MI2 L-p
2 PZC,Z(TP-TJ  2

With the physical properties and temperatures as given
a b o v e ,  w e  g e t

So a layer of 10 mm thickness requires at least 7 min
(420 s) to freeze. The formation of a loo-mm ice layer,
however, takes about 12 h (4.2 X IO4 s).

Considerably smaller values of the phase-change
number Ph may be found for metals. According to
Stephan [ 181,  one can find [with T, (or T,& = 80°C]  :

Tin
Zinc
Nickel
Steel (O.l%C)

Ph l/Ph

1.54 0.65
0.11 1.30
0.35 2.86
0.33 3.03

In these cases the corrections $ to the minimum solidi-
fication time may become considerably larger. Because
of the high conductivity of the metals, however, the
Biot number will often be very low and the solidifica-
tion time again tends to its minimum value.

Nomenclature for Section 2.4.4 appears at the beginning of Part 2. References appear at the end of Section 2.4.5.
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2.4 HEAT CONDUCTION 2.4.5-l

2.4.5
Periodic chmzternperature

H. Martin

n Another thermal boundary condition that fre-
quently arises in natural as well as in engineering sys-
tems is the periodic change of the temperature of
the surrounding medium. The daily and seasonal changes
of solar radiation on the soil or on buildings, the per-
iodic temperature changes in the cylinders of inter-
nal combustion engines, the (on-off) temperature
control by a thermostat, and the periodic heat transfer
in-a regenerator are examples for this kind of boundary
condition.

The periodic change of temperature of the sur-
roundings may be represented by a simple harmonic
oscillation about an average value T with an amplitude

(Tc+n,x - T):

T,(t) = r + (T,,max  - T>  sin (ot) (1)

If this boundary condition has been maintained for a
sufficiently large number of periods (tp = 2n/w)t > tp,
the temperatures inside the body will undergo a periodic
change too:

T(w)  = T + (T,,,nax - T@(x) sin ☯cd + q(x)] (2)

The amplitude A^ and phase cp of this steady tempera-
ture oscillation are functions of the normalized posi-
tion x+, the Biot number, and a modulusM,

(3)

which is the square root of a reciprocal Fourier number
with tp/n = 2/o as the characteristic time.

For low values of M, that is, slow changes of the
surrounding temperature (with a long period tp S

0 1983 Hemisphere 1

H

?TR’/K), the amplitude A^ comes close to unity and the
phase comes close to zero (no phase lag).

For large values of M, that is, rapid cha$ges  of the
surrounding temperature, the amplitude A decreases
from the surface (x� = 1) toward the center (x�  = 0)
of the body. In the same direction the negative phase
of the oscillation increases (in its absolute value). For
sufficiently large values of M, only a small layer near
the surface of the body follows the outer oscillation.

The analytical expressions for amplitude and phase
can be given in a generalized form for slab, cylinder,
and sphere :

A^fx�,M,Bi  j = -
[

F; @fx+ j + F; +Mx+  j 1 “’

Gi +M,Bi j + Gi @4,Bi j
(4)

cp+x�,M,Bi  j = arctan ci>:z) (5)

The meaning of the symbols FR, FI, GR , and GI may be
found from Table 1.

Figures 1 to 6 show amplitude and phase at the
surface (x�  = 1) as functions of M with BiM = Bi/M =
(a/X)dm as a parameter.

From Figs. 7 and 8, A^,  and qcr the amplitudes and
phases in the center of the body, can be found.

For large values of Mx�  (+ semiinfmite body), Eqs.
(4) and (5) may be rewritten in a simpler way by intro-
ducing a new coordinate

.-

q=M(l -x+)=
J( )Ey

@= 0 at the surface)

lbliahing  Corporation
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2.4.5-2 2.4 HEAT CONDUCTION / 2.4.5 Periodic Change of Temperature

Table 1 Periodic change of temperature: Functions to calculate amplitude and phase of steady
oscillations in slab, cylinder, and sphere

Slab Cylinder� Sphere

FR f@+ cash  (ME)  cos (MC;)
sinh (Mt)
- -  c o s  (ME)

E

sinh (M[) sin (ME) bei (\/iM#)
sin WE)

cash (ME) -
t

dFR
sinh  M cos M - cash M sin M

her, (GM) + bei, (GM)

4Mc;) E= , [= fl ber�&M)]

dFI

- I
coshMsinM+sinhMcosM

beil (&M)- her, (&M)

4M5)  E = 1 [= fi bei�  (fiM)]

�Tables and graphs of the functions ber and bei (Kelvin�s functions) are to be found in [7] and [8].

Ah(v,BiM)  =
ees

dl + 2/BiM  + 2/B&

dn,BiM) = - 7) + arctan
(

(7)

(8)

With the boundary condition (l), the direction of the
heat flux changes after each half-period. The instan-
taneous heat flux follows a harmonic osciilation as the
temperatures. Integration over a half-period yields the
quantity of heat that is stored during this time interval
as internal energy of the body and released to the sur-
roundings in the next half-period:

/

tpt2

Qtp/2  = t&t> dt (9)
t=o

After some algebraic rearrangement, this quantity of
heat is found to be*

XA +.+,a,--~$ (10)

Defining an overall heat transfer coefficient Urp12  by

QP12  = U*12A AT; (11)

with the time-averaged temperature difference AT
following the integration of Eq. (I),

*FK = [dFRtMx+j/d(Mx+) ] x+=  1 and Fi = [dFl+Mx+ j/
d(Mx+)  ] x+= 1; see Table 1.

ATA-

/

tpt2

fPl2
P’,(O-f? dt=$.,,ma,-0

0

02)

one gets, by comparison of Eqs. (10) and (1 l),

The second square root on the right-hand side of Eq.
(13) is a function of M and BiM (see Table 1).

For low values of BiM this function asymptotically
approaches BiM itself, and the overall heat transfer
coefficient Utp/2 tends to the outside heat transfer
coefficient (Y (inside resistance negligible).

l i m  i&,2 = cr (14)
BiM-+0

In the other limit (i.e., for BiM + -), UtP12 tends to
an inside heat transfer coefficient Cri that may be written
in dimensionless form with dm as a characteristic
length :

(15)

Figure 9 shows this dimensionless inside heat transfer
coefficient

Nui,M=tg$.ig (16)

as a function of M for slab, cylinder, and sphere. For
large values of M, Nui,M tends to a constant value,
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2.4 HEAT CONDUCTION / 2.4.5 Periodic Change of Temperature 2 . 4 5 3

l i m  Nui.M = fi 2x&r= I.2 = 2.4- with a maximum storage ca-
pacity. This optimal wall thickness is about 80 mm for
a period of tp = 2 h and firebrick with K = 16 X 10e4
m2 /h (see [ 191, p. 96).

In practical applications the periodic boundary
conditions will differ from the simple harmonic oscilla-
tion according to Eq. (1). In any case they can be repre-
sented as a sum of harmonic oscillations by a Fourier
analysis. Equations (2) through (5) are then applied for
each harmonic of the Fourier analysis and the resulting
temperature variation is found by adding up these partial
solutions.

(17)

to M for small

(18)

M-+-

whereas it becomes linearly proportional
values of M,

slab

cylinder

sphere

For the slab, NUi,M has a maximum a M 1 1.2. For a
given period tp there exists a certain wall thickness

^ 06
*o

OL

0
0 OL 0 8 I.2 16 20 28 32 36 LO LL LB

(1)

(2)

(3)

(4)

(5)

��I  \\I A. I I I I 1 ! 0.5 ! Ii

0� � I I � � I
0 0.L 0.8 12  1.6 2.0 u 2.0 3.2 3.6 L.0 LL L 8

l\\r\�\lI i I 2 1
- 0.L

'PO -0.6

-: -0.8

stab

1.0 co

0.8

^ 0.6

*o
0.L

0.2

0
0 0.L 0.8 1.2 1.6 2.0 M 2.8 3.2 3.6 LO LL LB

0

-P’LL

- 0.L

-0.6

- 0.8

-10

-1.2 \\y,
//

I
-

1 I.4

cylinder

/� I
II I

t -i -16c-Icci I ’ Li
1 I 4-4 -1

Figures 1 to 6 Amplitude A^, and phase. q,, of the steady temperature oscillation at the surface of a slab (1, 2), a cylinder
(3,4), and a sphere (5,6)  as functions of M with BiM as a parameter.
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2.4.54 2.4 HEAT CONDUCTION / 2.4.5 Periodic Change of Temperature

AC-.
*o

0.5

0

M

Figure 7 Amplitudes in the center as a function of M.

Figure 8 Phase in the center as a function of M.

15

Nu I,M

IO

Figure 9 Dimensionless inside heat transfer coefficient for
steady temperature oscillation as a function of M.

Nomenclature for Section 2.4.5 appears at the beginning of Part 2.
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2.4 HEAT CONDUCTION 2.4.6-l

2.4.6
Thermal contact resistance

T.F. Irvine, Jr.

A. Introduction

When two surfaces come into contact, as shown in Fig.
1, they remain separated by their roughness elements.
A gas or a liquid may also fill the spaces between the
surfaces, and if the interstitial fluid has a lower thermal
conductivity than the surface materials a contact resis-
tance may exist that can become a design consideration.

Figure 1 also illustrates the type of temperature
distribution that is encountered in such situations where
a sharp temperature gradient across the small interfacial
separation distance is caused by the contact resistance.

The magnitude of the contact resistance depends
mainly on the following:

SIDE I SIDE 2

Figure 1 Interfacial contact.

1. The pressure with which the surfaces are pressed
together

2. The thermal conductivity of the interstitial fluid
if it is a liquid

3. The thermal conductivity of a gaseous interstitial
fluid as well as the conditions that allow for an addi-
tional transfer of heat between the surfaces by thermal
radiation

4. The surface finish, that is, the roughness of the
surfaces

5. The hardness of the surface roughness elements
that allow for deformations under pressure loading

6. The average temperature at the interface
7. At low pressures, the ratio between the mean

free path of the gas molecules to the separation distance

Thus, the physical situation is quite complicated, and a
great deal of effort has been expended in developing a
general approach that is suitable and practical for
engineering calculations.

B. Thermal contact conductance

A useful engineering quantity to describe the thermal
conditions at the interface is the contact conductance
Ui,  which is defined as

q = Vi ATi (1)

Veziro&  [l] has analyzed a large number of ex-
periments reported in the literature in order to develop
a useful engineering correlation. The contact materials
included iron, steel, stainless steel, aluminum, brass,
bronze, gun metal, uranium, and magnox. The inter-
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2.4.6-2 2.4 HEAT CONDUCTION / 2.4.6 Contact Resistance

stitial fluids included air, argon, helium, water, glycerol,
lubricating oil, and paraffin. The contact conductances
ranged from 340 to 230 000 W/m� K, the contact pres-
sures from 0.017 to 138 MPa, the mean contact tem-
peratures from 27 to 316�C,  the thermal conductivities
of the materials from 22 to 216 W/m K, the thermal
conductivities of the interstitial fluids from 0.017 to
0.62 W/m K, the Meyer hardness from 68.9 to 2 400
MPa,  and the mean surface rot&messes from 0.08 to
838 pm. The correlation developed by Veziroglu  [l]
is shown graphically in Fig. 2. The thermal contact
conductance is included in the Nusselt number located
on the ordinate, which also includes the effective gap
thickness Q and the equivalent conductivity of the inter-
stitial fluid A,-. On the abscissa is the ratio of the gap
number B to the conductivity number K. The parameter
in the figure is the constriction number C.

Since all of the quantities listed in Fig. 2 are dimen-
sionless, any consistent set of units may be used in
calculating the thermal contact conductance.

In order to calculate a contact conductance from
Fig. 2, the following information should be specified
or estimated:

1. Material of the two surfaces
2. Interstitial fluid
3. Interface temperatures (T,, T,)
4. Root-mean-square (RMS) roughness of the sur-

faces (!Zr  , Qa)

5. Mean contact temperature [(Ti = (T, + Tz)/2]
6. Contact pressure (P)
7. Meyer hardness (A4)
8. Total area of the surface contact (one side) (A)
9. Total normal emissivities of the two surfaces if

the interstitial fluid is transparent to thermal radiation
(el,EZ)

10. Thermal conductivity of the surface materials
@I 3 h2)

The relations for calculating the quantities shown in
Fig. 2 are given below.

(a) Constriction number (C)

c= i0 l/2

(2)

where P = contact pressure
M = Meyer hardness of the softer surface

Meyer hardness information appropriate for these calcu-
lations is discussed in detail by Cetinkale [veziro&t]
and Fishenden [3]. They consider both the effects of
the time of pressure application and average interface
temperature on the appropriate value to use for M .
As a first approximation, which neglects the time and
temperature effects, the values listed in Table 1 may be
used [3] .

B / K  -

Figure 2 Thermal contact conductance correlation. (From Schneider [2], copyright 1973 by McGraw-Hill, Inc. Used with
the permission of McGraw-Hill Book Company.)
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2.4 HEAT CONDUCTION / 2.4.6 Contact Resistance 2.4.6-3

Table  1 Meyer  hardness for several materials

Material M, MPa

Cast steel
Mild steel
Brass
Aluminum
Pure aluminum

3.52 x lo3
1.64 X 10�
1.18 x IO3
1.04 x 103
0.32 x 10�

(b) Gap thickness (9)

If Qr and Q, are the RMS roughness values in microme-
ters of the two surfaces, then:

II= 3.56& +Q2) ifQr -l-Q,  <7pm (3)

Q = 0.46& + Q,) if Qr + Q2 > 7 pm (4)

(c) Gap number (B)

B can be calculated from the constriction number and
the gap thickness by the following relation:

B = 0 335~0.315(A’“/11)“.‘3’
(5)

where A is the total interfacial area (one side).

(d) Equivalent conductivity (Xf)

1. If the interstitial fluid is a liquid, then

x,=x, (6)

2. If the interstitial fluid is a gas transparent to
thermal radiation, and if the ratio of the mean free path
of the molecules, Qo, to the gap thickness is less than
0.1, then

4&,EzTi3
xf=xo+E  +f

1 2 -ElE2
(7)

where u = 5.669 7 X lo-*  W/m2  k4 (Stefan-Boltzmann
constant).

Note:  If Qo/Q > 0.1, consult [l] . If the surface emis-
sivities er and e2 are unknown, assume a value of 1 to
yield a maximum thermal contact conductance. The
minimum conductance will be obtained by assuming
that Xf = ho.

(e) Conductivity number (K)

Afh +x2)
K =  rri. (8)

where the conductivities A1 and h2 of the contact solids
may be evaluated at the average gap temperature Ft.

When the above values have been determined, the
quantity B/K is calculated and used to enter the abscissa

of Fig. 2. Then, using the proper value of C as the
parameter in the figure, the value of UiP/$is  read from
the ordinate, from which the contact conductance can
be calculated. The method is further illustrated by the
following numerical example _

C. Numerical  example

(a) Data

1. Materials: aluminum-aluminum
2. Interstitial fluid: air
3. Interface temperatures (est.): Tl = 8O"C,  T2 =

66OC
4. RMS roughness: II1 = Q2 = 1.65 pm
5. Mean contact temperature: ri = 73°C
6. Contact pressure: P = 0.7 MPa
7. Meyer hardness (from Table 1): M= 1.04 X IO3

MPa
8. Surface contact area: A = 6.45 cm* = 6.45 X

10m4  m2
9. Surface emissivity (aluminum): e1 = e2 = 0.05

(6) Calculations

I. Constriction  number (C)

From Eq. (2)

~=(;)l'~  =(l~040;:103)  1'2 = 2 . 6 X  1O-2

II. Gap thickness (Q)

Since Qr  + Q2 = 3.3 < 7 pm, from Eq. (3)

Q = 3.56(3.3  X 10p6)  = 1.17 X 10s5 m

III. Gap number (B)

From Eq. (5)

B = 0 ~~~~0.315(A"=lQ)"~'"7  = 0.335

x (2 6 x lo-2)0.315[(6.45X  10-4)"*/1.17X 10-2]o.13�

= 1.25 X 1O-2

IV. Equivalent conductivity  (Xf)

At Ti = 73°C  ho = 0.029 W/m K. Then, from Eq. (7),

x =. * 029 + 4(5.669 7 X 10-8)(0.05(0.05)(346)3
f 0.097 5

= 0.029 + 2.8 X lo+ = 0.029 W/m K
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V. Conductivity number Q

For aluminum at 73�C,  hr = Aa = 138.5 W/m K. Then,
from Eq. (8),

0.029(277)
K = 2(138.5)(138.5)  = 2*1  �  1o-4

Therefore the appropriate variables for Fig. 2 are

; = 59.5

C = 2.6 X lo-*

u = 1.2(0.029)
i

1.17 x 1o-5
= 2 974 W/m� K

D. Discussion

The material presented above outlines a method for
estimating the contact conductance in a situation that
is often encountered in practice. Because of the type
of model chosen in [l] and the variations in the re-
ported data on which it is based, the average deviation
between the actual and predicted contact conductances
can be expected to be approximately 25%. For any
single calculation, however, the deviation can be as much
as a factor of 2.

Additional selected references that deal with other
thermal contact resistance situations are the following:
for contact resistances between thin laminated sheets
[4, 51; for surfaces that are bolted or riveted together
[6] ; and for contact surfaces in a vacuum [7,8].

and, from Fig. 2,

Ui!?
- =  1 . 2
hf

giving

Nomenclature for Section 2.4.6 appears at beginning of Part 2.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER 2.5.1-1

2.51
Forced convection in ducts

V. Gnielins  ki

A. Introduction

When fluids flow at very low velocities, all the individual
particles are flowing in parallel lines. This type of flow
is called laminar flow. If a fluid stream enters a duct
with a uniform velocity profile, the velocity profile
changes as the fluid moves down the tube. At a
sufficient distance downstream from the inlet, the
velocity pattern becomes fixed. The shape of the
velocity distribution curve is parabolic for flow in a
tube or between parallel plates.

If the velocity of the fluid is gradually increased,
there will be a point at which the fluid no longer flows
in parallel lines, but by a series of eddies that result in
a complete mixing of all parts of the flow. This type
of flow is called turbulent. The Reynolds number at
which the flow changes from laminar to turbulent is
the �critical Reynolds number.� The value of the
critical Reynolds number in tubes is between 2 100
and 2 300. In long rectangular ducts and annular
spaces, the transition from laminar to turbulent flow
also starts at a Reynolds number of 2 100 when the
hydraulic diameter of the duct is used as the charac-
teristic geometric dimension in calculating the
Reynolds number.

At Reynolds numbers greater than 104,  the flow is
turbulent. Between the lower and upper limits lies the
zone of transition from laminar to turbulent flow.
These �limits are affected by the type of entry, initial
disturbances in the fluid, roughness, and so on.

If the duct wall is at a temperature different from
that of the fluid, heat will be transferred and a

temperature profile will develop in the fluid. At a
sufficient distance from the beginning of heating or
cooling, the temperature profile becomes fully devel-
oped and therefore the heat transfer coefficient is
constant. The rate of heat transfer is always greater in
turbulent flow.

B. Definition of the heat transfer coefficient

The heat transfer between the wall of a duct and a
fluid moving relative to the wall can be calculated at
any position along the duct using a local heat transfer
coefficient defined as

The local heat transfer coefficient is needed to calcu-
late the axial variation in the wall temperature or heat
flux. In design problems it is often mdre convenient to
calculate the total heat transferred over a section or
the whole length of a duct using a mean heat transfer
coefficient defined as

4(y=------
AT,,

(2)

in which the logarithmic mean temperature difference
AT,,  is given by

(3)A T , ,  =
(Tw -Tb,in)-(Tw  -Tb,out)

In I(Tw - Tb, in >/(Tw - Tb, out)1

Tb,in  is the inlet bulk temperature. Tb,out is the outlet
bulk temperature of the fluid, and T, is the tempera-
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2.5.1-2 2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER  / 2.5.1 Forced Convection in Ducts

ture of the duct wall. Tb,out  may be calculated from

Tb,out = Tb,in +$-
P

(4)

C. Heat transfer for laminar flow

(a) Introduction

The problems associated with fluid flow and heat
transfer in laminar flow have been the subject of the
analytic work of scientists for many years. Shah and
London collected the analytic laminar flow solutions
from the literature and have published them in a very
comprehensive book [l].  They have presented the
available analytic solutions for laminar fluid flow and
forced convection in circular and noncircular pipes
under many different boundary conditions. Because of
this, the following sections summarize only the solu-
tions that are of the most technical interest.

(b) Smooth straight tubes

I. Thermally  developing and hydrodynamically
developed flow

The well-known Nusselt-Graetz problem for heat trans-
fer to an incompressible fluid with constant properties
flowing through a circular tube having a uniform wall
temperature and a fully developed laminar velocity pro-
file was solved numerically by several authors. For the
local Nusselt number the two asymptotes are

3-

Nux, T = 1.077 JPef for Pe f > 10�

and

Nux, T = 3.66 for Pet< lo2 (6)

The asymptotes of the mean Nusselt number for a
tube of the length L are

3

NUT=  1 . 6 1  Pef
J-

for Pe$> lo3 (7)

and

NUT = 3.66 for Pe $ < lo2 (8)

The superposition of the two asymptotes for the mean
Nusselt number derived by Schhinder [2] gives suffi-
ciently good results for most technical purposes:

NUT=  Jq (9)

The results of this equation deviate only slightly from

the equation given by Hausen [3],

NUT  = 3.66 +
0.19[Pe (d/L)] O.�

1 + 0.117 [Pe (d/L)] o.467
(10)

which is well-known in the literature. These equations
may be used for the laminar flow of gases and liquids
in the range Pe(d/L)  from 0.1 to 104.  Axial conduc-
tion effects must be considered at Pe(d/L)  < 0.1. The
numerical values to be inserted for the physical proper-
ties are those at the mean temperature of the fluid,

T
Tb =

b,in + Tb,out
2 (11)

Shah and London [l] also considered the case where a
constant heat flux was applied at the wall. For the
local Nusselt number they got the asymptotes

3

NUx,  H =  1 . 3 0 2  Pef
J-

for Pe;> lo4 (12)

and

Nu,,H = 4.36 forPef<lO� (13)

The asymptotes for the mean Nusselt numbers are
3

NUH = 1.953
J-

Pe f for Pe f > lo2 (14)

and

NUH = 4.36 forPe$<lO (15)

II. Thermally and hydrodynamically
developing  flow

Laminar flow develops very quickly. Only in very
short tubes (d/L >O.l) and depending on the magni-
tude of the Prandtl number do the mean Nusselt
numbers for thermally and hydrodynamically develop-
ing flow differ from the values calculated by Eq. (9) or
(10). Shah and London [ 1 ] presented numerical values
of the mean Nusselt number for this region. In the
case of a short flow length, the values are represented
by the asymptotic equation of Pohlhausen [4] for
thermally and hydrodynamically developing flow over
a flat plate. Transforming this equation to the tube, we
obtain

Nu = 0.664 -!--
$7

(16)

For most engineering applications it is recommended
that, for short tubes (d/L >O.l),  whichever of Eqs.
(9)  (lo), or (16) yields the higher Nusselt number be
used.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.1 Forced Convection in Ducts 2.5.1-3

(c) Parallel plates

The parallel-plate duct geometry is a limiting geometry
for rectangular ducts and also for concentric annular
ducts. A great number of boundary conditions have
been subjected to analytic solutions and were collected
by Shah and London [l] . Only some simple cases are
discussed in the following sections.

I. Thermally developing  and hydrodynamically
developed flow

Uniform wall temperature on both walls of the
parallel-plate duct geometry, constant fluid properties,
and a fully developed laminar velocity profile are
assumed in the development of the following
equations.

For the local Nusselt number Nu = &I, where s
is the spacing of the plates, the two asymptotes are

3

Nux, T =0.979
d-

Pe 1 for Pef> lo3 (17)

and

Nux, T = 3.78 for Pe f < IO2 (18)

The asymptotes of the mean Nusselt number for a
duct of length L are

3

N~Tz1.468  Pet
A-

for Pe f > lo3 (19)

and

NuT = 3.78 for Pe f < lo2 (20)

The asymptotes for the boundary condition of a
uniform and equal heat flux on both walls are

3

Nux, H =  1 . 1 8  Pet
I / -

for Pe t > lo4 (21)

and

N%H = 4.12 forPet<10) (22)

The asymptotes of the mean Nusselt number for a
duct of length L are

3

NUH = 1.775
d--

Pe f for Pei> lo3 (23)

and

NUH = 4.12 forPei< lo2 (24)

0 1983 Hemisphere I

II. Thermally and hydrodynamically  developing  flow

For the parallel-plate duct geometry the solution of
the differential equation with the constant wall tem-
perature boundary condition obtained by Pohlhausen
[4] gives the asymptote for a short flow length L. The
mean Nusselt number is

The range of validity is 0.5 < Pr < 500.
Stephan [5] obtained the following equation for

the combined entry length problem at constant wall
temperatures:

NUT = 3.78 +
0.015 6[Pe  (s/I,)] r-l4

1 + 0.058 [Pe (s/L)] o-M Pr�*l�
(26)

This empirical equation is valid for the whole range of
Pe(@)  and 0.1 < Pr < 103.

(d) Concentric annular ducts

The simplest form of a two-fluid heat exchanger is a
double pipe made up of two concentric circular tubes.
One fluid flows through the inside tube and the other
fluid flows through the annular passage. Heat may be
transferred from one or from both walls of the
passage. Figure 1 demonstrates the three different
boundary conditions with which this section will deal.
Heat may be transferred at the inner wall of the
annular duct while the outer wall is insulated, Fig. la
(subscript i); at the outer wall while the inner wall is
insulated, Fig. lb (subscript 0); or at both walls of the
passage, Fig. Ic (subscript b).

Heat transfer coefficients in annular ducts are
dependent on the ratio of the diameters (d&) be-
cause of the shape of the velocity profile. With annular
flow the maximum velocity is shifted to the inner wall
of the duct as di/do decreases. The limiting case,
di/do = 0, is a circular duct with an �infinitesimal
thickness wire� at the center [l] . The other limiting
case of annular ducts, di/do  = 1, is the parallel-plate
geometry. The characteristic length used in the evalua-
tion of the dimensionless numbers Nu, Pe, and Re is

(a) (6) (c)

Figure 1 Boundary conditions for concentric annular duct flow.
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the hydraulic diameter dh of the annular duct. This is
equal to

dh = do - di (27)

where do is the inner diameter of the outer tube and
di is the outer diameter of the inner tube.

For the thermal boundary condition of constant
wall temperature, Stephan [6] has developed the fol-
lowing equation based on Eq. (10) from Hausen [3].
The Nusselt number for fully developed laminar flow
may be calculated from

O.I9[Pe (dh/L)]  o-a

1 +0.117[Pe(dh/L)]0.467

(28)

The ranges of validity are 0.1 < Pr < 103, 0 < di/do  <
1, and laminar flow (Re < 2 300). The dimensionless
numbers are Nu = &,,/A,  Re = udh/v.  Nu, is the value
to which the Nusselt number tends when the length L
of the annular duct becomes very large (L + -).

In Fig. 2, Nu, is presented graphically as a
function of di/d,  for the three boundary conditions.
Martin [7] has developed approximate expression for
the three lines on Fig. 2, which are

Case I: Nu. =366+1 2 5 -O”I- .
0� do

Case II: Nu,, = 3.66 + 1.2

Case III:

(30)

(31)

12

N”i03
IO

N”0e
6

NUbaD
6

0
0 0.2 0.4 0.6 0.6 I.0

dild,

Figure 2 Dependence of the magnitude of Nu, on di/d, in
laminar flow for the three boundary conditions.
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The function ffdJdo  j is, according to Stephan [6],

Case I:

Case II:

(32)

(33)

Case III: (34)

Shah and London [l] report numerical values of Nus-
selt numbers on other hydrodynamic and thermal
boundary conditions.

(e) Factors that influence the heat transfer
coefficient

I. Variable  physical properties

Experiments conducted by several authors [8-lo]  with
air, nitrogen, and helium at wall-to-bulk temperature
ratios in the range 0.5 < Tb/T,,,  < 2.0 indicate that for
gases the effect on heat transfer coefficient of radial
property variations does not exceed 10%. Variable
physical properties do effect the heat transfer coeffi-
cients for liquid flow. Heating of the liquid increases
and cooling it decreases the velocity near the wall
because of the temperature dependence of the vis-
cosity. The distortion of the velocity profile results in
a heat transfer coefficient which differs from that
predicted by the above-mentioned equations. Sieder
and Tate [I I] correIated experimental data in tubes in
the range 0.004 <Q/Q,,, < 20. They suggest that the
following equation be used to correct values of Nu
evaluated from the above-mentioned equations.

0.14

(35)

The dynamic viscosity r]b  is to be evaluated at the
mean bulk temperature Tb of the liquid and q, at the
waI1 temperature T,“.

II. Free convection

Free convection effects may increase the heat transfer
rate to a value of three or four times that for pure
forced convection alone. This subject is discussed in
detail in Sec. 2.5.10. The magnitude of the free
convection contribution depends on many factors,
especially the wall-to-bulk temperature difference, the
tube diameter, the tube orientation (horizontal or
vertical), the coefficient of volumetric expansion, and
the flow velocity. The literature includes several at-
tempts to take into consideration free convection
effects. Because of the lack of systematic experimental

.bIisbing  Corporatioa
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.1 Forced Convection in Ducts 2.5.1-5

data suitable to test theoretically developed equations,
the following equation should be used with care.
Martinelli et al. [12]  derived the following equation
from a theoretical analysis.

Nu= 1.61 [,e-f+O.O91  9AF1  (Gr,Pr,~)0~75]�3

(36)

For aiding flow, vertical flow upward, A = +l and for
opposed flow, vertical flow downward, where the free
convective forces act in the opposite direction to the
forced circulation, A = -1. Opposed flow conditions
occur when fluids in up flow are cooled or when fluids
in down flow are heated. Equation (36) may be used
for (T, - Tb,inY(Tw - Tb,out ) < 3. Pr, is the Prandtl
number and Gr, the Grashof number evaluated with
the physical properties at the wall temperature

Gr, =
g5wd3(Tw  - Tb,in)

2 (37)
VW

!Lv is the coefficient of volumetric expansion and
(T, - Tb,in)  is the temperature difference at the inlet
of the tube. F, is a function of Nu/i Pe(d/L),  as given in
Fig. 3. A more comprehensive discussion of the prob-
lem is presented by McAdams  [ 131 and in Sec. 2.5.10.

D. Heat transfer for turbulent flow

Transit ion to turbulent f low in ducts starts at
Re = 2 300. The flow is fully turbulent at
5 X IO4 < Re < 10�)  depending on the turbulence of
the incoming flow and the shape of the inlet section.
Nusselt numbers for fully developed turbulent flow in
ducts were correlated in many publications by func-
tions of the type

I.0

0.8

FI

0.6

U I 2 3 I 5 6

tPe $

Figure 3 Function F, in Eq. (36).

Nu=A Rem Pr�f�  f
0

The magnitude of the coefficient A and of the ex-
ponents m and n varied according to the experimental
results on which the correlations were based.

No remarkable differences were found measuring
heat transfer coefficients with the two boundary con-
ditions of uniform wall temperature or constant wall
heat flux. Because of this, the following equations are
to be used independent of the thermal boundary
condition.

(a) Smooth straight tubes

Comparing a great number of experimental data on
heat transfer in tubes with the correlations included in
the literature Gnielinski [ 141  found that a semiempiri-
cal type of equation similar to that proposed by
Prandtl [15] correlates the data best. The equation of
Prandtl for fully developed turbulent flow is of the
form

Nu=
f/S Re Pr

1 +8.7m(Pr-1)
(39)

where f is the friction factor for turbulent flow. For
smooth tubes f is a function of the Reynolds number
only. A number of modifications of Eq. (39) are to be
found in the literature and may be summarized by the
equation

Nu =
f/8 Re Pr

kl + kaV%(Pr�  - 1)
(40)

Petukhov and Popov [16]  have suggested that kl = 1,
kz = 12.7, and n = $ in Eq. (40). The data were
correlated best [14]  in the region of fully developed
turbulent flow by this expression. Since Eq. (40) is
based on a model for fully developed turbulent flow, it
does not account for entrance effects and it is not
applicable in the transition range between laminar and
fully developed turbulent flow where the Reynolds
numbers are between 2 300 and 5 X 104.  To overcome
these disadvantages of Eq. (40) Gnielinski [14]  modi-
fied it by replacing Re by (Re - 1 000) and by
multiplying with the entrance correction factor derived
by Hausen [ 171.  The equation reads

Nu = CfMRe - 1000)  Pr
1 + 12.7 @%,Pr��  - 1)

[1+(3��]  ( 4 1 )

According to Filonenko [18], the friction factor
for turbulent tube flow may be calculated from

f = (1.82 Iogre Re - 1 .64)-2 (42)

Equation (41) in connection with Eq. (42) has been
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2.5.1-6 2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER / 2.5.1 Forced Convection in Ducts

shown to represent the majority of the experimental
data within 20% [14]  .

Equation (41) is recommended in the following
range of variables, 0 <d/L < 1, 0.6 < Pr < 2 000, and
2 300 < Re < 106. Depending on the magnitude of d/L
and the Prandtl number, Eq. (9) or (16) yields higher
Nusselt numbers in the transition region than Eq. (41).
This effect is shown for Pr = 0.7 in Fig. 4. In the
above-mentioned case the higher Nusselt number
should always be used. For estimation purposes Eq.
(41) can be simplified by the following equations:
O.S<Pr<lS  by

Nu = 0.021 4(ReoV8  - 100) ProV4 [l +(f)2�3]  (43)

1.5 <PI<500  by

Nu = 0.01  2(Re0*87  - 280) Pr0.4 [L +(fj2�]  (44)

(b) Concentric annular ducts

Heat transfer coefficients for turbulent flow in con-
centric annular ducts are dependent on the ratio di/do
in addition to Re, Pr, and d/L, since annuli are not
geometrically similar unless the diameter ratio di/do is
identical. Furthermore, they are dependent on the
boundary conditions mentioned in Sec. C(d) and
shown in Fig. 1. The heat transfer in turbulent flow of
gases and liquids in concentric annuli may be obtained
using a modified form of Eq. (41) for turbulent flow
in tubes,

Nuann-=
Nu tube

(45)

using the hydraulic diameter dh = d, - di to evaluate
Nu, Re, and d/L in Eq. (41).

According to Petukhov and Roizen  [19], the

Id

IO3

NU

IO�

lo�

loo
IO� IO� I05 I06

R*

Figure 4 Variation of Eqs. (9),  (16),  and (41) as a function of
the Reynolds number.

Nusselt number for boundary condition in Fig. la
(heat transfer at the inner wall, outer wall insulated)
may be calculated using

Nq -0.16

Nutube
=0.86 ;
00

and for boundary condition in Fig. lb (heat transfer at
the outer wall, inner wall insulated) using

Nuo
0

0.6

-=

NUtube
l - 0 . 1 4  $

0
(47)

The Nusselt number for boundary condition in Fig. lc
(heat transfer on both walls of the passage, equal
temperatures on both walls) is to be calculated accord-
ing to the relationship of Stephan [6] f rom the
equation

- = 0.86(di/d,)o-84  + [I - 0.14(dj/do)o.6]Nub
Nu

(48)

tube 1 +di/d,

(c) Smooth straight ducts of various cross
section

According to statements from the literature, the
Nusselt numbers for heat transfer in smooth straight
ducts of noncircular cross sections can also be calcu-
lated from Eq. (41) by using the hydraulic diameter of
the duct in evaluating Nu, Re, and d/L. The hydraulic
diameter is defined as

d ,g

h P

where S is the flow cross-sectional area and P is the
wetted perimeter of the duct.

(d) Factors that influence the heat transfer
coefficient

I. Variable  physical properties

The direction of heat flux (heating or cooling and
fluid) influences the heat transfer when the physical
properties are temperature-dependent. According to the
literature, the influence can be taken into considera-
tion by using a correction factor with the above-
mentioned equations:

Nu, =NuK (50)

For gases, the variation of fluid properties with tem-
perature can be represented approximately by simple
power laws, and the correction factor K can be written
in the empirical form

,m \ n
K=(g)

11 w/
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.1 Forced Convection in Ducts 2.5.1-7

Figure 5 Tube fitting into the tube support plate.

where T, is the absolute bulk temperature of the gas
and T, is the absolute wall temperature. The exponent
n in Eq. (51) is n = 0 in the case of cooling a gas
[(Tb/Tw)>  11. Heating the gas [(Tb/Tw)<  l] leads
to different values of n for each gas. Gnielinski [14]
correlated the data he collected for gases by taking
II = 0.45 in the range 0 < Tb/T,  < 0.5. According to
the literature, n should be approximately equal to 0.15
for carbon dioxide and steam in the same temperature
range. Gregorig [20] has derived a nomogram to take
into account the influence of variable physical proper-
ties of gases.

For liquids, the variation of fluid properties with
the temperature can be taken into account using

(52)

where Pr is the Prandtl number of the liquid at bulk
temperature and Pr, at wall temperature, respectively.
The range of validity of Eq. (52) is 0.1 <Pr/Pr, < 10.

II. Tube entrance effects

Equation (41) yields mean Nusselt numbers for tubes
fitted without fillets in a tube support plate (Fig. 5).
The influence of the shape of the tube inlet on the
local Nusselt number was investigated by Grass [21]
and by Boelter et al. [22].

(e) Comparison with experimental data

I. Smooth  straight tubes

In the following figures, experimental data collected by
Gnielinski [14] are shown in comparison to Eq. (41)
and taking into account the influence of variable
physical properties of the fluids according to Eqs.
(50)-(52).  Figures 6 and 7 show the data for heat
transfer to various gases. The data shown in Figs. 8
and 9 were obtained for liquids flowing inside tubes.
The data shown in Figs. 10 and 11 were obtained by
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Figure 6 Comparison of Eq. (41) with the data of several
authors for heat transfer of gases in tubes.
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NU

K [l*(dlL)��]

I00 �

IO3 IO4 IO5 IO6
Re

Figure 7 Comparison of Eq. (41) with the data of several
authors for heat transfer of gases in tubes.

NU

K [l+ (d/L)Z�3]

f Pr= 5,

L

.t,  kh.y.r 1331 IO 0�00 1 2

�LPr=  2

I

Figure 8 Comparison of Eq. (41) with the data of several
authors for heat transfer of liquids in tubes.
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IO3

NU

K [l+(d/Lj2� 1

102

I05 I06
Re

Figure 9 Comparison of Eq. (41) with the data of several
authors for heat transfer of liquids in tubes.

Reinicke [55]  for liquid flowing in short tubes. They
demonstrate what was shown in Fig. 4, namely, that
in the transition region the experimental data are more
closely predicted using Eqs. (16) and (9), which give
larger values for Nu than those obtained using
Eq. (41).

IO3

Nu

IO3
2300

IO4 IO5
R e

IO6

Figure 10 The data of Reinicke [SS] compared  wi th  the
variation of Eqs. (9), (16) and (41) for heat transfer of liquids
flowing in short tubes.

IO3 I I I

N u

IO’

IO’
IO2 IO3

2300
IO4 Re IO5

Figure  1 1  The data of Reinicke [55] compared  wi th  the
variation of Eqs. (9) (16), and (41) for heat transfer of liquids
in short tubes.
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2.5.1-10 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.1 Forced Convection in Ducts

II. Concentric annular ducts

Experimental data for the heat transfer coefficients for
the flow of air in concentric circular annuli heating on
the inner wall of the tube while the outer wall was
insulated are shown in Fig. 12 in comparison to the
values predicted by Eq. (41). For the same boundary
condition of Fig. la, experimental data for water are
shown in Fig. 13. The experimental Nusselt numbers

IO3

IO� 1 /

IO3 IO& I05 Re IO�

I I Author d, Ido d,lL

Petukhov and

Figure 12 Comparison of Eq. (41) with the data of several
authors for heat transfer of gases in concentric circular annuli.
Heating from the inner tube (boundary condition of Fig. la).

&,,thOr id./d-ld./Ll  Pr 1

J
IO�

Re

Figure 13 Comparison of Eq. (41) with the data of several
authors for heat transfer of liquids in concentric circular annuli.
Heating from the inner tube (boundary condition of Fig. la).

0 1983 Hemisphere Publishing Corporation



2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.1 Forced Convection in Ducts 2.5.1-11

Figure 14 Comparison of Eq. (41) with the data of several authors for heat transfer of gases and liquids in concentric
annuli. Heating from the outer tube (boundary condition of Fig. lb).

are divided by the factor K according to Eq. (51) or
Eq .  (52)  to  t ake  in to  accoun t  the  temperature-
dependent physical p roper t i es ;  by  the  fac to r
[l + @h/~)l  2�3 to take into account the dependence
of the heat transfer coefficient from the length of the
tube; and by the factor 0.86(di/d0)-o.16 to take into
account the annular flow.

The experimental data of several authors for
boundary condition of Fig. lb (heating from the outer
tube, inner tube insulated) are collected in Fig. 14. To
take into account the annular flow and this boundary
condition, t h e  N u , numbers a re  d iv ided  by
1 - 0.1 4(d&J0.6.

Nomenclature for Section 2.5.1 appears at the beginning of Part 2.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER 2.5.2-l

2.52
Forced cozn around

immersed bodies

V. Gnielins  ki

A. Smooth flat plate

When a fluid of uniform velocity flows over a plate
with a streamlined leading edge, the stream adjacent to
the plate is retarded, thus forming a laminar boundary
layer. The thickness of the laminar boundary layer
increases with increasing distance x from the leading
edge until a critical length xCrit  is reached, where
transition to a turbulent boundary layer starts. The
critical length is determined by the critical Reynolds
number Recdt = WC,it/V,  which depends on, among
other factors, the degree of turbulence of the stream
and the roughness of the plate. In this work Recrrr =
5 X lo5 is assumed. It may be higher if the degree of
turbulence in the stream is low, whereas much lower
values have been observed when the stream has a high
degree of turbulence.

For a flat plate with a streamlined leading edge
both types of boundary layers exist, whereas for flow
over a flat plate with an obtuse-angled or blunt leading
edge only a turbulent boundary layer starting from the
leading edge develops. Presser [I] has investigated the
influence of the shape of the leading edge.

(a) Laminar boundary layer

I. Entire surface at uniform temperature

Equations for the local and the average value of the
Nusselt number were derived by Pohlhausen [2] and
Kroujiline [3].

The local value of the Nusselt number Nu,,ram at
a position x distance from the leading edge of the

0 1983 Hemisphere I lblishing  Corporation

plate can be calculated from

Nux,~am = 0.332 & &

where

Nux,~am  = 7

and

Re, =y

The average value of the Nusselt number Nu~,rarr,
for a plate of length 1 results from integrating Eq. (1)

Nu ,.,am = 0.664 a &

with

Nu al
2,lam = 5;

and

Re,=g
V

A weak dependence of the factors 0.332 in Eq.
(1) and 0.664 in Eq. (2) on Pr is ignored. According to
Presser [l], the factor 0.664 increases to 0.703 for
Pr = 1 000.

II. Uniform heat flux on the surface of the plate

According to Gauler [4], the local value of the Nusselt
number at a position x distance from the leading edge

., ..I �. ^ . . . . I__..-  _._.I - .---c_--_l ..~.I-l^__--_L--l
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is calculated from

Nux,~am =0.46Oam  ’ (3)

The range of validity of Eqs. (1) and (2) is Re, < lo�,
Rer < IO�, and 0.6 < Pr < 2 000. Physical properties
are evaluated at the bulk temperature Tb of the fluid.

(b) Turbulent boundary hzyer

According to Petukhov and Popov [5], the value of
the Nusselt number for a plate at constant wall
temperature with the physical properties evaluated at
the bulk temperature Tb of the fluid can be calculated
using

Nu
W3) Re Pr

turb = 1 + 12.7 &@(Pr2�3  - 1)
(4)

For the local Nusselt number Nu,,turb,  the drag
coefficient .$ presented by Schlichting [6] for a plate
with turbulent boundary layer, to be used in Eq. (4) is

f = 0.029 6 Re;0.2 (5)

and results in

N�kturb  =
0.029 6 Re$.*  Pr

1 + 2.185 Re;�.�  (Pr2�3  - 1)
(6)

The range of validity of Eq. (6) is 5 X 10�  < Re, <
10� and 0.5 < Pr < 2 000.

For the average Nusselt number Nur,turb, the aver-
age friction factor given by Schlichting [6] for a plate
with a turbulent boundary layer to be used in Eq. (4)
is

-!
8 = 0.037 Re;Oe2

yielding

(7)

NW,turb =
0.037 Rey.�  Pr

1 + 2.443 Re;�*1(Pr2�3  - 1)
(8)

The range of validity of Eq. (8) is 5 X 10�  < Rel <
10� and 0.5 < Pr < 2 000.

(c) Combined correlation for average
coefficients on a flat plate parallel
to the flow

A blunt leading edge and higher degrees of turbulence
predominate in practical applications of heat transfer
from flat plates. Because of this, no laminar boundary
layer will exist along the whole length of a plate at
intermediate Reynolds numbers 5 X IO3 < Rer < 5 X

IO�,  and no sudden change of the Nusselt numbers
given by Eq. (2) to those resulting from Eq. (8) is
observed, Krischer [7] has presented a graph correlat-
ing collected experimental data of heat transfer for air
at a flat plate from IOr < Rer < 106.  As shown by
Gnielinski [8], the following equation represents not
only the graph of Krischer but also measured heat
transfer coefficients in a wide range of Prandtl
numbers.

Nuz,o = ~Nu&a,,,  + NU;, turb (9)

with Nul,ram from Eq. (2) and Nur,turb, from Eq. (8).
Eq. (9) holds for average Nusselt numbers from
10� < Rer  < 10�  and 0.5 < Pr < 2 000. Physical prop-
erties of the fluid are evaluated at the bulk tempera-
ture Th.

(d) Dependence of the heat transfer
on the length of a nonheated initial portion
of the plate

The heat transfer from a plate depends not only on
the length of the heated plate but will be infhrenced
by the presence of an unheated segment preceding the
heated section.

After Brauer [9], the effect of a nonheated initial
portion of a plate in the case of a laminar  boundary
layer can be calculated by extending Eq. (2) to

Nqlam  = 0.664 6 s
P - (1 - lo/03�41  2�3

lo/l
(lo)

and computing Nu~,tam and Rel with the total length 1
of the plate, where le,denotes  the heated length of the
plate. According to Zukauskas and Ambrazyavichyus
[lo],  however, this effect may be neglected in the case
of a turbulent boundary layer if Nul,turb and Rer  in
Eq. (8) are calculated with the heated length lo and if
the ratio lo/l is between 1 and 0.1.

(e) Effect of the direction of heat flu

The direction of heat flux-that is, heating or cooling
the plate-affects the heat transfer in case of tem-
perature-dependent fluid properties. For liquids this
effect can be taken into account, according to
Zukauskas and Ambrazyavichyus [IO], by introducing
a factor

(11)

Pr and Pr, are the Prandtl numbers of the liquid at
bulk temperature and at wall temperature, respectively.
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For gases this effect may be allowed for, according to
Churchill and Brier [l 1] , by using the factor

0.12

(12)

Tb and T, are the absolute temperatures of the gas in
the bulk of the flow and of the wall of the plate,
respectively. As K is introduced in Eq. (9), the con-
sideration of the direction of the heat flux gives

Nul = K Nu~,~ (13)

(f) Comparison with experimental data

The comparison of Eq. (9) with the data of a number
of investigators [I, 12-181  who measured heat and
mass transfer coefficients for flat plates in tangential
flow of air and liquids is shown in Fig. 1. Because of
the analogy between heat and mass transfer, Sherwood

10'

numbers Shl resulting from mass transfer experiments
can also be used to test Eq. (9).

In the transition region between laminar and tur-
bulent boundary layer, the data of zukauskas  and
Ziugzda [17]  and zukauskas  and Slanciauskas [ 181
show the influence of a low degree of turbulence in
the main fluid stream. The mass transfer data of
Presser [19]  in Figs. 2 and 3 verify Eq. (9) in
correlating the data in the case of a blunt leading edge.

B. Single bodies of various shapes

Gnielinski  [8] has shown that the Nusselt numbers for
single bodies of various shapes, such as cylinders, wires,
or spheres, can be calculated from the same correlation
as that for a flat plate if the characteristic length used
in the calculation of the Reynolds and Nusselt num-
bers is the �streamed length� proposed by Krischer

A u t h o r Pr, SC Part

X Jiirges  [121 0.7 III
d Elias  [131 0.7 III
i- Edwards and Furber iI41 0.7 I I I

b L o o s  [151 0.7 I I I

Q P r e s s e r  [ll 2.5 II

0 L e m m e r t  [161 4.2-4.4 I
q iukauskas and Ziugzda [ 171 0.7 I I I
A iukauskas  a n d  Z i u g z d a  [17] 2.9-3.0 I I

A iukauskas  and Ziugzda [ 171 4.3-5.4 I
A iukauskas and Ziugzda [ 171 7-6.5 I I I
A iukauskas  and Ziugzda [ 171 9 9 - 1 0 7  I I
V iukauskas and Ziugzda [ 171 1 7 0 - 1 8 0 I I I
v iukauskas and Ziugzda [ 171 3 0 0 - 4 0 0  I
v iukauskas  and  Z iugzda  [ 171 4 9 0 - 5 1 0  I I
a iukauskas  a n d  S l a n c i a u s k a s  [181 0 . 7 I I I
8 iukauskas  and Slanciauskas [181 2 . 0 - 3 . 0  I I
8 .%kauskas  and Slanciauskas [181 5.5-5.7 I
0 ,?ukauskas  and Slanciauskas [181 6-7.6 I I I

@ iukauskas and Slanciauskas [ 181 9 9 - 1 0 5  I I
0 iukauskasand  S l a n c i a u s k a s  [181 1 6 0 - 1 7 6  I I I
0 iukauskas  a n d  S l a n c i a u s k a s  [181 2 8 0 - 3 2 0  I

loL lo5 lo6 lo7

Rel

Figure 1 Comparison of Eq. (9) with the data of several authors.
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10:

F l a t  P l a t e

,-23=Sc +,

,
lo& lo5 lo6

Rel

Figure 2 Comparison of Eq. (9) with the data of Presser [ 191
from a plate with a stumbling leading edge.

[7] . The streamed length I is defined by Pasternak and
Gauvin [20]  as the total surface area A of the body
divided by the maximum perimeter 1, perpendicular to
the flow:

Since a minimum value of the Nusselt number exists
for any body of three dimensions when the Reynolds
number goes to zero, Eq. (9) should be written:

where

Nu~,~,,  = 0.664 6 &

and

(2)

Nu
0.037 Rey.*  Pr

lTturb = 1 + 2.443 Re;0.‘(h2/3  - 1) (8)

II
F l a t  P l a t eF l a t  P l a t e

2177 -Sri<23352177 -Sri<2335
lo3

Sh: turb

22001�322001�3

lo3 10� lo5 106

II

lo3 10� lo5 106

Figure 3 Comparison of Eq. (9) with the data of Presser [19]
from a plate with a stumbling leading edge.

(a) Wires, cylinders, tubes of various profiles

I. Combined correlation

The streamed length I is shown in Fig. 4. For the long
cylinder one gets according to Eq. (14)

(16)

The value of Nul,min for long but finite cylinders is
approximately Nul,mln = 0.3. The expression for the
cylinder becomes

Nu~,o = O-3 + dNuF,lam + Nui turb (17)

Nul,ram  has to be calculated from Eq. (2) and NUl,turt,

from Eq. (8). Equation (17) is recommended for
1 < Rel < 10� and 0.6 < Pr < 103.  In the region of
very low Reynolds numbers (Rer < I), Eq. (2) cannot
be used since the thickness of the boundary layer is
not small when compared with the dimension of the
object. In this region of Stokes flow it is recommended
that the following equation be used:

Nu’,~ = 0.75 $m (18)

II. Cylinder in a restricted channel

Accord ing  to  gukauskas  [21], the characteristic
velocity of the flow for a tube in cross flow in a
restricted channel is the average velocity evaluated by
integrating the velocity over the channel cross section.
This is equal to the velocity in the empty cross section
of the channel divided by the void fraction of the
channel at the position of the cylinder:

&f!?
rL

(19)

wherein J/ is-the void fraction at the location of the
cylinder. If the channel has the height lh, one gets

(20)

III. Effect  of an inclined flow to the cylinder

If the flow is inclined to the axis of the cylinder, Nul
becomes smaller with decreasing angle cp as shown in
the following table given by Vornehm [22]  :

qp-- -+-

I=$ d I=a+b

Figure 4 Definition of the streamed length 1.
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9 90� 80� 70� 60� 50�  40� 30� 20�

Nul,+,/Nul 1.0 1.0 0.99 0.95 0.86 0.75 0.63 0.50

IV. Comparison with experimental  data

Figures 5 and 6 show a comparison of Eq. (17) with
the data of a number of investigators [23-351  who
collected or measured heat and mass transfer coeffi-
cients for single circular cylinders in cross flow of air
and liquids. The data of several authors in the region
5 X lo4 < Rel < IO6 show the effect of a low degree
of turbulence. To demonstrate this effect, assembled in
Fig. 7 are the data of Dyban et al. [32] and of
Galloway and Sage [33],  who measured heat transfer
coefficients for cylinders in air having varying degrees
of turbulence Tu in the flow. Equation (17) represents
the data with Tu = 6-IO%,  which should be the degree
of turbulence in a technical apparatus. As can be seen
from Fig. 8, the roughness of the surface of the
cylinder causes a similar effect on the heat transfer
coefficients in the transition regime and in the regime
of fully developed turbulent flow.

(b) Spheres

I .  Combined correlation

The streamed length I of a single sphere calculated
from Eq. (14) is

&&j
The value of Nul,min for the single sphere is

Nu l,min = 2

(21)

Then one gets, according to Eq. (1.5)

Nul,, = 2 + GNU;,,,  + Nu; turb (22)

Nu I,lam has to be calculated from Eq. (2) and Nulqturb
from Eq. (8). Equation (22) is recommended for
1 < Rel < 10�  and 0.6 < Pr < 105.

In the region of very low Reynolds numbers
(Re! < l), Eq. (2) cannot be used because the thick-
ness of the boundary layer is not small compared to
the diameter of the sphere. In this region of Stokes
flow one gets for the sphere

Nu�,~  = 1.01 $�m (23)

II. Sphere  in a restricted channel

According to Kast et al. [36]  and Vliet and Leppert
[37],  the characteristic velocity of the flow for a
sphere in a restricted channel is the velocity in the
empty cross section of the channel u. divided by the
void fraction of the channel at the position of the
sphere:

(19)

where $ is the void fraction at the location of the
sphere. If the channel has diameter D, one gets

(24)

III. Comparison with experimental  data

Comparison of Eq. (22) with the data of a number of
investigators [37-431  who measured heat and mass
transfer coefficients for a single sphere in cross flow of

IO0
\ Nu, =03 +]NI

I

Figure 5 Comparison of Eq. (17) with data of several authors for cylinder in cross flow as collected by McAdams [23].
Symbols according to McAdams  [23].
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-
I

to* IO3 to4 IO5 IO6
Rel

Author
G0adt.W H WI

Kat1na5.V  J et (I, [27]

iukauskos. A [291

DauJ0tas.P  et at 1301

Pr Pa

0.7 IV
0.7
0.7 Li
0.7 IV

07 IV

.03-LX n
5.8 I
07 IV
62L IV
73 n
95 I
261 IV
22 q
2L m
25 m
30 m
L6 II
56 I
63
31 IL

2 !I
105 I
155 I
180 IV
327 IV

KS ‘nv
5LL I
7L2 IV
12L
l6L I

16-219  IV
233 IV

SO-310 IV
35-317 IV
13-310 IV
IO-320 IV

L2 II
LL II
56 I

:“,
m

9 77 It
217 ItI
70
200 Py
600 m

Figure 6 Comparison of Eq. (17) with the data of several authors for cylinder in cross flow.

I I I
Cy l inder Pr = 0.7 1 bl A

m 185 fS-6j
‘J o f O- i 6 from[3z]-

Q 108- IL 5

IO’ I I m 8 215-265  , I, _

IO3 2 5 IO&  2 5 IO5 2 5 IO6

Rel

Figure 7 Effect of the degree of turbulence on the heat transfer coefficient of cylinders in cross flow of air.
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IO’

T

:

9 IO3

:

IO�

IO�

Figure8 Effect of the surface roughness on the heat transfer
from a cylinder to the cross flow of air.

air and liquids is shown in Fig. 9. The data of several
authors in the region 5 X lo4 < Rel < 10�  show the
effect of a low degree of turbulence. Figure 10 shows
the data of Lavender and Pei [39], who measured the
heat transfer coefficients of spheres and air varying the
degree of turbulence.

A u t h o r I Pr.Sc IPar

Rowc.P  N. 2 0 0 0 - 2 7 0 0  I
C1axton.K.T  and LOI 0.7 n

Vllct.G  C. and
Leppert  G

Kramcrs.H. k21 Ii.6 Ii

I I
7.87 II
213 II

I I I

IO3 IO4 IO5

Ret

Figure 9 Comparison of Eq. (22) with the data of severd authors for a sphere.
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Figure 10 Effect of the degree of turbulence on the heat transfer coefficient of a sphere.

IO3

Y 5

J
=2

2

IO3 2 5 IO” 2 5 IO5 2 5 IO6

Rel

Nomenclature for Section 2.5.2 appears at the beginning of Part 2.
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2.53
Banks of plain and finned

tubes

V. Gnielinski, A. hkauskas,  and A. Skrinska

A. Single rows and tube banks in cross flow

(a) Definition of heat transfer coeficient

The average heat transfer coefficient CY  of a single row of
tubes or a tube bank is defined by

k=oAT,, (1)

in �which the logarithmic mean temperature difference
AT,, is

- Tin
ATLM  = in [(TwT’ki”)/(Tw  - Tout)] (2)

(b) Heat transfer coefficient of a single row
of tubes

The average Nusselt number of a single row of smooth
tubes in cross flow can be calculated using Eq. 2.5.2(15)
for the Nusselt number for a single tube in cross flow,
but with the Reynolds number defined as

where w is the velocity of the fluid in the empty cross
section of the channel.

The characteristic velocity w/J/ is the average
velocity in the space between two adjacent tubes in
the row. The void fraction $ depends only on the di-
mensionless transverse pitch a = sl/d,  Fig. 1, and is
defined as

The characteristic length L, which is defined by
dn/2,  is the stream length of a single tube. The fluid
properties are evaluated at the average temperature of
the fluid,

Tin + Tout
Tb=- 2

From Eq. 2.5.2( 15) Nr.~e.~~~  is given by

Nuo,row = 0.3 + ~Nu;,,am + Nu;,turt,

where

Nu~,lam  = 0.664 4% Prn3

o.s Pr
Nu~,twb =

0.037 ReJl,L

1 + 2.443 Re,$,�  (Pr2�3  - 1)

The Nusselt number is defined by

cd-Nu~,row  = x

d
TY o-8,

Sl

Itlltll
w

Q 2 s,ld

Figure 1 Tube arrangement of a single row.

(5)

(6)

(7)

(8)

(9)
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2.5.3-2 2.5 SINGLE-PHASE  CONVECTIVE  HEAT  TRANSFER / 2.5.3  Banks of Plain and Finned Tubes

where

Nu,,row  = Nuo,rowK (10)

K takes into account the temperature dependence
of the fluid properties as described in Sec. (c)II.

These expressions are valid in the following range :

10 < ReG,L  < 10�

0.6< Pr < lo3
(11)

In the region lo4 < ReQ,L  < 106, the Nusselt
numbers may be as much as 40% lower than those
given by Eq. (6). This discrepancy is caused by the
low degree of turbulence of the fluid, which results
from flow acceleration at the entrance of the row
or from calming sections in the channel upstream
of the tube row.

(c) Heat transfer coefficient of tube banks

The average Nusselt number for banks of smooth tubes
in cross flow can be calculated from the average Nus-
selt number for a single tube row [l] . However, at
the same fluid velocity the Nusselt number for a tube
row in a tube bank is greater than that of a single tube
row and depends on the transverse and longitudinal
pitch of the bank. For a tube bank with 10 or more
rows of tubes,

NUo,bank  = fA Nuo,ro, (12)

where Nu, ,row iS given by  Eq .  (6 )  and  NUO,bar,k iS

defined as

CXL
NUo,bank  = y (13)

The characteristic fluid velocity used to calculate
ReJ,,L is again the average velocity in the void frac-
tion of one row in the tube bank at the length of one
tube diameter. The void fraction $ and the arrange-
ment factor fA depend on the dimensionless transverse
pitch a = s,/d and on the dimensionless longitudinal
pitch b = s,/d of the tube bank. The dimensionless
pitches a and b of in-line and regularly staggered tube
banks are shown in Fig. 2. The void fraction is

$= 1---&  ifb>l (14)

$=I--& i f b < l (15)

The arrangement factor fA for an in-line tube bank
is

fA,in-*ine  = 1 + 0.7 b’a - Oe3
$‘.’ (b/a + 0.7)*

and for a staggered tube bank,

(16)

0 1983 Hemisphere I

IIHI a=s,/d

b:s?/d
I I I

w w

Figure 2 Tube arrangement of in-line and staggered banks.

f
2

A,stag =1+5 (17)

Figure 3 shows how fA,in-line  depends on a and b ,
and Fig. 4 shows how fA,stag depends on b.

The arrangement of partly staggered tube banks
and the pitch c = sg/d  are shown in Fig. 5. The arrange-
ment factor fA for partly staggered tube banks is given
by

fA, partly stag = fA,in-line if c < aa W-9

fA,partlystag  ‘fA,stag ifc>ia (19)

I. Effect of the number of tube rows

The heat transfer coefficient increases from the first
to about the fifth row of a tube bank and remains the
same in the following tube rows. In calculating the
average Nusselt number of a bank of 10 or more tube
rows, the lower heat transfer coefficient of the first
tube rows need not be considered. For tube banks
containing fewer than 10 tube rows, this effect should
be taken into account, as shown by the following
equation:

Nu
1 +(n-lyA

0,bank  = Nun 0,row wo

where n is the number of tube rows.

II. Effect of the direction  of heat flux

The direction of heat flux, that is, whether heating or
cooling the fluid, affects the heat transfer in the case
of temperature-dependent fluid properties for a tube
bank in the same way as for a single row of tubes; see
Eq. (10). According to Zukauskas and AmbrazyaviEius
[2] and Petukhov [3], this effect can be taken into
account for liquids by putting

lishing  corporation
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2.5

I i ! I ! i !

1.5 2

b/a

IiiiiiiiI  iI
‘LO 2.5 3.0

Figure 3 Arrangement factor fA,in-line versus-b/u  for an in-line tube bank.

0.25

if E > 1 (heating of the liquid)
w

(21)

Pr

( )

0.11

K=KL=  or,

i f  Pror < 1 (cooling of the liquid)
w

(22)

Pr is the Prandtl number at temperature Tb, Eq. (5)
and Pr, the Prandtl number at wall temperature T,.

For gases this effect may be accounted for, accord-
ing to Churchill and Brier [4] , by using the factor

0.12

(23)

I.0
1.0 2.0 3.0 4.0 5.0

b

Figure 4 Arrangement factor fA, stag versus b for a staggered
tube bank.

o 1983 Hemisphere I bug Corporation

2.5.3-3

(d) Comparison with experimental data

I. Single row of tubes

In Fig. 6 Eq. (6) is compared with experimental data
for heat transfer coefficients for single rows of tubes
or for the first row of a tube bank [5-lo].  In the region
lo3 < ReQ,L  < 5 X 104, nearly all experimental data
agree very well with the calculated Nusselt numbers.
In the transition region at RetiL,t > 5 X 104, the degree
of turbulence of the fluid affects the heat transfer
coefficient. Because these data were obtained in equip-
ment having a low degree of turbulence, the experimen-
tal data deviate from Eq. (6) in the transition region
by as much as -40%.

II. Tube banks

In Figs. 7 through 10 Eq. (6) is compared with experimen-
tal data obtained for in-line, staggered, and partly stag-
gered tube banks with a cross flow of gases and liquids.

a= q/d

l1tlll
w

Figure 5 Arrangement of a partly staggered tube bank.
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1.28 4.96 2 . 5
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1.281.28 1.281.28 2 . 6 62 . 6 6
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147147 I.04I.04 0 . 70 . 7
I.19I.19 0.960.96 0.70.7

3.03.0 0.70.7
2.02.0
I.71I.71
I.5
2.06 0.7
I.5 I I I I
2.06 IO.71 I

Figure 6 Heat transfer coefficients for fluid flow across a single row of tubes or for the fist row of tube banks.
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2.5.4
Fixed beds

V. Gnielinski

A. Introduction
The expression for Nusir,gle sphere is given by Eq.
2.5.2(21):

Heat transfer coefficients between particles and fluid in
packed beds are one of the basic pieces of information
needed for unit operations and chemical reactor design.
Heat transfer is of interest, for example, in chemical
reactors with fixed beds of catalysts in which large
amounts of heat are absorbed or released, or in fixed
beds employed as regenerative heat exchangers. Particles
of very different shapes, such as spheres, cylinders,
Raschig rings, or Berl saddles, are used as packing
material. Because of its great importance, many papers
in the literature deal with this problem. Review papers
[l, 2] show that there are great differences in the
correlating equations. This chapter deals only with
packings of spheres of equal size.

Nustie s p h e r e  = 2 + dN$am  + N&b

where

(2)

Nu lam = 0.664 &$- m (3)

NUtcut,  =
0.037 Re$�Pr

1 + 2.443 Re$�.1(Pr2�3  - 1)
(4)

In these equations, Nu = cud/h  denotes the Nusselt
number, Re, = wfr,,d/(v$)  the Reynolds number, and
Pr = V/K the Prandtl number, where d is the diameter of
the sphere and wfree is the velocity of the flowing
medium in the empty cross section of the packed vessel.

The thermal conductivity h, the kinematic viscosity
V, and the thermal diffusivity K of the flowing medium
are determined at the mean temperature.

B. The calculation process Tm = Tin + Tout
2

The measurements of Gillespie et al. [3] show that the
Nusselt number during flow in a packing increases
markedly in the first two layers of spheres, and finally
reaches a fixed value. Ranz [4] found that the Nusselt
numbers measured in packings are significantly larger
than for single spheres at the same approach velocity,
and that they fall along a line parallel to that for single
spheres when plotted against the Reynolds number.

The heat transfer coefficient CY is defined in terms of the
heat flux 4 that is being transferred by means of the
equation

(i = OL A T , , (6)

where the logarithmic mean temperature difference

From these findings, the mean Nusselt numbers for
flow through stationary spherical packings with any void
fraction can be calculated [5] from the equation

A T , ,  =
Tout - Th

In VW - T-,)/VW  - Tout)

is defined in terms of the wall temperature T, of the
spheres.

N�  = -fti N%ng~e sphere (1) The void fraction JI of the spherical packing is
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determined from the total volume VtOa of the packed
vessel and the volume V, of the spheres contained in it,
using the equation

dJ = vto; - vs (8)
total

For the shape factor f$, the following expression was
found [5] :

f$ = 1 + lS(1  - l/Y) (9)

Equation (9) is applicable for spherical packings of equal
particle size with void fractions 0.26 < J/ < 1.

C. Remarks

In the range of Peclet numbers Pe = Reti Pr below 500
to 1 000, the experimentally obtained particle-to-fluid
heat transfer coefficients in packed beds are found to be
some orders of magnitude below the values predicted
from Eq. (2). A large number of those experimental
results are summarized by Kunii and Suzuki [6]. Martin
[7] has explained the discrepancy between theory and
experiment by a simple model accounting for a non-
uniform distribution of the void fraction. The model
consists of a packed bed of uniformly sized particles
with the average void fraction J/, where a small part of
the total cross-sectional area is assumed to have a larger
void fraction. Since the same pressure drop applies to
both parts of the bed, the superficial velocity will be
much larger in the section with larger void fraction,

2

IO2

3 2 5 IO4 2 5

Rev

especially in the range of low Reynolds numbers. Even
though in both parts of the packed bed the individual
transfer coefficients are taken from Eq. (2), the apparent
overall transfer coefficients for the nonuniform system
become much lower and show the same characteristic
variation with Peclet number and the ratio of particle
diameter to bed height as the majority of the experi-
mental data in [6].

D. Comparison with experimental data

Figure 1 shows the reduced measured values of the heat
transfer coefficient Nu/j�$  and the mass transfer co-
efficient Sh/fJ, , respectively, plotted against Re$ . These
values have been presented in the literature by a number
of authors. The figure contains the results of heat
transfer measurements on heated spheres with onflowing
streams of air, Ns, Hz, or COs  , as well as mass transfer
measurements on the evaporation of water from porous
spheres into onflowing air. The void fraction $ of the
packings studied varied between 0.26 and 0.935. For
comparison with these measured values, Fig. 1 also
shows as solid lines the plots of the mean Nusselt or
Sherwood numbers for flow past a single sphere at
Pr = SC = 0.7 and 0.6, which were calculated from Eq.
(2) with f,+ = 1. It can be seen that most of the
measured values deviate from the values calculated by
Eq. (2) by no more than +15%.

Figure 2 contains, in addition to a repetition of the
measured values shown in Fig. I, the reduced Sherwood

Figure 1 Reduced measured values of the heat transfer coefficient Nu/fJ, and the mass transfer coefficient Sh/fJ, plotted
against Req. See Table 1 for explanation of data.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.4  Fixed Beds 2.5.4-3

Table 1 Data for Figures 1 to 3

Symbol Authors
Sphere diameter
d, mm rll Pr; SC

Hobson and Thodos [ 81

Gupta and Thodos [ 91

Rowe and Claxton [lo]

Glaser and Thodos [ 1 l]

Malling and Thodos [ 121

Gupta [ 131

Thoenes and Kramers [ 141

Glaser [ 1.5 ]

Jaeschke [ 161

Bradshaw and Myers [ 171

Gaffney and Drew [ 181

Thoenes and Kramers [ 141

Gaffney and Drew [ 181

Figures 1 and 2, part I

9.4

15.9
15.9

38.1
38.1
38.1
38.1
38.1

7.9

15.9
15.9
15.9
15.9

15.9
16.1
15.9

15.0

12.1
10.3

22.5
22.5
22.5
22.5

8.7

12.2
9.4
6.3

0.475 0.61

0.444 0.61
0.576 0.61

0.26 0.73
0.365 0.73
0.488 0.73
0.632 0.73
0.476 0.73

0.453 0.7

0.366 0.6
0.545 0.6
0.788 0.6
0.386 0.6

9.778 0.6
0.444 0.6
0.576 0.6

0.260 0.84

0.42 0.72
0.392 0.72

0.668 0.56
0.779 0.56
0.935 0.56
0.476 0.56

0.400 0.6

0.519 160
0.504 170
0.513 160-180

Figure 2, part I1

15.0 0.260 1.24
15.0 0.476 1.24
15.0 0.320 1.24
15.0 0.480 1.24
15.0 0.480 1.14

12.9
9.5
9.6
6.3

0.504 340-430
0.497 420
0.5 380
0.5 24 370-420

0.47 640680
0.555 670

0.26 450-605

Venkateswaran and Laddha [ 191 10.0
10.0

Thoenes and Kramers [ 181 15.0

Figure 3, part I

Thoenes and Kramers [ 141

Wilkins and Thodos [ 201

15.0
15.0
13.8
15.0
15.0
15.0
13.8
15.0

2.6
3.1

0.26 2.06
0.476 2.06
0.32 2.06
0.48 2.06
0.26 2.8
0.476 2.8
0.32 2.8
0.48 2.8

0.423 3.72
0.421 3.72
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Table 1 Data for Figures  1 to 3 (Continued)

Sphere diameter
Symbol Authors d, mm JI Pr; SC

Figure 3, Part I (Continued)

v. d. Decken et al. [21]

Hobson and Thodos [ 81

30.0

9.4
9 . 4
9.4

Rowe and Claxton [lo] 38.1
38.1
38.1
38.1
38.1

Thoenes and Kramers [ 141 15.0
15.0
15.0
13.8

Wilson and Ceankopolis [ 22) 6 . 2
6 . 3
6 . 3

Bhattacharya and Raja Rao [23] 2 3 . 4
2 3 . 4

1.9
1 7 . 6

Evans and Gerald [ 24 1 2 . 0

Venkateswaran and Laddha [ 191 19.0

Rowe and Claxton [ lo]

Thoenes and Kramers

Wilson and Geankopolis [ 221

Williamson et al. [ 251

McCune  and Wilhelm [ 261

Karabelas et al. [ 271

Rowe and Claxton [ 1 O]

Jells  and Hanratty [ 28)

Figure 3, part II

38.1
38.1
38.1
3 8 . 1
3 8 . 1

1 5 . 0
1 5 . 0
1 5 . 0

6 . 3

0 . 2 6 0
0 . 3 6 5
0 . 4 8 8
0 . 6 3 2
0 . 4 7 6

0 . 2 6
0 . 3 9 5
0 . 4 7 6

0 . 4 0 3

6 . 1 0 . 4 3 1

6 . 4 0 . 3 7 5

4 . 8 0 . 3 6 9
3 . 2 0 . 3 5 5
6 . 4 0 . 3 7 5
1.3 0 . 4 4 5

2 . 1 0 . 4 3 3

1 2 . 7 ;  25.4;16.2 0 . 2 6

1 5 . 9 0 . 2 6
6 . 4 ;  12.1 0 . 3 7

3 8 . 1 0 . 2 6
3 8 . 1 0 . 3 6 5

3 8 . 1 0 . 4 8 8

3 8 . 1 0 . 6 3 2

2 5 . 4 0 . 4 1 0

2 5 . 4 0 . 4 1 0
2 5 . 4 0 . 4 1 0

0 . 3 8 0 2 . 5 7

0 . 4 7 5 1 . 8 7
0 . 4 7 5 1 . 7
0 . 4 7 5 1 . 7 6

0 . 2 6 2 . 5 4
0 . 4 7 6 2 . 5 4
0 . 3 6 5 2 . 5 4

0 . 4 8 8 2 . 5 4
0 . 6 3 2 2 . 5 4

0 . 2 6 7 8 0 - 1 0 7 0

0.395 910-l 060
0 . 4 7 6 800-l 090
0 . 3 2 0 880-l 040

0 . 4 3 6 876-l 107
0 . 4 0 1 760-l 000
0 . 4 4 1 950-l 070

0 . 5 3 7 9 4

0.49 7 9 4
0 . 3 9 7 9 4
0 . 5 3 9 3 0

0 . 5 1 1 050-l 104

0 . 4 8 3 8 6 7 - 8 9 2

6 . 0 - 7 . 2
6 . 7 - 7 . 0
6 . 7 - 7 . 0
6 . 6 - 7 . 0
6 . 4 - 7 . 0

1 1 7 5 - 1 8 4 0
1 100-l 320
1 100-l 430

1171-l 231

1 103-l 140

1 200-l 450
1 240-l 405
1 330-l 350
1 340
1 340
1 300

1 600

1 360-I 670
1 380-l 440
1 360-l 400
1310-l 410
1280-l 410
1 320-l 370

1 695
1 740
1780
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.4 Fixed Beds 2.5.4-S

Table 1 Data for Figures 1 to 3 (Continued)

Symbol Authors
Sphere diameter
d, mm IL Pr; SC

Figure 3, part III

Thoenes and Kramers [ 141 15.0 0.26 1960-2 300
15.0 0.26 3 300-3 650
15.0 0.395 2 400-2 800
15.0 0.476 1 960-2 800
15 .o 0.476 2 870-3 540
13.8 0.32 3 380-3 530

Gaffney and Drew [ 181 12.2 0.52 10100-11000
9.2 0.497 10400-11000
6.0 0.507 10 700-11500

1000
100 10’ 102 103 104

Rev
Figure 2 Measured values of Nu/~,J,,  Sh/fJ , and reduced Sherwood numbers for a series of mass transfer studies with Schmidt
numbers between 1.2 and 680. See Table 1 for explanation of data.
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IO’

100

IO’

IO0

IO’

IO0
IO0 IO� I02 103 I04 IO5

Rev

Figure 3 Measured values taken from the literature. See Table 1 for explanation of data.

numbers for a series of mass transfer studies with
Schmidt numbers between 1.2 and 680.

Figure 3 shows further measured values from the
literature. Here the Prandtl and Schmidt numbers vary
between 2 and 104, and the void fractions of the

packings between 0.26 and 0.63. The solid lines are
calculated for the values of Pr or SC specified on the
lines using Eq. (2) with fJI = 1. This figure also shows
that most of the measured values can be reproduced by
Eq. (2) with deviations not exceeding *l-5%.

Nomenclature for Section 2.5.4 appears at the beginning of Part 2.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER 2.5.5-l

25.5
Fluid-to-particle heat transfer

in fluidized beds

S. S. Zabrodsky with revisions by H. Martin

A. Introduction, range of fluidization, bed
expansion

Fluidization of solid particles by a streaming gas or
liquid requires a fluid velocity u in the range

Umf<U<Ut (1)

where urnf is the so-called minimum fluidization velocity
and uy is the terminal velocity. The minimum fluidiza-
tion velocity umf can be found from a force balance
equating the pressure drop of a fured bed to the weight
of the particle (- buoyancy force) per cross-sectional
area. Using Ergun�s equation [I] for the pressure drop
of the fixed bed, one obtains the Reynolds number
Re,f E pfu,,&/n~ as a function of Archimedes number
Ar E gd3pf(pP - pf)/r$  and void fraction at minimum
fluidization rjmf(see  Sec. 2.2.6):

Remf = 42.9(1 -ill& 1

@Lf Ar 1- -
+ (1 - $,f)�  3 214

I

(2)

In the case of particulate (or homogeneous) fluidi-
zation, the terminal velocity ut is equal to the terminal
free-fall velocity of a single particle. The corresponding
Reynolds number Re, = p&/q-f  may be found from a
force balance for a single particle:

Ar = i Re: C,fRe,j

where CD fRe, j is the drag coefficient.

(3)

The simple equation

(4)

which represents the standard drag curve with a reason-
able degree of approximation for 0 < Re < 3 X 10�)
provides an explicit formula for Re,fArj  covering the
whole range of Reynolds numbers [2] :

Rer@ingle  sphere) -= 18 &r&G- 1) 2

(Ar < 2 X 10�) (5)

For aggregative or heterogeneous fluidization the
terminal velocity, that is, the boundary between fluidiza-
tion and pneumatic transport, can be higher than ut
for a single sphere. According to Reh (see [2]),  uaetero)
may be estimated (with CD 2 1) from

Rer(hetero)  z G (6)

For gas-fluidized beds, Re, may be found from
R e ,  = ma fReysingle  s p h e r e ) ,  Ret(hetero)+.  Liquid-
fluidized beds may be regarded to be in the range of
particulate or homogeneous fluidization [Eq. (5)]  .

Increasing the fluid velocity u within the range
of fluidization [Eq. (l)] simultaneously increases the
void fraction $ or the bed height L. A mass balance
for the solid gives

(1 - JIN = (1 - hnf)Lrnf (7)

Bed expansion behavior, that is, the functional
relationship between gas velocity u and void fraction $,
can be most conveniently estimated from the simple
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2.5.5-2 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 25.5 Fluidized Beds

empirical equation [3]

--u�,- v
The exponent n in Eq. (8) can be determined from any
pair of corresponding values of gas velocity and void
fraction (other than u = u,; $ = 1). Using the set (r+,
J/,f), the exponent n becomes

ln (Rem@4
n =

ln J/,f (9)

which is a function of Ar and $,,,p

B. Recommended equations for fluid-to-particle
heat transfer coefficients in fluidized beds

To calculate heat transfer coefficients between the fluid
and the surface of the particles in a fluidized bed, the
same equations can be used as have been given in Sec.
2.5.4 for fixed beds [4] [Eqs. 2.5.4(l)  to 2.5.4(9)]  .
One has to keep in mind, however, that gas velocity (or
Reynolds number) and void fraction cannot be varied
independently in a fhridized bed with a given size,
shape, and density of the particles.

Figure 1 shows some curves Nu versus Re calculated
from the fixed-bed equations 2.5.4(l)  to 2.5.4(9) for
four specified values of Re, [or Ar; see Eq. (5)] using
Eq. (8) with Eqs. (9) (2), and (5), Pr = 0.7, and $,f =
0.4. For fluidization of glass spheres or sand in air
0, = l-bar, T = 20°C),  the values of Ret (and Ar) cor-
respond to particle diameters between -7 mm and
-150pm:

Ret lo4 lo3 10� 10�

Ar 2.9 x 10� 4 x lo5 8.5 x 10� 3.4 x lo*
d, mm 6.86 1.64 0.455 0.156

pp=2500kg/m�,pf=  1.188kg/m3,qf=  17.98Pa.

Nu. Sh

IO�0
100 IO’ ’02 Re IO’ 101

Figure 1 Fluid-to-particle heat and mass transfer coefficients in
fluidized beds. Nu, Sh plotted versus Re for Pr, SC = 0.7. Curves
calculated from the equations given in Sets. 2.5.4 and 2.5.5(B).

Within the range of fluidization (Remf < Re < Re,),
the heat (or mass) transfer coefficients remain almost
constant, being only slightly higher than the values at
Ret($ = 1) for intermediate Reynolds numbers. There-
fore it might be sufficient to calculate the fluid-to-
particle heat transfer coefficients in fluidized beds from
the simple relation

Nu=Nu tingle spher-e+Rer,  Prj (10)

(broken horizontal straight lines in Fig. 1) with Re,
from Eq. (5) and Nu~,,s~ sr,here+Rer,  Prj from Eq.
2.5.2(21):

Nu .s&e sphere = 2 + dNu;,, + Nu,~,,, (11)
where

Nu ,m = 0.664&e

0 037 Reos Pr
Nu- �

t
t”rb - 1 + 2.443 Re;�.1(Pr2�3  - 1)

(12)

(13)

C. Comparison with experimental data

It is very difficult to obtain reliable experimental data
on fluid-to-particle heat (or mass) transfer in the region
of low Peclet numbers Pe = Re Pr (or Re SC). In an ex-
periment with constant temperature (or concentration)
at the surface of the particles, the temperature differ-
ence at the outlet of a (packed or fluidized) bed is
related to the inlet temperature difference by

VF,out  _ TA = V�F,in - TSWNTU (14)

if the fluid is assumed to pass through the bed in perfect
plug flow. The number of transfer units NTU is given by

WI
NTU=Y------  =

6(1 - ‘b)r,  N u

MFcP,F d Re Pr

With Nu > 2 [see Eq. (1 l)] , NTU becomes relatively
large for low values of Pe = Re Pr, or the fluid outlet
temperature TF,out comes very close to its thermal
equilibrium value T, [see Eq. (14)]  .

So, in order to check whether the heat or mass
transfer coefficients in fluidlzed beds actually do come
out as predicted by Eqs. (11) to (13) and Eq. (5) one
has to look at experimental data at high Peclet numbers
(and consequently low NTUs) first. With the low Pr or
SC values of gases, this means high Reynolds numbers,
or relatively large particle diameters.

Heat transfer data in this range have been reported
by Chang and Wen [5]. Their data with metal spheres
(diameters 4.76 and 6.35 mm) fluidized with air actually
show that the heat transfer coefficients are independent
of the gas flow rate in the range of fluidization [as
predicted by Eqs. (10) to (13)]  .

Figure 2 shows their data (as the shaded narrow
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.5 Fluidized Beds 2.5.5-3

200

100
and We�.CY

NU

50

20

IO
100 1000 Re 10000 100000

Figure 2 Heat transfer from metal spheres fluidized with air.
Experimental data by Chang and Wen shown as shaded rectangu-
lar regions. Broken lines mark the range of fluidization as calcu-
lated from Eqs. (2) and (5).

rectangles) in a Nu versus Re plot. The broken hori-
zontal lines through the data mark the range of fluidi-
zation (Re,f < Re < Re,). Similar results have been
obtained with evaporation of water from porous ceramic
spheres in air-fluidized beds by Bradshaw and Myers
[6], Mosberger [7] , and Petrovic and Thodos [8] .

Mosberger�s data are shown in Fig. 3 in a Sh versus
Re plot. Again the mass transfer coefficients were found
to be independent of the flow rate in the range of fluidi-
zation. The absolute values tend to be lower by about
20 to 30% than predicted by Eqs. (10) to (13). In these
experiments there might be an influence of additional
internal mass transfer resistance [local drying out of
the porous concrete (Siporex) particles] , or an influence
of backmixing or other deviations from ideal plug flow
in the gas phase.

Mass transfer data with solid benzoic acid spheres
fluidized in water (SC z 1 700) obtained by Damrong-
lerd [9] show the same behavior; see Fig. 4. In this
case the absolute values are about 20 to 30% higher
than predicted by Eqs. (10) to (13).

Using the same system-dissolution of benzoic acid
spheres in water-Tournie et al. [lo] continued the
measurements of Damronglerd [9] with smaller particles
(4.2 mm Z d Z 0.7 mm) covering a range of Reynolds
numbers from 1.6 G Re G 9 1. Their data, with particle
diameters changing from run to run, have been plotted

Sh

Figure 3 Mass transfer from wet porous concrete (Siporex) Figure 5 Mass transfer from benzoic acid spheres fluidized in
spheres fluidized in air. Experimental data by Mosberger. Broken water. Experimental data by Tournie et al. Broken lines calcu-
lines mark the range of fluidization (see Fig. 2). lated from Eqs. (IO) to (13).
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Figure 4 Mass transfer from benzoic acid spheres fluidized in
water. Experimental data by Damronglerd. Broken lines as in the
previous figures.

in Fig. 5 using different symbols for each half-decade
of Archimedes numbers. In contrast to Damronglerd�s
data, they cover only a narrow range of void fractions
0.49 < $ < 0.62. Again these dissolution data show a
tendency to be about 20 to 30% higher than predicted
by Eqs. (10) to (13).

D. Some remarks on heat and mass transfer
coefficients in the range of low Peclet numbers

In the range of low Peclet numbers (Pe 2 500), most
of the experimentally obtained fluid-to-particle heat
and mass transfer coefficients in packed as well as in
fluidized beds are found to be some orders of magni-
tude below the values predicted from Eq. (11) [l 1 to
151.  There seems to be agreement among the majority
of heat and mass transfer specialists that these low values
of transfer coefficients, corresponding to Nusselt or
Sherwood numbers far below 2, do not represent real
or �true� heat transfer coefficients, but only �effective�
or apparent ones.

The reason for these low apparent heat and mass
transfer coefficients may be seen in the fact that they

500

100

S h

50
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2.5.5-4 2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER / 2.5.5  Fluidized Beds

usually have been determined from measured inlet and
outlet temperatures assuming the fluid to pass through
the bed in perfect plug flow. Actually, in a flow through
randomly packed and fluidized beds there is always a
certain degree of backmixing and/or flow maldistribu-
tion, which can cause a kind of a bypassing effect [14
to 161.  In the range of high Peclet numbers, and con-
sequently low NTUs,  these deviations from ideal plug
flow do not greatly influence the overall performance.
For low Peclet numbers, however, even a very small
maldistribution of flow rates over the cross section of
a bed may cause the overall, apparent transfer coeffi-
cients to drop by several orders of magnitude [see Sec.
2.1.4 and Fig. 2.1.4(5)]  .

A number of models have been proposed by differ-
ent authors to account for these effects: Zabrodsky�s
�micro break-through� model [ 11, p. 2041, Kunii and
Levenspiel�s �bubbling bed� model [12,  p. 2191,  or
Schltinder�s  �maldistribution� model [ 141.  All these
models contain one or more adjustable parameters that
may be used to fit the resulting equations to any set of
experimental data.

The simplest and most conveniently applicable
one-parameter model seems to be the �bypass model,�
which has been used by Zabeschek [ 161  and by Subra-
manian et al. [17] for fluidized beds and, in a modified
way, by the author [15] for packed beds.

In this model the total flow rate through the bed
is subdivided in a �mainstream� and a �bypass stream.�
The bypass stream is assumed to pass the bed without
taking part in the transfer of heat or mass, that is, leav-
ing the bed with its entrance temperature or concentra-
tion. With this assumption the outlet fluid temperature
(concentration) is just the mixing temperature of both
streams:

TF,out - Ts
T~.in - Ts

= (1 - u)e-NTQ  + u (16)

where

%w=
UE---

Notal
(bypass flow rate ratio) (17)

and

NTUM  =
6(1 - $w Nu
d( 1 - u) Re Pr

(mainstream NTU) (18)

The Nusselt number in Eq. (18) is to be calculated from
Eqs. (10) to (13) as before. An experimentalist deter-
mining heat transfer coefficients from measured fluid
inlet, fluid outlet, and solid temperatures, assuming ideal
plug flow of the fluid [see Eq. (14)]  , will obtain appar-
ent heat transfer coefficients:

0 1983 Hemisphere  1
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N�h�P)  = - 6( 1 - J/)  LRe Pr g In [(l -u)emNTUM  + U] (19)

With a bypass flow rate ratio of 5% (u = O.OS),  Eq. (19),
with Grnf = 0.5, Lmf/d  = 10, Pr = 0.7 (air), and Re =
Ret gives

Re 1 10 100 1 000 10 000

Nu 2.59 3.88 8.06 22.6 80.4
%aPP) 0.070 0.699 6.05 21.8 79.6

These apparent Nusselt numbers may be compared with
the experimental data of various authors presented in
Fig. 6, Chapter 7, of Kunii and Levenspiel�s book [12,
p. 2181.

To compare measured heat or mass transfer data in
the range of low Peclet numbers with Eqs. (18) and (19),
it is necessary to know the bed height L and the volume-
specific surface area:

6(1  - JI)
a E--P
� d (20)

One of the few papers containing all the necessary in-
formation about the experimental data-Resnick and
White [ 181 -has been used here to show that the bypass
model is able to explain the observed phenomena in
the range of low Peclet numbers.

These authors [18]  have tabulated the values of
NTU, obtained directly from their measured naphtha-
lene partial pressures at the exit of the bed (Pi,rn = 0):

NTU
PT -Pl ,in

(app) = ln p; - p, ,out (21)

Equation (21), which is the mass transfer equivalent to
Eq. (14), is based on the assumption of perfect plug

50 I I I I
System  : Nophtholene - olr

Authors : Resnick.  W and White.R.R.

20

� 2 5 IO 20 50 100 200 500
Re

Figure 6 Mass transfer from naphthalene particles fluidized in
air. NTU plotted versus Re. Experimental data by Resnick and
White compared with a curve calculated from the �bypass�
model with a constant bypass flow rate ratio of v = 0.025.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.5 Fluidized Beds 2.5.5-5

flow of the gas. From the bypass model [Eqs. (16) to
(19)l , we get

NTU capp)  = - ln [(I - u)emNTUM  + u] (22)

with NTUM  for mass transfer being

a,,L Sh

NTUM  = (1 - u) Re SC (23)

The Sherwood number is obtained from Eqs. (10) to
(13) with Nu replaced by Sh and Pr replaced by SC. It
is obvious from Eq. (22) that NTUc,,,)  comes very
close to NTUM  if u is small compared to 1 and if the
Peclet number Pe = Re SC is large, so that NTUM  is
low. For low Peclet numbers, that is, when NTUM  be-
comes greater than about 5, the apparent NTU becomes
independent from any property that normally has some
influence on heat or mass transfer:

lim NTUt,,,)  = - In u
Pe * 0

(24)

Figure 6 shows the apparent NTU values measured
by Resnick and White [ 181 with naphthalene particles
(0.28 < d < 1.06 mm) fluidized by air in a NTU versus
Re plot. As predicted by Eq. (24), the apparent NTUs
become constant for low Peclet (or Reynolds) numbers.
The curves are calculated from Eqs. (22) and (23) and
Eqs. (10) to (13) with a bypass flow rate ratio of 2.5%
(u = 0.025). (The same data are shown in a Sh versus
Re plot in Fig. 2, Chapter 7, of Kunii and Levenspiel
[ 121,  compared with curves from the �bubbling bed�
model.)

Without bypass stream NTU is inversely propor-
tional to Re [see Eq. (23) and the dotted line with
u = 0 in Fig. 61.

Figure 7 shows similar data, now with one particle
diameter (d = 0.4 mm) and three different gases as

50

Figure 7 Mass transfer from naphthalene particles fluidized in
hydrogen, air, and carbon dioxide. NTU plotted versus Re.
Experimental data by Resnick and White compared with a curve
calculated from the �bypass� model with a constant bypass flow
rate ratio of v = 0.025.
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fluidizing media. Despite the considerable differences
in  the  d i f fus iv i ty  of  naphtha lene  in  hydrogen ,  a i r ,  and
carbon  d iox ide ,  the  measured  apparen t  NTUs are the
same within less than 215%.  Again the curve is calcu-
lated from Eq. (22) with a bypass flow rate ratio of
2.5%. Without bypassing, the NTUs would have been
in the ratio 1:2.1:3.8 for Hz, air, and CO*, respectively
(see calculated curves with u = 0 in Fig. 7).

It is difficult, if not impossible, to predict the
numerical value of the bypass flow rate ratio u. For
Resnick and White�s experiments, u = 0.025 was found
to be the best value. Zabeschek [ 161,  using evapora-
tion of water from porous aluminum silicate and mo-
lecular sieve particles (0.92 < d < 4.12 mm), found a
value of u = 0.05 appropriate to fit his data to the
bypass model equations. Subramanian et al. [ 1�71  , using
Zabeschek�s apparatus, found that u should increase
linearly with the particle diameter. For particle diame-
ters of 0.92, 2.76, and 4.30 mm, the bypass flow rate
ratio u was determined from measured NTUs (or a p p a r -

ent Sherwood numbers) to be 0.033, 0.098, and 0.152,
respectively.

So, if no direct measurement of NTUc,,,)  is avail-
able, it is suggested that a value of 5% be used for a first
approximation:

u e 0.05 (25)

This corresponds to a limiting apparent NTU [see Eq.
(24)]  of NTU~,,,) = 3.

E. Illustrative  example

Batchwise cooling of roasted coffee beans in a fluidized-
bed cooler (see Fig. 8) will be used as an example.

Coffee is roasted batchwise in a venturi-type fluid-
ized bed. The time to roast one charge is 150 s. During
this time the previous charge is to be cooled down in a
cylindrical fluidized bed with atmospheric air. The ques-
tion is whether this time is sufficient to cool the coffee
beans from their initial temperature of Ts,l = 300°C to
less than 3O�C.  The following data may be given:

Solid (subscript s): Coffee beans

Initial temperature T,,J = 300°C
Density ps = 630 kg/m3
Heat capacity c, = 1.70 kJ/kg K
Conductivity X, = 0.10 W/m K
Solid mass per cross-sectional area M,/S = m, = 60

kg/m2
Average particle diameter d = 6 mm

Gas (subscript g): Atmospheric air

Inlet temperature Tg,in = 2O’C
Mass velocity ti* = 3 kg/m2 s

bliahing  Corporation
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2.5.5-6 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.5 Fluidized Beds

Figure 8 Fluid-bed coffee roaster with storage tank and fluid-
bed cooler.

Density pg = 1 kg/m3
Heat capacity c~,~ = 1 kJ/kg K
Conductivity hg = 0.029 W/m K
Kinematic viscosity vg = 20 X 1 O+ m2/s

It may be assumed that the solid is perfectly mixed, so
that T, is a function of time but not of position.

Neglecting the local change of enthalpy of the gas
against that of the solid gives

ws dt = Qpg [Tg,in  - Tg,o&+l

and

(26)

Tg,outw - Cft+

Tg,in - Ts+t+

= (1 - vyNT”m  + u

[from Eq. (16)] (27)

From these two equations (26, 27) for the two
unknown functions of time, Tg,out+t  j and F&t j, we
can eliminate first Tg,out +-t j, then integrate over the
time t to obtain

Ts@j  - Tg, in

‘SE Ts,I-Tg,i,
= exp [- (1 - u)( 1 - emNTU+]

(28)

where

and

(29)

NTUM  = dfigcpg(l  - U) (30)

Since ?, is not the surface temperature of the coffee
beans, but the average temperature, (Y in NTU,  has to
be replaced by the overall heat transfer coefficient U,
including the internal conduction resistance [see Sec.
2.4.3A(b)]  :

1 l + l-=-
u a(outside) (Y(intemal)

(31)

The outside heat transfer coefficient is calculated
from Eq. (5) and Eqs. (10) to (13):

gd3 us - Pg

Ar=vZ -=3.34x 106
ps

RemffGmf  = 0.4 j = 326 Ret = 3 180 [Eq. (5)]

Re=900-tL=2.76
Vtr

Pr = Pgcpg  x, Pr = 0.69
umf

Nulm = 33.1 Nutorb  = 21.3 Nu = 41.32

Fq. (1211 [Eq. (1311 Ph. (1111

x&7
a(outside) =dNu=200W/m2 K

Bi =
@(outside)d/2

AS
= 5.99

Ks = psc,= 9.34 X 10m8  m�/s

Nuim = 3.90 [Eq. 2.4.3(62)]

NU&t+  j = 4.004 [Eq. 2.4.3(60)]

- h, Nui = 133 W/m2  K&(intem@  - d/2

U = 80.0 W/(m2 K) [Eq. (31)]

NTUM  = E 7 = 4.41

” 0.00 0.05 0.10 0.20
OS 0.017 2 0.020 2 0.023 9 0.034 0
Fs, �C 24.8 25.7 26.7 29.5

From this calculation it can be seen that the time of
150 s will be sufficient to cool the coffee beans to less
than 30°C even if the bypass flow rate ratio is assumed
to be 20%!

Nomenclature for Section 2.5.5 appears at the beginning of Part 2.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER 2.5.6-l

2.56
Impinging jets

H. Martin

A. Introduction

Heating or cooling of large-surface-area products is
often carried out in devices consisting of arrays of
round or slot nozzles, through which air (or another
gaseous medium) impinges vertically upon the product
surface. Such impinging flow devices allow for short
flow paths on the surface and therefore relatively high
heat transfer rates. The annealing of metal and plastic
sheets, the tempering of glass, and the drying of
textiles, veneer, paper, and film material are some of
their more important industrial applications. The gas
flow rate, the diameter (or slot width) of the nozzles,
their spacing, and their distance to the product surface
are the main variables, which can be chosen to solve a
given heat or mass transfer problem.

As shown by Schrader [l] , Glaser [2, 31, and
other authors [4-71, the flow pattern of impinging
jets from single round and slot nozzles can be sub-
divided into three characteristic regions: the free jet
region, the stagnation flow region, and the region of
lateral (or radial) flow outside the stagnation zone, also
called the wall jet region after the basic theoretical
work of Glauert [8]. The velocity field of an imping-
ing jet is shown schematically in Fig. 1.

Under technically realistic conditions the free jet,
developing from the exit of the nozzle (a) w i t h
diameter D or slot width B, in general will be turbu-
lent. By an intensive exchange of momentum with the
surrounding gas over the free boundaries (b), the jet
broadens linearly with its length z�  up to a limiting
distance zg from the solid surface (c). The velocity
profile (d), being nearly rectangular at the nozzle exit,

o 1983 Hemisphere 1

1%

stagnatlon  f l o w

‘%max%;‘!3 -]

Figure 1 Velocity field of impinging flow.

spreads toward the free boundaries and, for sufficient
length of the free jet, approaches a bell shape.

Stagnation flow begins relatively close to the sur-
face (according to Schrader [ 11, the limiting distance
zg is about 1.2 times the nozzle diameter). Here the
vertical velocity component is decelerated and trans-
formed into an accelerated horizontal one. Analytic
solutions of the Navier-Stokes equations are known for
the idealized limiting case of the infinitely extended
plane and axisymmetric laminar stagnation flows (see
Schlichting [9], pp. 76-81).

Because of the infinite breadth of the jet and the
exchange of momentum with its quiescent surround-
ings, the accelerated stagnation flow finally must trans-
form to a decelerated wail jet flow. Thus the wall
parallel velocity component w, (w,) initially increasing
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2.5.6-2 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.6 Impinging Jets

linearly from zero must reach a maximum value at a
certain distance xg (r,) from the stagnation point and
finally tends to zero with x-�  (?) in the fully
developed wall jet. The exponent n is about 0.5 for
the plane [8, 10, 1 I] and about 1 for the axisym-
metric [8, 1 I, 121  turbulent wall jet. Whereas the
stabilizing effect of acceleration keeps the boundary
layer laminar in the stagnation zone, transition to
turbulence generally will occur immediately after xg
(or rg) in the decelerating flow region. Wall boundary
layer and free jet boundary grow together, forming the
typical wall jet profile where the boundary layer 6 is
defined as the locus of the maxima of the velocity

Mwx, max )] [see (t) in Fig. 11.
The impinging flow from arrays of nozzles gener-

ally shows the same three flow regions-free jet, stagna-
tion zone, wall jet-but in addition there are secondary
stagnation zones where the wall jets of adjacent
nozzles impinge upon each other. Like the wake zones
in the rear of cylinders or spheres in cross flow, these
secondary stagnation zones are characterized by boun-
dary layer separation and eddying of the flow.

B. Local variation of the transfer coefficients

(a) Single round and slot nozzles

The local heat transfer coefficient CY  is defined as the
local heat flux per nozzle-exit-to-surface temperature
difference:

4
(Y= Tsurf ace - Tnozzleexit

(1)

In Fig. 2 the local variation of the transfer coefficients
is shown in dimensionless form as (Nu/Pr�.��)  versus
the relative radial distance (r/D) from the stagnation
point for different relative nozzle exit-to-plate dis-
tances H/D. The figure was plotted from Potke�s  [13]
naphthalene sublimation data with a single round nozzle
for a nozzle exit Reynolds number (Re = wD/v)  of
Re = 54 000. The Nusselt number is defined as

Nu = F (2)

that is, with the nozzle diameter D as the characteristic
length.

Similar experimental results may be found for
single round nozzles (SRN) as well as for single slot
nozzles (SSN), including:

Evaporation of water from porous plates to air jets
(Sc=O.59):  [14] SRN, [IS] SSN, see also [16], pp.
8-11.

Heat transfer to air jets (Pr = 0.7): [5, 17, 181
SRN, [19, 201 SSN.

2 5

Sing le  Round Nozz le

R e  =  5 4  0 0 0

2 5 0

2 0 0

1 5 0

1 0 0

5 0

0
0 2 4 6 8 10 12 14rL

D

Figure 2 Local variation of heat transfer under a single round
nozzle.

Mass transfer naphthalene-air (SC = 2.5): [13, 211
SRN, [6, 22, 231 SSN.

Mass transfer trans-cinnamic acid-water (SC = 900):
[24]  SRN.

For both round and slot nozzles,.the local variation of
the transfer coefficients is qualitatively the same:
monotonically decreasing bell-shaped curves for large
relative nozzle-to-plate distances (H/D or H/B 5 8) and
curves with a more or less distinct hump or second
maximum for smaller H/D (or H/B). The sharp increase
of the transfer coefficients begins immediately after
the end of the accelerated flow region, where the
disappearance of the stabilizing streamwise pressure
gradient leads to a sudden steep rise in turbulence level
[14,  191.

In general, the agreement between experimental
results of different authors is quite satisfactory in the
wall jet region, whereas larger discrepancies occur in
the stagnation zone, probably because of different
turbulence levels at the nozzle exit. These discrepancies
are of minor importance for the integral average trans-
fer coefficients, which are of predominant technical
interest.

Several theoretical or semiempirical approaches
combining previously existing stagnation flow [9] and
wall jet [8, 10-12, 251  analyses or directly applying
boundary layer theory were carried out for single
axisymmetric [26-291  and plane [6, 30-321  impinging
jets. They did not succeed, however, in predicting the
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.6 Impinging Jets 2.5.6-3

observed nonmonotonic variation of the transfer coeffi-
cients for smaller nozzle-to-plate distances. Only for

laminar impinging jets could relatively good agreement
between theoretical and some experimental results [6,
33, 341  be achieved.

Wolfshtein 1351  applied a numerical method [36]
to solve systems of elliptic partial differential equations
for the problem of impinging flow from a single slot
nozzle. The system of equations must be closed by
more or less arbitrary hypotheses on the interrelation
between the time averaged products of turbulent- - -
fluctuating components (u�u�,  u�p�,  UT’, for example)
and the mean values of velocities, pressure, tempera-
tures, and so on. The method yields plenty of detailed
information on the whole flow field: streamlines, lines
of equal vorticity, isotherms, and lines of equal turbu-
lence energy. Unfortunately, the computations were
carried out only for one fixed relative nozzle-to-plate
distance, H/B = 8. Nusselt numbers are in reasonable
agreement with those measured by Gardon and Akfirat
[20]. Their lateral variation, however, deviates signifi-
cantly from the measured curves, especially for the
lower Reynolds numbers.

Recently a group of researchers at McGill Univer-
sity, Montreal, Canada, has tried to improve these
numerical prediction methods. including the effects of
suction through the impingement surface and tempera-
ture-dependent physical properties [37-401.

(b) Arrays of round and slot nozzles

Local measurements of heat and mass transfer coeffi-
cients for impinging flow from regular arrays of round
nozzles (ARN) [ 181, single rows of round nozzles
[41],  and arrays of parallel slot nozzles [20,  221 show
qualitatively similar results as from single nozzles.
Additionally, there may occur further peaks in the
lateral variation of the transfer coefficients where the
wall jets of adjacent nozzles impinge upon each other
to form secondary stagnation zones.

In many cases the local variation of the transfer
coefficients will depend not only on the lateral coordi-
nate x (or the radial r) but also on the transverse
coordinate y (see Fig. 3), namely, when the gas cannot
be led off directly upward between the nozzles but
flows symmetrically to both sides (parallel to the slots
in the *JJ directions) over the width of the material.
Clearly this outlet stream will influence the whole flow
field. The smaller the ratio of the outlet flow area FA
(hatched area in Fig. 3) to the nozzle exit cross section
BQ (for slot nozzles), the larger the outlet flow velocity
u and the less uniformly the heat transfer coefficients
will be distributed over the width of the material. This
influence of the outlet flow conditions is treated in
detail in [I6 (pp. 27-40)].

Figure 3 Array of slot nozzles with the outlet flow laterally
over the edges of the sheet.

C. Average transfer coefficients

For practical engineering calculations, integral mean
heat and mass transfer coefficients are needed:

Equation (3) can be specified for the SRN,

r
,=2

r2
/

afr’)  r’ dr’

0

(3)

(4)

and for the SSN,
x

&=L
X

/

afx�) dx�

0

(5)

For single round and slot nozzles, the average heat
transfer coefficients, Eqs. (4) and (5), and the corre-
sponding average mass transfer coefficients may be
described in the following dimensionless form:

-
Nu = F Re, Pr, 6, E

Sh=F Re, SC, b, g

(for slot nozzles with x/S, H/S instead of r/D, H/D).
The characteristic length in Nu, Sh, and Re is chosen
to be the diameter D for round nozzles, or the
hydraulic diameter S = 2B for slot nozzles.

For arrays of nozzles, the averaging in Eq. (3)
must be carried out over those parts of the surface
area attributed to one nozzle. For regularly spaced
ARNs,  these parts are squares with edge lengths L or
regular hexagons with edge lengths L/2 (see Fig. 4).
The relative nozzle area f is given by the ratio of the
nozzle exit cross section to the area of the square or
the hexagon attached to it:

f= A WP�
square (hexagon)
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SRN ARN

S S N A S N

Figure 4 The spatial arrangement of nozzles in regularly spaced
arrays.

The radius I in Eqs. (6) and (7) may be replaced by
the radius RT of a circle enclosing the same area as the
square or the hexagon: RT = D/a

For ASNs, the integration in Eq. (5) is from x = 0
to x =X with X = L/2. This can also be expressed in
terms of the relative nozzle area,

f=g)=& ( 9 )

In this case X = S/4f.
Thus, for arrays of nozzles, the relative distance

from the stagnation point may be replaced by a
function of the relative nozzle area:

(10)

(11)

In Table 1 the various expressions for the relative
nozzle area f are listed for single nozzles and regularly
spaced arrays of nozzles.

(a) Single nozzles

I. Single round nozzles

Heat and mass transfer data for impinging jets from
single round nozzles (SRNs)  [14,  17, 18, 42, 431  (see
Fig.  5) have been correlated by S&hinder  a n d
Gnielinski [ 141  by the empirical equation

($qSRN = ($iqSRN  = G (;$$ ww
(12)

Table 1 The relative  nozzle area in terms of geometric
dimensions of nozzle and plate arrangements

SRN ARNa ARNo SSN ASN

with

G D 1 - l.lD/r
= r 1 + O.l(H/D  - 6)D/r (12Q)

The function FfRe j, which has been given graphically
by the authors [14], may be calculated from

,iRe+=?[Re(l  +$)I�� (12b)

The range of validity of Eq. (12) is

2 000 < Re < 400 000

2 .5  <; < 7.5 (0.04 2 f > 0.004)

2+12

II. Single slot nozzles

The mass transfer data for single slot nozzles (SSNs) of
S&hinder  et al. [ 151  were correlated by the following
empirical equation:

55

22

IO3IO3

55

22

IO2,,-a
IO3 2 5 IO4 2 5 ,05 2 5

R e

Figure 5 Heat and mass transfer between a circular plate and an
impinging jet from a single round nozzle [ 141. l Schliinder and
Gnielinski, A Petzold, l Gardon and Cobonpue, v Brdlick and
Savin, 0 Smirnov et al.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.6 Impinging Jets 2.5.6-S

The range of validity is

3 000 < Re < 90 000

(0.125 > f 2 0.01)

The exponent of Re is dependent on the geometric
variables and varies from 0.56 to 0.68 in the given
range of validity. Equation (13) fits nearly all data of
S&hinder  et al. [15]  within *15%, as shown in Fig. 6.

(b) Arrays of nozzles

1. Arrays of round nozzles

The average heat and mass transfer coefficients for
impinging flow from regular (square or hexagonal)
arrays of round nozzles (ARNs)  may be calculated
from [16,  441

6 0

IO I5 2 0 10 6 0 8 0 IO0 150 2 0 0 3 0 0

sh m e a s u r e d

= K fl (l - 2.2 fl)
1 + 0.2 (H/D - 6) fi

~~2�3
(14)

with KfH/D,  f) from

The range of validity is

2000=GRe~100000

0.004 =Gf< 0.04

2+2

Figure 7 shows a comparison with experimental data
from [2,44 to 471.

II. Arrays of slot nozzles

Average heat or mass transfer coefficients for imping-
ing flow from arrays of slot nozzles (ASNs) may be

1 found from [16,  481:

Figure 6 Mass transfer for impinging flow from single slot nozzles [ 151. Comparison between measured Sherwood
numbers and those calculated from Eq. (13). AB  = 20 mm, q 10 mm, o 5 mm, v 2 mm; Gardon and Akfirat rB = 3.2 mm,
Korger and Krizek l B = 5 mm.
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I
4
t

Figure 7 Heat transfer for impinging flow from arrays of round
nozzles [ 16, 441.  Comparison of experimental data with Eq.
(14).

(15)
with f. +7/S) = [60 + 4(H/,S - 2)2 ] -l/2.
The range of validity is

1 500 < Re < 40 000

20

10

As shown by Fig. 8, this equation represents the
author�s own data within about *15%. Most of the
data available from other investigators [20,  22, 47, 49,
501 are also in reasonable agreement with this correla-
tion (see Fig. 9).

D. Optimal spatial arrangements of nozzles

Here and in the following, the term �optimal spatial
arrangement� means a combination of the geometric
variables that yields the highest average transfer coefti-
cient for a given blower rating per unit area of transfer
surface. For uniformly spaced arrays of nozzles with
good outlet flow conditions, there are always three
independent geometric variables: (1) nozzle diameter D
(or slot width B), (2) nozzle-to-nozzle spacing L (see
Table 1 and Fig. 4) (3) nozzle-to-plate distance H.

The mean nozzle exit velocity ii, is to be expressed
as a function of the blower rating per unit area of
transfer surface P:

2P li3
w= [Pf0

P= iifAP= iifA

(16)

20 iiii 50 100
measured

Figure 8 Mass transfer data from [48]  for arrays of slot nozzles compared with Eq. (15).
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.6 Impinging Jets 2.5.6-7

5 IO 20 50 100

s-i-1 sc”.62  ; 61 /Pro.62 c a l c u l a t e d

Gordon.Akfirat
llowcr Ilmit)

Figure 9 Heat and mass transfer data from various authors
compared with Eq. (15). Arrays of slot nozzles.

The pressure loss coefficient t is considered to be the
sum of all the flow resistances between the blower and
the nozzle exit,

E=Ct 5�
i 0I (17)

where fA is the total nozzle exit cross-sectional area,
and the ai are the cross-sectional areas of the ducts
connecting the blower with the array of nozzles. Most
of the flow resistances will be independent sf the flow
velocity, so their sum may be considered to be a
constant.

One of the three lengths involved in the problem
must be preset, otherwise one will find that scaling
down all three lengths simultaneously results in mono-
tonically increasing transfer coefficients. To determine
the optimal spatial arrangement, in the equations for
the mean heat and mass transfer coefficients to imping-
ing flow from arrays of nozzles [Eqs. (14) and (15)]  ,
the nozzle exit velocity (in the Reynolds number) is
replaced by the W from Eq. (16). As a result, the mean
transfer coefficients are described in terms of the
relative blower rating P and the three lengths. Accord-
ing to the choice of the preset length, the optimization
problem is solved under three different secondary
conditions [D (or B) = const; L = const; H = const] ,
consequently yielding different optimal spatial arrange-
ments  [48]. The most important of these three
possible secondary conditions to preset is the nozzle-

to-plate distance H. A certain minimum distance H will
often be imposed by constructional considerations, for
example to avoid any contact with the nozzles when
the sag of the material varies. Only this secondary
condition

H = const

will be treated in the following discussion.
Equations (14) and (15), with ii, replaced by Eq.

(16), will be reorganized such that the left-hand side,
besides the mean transfer coefficient & (or p), contains
only those parameters that may be considered constant
(P, H, t, and physical properties):

(ti/X)/Pr0.42

{LWt~;o)l  1’3W12’3 =
(18)

On the right-hand side there will remain a function of
the geometric variables alone. This function, GH, of
course can be represented in terms of other sets of two
geometric ratios, for example,

GH ($, $) ARN GH (+ ASN
For the ARN one obtains from Eq. (14)

ARN

1 -2.2fl

@ l+ 0.2(H/D - 6) fl

K @) = [l +(-)“I”~“’ (19)

and for the ASN from Eq. (15)

The functions in Eqs. (19) and (20) each possess
an absolute maximum, the position of which may be
determined by setting their first derivatives equal to
zero [16, 481 . From this the optimal spatial arrange-
ment for an array of round nozzles was found to be

fopt = 0,015 2

H05 = 5.43
opt

max GH = GH [ (;)opt,fopt] = 0.385 WW
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2.5.6-8 2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER / 2.5.6  Impinging Jets

and for an array of slot nozzles the optimal arrange-
ment becomes

fopt = 0.071 8

H0s = 5.037
opt

max GH = GH [($)opt,fopt]  = 0.355 (ASN)

The transfer coefficients that are obtained with
the optimal ARN are about 8% higher than those for
the optimal ASN, provided that the blower ratings, the
pressure loss coefficients, and the nozzle-to-plate dis-
tances are equal in both cases. The nozzle exit veloci-
ties ratio is

tiARN, opt f l/3

= opt, ASN

( >

1.68=-
wASN,  opt fopt, ARN 1

and the required volumetric flow rates are related to
each other by

213
1

= -2.82

As a result, slot nozzles should be used preferentially if
the material does not allow for high impact velocities,
as for example in film drying.

Since the optimal spatial arrangements were de-
rived for preset nozzle-to-plate distance H, it would be
much more convenient to give the optimal dimensions
in multiples of H. Rewriting the previous expressions
in this way yields for the ARN:

Optimal nozzle diamter Dopt = 0.184H

Optimal spacing

(Hexagonal array) Lopt = 1.4238

(Orthogonal array) Lopt = 1.324H

and for the ASN

Optimal (hydraulic) nozzle diameter Sop,  = 0.199H

(= 2&p,)

Optimal spacing Lopt = 1.383H

Expressed in these terms, the optimal arrangements are
described by nearly the same ratios for both round and
slot nozzles. With a reasonable degree of approxima-
tion one may use the following rule of thumb for an
optimal arrangement valid for both types of nozzles:

So p t  =:s‘H (21)

Lopt = 3IH (22)

(with S = D for round and S = 2B for slot nozzles).
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Figure 10 Positions of the optimal spatial arrangements for
arrays of round nozzles [ 161.

Using these optimal relations, the transfer coeffi-
cients may be calculated from the following simple
equations:

(F Prmo-42)  ARN,max  = (F sc-�~42)ARN,mar

D,Hr;=E
5� 5 (23)

) ASN, max = ($  sceo�42)ASN,  max

(24)

Choosing diameters and spacings different from
the optimal diminishes the transfer coefficients by the
ratio

&s a - G~+s/ft LIH)-=--
emax P,,, %@op t/H; Lop t/H)

(25)

The functions in Eq. (25) are plotted in the form of
�contour lines� in Figs. 10 and 11 to give a �map�
showing the position, the extent, and the slopes of the
�transfer coefficient hill.� For convenience, the coordi-
nates f and H/S (or H/D) are also shown in these
figures.

0 20

B/H

0 15

25

HIS
33

0 IO 20 30 LO
L/H

Figure 11 Positions of the optimal spatial arrangements for
arrays of slot nozzles [ 161.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.6 Impinging Jets 2.5.6-9

One may also consider these �maps� to show a
�blower rating trough� for a given transfer coefficient.
The point &I/&,, = 1 then becomes PIp,i”  = 1, and
the lines a/iEmax = const have to be marked in values
of P/Pmin,  which may be calculated from (PIp,i”)  =
(~/&ma,)-g�2  [see Eq. (IS)]  :

d%-l,, 1 0.99 0.95 0.90 0.85
PPmin l 1.05 1.26 1.61 2.08

Thus, with an array of nozzles, the geometric data of
which lie outside the contour line S/C&-,,  = 0.85,
more than twice the blower rating would be required
to reach the same transfer coefficient attainable with
the optimal arrangement.

Nomenclature for Section 2.5.6 appears at the beginning of Part 2.
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2.5.7
Free convection

around immersed bodies

S. W. Churchill

W A difference in temperature between the surface
of a body and the surrounding, unconfined fluid
produces a gradient in density, which in turn generates
fluid motion. This motion increases the rate of heat
transfer between the body and the fluid over that
corresponding to pure thermal conduction. The process
of motion and heat transfer due to such motion is
called free convection.

A difference in composition between the surface
of the body and the surrounding fluid may also
produce a gradient in density, hence fluid motion and
enhanced transfer of species (mass transfer). Insofar as
the net transfer of mass from the surface is small
relative to the mass rate of flow, the rate of transfer of
species can be inferred from the results herein for heat
transfer. When a difference in temperature and a
difference in composition both occur, the rates of heat
and species transfer are affected by both differences.

Free convection may also occur as a result of
other potential differences, such as surface tension and
magnetic fields, but such special processes will not be
considered here. Combined free and forced convection
is discussed in Sets. 2.5.9 and 2.5.10.

A well-established theory has been developed for
free convection in the laminar boundary-layer regime.
It provides a priori predictions and a fundamental
structure for the correlation of experimental results.
The development of computing facilities and tech-
niques has led to numerical solutions for even a wider
range of flow and conditions within the laminar
regime. Even so, many problems of intrinsic and
practical interest remain unresolved.

The theory of turbulent free convection is less
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well established. Numerical solutions based on eddy
diffusivities for momentum and heat transfer are cur-
rently at a critical stage of development, and results of
increasing reliability and extent are to be expected.

Experimental data for free convection are gener-
ally less precise and accurate than for forced convec-
tion, owing to the slower rates of heat transfer and the
associated difficulty of making measurements without
disturbing the process.

Most theoretical models for free convection invoke
the Boussinesq approximations of negligible viscous
dissipation, negligible variation in pressure due to
motion, and negligible variation in physical properties
except for the density in the gravitational force, which
is postulated to vary as

P-
p = 1 + [(T-  T,) (1)

where p = density, kg/m3
T = temperature, K
5 = coefficient of expansion with temperature,

K-l
The subscript 00 indicates the free fluid. These idealiza-
tions have been examined, as noted subsequently, and
found to be generally justifiable.

Boundary-layer theory additionally postulates that
the velocity and temperature gradients are confined to
a narrow band of fluid adjacent to the surface of the
immersed body, and that diffusion of momentum and
energy is negligible in the direction of flow. The
conditions under which these assumptions are valid are
examined herein.

Free convection from an isothermal or uniformly
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2.5.7-2 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.57 Free Convection around Immersed Bodies

heated vertical plate has received extensive theoretical
and experimental attention because of its simplicity as
well as because of its practical importance. The theo-
retical solutions for this geometry are generally based
on the postulate of a plate of infinite width and
semi-infinite length upward, immersed in a fluid of
infinite extent, with no motion below the bottom edge
of the plate. Despite these idealizations, the solutions
are found to provide a useful structure for the correla-
tion of experimental data. The same structure also
proves useful for other geometries and conditions.
Hence the theoretical solutions are examined first, then
the experimental data.

A heated plate and upward flow are implied
throughout for simplicity. Obviously, the results are
applicable for a cooled plate and downward flow.
Convection from inclined and horizontal plates is com-
pared and contrasted with that from vertical plates.
Finally, induced flow through heated channels with
open ends is examined.

Free convection from bluff bodies is more compli-
cated because of the separation of the streamlines and
the formation of a wake or plume at the rear. Even so,
boundary-layer theory is found to have an appreciable
range of validity. Theoretical solutions for very weak
convection have proved to be more successful for
spheres and cylinders than for flat plates.

Several general reviews of free convection may be
mentioned at the outset. Ostrach [ 11, in 1954, consid-
ered free convection within a more general survey.
Schmidt [2], in 1961, reviewed free and natural
convection with emphasis on recent advances. In 1965,
Bansal  [3] surveyed the work on steady free and
natural convection. Churchill [4], in 1966, described
progress in numerical methods for free and natural
convection. Ede [S]  , in 1967, thoroughly reviewed the
results for free convection from vertical plates. Morgan
[6] has included free convection in a recent review of
convection from cylinders.

A. Vertical plates

(a) Dimensionless groupings

For steady laminar free convection subject to the
Boussinesq idealizations, it can readily be shown that

Nu = @fGr,  Pr) (2)

where the variables not previously mentioned are
Nu = LXX/~  = local Nusselt number at x
Gr = gp2{(Z�,  - T+,)x3/q2  = Grashof number based

o n x
Pr = cpv/X  = Prandtl number

@fz) = function of z
(Y = local  heat transfer coefficient, W/m2 K

x = distance upward from bottom edge of plate, m
X = thermal conductivity, W/m K
g = acceleration due to gravity, m/s2

T,,, = temperature of surface, K
17 = dynamic viscosity, Pa s

cp = specific heat capacity at constant pressure,
J/k K

Any independent grouping such as

Nu = @fRa, Pr)

where Ra = Gr Pr = gp2c,[(Tw  - T, )x3 /aA

(3)

= Rayleigh  number based on x
is equally valid. The constraints imposed by the lami-
nar-boundary model permit (see, for example, Hellums
and Churchill [7] ) reduction of Eqs. (1) and (2) to

Nu = Gr1�4@fPrj (4)

or

Nu = RaU4@fPr) (5)

Furthermore, it can be shown that in the limit as
Pr -+ 0,

N u  -+A Gr1�4PrV2  = A(Ra Pr)1�4  = A Bq1�4 (6)

where A = a dimensionless constant dependent on the
boundary conditions

Bq = Gr Pr2  = Ra Pr = gp2cz{(T,,,  - T-)x3 /X2
= Boussinesq number based on x

Also, in the limit as Pr -+ 00,

Nu -+ B(Gr Pr)1�4  = B Ra1�4 (7)

where B is a dimensionless constant dependent on the
boundary conditions. Historically the forms involving
the Grashof number have usually been chosen for
correlation. However, as will be shown, all fluids
except liquid metals are represented reasonably well by
Eq. (7). The Rayleigh  number is therefore more con-
venient for working correlations than the Grashof
number, since the Prandtl number is then only a weak
parameter.

Equation (7) can also be written in the more
explicit form

1
114

a = B
Tea)

(8)

as suggested by Hellums and Churchill [7]. The un-
named group on the left side of Eq. (8) is obviously
the characteristic one for laminar free convection of a
large Prandtl number fluid. Equation (8) also has the
advantage of revealing the relationship between (Y and
the other individual variables.

If uniform heating rather than uniform surface
temperature is specified, it is better to replace one or
the other of the then dependent variables LY and T,,, by

o 1983 Hemisphere publishing Corporationr 7t6DiL A



2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.7 Free Convection around Immersed Bodies 2.5.7-3

the heat flux 4 (in W/m2)  through the relationship (b) Solutions and correlating equations for
defining the local heat transfer coefficient: uniform wall temperature

4
’ = T, - T, (9)

If T, - T, is replaced, Eq. (8) becomes, after rear-
rangement,

l/5

CY = Bw5

and if (Y is replaced,

= B-415

(10)

(11)

The form corresponding to Eq. (7) is

Nu = Ba5 Ra*1�5 (12)

where Ra* = Ra Nu = gp2cP(ix4/qh2
= modified Rayleigh number for uniform

heating
This grouping has frequently been used to represent
results for uniform heating but has the disadvantage of
disguising the near equivalency of the results for
uniform wall temperature (UWT) and uniform heat
flux (UHF) when expressed in the form of Eq. (7) or

(0
As discussed by Ede [5] and Churchill [8],

dimensional analysis is applicable to turbulent motion
provided that one or more postulates are made with
respect to the limiting behavior. Thus Jakob and Linke
[9] asserted that QI  should be independent of x for
large Ra, requiring Eq. (2) to reduce to

Nu = Ra1�3@fPrj for Ra -+ M (13)

which can also be written as

(14)

The further postulate that viscous and inertial forces
are negligible for Pr + 0 and Pr + 00 reduces Eq. (13)
to

Nu = C Bq�3 for Pr + 0, Bq + - (15)

and

Nu = E Rau3 for Pr + 00, Ra + 00 (16)

where C and E are dimensionless constants dependent
on the boundary conditions.
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LLaminar  regime

The following asymptotic solutions were derived by
LeFevre  [lo] for the laminar boundary-layer regime:

Nu = 0.6004 Bq�4 for Pr + 0 (17)

and

Nu = 0.502  7 Ra�4 for Pr + 00 (18)

The value of the constant A in Eq. (6) is thus 0.600 4
and that of B in Eqs. (6) and (7) is 0.502 7.

Ostrach [II] and others have obtained numerical
solutions for intermediate Pr. These values are repre-
sented within 0.7% by the following empirical equation
of Churchill and Usagi [ 121

Nu = O.S03(Ra $(Pr))1�4

where

(19)

-1619

(20)

Equations (19) and (20) provide a smooth interpola-
tion between Eqs. (17) and (18). The coefficient
0.492 = (0.502 745/0.600 408)� represents the central
value of the Prandtl number for this system, and
provides an explanation for the successful correlation
of the data for most liquids and even air by Eq. (7), or
the equivalent, with only slightly differing coefficients.
As shown in the succeeding paragraphs, Eq. (20)
proves to be a universal function for the dependence
on Pr in natural convection in all boundary layers.

The integrated mean Nusselt number over x from
0 to L corresponding to Eq. (19) is
-
Nu = 0.670(RaL  $fPrj)�4 (21)

Churchill and Chu [13]  proposed this relationship for
the thin laminar boundary-layer regime (IO�  < Ra<
IO�). Failure for higher RaL would be expected
because of the initiation of turbulence, and for lower
RaL because of the invalidity of the postulates of
boundary-layer theory near the starting edge. A gener-
ally accepted solution has not been developed for
lower RaL. but the experimental data of Saunders
[14]  indicate a limiting value of 0.68 for Nu as
RaL + 0. Churchill and Chu [13]  used this result to
construct the following correlating equation for all
RaL < 10�  :

Nu = 0.68 + 0.67(RaL $fPrj)1�4 (22)

The corresponding expression for the local value is

Nu = 0.68 + 0.503(Ra $fPrj)�4 (23)
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Equation (22) is compared with experimental data
in Fig. 1. A reasonable representation is demonstrated
for RaL < 10�  for all Pr including 0.025 (mercury).
The data for mass transfer (large SC) follow this
expression even up to Ra = 4 X IO�,  suggesting that
transition from laminar to turbulent motion is charac-
terized by Gr, rather than RaL. It should be noted
that the data for free convection, particularly for low
RaL, characteristically show more scatter than for
forced convection, owing to stray fluid currents, and
so on. Equation (21) is included in the figure to
indicate the lower limit of applicability of thin-laminar
bounday-layer theory.

Equations (19) and (23) are similarly compared
with data for the local rate in Fig. 2. The band of
values of Gryzagonidis [ 151 for Ra < 4 X lob4 repre-
sents the effect of different configurations of the
leading edge. The agreement is otherwise good for
Ra < log, above which transition to turbulent motion
appears to occur.

II. Turbulent  regime

A number of investigators, including Cebeci and
Khattah [ 161,  Plumb and Kennedy [17]  , and Lin and
Churchill [ 181, have integrated the partial differential

equations of conservation with arbitrary expressions
for the eddy diffusivities for momentum and heat
transfer to obtain theoretical expressions for the turbu-
lent regime. Their results all indicate a dependence on
Ra slightly greater than the l/3 power and perhaps
decreasing to the l/3 power as Ra increases. The
dependence on Pr is not yet resolved by such calcula-
tions. Bayley [19],  Kutateladze [20],  and others used
Eq. (16) to correlate experimental data for the turbu-
lent regime (Ra > 1012).  Churchill and Chu [13]
utilized Eqs. (15) and (16) and the same central value
of Pr as in (20) to obtain

Nu = O.l5(Ra $fPrj)1�3 (24)

The coefficient 0.15 was determined from experi-
mental data.

III. Transition regime

Considerable uncertainty seems to exist regarding the
transition from laminar to turbulent convection, even
to the extent of the controlling dimensionless group.
Sparrow et al. [21]  computed the critical Grashof
number for the onset of instability from the Orr-
Sommerfeld equation and found it to increase with Pr.
Their values, however, are far below those observed for

0 Schmidt  8 Beckmann  -air

0 Warner  L Arpaci  -air

0 Saunders  - water

& Ede  - water

D Fuji!  - water

v Ede - ethanol

a Fujii  - ethylene  glycol

0 Touloukian  et al. - ethylene  glycol

* Farmer  & McKle  -oil

0 Lorenz  - 011

o Saunders  - mercury

0 Wilke et al.  - mass transfer

10

Pr ~0.025 \

Figure 1 Comparison of Eq. (22) with experimental data for the mean Nusselt and Sherwood numbers in laminar free
convection from isothermal, vertical plates.
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x Gryzagmdls  - a,r

q Cheesewrlght  -a,,

o FUJII  ethylene  glycol

. FUJII  water

a FUJII et al -water

v FujII et al. - 0115

Eq.  123)
Prz m

Pr: 07 \

I I I I I I I I I I I

IO 102 10� IO� IO5 IO6 IO� IO8 IO0 IO�O 10� ld�
Ra

Figure 2 Comparison of Eq. (23) with experimental data for the local Nusselt  number in laminar free convection from
isothermal, vertical plates.

the transition in Nu. This result was confirmed by
Fujii [22],  who observed the formation of instabilities
at a lower value of Ra than the transition in Nu.
Klyacho [23] proposed Ra = 2 X IO*  as the criterion
based on the intersection of a particular pair of-
equations for Nu for laminar and turbulent flow. As
indicated in the prior and subsequent figures, the bulk
of the experimental data indicate that the transition in
Nu begins about Gr = 10�  and is complete by about
Gr = 10�.

If  the transit ion is postulated to begin at
Gr = lo�, Eqs. (19) and (22) can be combined to
obtain the following expression for both the transition
and the turbulent regime:

Nu = 89.4 Pr1/4$1�4fPr)  + 0.15(Ran3

- 1000 Prn3)  tinfPr) (25)

Integration of these same equations yields the corre-
sponding expression for the mean value:

?% = 119.3 Pr�4  $n4fPr)  + 0.15(Raf3

- 1 000 Pr�3)J/�/3fPr) (26)

Equations (25) and (26) are compared with experi-
mental data in Figs. 3 and 4, respectively. Equations
(19) and (24) are included in Fig. 3 as asymptotes, and
similarly, Eqs. (21) and (24) in Fig. 4. The discrep-
ancies in the transition regime are not unexpected,
since transition depends on secondary variables, such as
free-stream turbulence and surface roughness. The local
values of Fujii et al. [24] for spindle oil (Pr = 77-170)
and for Mobiltherm oil (Pr = 260-2 600) fall below
those of water (Pr = 5.8). Hence, the discrepancies
between these data and Eqs. (24) and (26) are pre-
sumed to be due to experimental error.

IV. Combined regimes

A single correlating equation for Nu for all RaL and Pr
can be constructed by combining Eqs. (22) and (24) as

Nu = 0.68 + 0.67(RaLJ/fPrj)�4  (1 + 1.6

X lo-sRa JlfPrj)�/� (27)

This expression is compared with experimental data in
terms of the composite variable Ra $fPrj-  in Fig. 5.
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Figure 3 Comparison of Eq. (25) with experimental data for the local Nusselt  number in the transition regime of free
convection from isothermal, vertical plates.

The agreement is good for those data that have a
transition to turbulent motion at RaL z 10�.  The
values for large Pr or SC are better represented by Eq.
(22) than Eq. (26) because of their delayed transition
to turbulent motion in terms of RaL $fPrj.

(c) Solutions and correlating equations
for uniform heating

Theoretical solutions have also been derived for a
uniform heat flux density on the plate in the thin
laminar boundary-layer regime. These results are very
similar to those for uniform wall temperature. Accord-
ing to Churchill and Ozoe [25], the asymptotic expres-
sions are

N u  = 0.692 2 BqU4 for Pr -+ 0 (28)

and

Nu  = 0.562 7 Ralt4 for Pr + 00 (29)

(Here the local value of T, - T, is used in Bq and
Ra.) They correlated computed values of their own

and others for intermediate Pr within 2% with the
expression

Nu = OS63(Ra $fPr))�/4 (30)

where

@fpr) = [l + (~~��]-��� (31)

This latter expression corresponds to Eq. (20) for
uniform surface temperature. J/fPr) and $fPrj differ
a maximum of 12.5% (for Pr + 0) but their l/4 power
and l/3 power differ by only 3% and 4%, respec-
tively. This difference is less than the experimental
uncertainty in most instances, and indeed a rounded-
off value of 0.5 may be used in place of 0.492 and
0.437 for practical purposes. The surface temperature
profile corresponding to Eq. (30) is

l/5

T, = T, + 1.584 c$�~  fPr j (32)

In the absence of definitive theoretical or experi-
mental results for Ra+O, the same limiting value as
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Figure 4 Comparison of Eq. (26) with experimental data for the mean Nusselt number in the transition regime of free
convection from isothermal, vertical plates.
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Figure 5 Comparison of Eq. (27) with experimental data for the mean Nusselt and Sherwood numbers in all regimes of
free convection from isothermal, vertical plates.
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for uniform wall temperature may be postulated, yield-
ing

Nu = 0.68 + 0.563(Ra $fPrj)�4 (33)

Insofar as Nu is proportional to Ran3 in turbulent
flow, the surface temperature is uniform for uniform
heating. Hence Eq. (24) should be a reasonable approx-
imation for uniform heating in the turbulent regime. A
slight improvement might be obtained by replacing
0.492 with 0.437, giving

Nu = O.l5(Ra @fPr ))1�3 (34)

The counterpart of Eq. (25) is then

Nu = 100 Pr1�4@�4fPrj  + 0.15(Ran3

- 1000 PrU3) GU3fPr) (35)

The definition of % for uniform heating is some-
what arbitrary. However, Sparrow and Gregg [26]  have
shown that for the thin laminar boundary-layer regime
the use of the surface temperature at the midpoint of
the region (L/2) yields values of & in better agree-
ment with those for an isothermal plate than the

integrated mean temperature difference or the inte-
grated mean heat transfer coefficient. With this detki-
tion Eq. (30) yields

% = 0.670(RaL  @fPr))�/4 (36)

Equation (36) can be converted to one for the inte-
grated mean temperature by multiplying the coefficient
0.670 by (6/5)y4/2u4, giving 0.708, and to one for
the integrated mean heat transfer coefficient by multi-
plying 0.670 by (5/4)5�4/21�4,  giving 0.745.

Since Eqs. (34) (35)  and (36) differ negligibly
from Eqs. (24), (25) and (21) respectively, either set
should be satisfactory for any temperature distribution
between uniformity and that given by Eq. (32) in
which (T,,, - T,) =xu5.

Equations (30) (36) and (34) can be put in the
following explicit forms, as discussed earlier. For the
thin laminar boundary-layer regime, Eq. (30) becomes

Nu = 0.63 l(Ra*  @fPr))1�5 (37)

(38)

and Eq. (36) becomes
-
Nu = 0.726(Ral  @fPr))�5

I I I I

100 IO9 1O’O 10"

I
Id2

Figure 6 Comparison of Eqs. (33),  (34),  and (35) with experimental data for the local Nusselt number in free convection
from uniformly heated, vertical plates.
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Eq. 136)

.-. E q .  13L)

_ _  Eq.(27)  with@fPr)

-------/Eq.(261 w i t h

6 7 IV 11

Figure 7 Comparison of Eqs. (27), (34), and (36) with experimental data for the mean Nusselt number in free convection
from uniformly heated, vertical plates.

For the turbulent regime,

Nu = 0.241(Ra* @fPr))n4 (39)

Equations (30)  (33)  (34) and (35) are compared
with local values of Nu for uniform heating in Fig. 6.
Excellent agreement may be noted for both the lami-
nar and turbulent regimes except for very low Ra,
where the data suggest a lower limiting value than
0.68, and for the data of Fujii et al. [24]  for spindle
oil at large Ra. These latter data are for a boundary
condition intermediate between uniform heating and
uniform temperature, and hence are included here as
well as in Fig. 3. A more abrupt transition than
predicted by Eq. (35) is observed in all cases.

Equations (34) and (36)  and Eqs. (26) and (27)
with @fPr)  substituted for $fPrj are similarly com-
pared with mean values in Fig. 7. Except for the
delayed transition with water, the agreement is good.

(d) Transient behavior

When the surface of a vertical plate is subjected to a
step rise in temperature, the temperature field in the
fluid at first rises in accordance with the solution for

0 1983 Hemisphere E blishing  Corporation

pure conduction to a semi-infinite region. Inertia
delays the development of fluid motion, resulting in an
oscillatory approach to the steady state. The rate of
heat transfer also approaches the steady state in an
oscillatory manner. Churchill and Usagi [27]  correlated
the gross behavior (the first overshoot and recovery)
given by the numerical solution of Hellums and
Churchill [28]  with an empirical equation which can
be generalized for all Pr as

+

0.502 6/ [ 1 + (0.492/Pr)�16  ] 4/g

1 + (2.3108  k,~mww - ~414

2o

(40)

where t = time (s). Ingham [29]  has recently ques-
tioned the convergence of the numerical solution, but
his results do not appear to invalidate the genera1
behavior indicated by Eq. (40). Qualitative agreement
may be noted in Fig. 8 with the very scattered
experimental data of Klei [30]  for air.

. . . .._.. ,-IIXI.X- � I.- .^ ._I -*.- .- . .I_..._  -__--.-�  .._.I -^l_ ___-..  --. -
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NU

RallL

0.1
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Figure 8 Comparison of Eq. (40) with the experimental data of Klei [ 301 for the local Nusselt number in transient,
laminar, free convection from an isothermal, vertical plate to air.

A step in heat flux does not appear to generate
significant overshoot or oscillations, at least for
Pr > 0.01, and Churchill [31] developed the following
expression for interpolation between the solutions for
pure conduction and steady-state convection:

+ 0.100 5 Ra $fPr))3�2 (41)

The exponent 6 was chosen to represent the experi-
mental data of Goldstein and Eckert [32]  for water
and the approximate numerical solution of Gebhart
[33]. The resulting impression is compared in Fig. 9
with the (uncoded)  experimental data for four loca-
tions and two heat flux densities.

(e) Non-Newtonian behavior

A c r i v o s  [34]  h a s  d e r i v e d  a  s o l u t i o n  f o r  a  non-
Newtonian fluid with Pr + = and an effective viscosity
that follows the power law model:

n-1

(42)

0 1983 Hemisphere 1

ttL

where M = coefficient, kg snm2  m-r
u = velocity in x direction, m/s
y = distance from wall, m
n = dimensionless exponent

The solutions above for Newtonian fluids were found
to be applicable wi th  the  subs t i tu t ion  @+I)
Ra”1/3n+1 for RaU4.  Here

Ra” = gp “+‘c;r(T,  - Tc&2n+’

MA”
(43)

@-(II j is the weak function given in Table 1. As
indicated by Figs. 10 and 11 from Agarwal et al. [35],
this solution provides a good representation for a
number of fluids with 0.68 < n < 1.0 but not for
n < 0.4.

Chen and Wollersheim [36] derived the analogous
solution for a uniformly heated plate and showed that
the Acrivos solution was applicable for % if the
temperature difference was evaluated at L/2. As indi-
cated in Fig. 12, the agreement of this solution with
the experimental work of Dale [37]  for 0.4 < n < 1.0 is
very good.

Fujii et al. [38]  have obtained numerical solutions

lblishing  Corporation
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0.6

0.4

Figure 9 Comparison of Eq. (41) with the experimental data of Goldstein and Eckert [ 321 for the local Nusselt number
in transient, laminar, free convection from a uniformly heated, vertical plate to water.

for a Sutterby fluid at finite Pr, and experimental
results for aqueous solutions of polyethylene oxide for
both uniform wall temperature and uniform heating.
As illustrated in Fig. 13 for uniform wall temperature,
their results indicate that the Acrivos solution, as
represented by Eq. (19) in terms of Ra� from Eq.
(43),  is a reasonable approximation for Nu if M and IZ
are evaluated for the shear stress at the midpoint (L/2)
of the heated plate. Similar agreement was demon-
strated for uniform heating using the equivalent of Eq.

(37).

of compressibility is negligible for all but very unusual
circumstances. Wylie [42]  has shown that no choice of
a reference temperature can account for the complex
variation of properties of aI1 gases and liquids. How-
ever, the analysis of Sparrow and Gregg [43]  suggests
that evaluation of the properties at (T,,, + T-)/2  will
result in an acceptable result for most practical pur-
poses.

(f) Evaluation of idealizations

Bonilla and Sigel [44]  concluded that the standard
correlations for turbulent free convection are
applicable near the critical point if the logarithmic
mean temperature is used for l/l. Schechter and Isbin
[45] provide an involved solution for free convection
in water in the region of maximum density (0-4°C).

Gray and Georgini [39]  showed that the Boussinesq Gebhart [46]  and others have derived expressions
model is satisfactory for air and water under most for the effect of viscous dissipation in the laminar
circumstances. Brown [40],  on the other hand, showed boundary-layer regime. However, Brown [47]  con-
that the temperature dependence of the volumetric cludes that such effects are negligible in all practical
coefficient of expansion can lead to serious errors. circumstances except possibly in the high effective
Eshghy and Morrison [41]  concluded that the effect force field produced by rotating machinery.

Table 1 Coefficient (I+) in free convection
solutions  of Acrivos [ 341 for power  law fluids

n 0.1 0.5 1.0 1.5

Vertical plate 0.90 0.94 1.0 1.06
Cylinder 0.86 0.90 1.0 1.07
Sphere 0.90 0.92 1.0 1.06

(g) Transfer of species

As shown in Fig. 14, the experimental data of Wilke et
al. [48] for the transfer of species by laminar convec-
tion for a number of materials with SC ranging from
500 to 80 000 were correlated by the expression

?% = 0.66 Raz�4 (44)
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Figure 10 Comparison of Eq. (21) with experimental data for the mean Nusselt number in laminar free convection from
isothermal, vertical plates to non-Newtonian fluids (Carbopol solutions), power law indices n greater than 0.68. From
Agarwal  et al. [ 351.

where SC = q/p6  = Schmidt number
Sh = pX/S  = Sherwood number

Ra� = gpyi AwiL3  /6n = Rayleigh number for spe-
cies transfer

6 = diffusivity, m2/s
0 = species transfer coefficient, m/s

yi = dimensionless coefficient of expansion due
to weight fraction of ith species

wi = weight fraction of ith species
Equation (44) can be seen to be equivalent to Eq.
(21) thus confirming the analogy between heat and
species transfer for this case. Transition did not occur
because G<L = Rak/Sc was less than 10�  even for
R&=4X 10�.

(h) Simultaneous heat and species transfer

Saville and Churchill [49]  have shown theoretically
that for thin laminar boundary layers with Pr = SC, the
density changes due to temperature and composition
are simply additive if imposed in the same direction.

Therefore, Ra in all of the above equations for the
laminar regime can simply be replaced by Ra + Ra�.
The reasonable postulate that the turbulent Prandtl
and Schmidt numbers are also essentially equal suggests
that the equations for turbulent flow are similarly
adaptable.

For SC # Pr, the situation is quite complex and
not completely resolved. For the special case of a thin
laminar boundary layer with SC > Pr + 00 and Gr�/
G r  +O, Lightfoot  [50],  as well  as Savil le and
Churchill, have shown that Eq. (18) is applicable for
Nu but that

Sh = 0.502 7 Ra1�4  2
ll30 (45)

The l/3 power dependence on SC results from species
transfer in a linear velocity field driven wholly by-
temperature. The related expressions for Nu and %
follow directly. These latter predictions have not yet
been confirmed experimentally.
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Figure 11 Comparison of theoretical solution of Acrivos [ 341 with experimental data for the mean Nusselt number in
laminar free convection from isothermal, vertical plates (Carbopol solutions) to non-Newtonian fluids with power law
indices n less than 0.68. From Agarwal et al. [ 351.

B. Inclined and horizontal surfaces
upward angle of inclination of the heated surface from
the vertical.

Experimental data for inclined surfaces have generally
been correlated in terms of the expressions for vertical
and horizontal plates, with g replaced by the effective
component of gravity. Downward-facing and upward-
facing heated surfaces differ somewhat in behavior and
are examined separately. Herein, 0 represents the

(a) Downward-facing heated surfaces

I. Uniform  surface  temperature

The experimental data of Moran and Lloyd [51]  for
the local rate of transfer of species (SC 2 2 000) are

- cu OX 7

+ +

SJ A 0.4 -
-5 &I ‘q

A ro 0
z wire

=; 0.2 - - T h e o r y

i; 0 Large  p la te ,  L = 20 in
> A
2 0.0.

Smal l  p la te ,  L = 12 in

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Power law fluid index, n

Figure 12 Comparison of theoretical solution with experimental data of Dale [ 371 for the mean Nusselt number in
laminar free convection from a uniformly heated, vertical plate to non-Newtonian liquids. From Chen and Wollersheim

1361.
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1/3n+l
Ra”

Figure 13 Comparison of Eq. (19) with experimental data for the local Nusselt number in laminar free convection from
an isothermal, vertical plate to a Sutterby fluid. From Fuiii et al. [38]. Reprinted with permission. Copyright 1973,
Pergamon Press, Ltd.

plotted in Figs. 15 and 16 for the laminar and
turbulent regimes, respectively. In these plots Rag
signifies the Rayleigh number for the transfer of
species, with g cos 0, the component of gravity parallel
to the surface, replacing g. The data in Fig. 15 are in
good agreement with the prediction of Eq. (19), as
represented by an ordinate value of 1.003. The predic-
tion of the effect of inclination is also satisfactory in
Fig. 16, but the measured values of Sh/Rah�  at all
angles, including the vertical case (6 = 0), fall signifi-
cantly below the value of 0.149 predicted by Eq. (24),
presumably because the transition to turbulent motion

7 0 0

5 0 0
._,,‘

3 0 0

2 0 0

Sh

100

70

5 0

3 0

20-�L zL
e 7 8 9 IO II 12

L O G  (Ra’,)

Figure 14 Comparison of Eq. (44) with experimental data for
the mean Sherwood number in laminar free convection for
vertical plates. From Wilke et al. [48].
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is incomplete at the maximum experimental values of
Ra: of - 1.2 X 1013  (Gt$ z 6 X 10�).

The line drawn by Hassan and Mohamed [52]
through their local data and that of Kierkus [53]  for
air in Fig. 17 is equivalent to Eq. (19) with a
coefficient of 0.509 instead of 0.503, and hence is in
good agreement with the theoretical prediction for the
laminar regime. The data of Fujii and Imura [54]  for-
Nu for water in Fig. 18 are in fair agreement with Eq.
(21),  since their coefficient of 0.56 corresponds to a
coefficient of 0.623 instead of 0.67.

Infinite, isothermal, horizontal plates with the
heated surfaces facing downward (0 = - n/2) do not
generate convection, but species with one or more
finite dimensions do. For a gravitational force normal
to a plane surface, dimensional analysis indicates that

G = B Rau5 (46)

where B is a function of shape and Pr. In the absence
of sufficient information to derive an expression for
the dependence on Pr, Eq. (20) can be postulated as
an approximation. Goldstein et al. [55]  showed that
for upward-facing, heated surfaces, B was essentially
constant for all geometries when the area divided by
the perimeter was used as the characteristic length in
Nu and Ra. Then Eq. (46) becomes

?%A = G(Ra, $fPrj)�/5 (47)

where the subscript A indicates the above characteristic
length.

Values of Nu for several geometries have been
derived by integral boundary-layer theory. Some of the
corresponding coefficients for Eq. (47) are listed in
Table 2. These values are all subject to considerable
uncertainty because of idealizations in the derivations.
Experimental values of several investigators are plotted
in Fig. 19. The agreement with Eq. (47) with a
representative value of 0.6 for the coefficient G is
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Figure 15 Comparison of Eq. (19) (as represented by an ordinate of 1.003) with experimental data for the local
Sherwood number in laminar free convection from downward-facing, inclined plates. From Moran and Lloyd [Sl] .

generally good. The data of Fujii and Imura [54]  for
water fall consistently lower, as also noted with regard
to Fig. 18.

Local  va lues  of  NuA/(RaA  $fPr))�  for two-
dimensional convection from rectangular plates are
compared in Fig. 20 with a curve representing the
solution of Singh and Birkebak [57]  . The agreement is
reasonably good.

II. Uniform heating

Data for the uniform-heating boundary condition have
generally been reported in the form of Nu versus
Fb;=Nu Rae. The data of Fussey and Warneford
[60]  for water, as plotted in this form in Fig. 21, are
seen to be in reasonable agreement with Eqs. (30) and
(34),  when g cos 0 is substituted for g. Fussey and

Wameford also developed the following empirical
expression for the onset of transition:

Raz = 6.31 X 10�2e-�04e (48)

which is consistent with the transitions indicated in
Fig. 21.

(b) Upward-facing heated surfaces

I. Uniform surface temperature

As contrasted with downward-facing and vertical sur-
faces, transition to turbulent motion occurs because of
separation as Ra increases beyond a critical value, Ra,.
Fujii and Imura [54]  give the following empirical
prediction of this value for an isothermal surface:

Ra
s

= 1 X 105e11.5  COSe (49)

Figure 16 Comparison of Eq. (24) (as represented by an ordinate of 0.149) with experimental data for the local
Sherwood number in free convection from downward-facing, inclined plates. From Moran and Lloyd [S 11.
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Figure 17 Comparison of Eq. (18) (with a coefficient of 0.059) with experimental data for the local Nusselt number in
laminar free convection from downward-facing, inclined, isothermal plates in air. From Hassan and Mohamed [52].
Copyright 1970, Pergamon Press, Ltd. Reprinted with permission.
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Figure 18 Comparison of Eq. (21) (with a coefficient of 0.623) with experimental data for the mean Nnsselt number in
laminar free convection from isothermal, downward-facing, inclined plates to water. From Fujii and Imura [54]. Copyright
1972, Pergamon Press, Ltd. Reprinted with permission.

Table 2 Coefficients for Eq.  (47)  for heated, downward- tional to (sin f3)1�3. The corresponding expression is
facing  surfaces  (characteristic length = area/perimeter) then

Source

Singh et al. [56]
Singh and Birkebak [ 5 71
Wagner [ 581
Faw and Dullforce [ 591

Square

0.748

0.689

Circle

0.667

Long strip

0.600
0.55 1
0.600

For the laminar regime, and for the turbulent regime
at small angles of inclination, the same expressions as
for downward-facing plates are applicable, as indicated
by the extensive data for Nu in Fig. 22. The first point
in each -set of data that appears to in&ate  the onset
of turbulent motion is circled. These circled values are
consistent in trend with the prediction of Eq. (49).
For the turbulent regime at large angles of inclination,
Raithby and Hollands [61]  suggest that the compo-
nent of gravity perpendicular to rather than parallel to
the surface is effective and hence that �Nu  is propor-

Nu = O.lS(Ra $(Pr)  sin 0)y3 (50)

The data plotted in Fig. 23 appear to confirm this
conjecture. Both Nu and Nu are included, since the
distinction is negligible in this regime. Rotem and
Claassen [62]  derived an exact solution for the boun-
dary-layer regime of convection from an infinite hori-
zontal strip facing upward, and carried out the
required numerical calculations for a series of values of
Pr. Churchill [63]  correlated these values of fi within
0.6% using the expression

NC*  =
0.766 Raz�

[ 1 + (0.322/Pr)�/20]  4/11
(51)

For the turbulent regime, Eq. (34) can be rewritten in
corresponding form as

NC, =
0.15 Raj3

[ 1 + (0.322/Pr)1�20] 2W33
(52)

Figure 19 Comparison of Eq. (47) with experimental data for the mean Nusselt number in laminar free convection from
isothermal, downward-facing, horizontal plates.
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Figure 20 Comparison of theoretical solution of Singh and
Birkebak [57]  with experimental data for the local Nusselt
number in laminar free convection from isothermal, downward-
facing, horizontal plates.

The experimental data of a number of investigators are
compared with Eqs. (51) and (52) in Fig. 24. Based on
the previously mentioned conjecture of Goldstein et al.
[55]  , data for a variety of shapes are included in terms
of NuA  and RaA. The predicted dependence on Pr,
Ra, and shape appears to be represented within the
scatter of the data. However, the data fall predomi-
nately above the equations, suggesting that, the theoret-
ical coefficients should be interpreted as lower
boundary values.

H. Uniform heating

According to Fussey and Warneford [60,  transition for
a uniformly heated, upward-facing surface occurs at

Ra,* = 6.31 X 10�2e-11e (53)

Equation (30) for the laminar regime and Eq. (34) for
the turbulent regime for small inclinations, both with g
cos 19 substituted for g, and Eq. (50) for large inclina-
tions, would be expected to be applicable here. The
data of Shaukatullah and Gebhart [64] for 13 = 297r/
180 and the laminar-only data of Vliet [65] for 0
from 15n/180 to 607r/180  rad, both for water, are seen
in Fig. 25 to agree well with Eqs. (30) and (34).
However, the indicated transition in the data of Shauk-
atullah and Gebhart is delayed somewhat beyond the
prediction of log fRa @fPr)f  = 10.22 by Eq. (53).
Vliet and Ross [66], as well as Vliet [65] , assert that
their turbulent data for air, and air and water, respec-
tively, are better correlated with Ra than with Rae.
Data to test Eq. (50) do not appear to be available,
other than those of Fujii and Imura [54], which have
already been examined in this sense in Fig. 23.

Figure 21 Comparison of Eqs. (30) and (34) with experimental data for the local Nusselt number in free convection from
a uniformly heated, downward-facing inclined plate to water. From Fussey and Warneford [60]. Copyright 1978,
Pergamon Press, Ltd. Reprinted with permission.
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Figure 22 Comparison of Eqs. (19) and (24) with experimental data for the local Nusselt and Sherwood numbers in free
convection from isothermal, upward-facing, inclined plates.

C. Buoyancy-induced flow in channels

H e a t i n g  t h e  w a l l s  o f  a n  o p e n - e n d e d  v e r t i c a l  c h a n n e l

induces a convective flow. Churchill [67]  has corre-
lated the experimental and computed values for uni-
form wall temperature and uniformly heated walls in
cylindrical tubes and between parallel plates with the
expression

Nu= A Ra#
{ 1 + (4A/3)3'2  [ 1 + (C/Pr)9�16  ] 2�3(Ra#)9�8}2�3

(54)

The constants are summarized in Table 3. The modi-
fied Rayleigh number for induced flow is here defined
as

(55)

where R is the characteristic length in Table 3 and L is
the length of the channel. Equation (54) is based on
boundary-layer theory in the inlet (with the coefficient
adjusted to account for entrance effects per Aihara
[68]  and for curvature) and on fully developed con-
vection at the outlet. Excellent agreement with the
experimental data is indicated in Fig. 26. The data of

2000
I I I I I

1000_I
Fujii  A. Imura-water  (UHF) Lloyd  et al. - SC S 2000  (Sh)- Hassan  & Mohamed  -air [Nu)

I 15O q 19 0 L5O
- 3o� q 2o� 0 60°
. L5O 0 L5O x 750
l 60°

. 75O
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-.m 1

* 69 n + 0-5

Black 8. Norris -air [Nu) A+ 0
A lb9 A+

I�� 0

I I I I I

lOB

RaLsin  d0b&+  ��O

10� lOI

Figure 23 Comparison of Eq. (50) with experimental data for the local and mean Nusselt and Sherwood numbers in
turbulent free convection from upward-facing plates inclined at large angles from the vertical.

0 1983 Hemisphere E btishing  Corporation
7

H



2.5.7-20 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.7 Free Convection around Immersed Bodies

1000 - ( I I I I , I I I I I I a

v Bevy & Woelk-Au  (UHF)-1  x1,1*2,1x3 rectangles  ll:L121
B�

h At- Arab! & El-Reedy  - A\r - various  shapes  (C: A/PI

+f/

.
o GoldsteIn  et al -Naphthalene  (Sc1251- various  shapes  iP:A/P

q Fujii  B Imura-Water  - 1x2 rectangle  IP= L/21 v*%,

n FUJII 8 Imura-  Water - 3x1 rectangle  (1 = L/21 u&P

+ Lloyd h Moran  -Electrochemical  (SC: 2200).various  shapes  IP-A/PI Px&

x Wragg -Electrochemical  ISc~2250) �circular  discs  l!=D/L) ?2
Eq 152)

Od

Figure 24 Comparison of Eqs. (51) and (52) with experimental data for the mean Nusselt and Sherwood numbers in free
convection from upward-facing isothermal horizontal plates.

Aung et al. [69] for unsymmetrical heating are
included in terms of the average temperature difference
at the mid-height.

wake at the rear of the cylinder at moderate Ra and
the curvature of the boundary layer itself. Even so, it
proves to be indispensable in constructing a correla-
tion.

D. Horizqntal cylinders Churchill and Chu [70]  combined the asymptotic
solutions from the thin boundary-layer solutions of

Thin, laminar boundary-layer theory is of less direct LeFevre  [lo] f o r  P r -+- and of Saville and Churchill
utility in correlating data for horizontal cylinders than [71]  for Pr + 0 to obtain the following correlating
for flat plates because of the formation of a plume or equation for UWT:

0 SHAUKATULLAH a GEBHART-WATER

30 x �LIET-WATER

Figure 25 Comparison of Eqs. (30) and (34) with experimental data for the local Nusselt number in free convection from
uniformly heated, upward-facing, inclined plates to water.
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Table 3 Characteristic lengths and coefficients for Eq.
(54) for buoyancy-induced convectiona

Channel
Characteristic

Condition lengthb A c

Cylinder UWT D
Parallel plates UW b
Cylinder UHF D
Parallel plates UHF b

l/128 0.492
l/24 0.492
l/64 0.437
l/12 0.437

=From Churchill [67].
bb = distance between plates.

-
Nu =

0.518 Ran4
[ 1 + (0.559/Pr)9�6]  4�9

(56)

The characteristic length in Eq. (56) and all subsequent
expressions in this section is the diameter D.

Equation (24) is found to be applicable for the
turbulent regime for horizontal cylinders as well as
vertical plates, and the following combination, analo-
gous to Eq. (27) provides an overall correlation for
the two, thin boundary-layer regimes:

-
Nuf =

0.518 Ran4
[ 1 + 0.559/Pr)9�6]  4�9

3.47 X 10m7  Ra
l/12

>[ 1 + (0.559/Pr)9�16  ] 16�9
(571

Langmuir [72]  derived the following expression
for the effect of the curved thickness of the curved
boundary layer on a cylinder:

Nu = 2 In
( >
1+&

f
(58)

Equation (58) can be combined with Eq. (56) to
provide a predictive expression for the entire laminar
regime, with Eq. (24) for the turbulent regime, and
with (57) for all Ra.

A number of solutions for creeping flow (Ra + 0)
have been derived by the method of matched asymp-
totic expansions. The most accurate appears to be that
of Nakai and Okazaki [73], which can be written as

-
Nu = 6/ln

49.8 (Pr + 9.4)1�2
Nu Pr Ra

>
(59)

Equation (57) was asserted by the authors to be valid
only for Pr Ra < 10T3.

These several expressions are compared in Fig. 27

t

UWT

o Elenbaas - T u b e
0 K e n n a r d  - l u b e

o Aihara -Tube
c E lenbaas  -P la tes
A Dyer  -P la tes
2 A u n g  e t  a l . - P l a t e s

UHF

A D y e r  - T u b e
m Sobel  e t  a l  - P l a t e s

12 I 1 III I 1 III 1 Ill I I III I I III I

1o-2 10-l loo 10� IO2 103 2000
Aw Ra# _ A413 c@ AT-

Lv(y

Figure 26 Comparison of Eq. (54) with experimental data for the mean Nusselt number in laminar, buoyancy-induced
flow in open-ended, vertical channels. From Churchill [67].  Copyright 1977, Pergamon Press, Ltd. Reprinted with
permission.
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Figure 27 Comparison of Eqs. (56),  (57),  (58), and (59) with experimental data for the mean Nusselt and Sherwood
numbers in free convection from isothermal, horizontal cylinders.
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with experimental data of a number of investigators
for a wide range of Ra and Pr. The combination of
Eqs. (57) and (58) is seen to provide a good overall
prediction, except for the data for large SC that follow
Eq. (56)  owing to the persistence of laminar flow.
Equation (59) is in better agreement with the data
than the combination of Eqs. (59) [or (56)]  and (58)
only for Ra < lo-*.

-
However, the values of Nu

observed experimentally for very low Ra are undoubt-
edly somewhat high, as a result of stray air currents
and end effects.

The many sets of experimental data and the
various other correlations that have been proposed are
analyzed by Morgan [6]. The appropriate modifica-
tions of the above expressions for uniform heating,
physical property variation, simultaneous transfer of
species, and non-Newtonian behavior are the same as
for the vertical plate. The correction factors for the
latter case are included in Table 1. For uniform
heating the central value of Pr is 0.442 rather than
0.559, but this difference is negligible except for liquid
metals. Goldstein and Aung [74] showed that the
equivalent of Eq. (59) is applicable even near the
critical point, provided that the properties are properly
evaluated.

E. Vertical and inclined cylinders

Fujii and Uehara [75]  derived the following expression
for a vertical cylinder with any arbitrary, specified
temperature distribution:

-
Nu = $, + 0.97 ; (60)

where &, = local Nusselt number for a flat plate at
the same distance x and with the same
temperature profile

x = distance up cylinder
D = diameter

The characteristic distance is here taken as x.
The following expression for inclined cylinders

(with insulated end surfaces) in the thin boundary-
layer regime (10�  < Ra < 10�)  is based on Eq. (56) for
horizontal cylinders and Eq. (21) for vertical flat plates
as asymptotes, with g cos 19 substituted for g in both
and 0.559 for 0.492 in the latter:

Nu = 0.518(Ra cos 0)u4 [ 1 + (2.80 tan O/X)~�~]  1�6

[ 1 + (0.559)/Prg�6]4�g

(61)

Here ~9 is the angle of inclination of the axis of the
cylinder from the vertical and D is the characteristic
length in Nu and Ra. It is implied that x/D is
sufficiently short so that the correction given by Eq.
(60) is negligible. The exponent 6 is based on the
theoretical calculations of Raithby and Hollands [76]
for intermediate inclinations and Pr = 00.

The computed values of Raithby and Hollands are
seen in Fig. 28 to be closely represented by Eq. (61)
but the experimental values of Oosthuizen [77]  for air
fall consistently and significantly higher. They are,
however, well represented by the following expression
developed by Oosthuizen:

-
Nu = 0.42(Gr cos 0)

(62)

2.0 I I I I , I I I I , I 1

5
8 A Exper imental  Data - Oosthuizen
z
x

0 Thin Boundary-Layer Theory - Raithby and Hol lands

Long Incl ined Cyl inder
Eq. (561,  modif ied

2 Eq.1211, modif ied

0.2 1 , I I I I I I I I
0.01 0.1 1.0 1.0

(D tan 0)/L

Figure. 28 Comparison of Eqs. (61) and (62) with the experimental data of Oosthuizen [ 771 for the mean Nusselt number
in laminar free convection from isothermal, inclined cylinders to air.
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Equation (62) is analogous to Eq. (61),  but with
empirically determined coefficients equivalent to 0.6
and 0.55 in place of the theoretical values of 0.518
and 0.67. The difference due to the exponents of. 2
and l/8 instead of 312 and l/6 is not significant.

The data are not given in a form that permits the
use of Eq. (58),  but test calculations suggest that it
would represent the data. Hence, the combination of
Eqs. (61) and (58) is recommended for prediction,
because of presumed greater generality.

Morgan [6] has compiled and discussed various
other sets of data and proposed alternative correlations.

F. Vertical cones

The theoretical value of 0.709 8 derived by Stewart
[78]  for m/(Ra cos 13)~�~ as Pr +m can be used with
the values computed by Hering  [79]  for low Pr to
construct the following generalized correlating equation
for the thin boundary layer for all Pr:

Nu=
0.710(RaL  cos e)1�4

[ 1 + (0.352/Pr)9�16]  4�9
(63)

-
Here the characteristic distance in Nu and Ra, is the
slant height of the cone, and 8 is the angle between the
generating lines and the axis. Kuiken [80]  derived an
expression for the effect of boundary-layer thickening,
the first two terms of which can be generalized as

(64)

where Nuf is represented by Eq. (63).
Oosthuizen and Donaldson [81] correlated their

own experimental data for air, as shown in Fig. 29, by
the analogous expression

0.907
Nu = 0.63(Gr,  cos 2f3)�4  + tan (65)

The coefficients in Eq. (65) were chosen empirically to
fit these data. The use of cos 20 rather than cos 8 was
not explained, but does not account for the discrep-
ancy relative to Eq. (64) since the maximum angle in
the experiments was 5.85n/180 rad.

G.
Churchill [82]  utilized the theoretical solutions of
Chiang et al. [83]  for Pr = 0.7, Mori et al. [84] for
S C = 1, 100, 500, and 650, and Stewart [76]  for
Sc + 00 to construct the following correlating equation
for the local and mean Nusselt numbers in the thin
laminar boundary-layer regime:

Nu = 0.770(1 - 0.071 6 e2)Ra1j4

[ 1 + (0.469/Pr)9�6  ] 4�9
(65)
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Figure 29 Comparison of Eq. (65) with experimental data for
the mean Nusselt number in laminar free convection from
isothermal, vertical cones to air. From Oosthuizen and Donald-
son [81].

and

-
Nu =

0.589 Ra�4

[ 1 + (0.469/Pr)9�16  ] 4�g
(67)

where the diameter is used as the characteristic length,
and

0 = angle from forward stagnation point, rad

The correction for the curved, finite thickness of
the boundary layer, per Langmuir [72]  , corresponds to
adding the limiting solution of 2.0 for pure conduction
to the right side of Eqs. (66) and (67). Thus, for the
mean value,

Nu=2+
0.589 Ra�4

[ 1 + (0.469/Pr)9�16  14�
(68)

The turbulent regimes were encompassed as well by
combining Eq. (68) with a slightly modified Eq. (24)
as

Nu-2=
0.589 Ra�4

[ 1 + (0.469/Pr)9�16  ] 4�9

7.44 X lo-*  Ra
1112

� � �  [ 1 + (0.469/Pr)9�6]  16�9
(69)
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The data of many investigators for i% (and %)
for a wide range of conditions are compared with Eq.
(69) in Fig. 30. The representation is generally satis-
factory, although those sets of data for large Pr and SC

have a delayed transition in terms of Ra[ 1 + (0.469/
Pr)g’161  -4’g and hence are better represented by Eq.
(68) for all Ra.

The experimental data of a number of investi-
gators for the local Nusselt number at moderate values
of Ra are compared with Eq. (66) in Fig. 31. The data
are in reasonable agreement with the prediction,
although they generally fall somewhat below for small
angles. As Ra increases, separation occurs. Beyond the
point of separation, the rate of heat transfer increases
with angle. The contribution of the wake to the overall
heat transfer is seen from the data of Schlitz [85] to
increase with Ra. The use of Nu - 2 rather than Nu as
the ordinate of Fig. 31 would presumably improve the
representation, particularly for lower Ra, but separate
values of Nu and Ra were not available in all cases.

Hossain and Gebhart [86]  derived the following
expression for creeping flow (Gr + 0):
-
Nu = 2 + Gr + Gr2(0.139  - 0.419 Pr + 1.1 902 P?)

(70)

Equation (70) presumably gives a more reliable depen-
dence on Gr and Pr for Gr+ 0 than Eq. (68). How-
ever, owing to the dominance of the limiting value of-
2, the difference in Nu is not of practical importance.

Equation (68),  with the special Rayleigh number
defined by Eq. (43),  is applicable for spheres in power
law fluids with the coefficients given in Table 1.
Acrivos [34]  gives theoretical results graphically for
the local Nusselt number for power law indices of l/2
and 312.  As shown in Fig. 32, the data of Amato and
Tien [87]  for & fall below Eq. (68) for small Ra�
but are in good agreement for large Ra�. Their
local data (not shown) closely follow the theoretical
prediction of Acrivos.

H. Other immersed shapes

Theoretical results have been obtained for a few
geometries in addition to those already mentioned.
Experimental results have been obtained for many
more shapes, particularly those involving fins and
radiators. Only a few of these results of particular
generality will be noted here. i

Raithby et al. [88]  obtained data for one prolate
and two oblate spheroids and developed correlations in
the Churchill-Usagi form covering the regimes of creep-
ing, boundary-layer, and turbulent flow. Me&in [89]
obtained solutions for horizontal, elliptical cylinders by
numerical integration. Lin and Chao [90] derived

series solutions i�or  the same conditions as Merkin,
ysing the Merk [91]  method. Lock [92]  formulated a-
generalized boundary-layer solution for Nu for
inclined, arbitrarily shaped, plane surfaces and used it
to obtain results for an m-sided pyramid. Stewart [78]
derived and compiled laminar boundary-layer solutions
for Pr + 00 for a number of surfaces, including inclined
disks and square and circular fins on horizontal tubes,
in addition to the surfaces already mentioned.

I. Generalized solutions and correlations

Considerable progress has been achieved in generalizing
the solutions and correlations for free convection.
Stewart [78]  has shown that the solutions for three-
dimensional free convection in the thin laminar boun-
dary-layer regime of all geometries for Pr+ 00 and an
isothermal surface can be generalized as

G = IA Ra�)1�4 (71)

where A is a function of geometry only and the
absolute value sign indicates the same A for heating
and cooling. He further showed that for power law
fluids,

G = A@-@  )IRa�l��93n (72)

with Ra� and @(n) defined as before. The values of
$fn) for vertical plates, horizontal cylinders, and
spheres are given in Table 1.

Saville and Churchill [93]  showed that Gcrtler-
type transformations of variable could be utilized to
generalize the thin boundary-layer equations for any
given class of body shape such as round-nosed cylin-
ders, sharp-nosed cylinders, and round-nosed axisym-
metric bodies. Results for any specified body contour
are then obtained by using the appropriate coefficients
for a general series solution for that class of body and
a specific Prandtl number. They asserted that these
Gbrtler-type series converged more rapidly than
Blasius-type series. Lin and Chao [90]  contend that
the Merk-type series is accurate to larger distances or
angles.

Stewart [78]  developed a general formulation for
the thin laminar boundary-layer solution for Nu in the
limit of Pr + 00 for most three-dimensional surfaces in
terms of a simple integral involving geometry only.
Raithby and Hollands [76]  generalized this solution by
incorporating the universal function of Churchill and
Usagi [14] for the dependence on Pr. They also derived
a correction factor for small Ra.

Leinhard [94] noted that as a first-order approxima-
tion for laminar free convection in air with all geometries,

% z 0.5 Rau4 (73)

0 1983 Hemisphere Publish@  Corporation



2.5.7-26 2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER / 2.5.7 Free Convection around Immersed Bodies

0 1983 Hemisphere Publishing  Corporationr �1t6DiL A



2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.7 Free Convection around Immersed Bodies 2.5.7-27
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Figure 31 Comparison of Eq. (66) with experimental data for the local Nusselt and Sherwood numbers in free convection
from isothermal spheres. From Churchill [82].

if the length of the boundary layer is used as the
characteristic dimension. Tsubouchi and Sat5 [95]
generalized the experimental data for horizontal cylin-
ders, spheres, and spheroids by using 2V/A  as the
characteristic length, where

V = volume, m3

A = surface area, m2

Churchill and Thelen [96]  and Churchill and Churchill
[97]  noted that the thin laminar boundary-layer solu-
tions for all geometries and all Prandtl numbers have
the form

% = A (Ra ffPr ))1�4 (74)

This expression can be extended to small Ra by adding
a limiting value Nu, to account for boundary-layer
thickening, yielding
-
Nu = Nu, + A (Ra ffPr ))1�4

They demonstrated that

(75)

ffpr)  = [I + ()�16]m���g (76)

is a good approximation for all geometries and forced
the coefficient A into conformity with that for a
vertical plate by arbitrarily defining the characteristic
length as in Table 4. The corresponding values of Nu,,
are included in the table. Their general correlation for
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Figure 32 Comparison of Eq. (68) with experimental data for the mean Nusselt number in laminar free convection from
isothermal spheres to polymer solutions. From Amato and Tien [87].  Copyright 1976, Pergamon Press. Reprinted with
permission.

all geometries, all Pr, and all Ra in the laminar regime
is then

Nu = Nuo +
1�4

They similarly proposed for the turbulent regime the
general expression

Table 4 Characteristic lengths and Nuo
for generalized  correlations�

Lengthb N u ,

Inclined plate X

Inclined disk 9D/11
Vertical cylinder X

Cone 4x15
Horizonta l  cy l inder  nD
Sphere 7rD/2
Spheroids 3nV/A

0.68
0.56
0.68
0.54
0.36~1

13,36V'

=From Churchill and Churchill [ 971.
bx is the slant distance.

o 1983 Hemisphere 1 lblishing Corporation

and for the entire range of Ra,

=‘/2 - Null2- 0 +

(78)

(79)

A somewhat better overall correlation is provided by

% = Nuo +

X (1 t 1.6 X 10m8  RaffPrj)��2 (80)

The characteristic lengths and values of Nu, in
Table 4 are also appropriate for Eqs. (78)-(80).  Equa-
tions (75)-(80)  are applicable for uniform heating with
the temperature difference evaluated at the midpoint
of the surface. They are adaptable for power law fluids
and for transfer of species as above.
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Nomenclature for  Section 2.5.7 appears at the beginning of Part 2.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER 2.5.8-l

2.58
Free convection in layers

and enclosures

S. W. Churchill

H Natural convection occurs in enclosures as a result
of gradients in density, which are in turn due to varia-
tions in temperature or concentration. The rate of heat
transfer is usually characterized by a Nusselt number as
a function of a Rayleigh  number, the Prandtl number,
the geometry, and the boundary and initial conditions.
The Nusselt and Rayleigh numbers are ordinarily based
on the external temperature difference and the dimen-
sion of the enclosure in the direction of heat transfer,
with some exceptions as noted below. The other vari-
ables in these groups are defined as in Sec. 2.5.7.

Catton [l] provides a recent, comprehensive, and
interpretive review of natural convection in enclosures.
Ostrach  [2, 31 discusses cylindrical and rectangular en-
closures in somewhat greater detail. Koschmieder [4]
has reviewed Benard-type  convection and Buchberg
et al. [5] applications of natural convection in solar
collectors. Churchill and Ozoe [6] have utilized theoreti-
cal and experimental results for asymptotic conditions
to develop correlating equations for heat transfer in rec-
tangular and cylindrical enclosures for a wide range of
conditions with special attention to the effect of the
angles of inclination and rotation.

In this section a description of the fluid motion is
provided and correlations are recommended for heat
transfer for conditions of primary practical importance.
Referral to the references cited herein and in the above
reviews is suggested for derivations and further details.

Experimental results for natural convection in en-
closures are generally less accurate than for forced con-
vection owing to difficulty in repressing and evaluating
the heat fluxes through and along the nonisothermal
walls. As a consequence, discrepancies between various
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sets of data are not completely resolved. Also, the time
scale of experiments, particularly with liquids, is some-
times insufficient to attain the true stationary state.

Theoretical results are limited in accuracy and
scope owing to the inherent three dimensionality of the
velocity and temperature fields in all enclosures with
two or three finite dimensions. This three dimensionality
affects the transitions from one mode of circulation to
another. If one or the other aspect ratio is near unity,
the three dlmensionality affects the rates of circulation
and heat transfer significantly. Even so, the many two-
dimensional and the few three-dimensional solutions
provide a useful basis for the interpretation, correla-
tion, and extrapolation of the experimental values.

For a horizontal layer of fluid with a uniform
temperature on the upper surface and a higher uniform
temperature on the lower surface, a quiescent fluid is
the stable state below a critical value of the Rayleigh
number, Ra,. For the reverse boundary conditions, a
quiescent fluid is the stable steady state for all Ra. A
fluid motion occurs for all other thermal boundary
conditions.

A. Infinite horizontal layers of fluid heated
from below

Natural convection in this geometry has received exten-
sive attention since 1900, when BCnard [7] observed
hexagonal roll cells upon the onset of convection in
molten spermaceti with a free upper surface. The motion
observed by Benard has since been attributed to surface
tension rather than gravity. Hexagonal roll cells have
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2.5.8-2 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.8 Free Convection in Layers and Enclosures

been observed for gravitational convection with a rigid
upper surface, as illustrated in Fig. 1 by Quinn [8], but
the incipient motion for truly isothermal surfaces is be-
lieved to be either longitudinal or circular roll cells, de-
pending on the configuration of the side walls. All three
motions are sketched in Fig. 2.

Rayleigh [9] was the first to compute a critical
value, Ra,, for the onset of convection. The accepted
theoretical value of this dimensionless group, as defined
below Eq. 2.5.7(3), is 1 708 for rigid upper and lower
surfaces. This value is independent of the postulated
mode of convection.

For free convection from an immersed surface, as
discussed in Sec. 2.5.7, a gradual transition occurs from
no flow to a thin laminar boundary layer, followed by a
rapid transition to a turbulent boundary layer as the
Rayleigh number increases. For a confined fluid, by con-
trast, a series of discrete transitions occurs, associated
with Rayleigh-like modes of instability of increasing
order. Such transitions in the rate of circulation and rate
of heat transfer have been observed experimentally by
Malkus [lo],  Garon and Goldstein [ll] , and others.
Malkus and Veronis [12] derived the following expres-
sion for the rate of heat transfer based on this concept:

Figure 1 Hexagonal roll cells in a horizontal layer of silicone oil
heated from below with rigid upper surface. Courtesy of J. A.
Quinn IS].

Figure 2 Sketches of roll cells in horizontal layers of liquid
heated from below. (a) Longitudinal cells. (b) Hexagonal celL
(c) Circular (ring) cells. From Koschmieder [4].
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2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER / 2.5.8  Free Convection in Layers and Enclosures 2.5.8-3

Nu= 1  +  z Nui (1 -?)(ifRa-Ra&
i= 1

(1)

where Nui = Nusselt number for ith mode
Racy = critical Rayleigh  number for ith

mode
U+Ra - Racy j = unit step function; 0 for Ra < Ra,i,

1 for Ra > Ra,;
The improved values of Nui and Ra,i computed by
Catton [13] are given in Table 1. The results are pre-
sumably for the asymptotic case of Pr -+ 00. Neverthe-
less, values of Nu computed from the values in the table
are seen in Fig. 3 to be in good agreement with experi-
mental data for a variety of fluids.

Churchill and Ozoe [6] used the first two terms of
the series above, the mixing length solution of Kraich-
nan [14]  for large Ra and Pr, and the universal depen-
dence on PI of Churchill and Usagi [15], as given by
Eq. 2.5.7(76), to develop the following correlating
equation:

(2)

Equation (2) with Ra, = 1 708 is compared withseveral
sets of experimental data in Fig. 4. The data for air and
water fall somewhat above the prediction for lo4 <
Ra < 1 08, and the data for water somewhat below for
Ra > 10s as well. If complete confidence were placed
on the data in Fig. 4 rather than on the asymptote of
Kraichnan, 0.109 Ra0.313 could be substituted for
(Ra f(Pr)/l 420)1�3 in Eq. (2). Hollands et al. [16]
have proposed alternative correlating equations for
selected sets of data for air and water.

Table 1 Critical Rayleigh numbers and heat
transport  coefficients  for heating from below as
computed  by Catton [ 131
-
Mode Race NUi

1 1 101.162 1.446
2 17 610 1.664
3 15 109 1.761
4 219 885 1.822
5 509 651 1.865
6 1 202 509 1.901
I 1 843 582 1.932
8 3 085 828 1.960
9 4 870 124 1.990

10 I 334 119 2.000
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Figure 3 Comparison of Eq. (1) with experimental data for heat
transfer between horizontal plates heated from below. 0, water;
+, heptane; X, ethylene glycol; 0, silicone oil AK3; A, silicone oil
AK350;A,  air. From Catton  [ 131.

B. Enclosures  heated from below

(a) Critical Rayleigh number

The drag of side walls increases Ra,. The prediction of
this value for different geometries and enclosures is im-
portant, since it serves as a criterion for the design of
enclosures with negligible circulation and minimal heat
transfer.

Davis [17]  used linear stability theory to calculate
Ra, as a function of the two aspect ratios of a rectangu-
lar enclosure with infinitely conducting side walls.
Catton  [20, 211 also carried out calculations for the
more practical cases of nonconducting and partially
conducting side walls. His tabulated results for infinitely
conducting and nonconducting side walls are reproduced
as Tables 2 and 3. Comparison of the values in these
two tables reveals that conducting walls increase the
critical Rayleigh number.

Churchill and Ozoe [6] correlated the computed
values of Ra, for nonconducting walls and integral
values of the two aspect ratios HI > Hz  > 1 within 0.8%
using the empirical expression

For a long channel, Hl + m and
l/4

(3)

(4)

where H, = b/d
Hz = w/d

b = breadth (major horizontal dimension), m
w = width (minor horizontal dimension), m
d = thickness of fluid layer, m

Catton and Edwards [22] suggested the following gen-
eral expression for the critical Rayleigh  number of an
enclosure of any shape:
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q Goron  & Goldstein - Water
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Figure 4 Comparison of Eq. (2) with experimental data for heat transfer between horizontal plates heated from below.
From Churchill and Ozoe [6].



2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.8 Free Convection in Layers and Enclosures 2.5.8-S

Table  2 Critical  Rayleigh number for onset of motion  iu rectangular enclosures with infinitely  conducting  side walls
as computed  by Catton  [ 201

H,

0.125 9 802 960.0 1 554 480.0 606 001.0 4 6 9  3 7 7 . 0  4 4 4  9 9 5 . 0  4 4 4  3 6 3 . 0  4 . 5 7  0 0 7 . 0  4 7 3  7 2 5 . 0  4 9 4  7 4 2 . 0
0.25 1 554 480.0 638 754.0 115 596.0 64 270.8 53 529.7 50 816.4 50 136.1 50 088.6 50 410.1
0.50 606 001.0 115 596.0 48 178.9 14 615.3 11 374.5 9 831.6 9 311.9 9 099.4 8 980.2
1.00 469 377.0 64 270.8 14 615.3 6 974.0 5 137.9 3 906.0 3 633.6 3 446.2 3 357.9
2.00 444 995.0 53 529.7 11 374.5 5 138.2 3 773.6 2 753.6 2 530.5 2 359.5 2 285.7
3.00 444 363.0 50 816.4 9 831.6 3 906.0 2 753.6 2 557.4 2 337.2 2 174.4 2 100.9
4.00 457 007.0 50 136.1 9 312.0 3 633.6 2 530.5 2 337.2 2 270.2 2 110.9 2 037.2
5.00 473 725.0 50 088.7 9 099.4 3 446.2 2 359.5 2 174.44 2 110.9 2 081.7 2 007.8
6.00 494 741.0 50 410.1 8 980.2 3 358.0 2 285.7 2 101.0 2 037.2 2 007.8 1991.9

0.125 0.25 0.5 1.0 2.0 3.0 4.0 5.0 6.0

Ra = (a* + 1613
c a2 (5)

Here a is a horizontal wave number which depends on
the shape and aspect ratio or ratios. Catton [21]  pro-
posed the following (herein corrected) expression for
a for rectangular boxes with $f, <Hz < 1:

(6)

Churchill and Ozoe [6] also correlated the com-
puted values of Catton [18] for infinitely conducting
walls, but not so precisely as for nonconducting walls,
perhaps owing to greater error in the values themselves.
For integral aspect ratios with HI > Hz 2 1, their em-
pirical expression is

For a long channel, HI + 00 and Eq. (7) simplifies to

Rac 03)

For a square enclosure (H = HI = Hz),  a simpler and
more accurate approximation for H > 1 is

&=1708(l+z)

As an approximation for round cylindrical en-
closures with insulated side walls, Catton and Edwards
[22]  proposed that a in Eq. (5) be taken as the larger of
2.8.22 and 5.75d/D,  and for an ipfinitely conducting

Table 3 Critical  Rayleigh numbers for onset of motion  in rectangular enclosures with nonconducting  side walls as com-
puted by Catton  [ 211

HI

0.125
0.25
0.50
1 .oo
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50

12.00

~-
0.125 0.25 0.50 1.00 2.00 3.00 4.00 5.00 6.00 12.00

-___
3 011 718(l)

333 013(l) 203 163(l)
70 040( 1) 28 452(l) 17 307(l)
37 689(l) 11 962(l) 5 262(l) 3 446(l)
39 798(2) 12 540(2) 5 341(l) 3 270(l)
36 262(2) 11 020(2) 4 524(2) 2 789(2) 2 276(2)
37 058(3) 11 251(3) 4 567(2) 2 754(2) 2 222(2)
35 875(3) 10 757(3) 4 330(3) 2 622(3) 3 121(3) 2 004(3)
36 209(4) 10 858(4) 4 355(3) 2 609(3) 2 098(3) 1 978(3)
35 664(4) 10 635(4) 4 245(4) 2 552(4) 2 057(4) 1 941(4) 1 894(4)
35 794(5) 10 666(5) 4 261(4) 2 545(4) 2 044(4) 1 927(4) 1 878(4)
35 486(S) 10 544(5) 4 186(5) 2 502(5) 2 009(5) 1 897(5) 1 852(S)
35 556(6) 10 571(6) 4 196(5) 2 498(5) 2 OOl(5) 1 888(5) 1 842(5)
35 3X0(6) 10 499(6) 4 158(6) 2 480(6) 1989(6) 1 879(6) 1 833(6) 1 810(6) 1 797(6)
35 45 l(7) 10 518(7) 4 165(6) 2 447(6) 1 984(6) 1871(6) 1 826(6) 1 803(6) 1 789(6)
35 193(12) 10 426(12) 4 118(12) 2 453(12) 1967(12) 1 855(12) 1 808(12) 1 783(12) 1 768(12) 1 741(12)
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side wall as the larger of 2.822 and 7.66d/D.  These same
expressions were also proposed for hexagonal cylinders
with the distance between opposing vertical flats taken
as D.

An experimental test by Stork and Miiller [23]  of
the theoretical results of Davis [ 171 and Catton  [ 181  for
infinitely conducting enclosures with HI = 4 and vary-
ing Hz  is shown in Fig. 5. Similar results were obtained
for other values of HI, and similar agreement would be
expected for partially or negligibly conducting walls.
Oertel and Kirchartz [24] also confirmed the theoretical
values for rectangular enclosures with infinitely conduct-
ing walls experimentally but found some evidence of a
dependence on Pr. However, Verhoeven [2.5] found ex-
perimental values for mercury (Pr = 0.025) in a tall
cylinder with insulated side walls to be in agreement
with the prediction of Eq. (5) for a = 5.75d/D.

(b) Modes of circulation

For integral values of HI > H2 > 1 in rectangular en-
closures, the fluid motion in the laminar regime consists
of roll cells, such as those in Fig. 2a, of essentially square
cross section with their axes horizontal and parallel to
the shorter side wall of the enclosure. These roll cells

10

9

8

H, =4

1 I I I I I
1 2 3 4 5 6

H,

Figure 5 Comparison of the predictions of Davis [ 171 and Cat-
ton [ 181  with experimental data for the critical Rayleigh num-
ber in rectangular enclosures heated from below. -Davis;
A, Catton;  - 0 -, experimental. From Stork and Mtiller

(231.
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increase in strength but persist in form up to the onset
of turbulent motion at Ra Z 1 06. Ozoe et al. [26]  have
demonstrated both theoretically and experimentally,
as illustrated in Fig. 6, that all particle paths in the lami-
nar regime are double helices and are confined to one or
the other half of a roll cell. The circulation pattern fol-
lowing a change in boundary conditions may initially
consist of roll cells of some other number and/or orien-
tation. The transition to the stable state may require a
very long time, particularly for nonintegral aspect ratios,
since the entropy production for other quasistable con-
figurations differs only slightly.

The laminar mode of circulation in the annulus
between two concentric vertical cylinders heated on the
lower horizontal surface has been shown experimentally
by Stork and Miiller [27] and both experimentally and
theoretically by Ozoe et al. [28] to consist of roll cells
with horizontal, radial axes as shown in Fig. 7. An even
number of cells occur, approximately equal to the mean
circumference divided by the depth. The particle paths
are oblique double helices confined to one-half of a
roll cell as illustrated in Fig. 8.

(c) Heat transfer rates

Churchill and Ozoe [6] proposed the use of Eq. (2)
for finite rectangular enclosures as well, using the ap-
propriate values of Ra, as given in the previous section.
The experimental results of Catton  and Edwards [22]
for various liquids in hexagonal-sided enclosures with
conducting walls are shown in Fig. 9 and with noncon-
ducting walls in Fig. 10. The curves in these plots repre-
sent the theoretical values corresponding to Eq. (1).
However, these curves differ negligibly from Eq. (2)
for Pr > 6. Other sets of data are in general agreement.
Unfortunately, extensive and precise results for low Pr
to test that dependence do not appear to be available.

Equation (2), with an experimental value of Ra, =
3 200, is seen in Fig. 11 to be in agreement with the
experimental values of Ozoe et al. [28] for a circular
annulus between heated and cooled horizontal plates.
[For Ra < 5 000, Eq. (1) with Ra,i = 3 200 was used
instead of Eq. (2), owing to a second intersection of the
component equations.] The values they obtained by
three-dimensional finite difference calculations are
higher, but in qualitative agreement.

C. Rectangular enclosures heated and cooled
on the sides

The flow pattern and rate of heat transfer in a rec-
tangular enclosure heated and cooled on the side walls
depend strongly on the aspect ratio or ratios as well as
on the Rayleigh and Prandtl numbers. The majority of

blisbing  Coxporation
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1 ---- -_____ ____ --__-ey�

(C) (d)

Figure 6 Experimental particle paths and computed streaklines for a 1 X 1 X 2 rectangular enclosure heated from below.
Experimental: Ra = 14 400, Pr = 4 300. (a) Front view. (b) Side view. Computed: Ra = 4 000, Pr = 10, Ax = Ay = AZ =
0.125. (c) Front view. (d) Side view. From Ozoe et al. [26].

experimental and theoretical results are for long chan-
nels, such that the aspect ratio for breadth is very large
and can be ignored. The choice of the characteristic
length in the Nusselt and Rayleigh numbers is not clear
cut, since the rate of heat transfer for the conductive
regime depends primarily on the distance d in the direc-
tion of heating; for the laminar boundary-layer regime
primarily on the vertical distance h perpendicular to the

Figure 7 Top view of computed streaklines for a vertical annu-
lus heated from below with rl /d = 1, rz /d = 2, Ra = 6 000, and
Pr=lO.FromOzoeetal.  [28].

direction of heating; and in the turbulent region on
neither. To avoid confusion, the characteristic length
in both Nu and Ra will be designated by subscripts. Un-
less otherwise noted, one aspect ratio is assumed to be
sufficiently large so as to be negligible.

In 1963, Wilkes and Churchill [29,  301 derived

Figure 8 Perspective view of computed streaklines for a vertical
annulus heated from below with r, /d = 1, rz /d = 2, Ra = 6 000,
and Pr = 10. From Ozoe et al. [28].

0 1983 Hemisphere I .blishing  Corporation
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0.51 I , . I I I
103 2 4 6R104 2 4 6 M1O5 2 4 6 8 IO6 2 4 6 M 10’

Ra

Figure 9 Comparison of Eq. (1) with experimental data for
heating from below in hexagonal enclosures with conducting side
walls. From Catton  and Edwards [22].

a solution by finite-difference methods for two-
dimensional laminar natural convection in a rectangular
channel heated and cooled on the vertical sides, and
insulated or perfectly conducting on the horizontal
walls. The results of this and the many subsequent
numerical solutions by both finite-difference and
weighted-residual methods have proven to be reliable
over an ever-increasing range of conditions. Hence,
they are used herein, along with experimental data, to
evaluate correlating equations.

The behavior in enclosures of very high, moderate,
and very low aspect ratios differs in character, and there-
fore these three regimes will be treated separately.

1C
c

e

i

E

5

1

NU

3

2

I

I I I I

lo3 2 4 6 *IO4  2 4 6 8 lo5 2 4 6 8 18

Ra

Figure 10 Comparison of Eq. (1) with experimental data for
heating from below in hexagonal enclosures with nonconducting
side walls. From Catton  and Edwards [22].

(a) Enclosures with very large aspect ratios

Batchelor [3 I] analyzed the behavior for a channel

made up-of vertical walls at different uniform tempera-
tures and insulated horizontal end plates. He showed
that for Rad < 5OOh/d,  the fluid moves up in the half-
width near the heated wall, across the top, down the
half-width near the cooled wall, and across the bottom,
with the parabolic velocity distribution shown in Fig.
12. The rate of heat transfer increases linearly with Rad
over that for pure conduction owing to the energy car-
ried from one side to the other by the circulation. His

Ra

Figure 11 Comparison of experimental and theoretical rates of heat transfer for silicone oil in a circular ammlus heated
and cooled on the ends with r,/d  = 0.96 and r2 = 2. 0, experimental values; 0, computed values (both by Ozoe et al.
m  ).- Eq. (2).
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0.2

0

0.2

0

1
u
5
�I

E 0 . 2
s
3

0

0.2

0

b)

Cl

Id)

Figure 12 Velocity profiles at mid-height of tall rectangular
channels heated and cooled on the vertical sides, as measured by
Elder [ 321.

Rad h/d Red d/h

(a) 3.08 x lo4 19.40 1.587 X 10�
(b) 2.95 x 10� 13.73 2.149 X lo4
(c) 6.56 x 10� 13.85 4.736 X 10�
(d) 3.61 X lo6 7.18 5.028 x lo5

solution for this asymptotic regime can be expressed as

Rad  d
NUd = 1 +c h

0
(10)

Setting the derivative of the heat transfer coefficient
with respect to d to zero reveals that a minimum value
of 4/3 occurs for Nud at

(11)

This is an important criterion for design in certain appli-
cations such as double windows.

As Rah increases, the circulation eventually under-
goes a transition to a thin laminar boundary layer along
the walls or directly to a turbulent boundary layer. In
either event (and contrary to Batchelor), the central
core becomes quasistagnant with a vertical temperature
gradient as illustrated in Fig. 13. Batchelor�s criterion
for the transition to turbulent motion is

Ra&>--  18700Pr,  109  f
(

3

0) max

[The notation of Eq. (12) implies the larger of the two
functions set apart by the comma.] The boundaries of
the asymptotic, laminar boundary layer and turbulent
regimes, as provided by this and the previous criterion,
are indicated in Fig. 14. A laminar boundary-layer
regime apparently cannot exist for h/d > 42.

The experimental measurements by Elder [32]  of
the velocity profile at the mid-height of cavities are
reproduced in Fig. 12. They appear to confirm the
analysis of Batchelor qualitatively, although the para-

I I I I I I I I I I
0 1

z / h

Figure 13 Vertical dimensionless temperature profile in central
plane of rectangular channels for Ra = 1.2 X 106. From Elder

~321.

h/d Symbol

4.7 0

2.5 X
1.25 A

0.025 l

0 1983 Hemisphere publishing Corporationr qt<DiL A
I _ . �.,. .., .- _-_--. -. ..-. _.-._ -.. -.-_  ̂ -.-I^.. ll.--l-.�..,ll-. ---.-. _ .-. ^-



2.5.8-10 2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER / 2.5.8  Free Convection in Layers and Enclosures

BOUNDARY  LAYER LIMIT

d/h

Figure 14 Regimes of natural convection for air in tall rectangu-
lar channels heated and cooled on the vertical sides. After
Batchelor [ 3 l] .

bolic velocity profile is seen to persist to at least Rad
d/h = 1 587.

Bejan [33]  derived an asymptotic expansion and a
correction factor for the laminar boundary layer, which
Churchill and Ozoe [6] generalized as

Nu
h

= 0.364(Rah  f+Pr j)1�4

N%, h/d+

where

(13)

(14)

For the turbultkt  regime, Churchill and Ozoe proposed

Nub = O.OS(ffPrj  Rah)�3 (15)

In both Eqs. (13) and (15), f+Pr j is the universal de-
pendence given by Eq. 2.5.7(76). Equation (15) implies
that the heat transfer coefficient is independent of the
width of the channel and hence of the drag of the hori-
zontal walls. This independence is also implied by Eq.
(13) for large Ra&z/d)�  such that the correction factor
@ approaches unity, Equations (lo), (13), and (14) are
compared with representative experimental data and
computed values for large h/d in Fig. 15. The general
prediction of the dependence on Ra, Pr, and h/d appears
to be satisfactory considering the scatter of the values
themselves. Except for one set of data for mercury, the
transition to turbulent motion appears to occur in the
range 10� < Ra&d/h)  < 107.  These and other sets of
data have generally been correlated as powers of Pr,
h/d, and Rad or Rah, with the power evaluated by least
squares. The odd powers obtained in this manner by
various investigators undoubtedly reflect the correlation
of data extending over two or more regimes, as well as
experimental error. On the other hand, the indepen-
dence of Eq. (13), in the limiting case of large Ra (/~/d)~,
from the width d indicates some idealization with re-

spect  to the dependence on the aspect ratio as implied
by the odd powers in purely empirical expressions.

(b) Enclosures with aspect ratios near unity

For the asymptotic regime of flow at low Rad, Batchelor
[3 l] derived

NuB=l+ARai  f
0

He postulated that the constant A = 0+10-s  j and
that Eq. (16) was valid for RQ < 103. Poots [34]  sub-
sequently determined a value for A of 5 X 10-s from a
series solution. Churchill and Ozoe [6] combined Eq.
(16) with Eqs. (13) and (15), which are still applicable,
to obtain

Nud=@l  ’(s)’;] -8

(17)

This expression is compared with the limited experimen-
tal data but extensive computed values in Fig. 16. The
prediction is generally satisfactory, but is relatively un-
tested for Pr other than 0.7. Also, none of the com-
puted or experimental values extend into the completely
turbulent regime (RQ > 10�).

(c) Enclosures of very low aspect ratio

Bejan and Tien [35]  derived for h/d -f 0 and small Ra,
or Ra + 0 and small h/d,

(18)

and for the laminar boundary-layer regime,

Nub = 0.623 Rak�5 (19)

Since they omitted the inertial terms in the equation for
the conservation of momentum, Eq. (19) is actually an
asymptotic expression for Pr + 00. It can therefore be
generalized as

Nub = 0.623(Ra&Pr  j)l� (20)

where f+Prj is again given by Eq. 2.5.7(72). As con-
trasted with Eq. (lo),  Eq. (18) indicates a decreasing
contribution of convection to the heat transfer coeff-
cient as the width of the channel increases, but Eq. (18)
again indicates independence from width in the bound-
ary layer regime.

The combination of Eq. (18) with Eq. (20) per the
Churchill-Usagi model gives the following expression for

0 1983 Hemisphere  Publishing Corporation
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Figure  16 Comparison of Eqs (13, (15), (16),  and (17) with experimental data and computed values of Nu for rectangu-
lar channels of aspect ratio near unity, heated and cooled on the vertical sides.
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the full laminar regime:

(21)

Equation (21) agrees even better with the experimental
data plotted in Fig. 17 than the curves calculated by
Bejan and Tien using integral boundary-layer theory.

Equation (20) differs in form from Eq. (13) and
hence is presumably invalid for h/d of the order of mag-
nitude of unity or greater. The greater deviation of the
data for h/d = 1 therefore is not surprising.

(d) Local heating

Chu and Churchill [36, 371 investigated the effect of
local heating by a horizontal strip on one vertical wall of
a rectangular channel experimentally and by finite-
difference computations. The measurements of the
heat transfer rate were in general agreement with the
calculations but were not of sufficient precision to
provide a critical test. However, their observed and com-
puted flow patterns are in excellent agreement as illus-
trated in Fig. 18. The computed effects of heater size
and location are illustrated in Figs. 19 and 20. The
optimum location of a heating strip for maximum heat

l(

1

N”h

JC

L

1.0

I

transfer is seen to be a function of Ra rather than frxed
at mid-height. Also, increasing the size of the heater
produces a diminishing increase in the total heat trans-
fer. Most significant, Fig. 21, in which Nu is plotted
versus the rate of circulation (as characterized by the
maximum value of the stream function), reveals that the
same rate of heat transfer can be attained for two dif-
ferent rates of circulation, or vice versa, by varying the
location of the heating strip.

D. Circular annuli  heated and cooled
on the vertical curved surfaces

de Vahl Davis and Thomas [38] obtained a finite-
difference solution for isothermal vertical walls with
the inner temperature higher. Churchill and Ozoe [6]
showed that these computed values for lo4 < Rad <
10�)  Pr = 1, h/d = 5, 10, 15, and r,Jri = 1, 2, where
d = r0 -- ri, can be correlated by the following modified
version of Eq. (13):

Nub = 0.364(Ra&+Pr  j)1�4 (22)

as demonstrated in Fig. 22. The predominance of devia-
tions on the high side is presumed to be due to discreti-

1
zation error in the numerical solution. Caution is sug-
gested for rO/ri outside the indicated range.

Eq.  (211

E

- - -  0 . 7

- 7 . 0

I 0.L4 0.6 A i r  S e r n a s  e t  a l-

I 0 . 8

, 0.01 -
. 0.02 1

W a t e r  lmberger

Computed Values -McCormick et  a l
h / d IL

0 1.0 0.733
0 1.0 6.9 83

v 0.2 6.983

a 0.1 6983
n 0.05 6.983

1

4

I

1o-2

IO3

I

loL

I

lo5

I

lo6

Rah

I I

lo7 108

Figure 17 Comparison of Eqs. (18),  (20), and (21) with experimental data and computed values for Nu for rectangular
channels of low aspect ratio heated and cooled on the vertical sides.
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Insulation -

Fipe  18 Comparison of photographed and computed stream-
lines for heating along a horizontal strip of a vertical wall of a
square channel at Ra = 10�.  From Chu and Churchill [ 361.

Ra b y -
6.25~10

/ -

I I I I
- _
0.2 0.4 0.6 0.8

Hea te r  S i ze  IfI

1.0

Figure 19 Effect of heater size in the vertical wall of a square
channel with insulated horizontal walls on Nu. From Chu and
Churchill [ 361.

0.3 0.5 0.7 0.9

Hea te r  Loca t i on  If-1

Figure 20 Effect of heater location in the vertical wall of a
square channel with insulated horizontal walls on Nu. From Chu
and Churchill [ 361.

E. Horizontal cylinders

The behavior of the fluid in a horizontal cylinder heated
and cooled on different portions of the curved sur-
face is qualitatively similar to that in a rectangular
channel (see, for example, Ostrach [2]).  The heat
transfer rates computed by Hellums  and Churchill [39]
are in fair agreement with the measured values of Martini
and Churchill [40] and, as indicated in Fig. 23, corre-
spond to Eq. (13) with a coefficient of 0.28. The indi-
cated range of the experimental values represents Ra
evaluated at the extreme temperatures rather than
irreproducibility.

Bejan and Tien [41] developed an asymptotic solu-
tion for small Ra and large length-to-diameter ratio for
a horizontal cylinder heated on the ends, similar to that
represented by Eq. (18) for a rectangular channel. How-
ever, their solution involves unevaluated coefficients
and hence is not reproduced here.

F. Horizontal annuli

Kuehn and Goldstein [42] developed the following cor-
relating equation for the convective component of heat
transfer between concentric or eccentric cylinders at
different uniform temperatures

(Nudcon� = 2/ln{l + 2/({0.518Ra~Z![1

+ (0.559/Pr)3�5]  -5�12}15

+ (0.1 Ra~Zs)15)1�15/1  X 2/[({[2/(1

- e-0.25)] 513 + (0.5876 Ra;04)5/3}3/5)15

+ (0.1 RaEi)�]  �15} (23)
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WI



2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.8 Free Convection in Layers and Enclosures 2.5.8-15

2.5

a

I.-
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I-

I -
0

s/h
0 0.1
a 0.3

Ra

I I I I

2.0 L.0 6.0 8.0 10.0 12.0 IL.0 16.0 18.0

u,m a x

Figure 21 Relationship between Nu and rate of circulation (timax) in a square channel heated along a horizontal strip in
the vertical walL  From Chu and Churchill [ 361.

where

5 1 -l/S
cash-�  [(Oi�  + 0: + 4~~)/2D#~]

+ (0.4 + 2.6 Pro.�)� (24) (25)

where E = distance the inner cylinder is moved from the

Here Di = inner diameter, m
concentric position, m.

D, = outer diameter, m
The total rate of heat transfer is

The corresponding expression for pure conduction is NUDi = [(NUDi)~~n~  + (NUDi)iind I �15 (26)

l- 1 , /

105
7

IO’
A

IO-
9

IO�
Rah iro/'i)*

Figure 22 Comparison of Eq. (22) with computed values of de Vahl Davis and Thomas [38] for Nu iu circular annuli
heated and cooled on the vertical curved surfaces. Pr = 1.0. From Churchill and Ozoe 16).
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I I

x-x Mart in i  & Church i l l  - Experimental  -Air

0 Hellums  &Churchi l l -  Computed -Pr=0.7

10� 10�

Rae

Figure 23 Comparison of Eq. (13) (with a coefficient of 0.28) with the experimental data of Martini and Churchill [40]
and the computed values of Hellums and Churchill [ 39) for NUD  in a long horizontal cylinder heated on one curved verti-
cal side and cooled on the other.

This expression is compared with experimental results
for concentric cylinders in Fig. 24 and with those for
eccentric cylinders Fig. 25.

Equation (23) can be degenerated to yield the fol-
lowing expression for quasisteady convection inside a
horizontal cylinder:

N’JD,, = 2/(-In  {I - 2/[({[2/(1  - e-1’4)]  5’3

+ (0.5876 Ra~�)5�3}3�5)15

+ (0.1 Racy)�]  r�l�}) (27)

This expression is compared with experimental data in
Fig. 26.

Huetz and Petit [43] correlated later data for a
liquid metal alloy of 56% K and 44% Na (Pr = 0.02) in
a concentric cylindrical annulus with the expression

NUD,
= ED%;- (RaDe  pr)o.s~

0 i
(28)

where D, = Do -- Di = hydraulic diameter, rn.
The success of their correlation for large RaD, Pr

is indicated in Fig. 27.

G. Concentric spheres

Bishop et al. [44] correlated data for convective heat
transfer in air between isothermal concentric spheres
with the expression

Nu,* = 0.16 Gr>276

where

(29)

Nu;  =
Qd

nhDiD0  AT

and

Do -Did=-------
2 ,m

Good agreement is demonstrated in Fig. 28. Equation
(29) can be tentatively generalized per Eq. (13) as

Nuz = 0.21(R~ f(Prj)1�4 (30)

whereffPr  j is given by Eq. 2.5.7(72).
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Figure 24 Comparison of Eq. (26) with experimental data for convection between concentric horizontal cylinders at dif-
ferent uniform temperatures. 6 = (Do - Di)/2.  From Kuehn and Goldstein [42].

H. Inclined enclosures

Inclined rectangular enclosures are widely used for solar
collectors and hence have been studied extensively.
However, owing to the dependence on the angle of in-
clination and the angle of rotation as well as on two
aspect ratios and the Rayleigh and Prandtl numbers,
the behavior is not wholly documented. Inclined hex-
agonal, cylindrical, and annular enclosures have been
studied somewhat more briefly.

(a) Very large aspect ratios

Fluid motion occurs for all inclinations of the heated
surface from the horizontal. For Rad cos 0 < 1 708, the
fluid moves slowly up along the heated surface and
down along the cooled surface and contributes negligibly
to the rate of heat transfer. Here ~9 is the angle of inclina-
tion of the heated surface from the lower, horizontal
position. For Rad cos 19 > 1 708, .a series of roll cells
occurs, and as RQ continues to increase, the motion

100 I I I
60 -

60 - 0 Experiments Usmp A!r

--- Numsrml  Rsrullr,  Prx07
40 -
- Pr*rcn, Corrclallon. Pr=07

20 -

IO -
6-

6 -

4 -

I -

102

1

IO’

1

IO”

RaDi

Figure 25 Comparison of Eq. (26) with experimental data for convection between eccentric horizontal cylinders. From
Kuehn and Goldstein [42].
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IO'

Rae,

Figure 26 Comparison of Eq. (27) with experimental data for quasisteady-state convection in heated horizontal cylinders
and spheres. From Kuehn and Goldstein [ 421.

s-
- + Y=1.49

d- nY=2.04
AY=2.48
l Y=3.04

2,
& InY = 2.45 X lo-* (Gr,

6

6

2 5 .
0 A(+) + +* l ++A . -

l l

Grd,,Pr�
1 I11fi111 I I I111111 I I I IllIll I I II111

4 6 6 10' 2 4 6 6 lo4 2 4 6 6 10� 2 4 6 8 lo6

Figure 27 Comparison of Eq. (28) for convection in horizontal annuli for NaK. Y = D,/Di,  Grdh Pr�  = Rag,  Pr. From
Huetz and Petit [43].

6
5 Eq. (29)

-4*

Grd X lo-�

Figure 28 Comparison of Eq. (29) with experimental data for air between concentric spheres From Bishop et al. [44].
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becomes three-dimensional and unsteady. The motion is
somewhat more complex for 0 5 S-r/12.  as described by
Hart [45] and HoLlands  and Konicek [46].

Churchill and Ozoe [6] modified Eq. (2) by replac-
ing Rad with Rad cos 0, eliminatingf(Prj,  introducing
a factor from the correlating equation of Holland et al.
[47], and changing the exponent 15 to 3 to obtain the
following expression for 0 < 0 G 4n/9:

Nu~=({~ + 1.446 (1 -R;dzo)

1 708(sr1l~~)~~�]~~  + Ry4c;;19)  �I3

(31)

For 4n/9 < 0 < n/2, they suggested
11.3

and for 7r/2  G 0 G rr, following Arnold et al. [48],

Nud = 1 +

(33)

Here Nu,, is the value of Nud given by Eq. (31) for
0 = 47r/9. These expressions are compared with experi-
mental values for large but finite h/d in Fig. 29. The pre-
diction is within the disparity of the different sets of
data, except for large 0, for which it is generally low.

Ra q IO6
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A

x

0

0

V

D
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Ra
3 7 1 5 0  Ozoe et al.

23340

12350

3760

IO6 Arnold et al .

105

loL

IO6 DropkIn  8 Somersca les

105

to6 Schinkel  & Hoogendoorn

IO5

1 oL

0 20 bU 60 I30 100 120 IL0 160 180
e

Figure 29 Comparison of Eqs. (32),  (33),  and (34) with experimental data for inclined rectangular enclosures of very large
aspect ratio. From Churchill and Ozoe [6].
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(b) Moderate aspect ratios

Ozoe and co-workers (26, 49-531  have shown experi-
mentally and through numerical solutions that three
dimensionality has a critical effect on the behavior of
inclined enclosures with one or both aspect ratio near
unity. The motion in a long horizontal channel, heated
on the lower surface consists of a series of roll cells of
nearly square cross section with their axes parallel to
the shorter horizontal dimension. As illustrated by the
particle paths in Fig. 30, these roll cells become oblique
and distorted as the heated surface is inclined about the
long dimension. When the inclination becomes sufficient
so that these roll cells cross the diagonal plane of the
enclosure, a sudden transition occurs to a single circula-
tion up the heated surface and down the cooled one.
On the other hand, when the shorter horizontal dimen-
sion of a 1 X 1 X 2 box is inclined, the two initial roll
cells rotate until their axes become coincident, resulting
in a single circulation up the heated surface and down
the cooled surface as illustrated in Fig. 3 1. Qualitatively
similar behavior occurs for other Rad, Pr, aspect ratios,
and rotations of the enclosure.

As contrasted with the case of large aspect ratio,
for which Nu, decreases almost continuously as 0 in-
creases from 0 to tr, Nud decreases to a minimum value
coincident with the transition described above, then
increases to a maximum and thereafter decreases to
unity for heating from above (0 = n). Churchill and
Ozoe [6] predicted that the maximum value of Nud
would occur at

(Ol)max = tan-�  ([r+) �  +(!$) �]  r�  j- (34)

and

((I,),,  =  t a n - �  :
f$

where 8r = angle of inclination of plane of heated sur-
face, rad

e2 = angle of rotation of shorter side of enclosure
from a horizontal line in the heated surface,
rad

hr = longer side, m
h2 = shorter side, m

The predicted inclination of (0 r)max = tan-� +fi j =
-55� and rotation of (e,),,, = tan-�+1  j = 45�  for
a cubical enclosure has been confirmed by the finite-
difference calculations of Churchill and Ozoe [6]. The
constrained maximum Nud for e2 = 0, corresponding
to inclination of the longer side only, occurs at

(e r )max = tan-�
0
;

and for e2 = n/2 corresponding to inclination of the
shorter side only, at

(or),,, =  t a n - �  !$
f )

-

The angles of inclination for the minimum and
maximum values of Nud,  as determined experimentally
by Ozoe et al. [54]  and from their three-dimensional
numerical solutions, are plotted in Fig. 32 versus d/h2.
This plot is for e2 = n/2, that is, for inclination of the
shorter side. Equation (37) is seen to provide a reason-
able prediction for (or),,,. The discrepancy for aspect
ratios approaching unity may be due to difficulty in
determining the maximum of a flat curve for Nu versus
8r for the theoretical as well as the experimental results.
The curve for (0 r )min is completely empirical.

Churchill and Ozoe [6] proposed the following
expressions for Nud for inclination of the shorter
dimension.

For 0 < 8, < (e, )min :

NUT = NUT  - (NUT  - Nu,in)  (0 1 )min (38)

N~~=l+(Nu,,x-1)sin
t

( 3 9 )

For (e,),,, G er G 71:

Nud = 1 + (Numax  - 1) sin�
f4L�;l?ma,))

From Eq. (39)

NU,i�  = I

(40)

+ (%a, - 1) sin
f

(e,  hnin  + Tj - (0, Lax -
>

(41)

Nue  , for 0 r = 0, can be estimated from Eq. (2). A corre-
lation has not yet been developed for Numax, but a value
can be estimated from Eq. (17). Equations (38)-(40),
using experimental values of Numax and Nu,t,, are
compared with several sets of data in Fig. 33.

I. Honeycombs

Partitions of poorly conducting material perpendicular
to the heated and cooled surfaces are sometimes utilized
to suppress heat transfer by convection. Such partitions,
usually forming hexagonal or rectangular cells, are often
called honeycombs. Experimental measurements such as
those by Sun and Edwards [55]  and Hollands [56] for
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Figure 31 Computed streaklines for a 1 X 1 X 2 rectangular enclosure heated from below with Ra = 6 000 and PI = 10,
and inclined about the longer horizontal dimension. From Ozoe et al. [53].
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d/h,

Figure 32 Experimental and computed values of angles of in-
clination for minimum and maximum rates of heat transfer in
inclined rectangular channels.

0 experimental Aexperimental
NU max

i
Numin

x computed

~ Eq. (38)

0 computed

From Ozoe et al. [54].

heating from below, and by Cane et al. [57]  and Arnold
et al. [58]  for inclined enclosures, indicate that the cor-
relations for single enclosures of very low aspect ratio
are applicable for honeycombs, although conduction
along the partitions and radiant interchange may be
significant.

lo-

9-

8-

7-

6-

5

L-

3(

Jd

2-

�

I -
O

, , , I , I , /
1

.-Ix  1 x 6
lRa~90,COOl

Figure 33 Comparison of Eqs. (39), (40), and (41) with experi-
mental data and computed values of Ozoe  et al. [ 50, 541  for rec-
tangular enclosures with the shorter dimension inclined.

Nomenclature for Section 2.5.8 appears at the beginning of Part 2.
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2.5.9

Combined free and forced
convection around immersed

bodies

S. W. Churchill

w Heat transfer by forced convection between a fluid
and an immersed body implies a temperature difference
and hence a density difference. The density difference
gives rise to free convection. The effect of buoyant
motion in the direction of the forced flow is to increase
the velocity in the boundary layer and thereby the rate
of heat transfer over that for pure forced convection.
Buoyant motion in opposition to the forced motion
reduces the velocity and the rate of heat transfer relative
to pure forced or free convection. Also, assisting flows
retard and opposing flows advance the point of separa-
tion of the boundary layer on immersed bodies. Hall and
Price [l] found that the rate of heat transfer in a
turbulent free convection was at fust decreased and then
increased by a superimposed forced flow in the same
direction. They attributed the decrease to the suppres-
sion of turbulence. In view of these complexities, it is
apparent that the suggestion of McAdams  [2],  that the
higher of the rates of heat transfer for the two pure
processes be used for the combined process, can be
considered only as a first-order approximation. More
accurate correlating equations for various regimes are
recommended below.

A. Assisting convection

(a) Thin laminar bounda@ayer  regime

Extensive theoretical and experimental results have been
obtained for aiding free and forced convection in the
laminar boundary-layer regime, and many expressions
have been proposed for their correlation, generally in the
form

Nu” = NuF  + Nu;

where Nu = oZ/X = Nusselt number
a! = heat transfer coefficient, W/m2 K
X = thermal conductivity, W/m K
I = characteristic length, m

(1)

and the subscripts F and N designate forced and free
(natural) convection, respectively. A value of 2 for the
exponent n has been rationalized by many investigators,
based on the vector sum of the imposed free-stream
velocity and a somewhat arbitrary, equivalent velocity
for free convection. A value of 4 has been rationalized
by others on the basis of the additivity of the work of
forced and free convection. The approximation of
McAdams  corresponds to n + 00. Churchill [3] examined
the various sets of experimental and theoretical values
for isothermal and uniformly heated, vertical plates and
concluded that n = 3 results in a better representation
than 2 or 4. Ruckenstein [4] has since provided theo-
retical support for this choice. Churchill also demon-
strated that Eq. (1) with n = 3 is a good approximation
for immersed bodies as well as vertical plates. Sub-
stitution of the general theoretical expressions for
laminar boundary layers then yields

Nu3 = (AF Re1�2  Pr1�3  fF(Pr ))3

+ [AdRa h4Prj)�*  I 3 (2)

where Re = u,Zp/q  = Reynolds number
Pr = qc /X = Prandtl number
Ra = gp

!i
c,SV, - 7�,)13  /nh = Rayleigh number

fFfPr+ = [ 1 + (c~/Pr)~�~]  -1�4 (3)
fNpr) = [l + (c,/Pr)a�r6]  -16�g (4)

a n d  u, = free-stream velocity, m/s
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Table 1 Recommended constants and characteristic lengths for mixed convection per
Churchill [3]

I AF AN CF

Vertical plate
Local

Uniform T x 0.339 0.503 0.0468
Uniform 4 x 0.464 0.563 0.0205

Mean
Uniform T x 0.677 0.670 0.0468
Uniform 4 x/2 0.656 0.669 0.0205

Horizontal cylinder
Mean

Uniform T 7TD l.Of 0.690 0.412
Uniform 4 nD 0.694 0.442

Sphere
Mean

Uniform T nD/2 0.69 0.659
General approximate
values 0.67d 0.67e 0.45f

iExperimental.
From the solution of King [S] for potential flow.

2
rom solution for pure conduction.

Except for Nu on plates and G on cylinders
eExcept  for Nu on plates.
fExcept for plates.

CN %

0.492 o.sa
0.437 OJU

0.492 0.5a
0.437 o.5a

0.559 l.Ob

2

0.45

The other symbols are defined as in Sec. 2.5.7. Values of

AF, CF~A~, and CN for various bodies and the two
above-mentioned boundary conditions are given in Table
1. The values of these coefficients were determined from
boundary-layer theory, except as noted. Local values of
Nu for all bodies are obtained by using x, the distance
from the leading edge or forward stagnation point, as the
characteristic length in Nu, Re, and Ra. Mean values of
Nu are obtained using the indicated characteristic
lengths.

Equa t ions  (2), (3), and (4) indicate that the
dimensionless groups that determine the relative
importance of free and forced convection are Ra/Re2
Pr4�  = Gr/Re�  Pr1�3 in the limit as Pr + m and Ra/Re2
Pr = Gr/Re�  in the limit as Pr + 0. Here

Gr = gp2 r(Tw - Tce)z3 = Grashof  numbera

These two asymptotic groupings were identified as early
as 1966 by Acrivos [6], but erroneous groupings, and in
particular Gr/Re2 for large Pr, have frequently been
utilized or recommended.

Equation (2) is compared with experimental data
for a number of shapes and fluids in Fig. 1. Theoretically
computed values are not included because with the
exception of a few values of doubtful accuracy, they fall
essentially on the curve representing the correlating
equation.

The computed values of Chen and Mucoglu [7] for
the local rate of heat transfer in combined convection to

a vertical cylinder are represented approximately by Eq.
(2) if Nu is replaced by Nu -0.88(x/D)  and the
characteristic length chosen as X. However, these results
have not been tested experimentally, and their range of
validity is not certain.

Laminar boundary-layer theory becomes invalid as
Re and Ra approach zero. This breakdown occurs as the
thickness of the boundary layer approaches the magni-
tude of the characteristic length of the surface. The
regime of lower Re and Ra is not of great practical
importance for flat surfaces but may be for small
horizontal cylinders (wires) and particles. The correlat-
ing equation of Churchill and Bernstein [8] for forced

Figure 1 Test of Eq. (2) for assisting forced and free convection
to immersed bodies. From Churchill [ 31.
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convection to cylinders indicates that laminar boundary-
layer theory may be used with less than a 10% error
down to Re Pr2�3  = 50 for Pr + 00 and to Re Pr = 36 for
Pr + 0. The corresponding limits for free convection, as
given by the correlating equation of Churchill and Chu
[9],areRa=7200forPr+~andRaPr=40000for
Pr +O. These limits are presumed to apply approxi-
mately for other bodies and hence to Eq. (2). Results for
lower Re and Ra are considered below.

(b) Regime of creeping jlow (Re and Ra + 0)

Churchill (3) developed a correlation for horizontal
cylinders in this regime by combining the separate
analytical solutions of Nakai and Okazaki [IO] for
creeping flow in pure free and forced convection as

(5)

Here D is used as the characteristic length in Nu, Re, and
Ra. Equation (5), which is presumed to be valid only for
both Re Pr and (Ra Pr)1�3 less than 0.2, is compared in
Fig. 2 with experimental data for air. The agreement of
the prediction with the data of Nakai and Okazaki for
10 000 <L/D < 12 500 is excellent. The data of
Gebhart and Pera [l l] for L/D = 8 000 fall somewhat
below. Additional data of Gebhart and Pera indicate that
L/D may be a parameter for values less than 16 000 for

Eq.15)
Ra Air Pr = 0.7- -

0.5 - 4.20 x 10-5 0 [lOI

9.35 x 10-6 0 Cl01 - - - - -

1 .79  x 10-6 v II101 - - - - - - - - - -

7 .95  x lo-’ A Cl01 -.__-.-

2.1 x 10 -6 v 1111
7 x 10-7 A [ill

small wires. This remarkable sensitivity is apparently due
to perturbations in the flow. The data of Gebhart and
Pera for silicone oils (Pr = 6.3 and 63) fall far below the
prediction of Eq. (S), but also are generally above the
indicated limits of Re Pr and Ra Pr for the correlation.

(c) Regime of slightly inertial flow

A considerable gap exists between the upper limit of
validity of the regime of creeping flow and the lower
limit of validity of the regime of a thin laminar
boundary layer. Interpolation between Eqs. (2) and (5)
is possible, but the singularity in Eq. (5) is an impedi-
ment to the development of a correlating equation for
that purpose. Churchill [3] instead suggested approxi-
mation of the limiting behavior in the regime of creeping
flow by a constant, Nue, and hence the following
expression for interpolation:

( N u  - Nu~)~  = [A,T  Re1�2  Pr�3  f&Pr j-1 3

+ [(AN  @a ffPr+)��  I 3 (6)
His recommended values of Nue (corresponding to the
indicated characteristic lengths) are included in Table 1.
Experimental data for the creeping and intermediate
ranges of flow are included in Fig. 1. The value of Nu,
for spheres has a firm theoretical basis, that for cylinders
has some theoretical basis, and that for vertical plates is
purely empirical.

/:
I

;

10-l

RePr  = Dumpcp IX

Figure 2 Test of Eq. (5) for assisting forced and free convection to horizontal cylinders in regime of creeping flow.
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(d) Turbulent regime

Sufficient experimental data to support construction of
a correlating equation for the completely turbulent
regime do not appear to exist. In the absence of such
data, Eq. (1) is tentatively recommended with n = 3 and
NUF and NUN from correlating equations for pure
forced and free convection in the respective turbulent
regimes. Buoyant flow may suppress the onset of
turbulence in forced flow and hence at first decrease Nu
as mentioned above.

B. Opposing convection

The experimental and theoretical results are less exten-
sive than for assisting convection. The following correlat-
ing equation is recommended by Churchill [ 121:

Nu = IN+ - Nu$�~ (7)

with NUF and Nug chosen as for assisting convection.
As indicated in Fig. 3, Eq. (7) yields a value of zero for
NUF = NUN,  whereas the experimental data indicate a
finite value, but otherwise Eq. (7) appears to predict the
correct trends.

l(

0.

C. Transverse convection

Free convection is superimposed at a right angle to
forced convection in horizontal flow over a flat surface
or an immersed body. Chen et al. [13]  and others have
shown that the upward buoyant motion above a heated
(or downward below a cooled) flat surface is analogous
to a favorable pressure gradient and thereby increases
the rate of heat transfer, whereas the downward buoyant
motion above a cooled (or upward below a heated) plate
is analogous to an adverse pressure gradient and thereby
decreases the rate of heat transfer. The former case is
stabilizing, but the latter is destabilizing and leads to
separation.

(a) Horizontal plates

Churchill [ 121  proposed the following correlating equa-
tion for both the local and mean rates of heat transfer in
laminar forced flow along horizontal plates:

(Nu - Nuo)7�2 = [AF Re�2  Pr1�3  fF 4Pr j] 7�2

+ [AAT  (Ra fN -#I j-)l” ] 7’2 (8)

I

x - Computed Values of Sparrow et al. - Wedge, Pr ~0.7

+ Computed Values of Merkin -Plate, Pr = 1.0

0 Experimental Values of Yuge - Sphere, Pr = 0.7

Eq .  (7)

--- - - - -  Asymptotes

I

NuN  I NuF

Figure 3 Test of Eq. (7) for opposing convection per Churchill [12].
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Table 2 Recommended constants for free con-
vection from a horizontal plate per Churchill
[I21

AN CN

Local coefficient
Uniform T 0.456� 0.312�
Uniform d 0.625b (0.309

Mean coefficient
Uniform T 0.76$ 0.312�
Uniform 4 0.760� (0.309

�From boundary-layer theory per Hieber [ 141.
bEstimated  from boundary-layer calculations of

Mucoghr  and Chen [ 151.

Equation (8) is applicable for f&Y) and the values in
Table 1 for Nue , AF,  and CF. Values of AN are given in
Table 2, together with the special values of CN to be
used with Eq. (4). The coefficients in this latter table are
based on the theoretical values for a thin laminar
boundary layer.

The positive sign in Eq. (8) is applicable when the
fluid on the upper side is heated or on the lower side is
cooled. The negative sign is applicable for the two
reverse situations, Separation occurs before the buoyant
term in Eq. (8) exceeds the forced convective term.
Hence a zero value on the right side represents the limit
of applicability of this expression. The coefficients in
Table 2 for the local coefficient with an isothermal surface
thus  give h fN@ )/(Re I�  Pr1�3fF+Pr  j)�  = 0.226 as a
criterion for separation. For Pr = 0.7 this gives
Gr/Re5�2  = 0.35, which is somewhat higher than the
estimate of 0.1 by Chen et al. [13]  based on the velocity
field.

Experimental data to test Eq. (8) do not appear to
be available, but computed values are compared with
this expression in Fig. 4. The prediction is excellent for
the values in the thin boundary-layer regime but
seriously overpredicts Nu/Nr.t~  for the two values at
Re = 40. The expressions utilized for NUF and NUN in
Eq. (5) are apparently inadequate in this regime.
Equations (1) and (7) may be satisfactory both above
and below the thin boundary-layer regime if appropriate

1 values are used for NUF  and NUN.

Chen e t  a l  - Unrform  TW

0 Heating,upper  s i d e
1.L 0 Cooling, upper side

Mocog lu  8. Chen - Uni form Heat ing,  Prz0.7

0 Heating,upper  s i d e

1.3 R e d e k o p p  6 Cha rwa t  - u,ax1�5-tJniform  T,.,, Pr10.7

A Heating, upper side

A Cool ing, upper s ide

1.2 Robertson et  a l . -  Uni form T,,,,  Pr=lO,  Re=LO

0.9

0.E

+ Heat ing, upper s ide

x Cool ing,  lower s ide

Equat ion (8)
Heating, upper side

--_--  Cooling, upper side

I \ I

0.01 0.1 1 10

I Nu,/N�$

Figure 4 Comparison of Eq. (8) with computed values for mixed convection from horizontal plates per Churchill [ 121.
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1.6 I I
0 Exp. Data of Yuge - Spheres ,  A i r

- - - - - Curve representing a wide band of exp. data
o f  Oos thu i zen  & Madan -Cyl inders,  Air

. . . . . . . . . Curve representing a wide band of exp. data

o f  S h a r m a  & Sukha tme  -Cy l i nde r ,  A i r

E q u a t i o n  (8)
-

Figure 5 Test of Eq. (9) for cross flow over spheres and cylinders per Churchill [ 121.

(b) Immersed bodies

Churchill [12] correlated experimental data for spheres
and cylinders in cross flow (normal to the buoyant
force) with the expression

The success of this representation is demonstrated in
Fig. 5. The agreement is fair, considering the scatter of
the three sets of data. The data of Nakai and Okazaki
[lo] for creeping flow demonstrate a minimum in Nu as
Re increases and hence are not represented by Eq. (9).

(Nu - NQ4  = Nu; + Nu;t

Nomenclature for Section 2.5.9 appears at the beginning of Part 2.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER 2.5.10-l

2.54 0
Combinefreed forced

convection in channels

S. W. Churchill

n The temperature difference associated with heat
transfer by forced convection in channels generates a
density gradient. The effect of the resulting buoyant
motion on the rate of heat transfer has been studied very
extensively because of its obvious industrial importance.
Even so, the results are less well correlated than those
for external combined convection, as described in Sec.
2.5.9, because of a number of additional complexities.

In flow through a channel, the increased or
decreased velocity near the wall due to buoyancy is
necessarily compensated by a decrease or increase,
respectively, in the central region of the channel, and in
the extreme may actually produce a reversal in the
direction of flow. The effect of the variation of viscosity
with temperature is correspondingly more complex and
may be of the same order of magnitude as that of the
buoyancy. Furthermore, for a uniform surface tempera-
ture, the temperature difference varies along the length
of the channel and the choice of an effective mean value
in the Nusselt and Rayleigh numbers is arbitrary.

Heating a fluid in upward laminar flow through a
channel (or cooling in downward flow) results in an
increased velocity gradient near the surface, thereby
increasing the rate of heat transfer. On the other hand,
the compensating decrease in the velocity near the
center of the channel results in a decrease in the rate of
transfer in the turbulent regime. Heating a fluid in
downward flow (or cooling in upward flow) has the
reverse effect on the velocity, thereby producing an
increase in the rate of heat transfer in the laminar regime
and a decrease in the turbulent regime.

Heating a fluid in horizontal flow through a round
channel produces a secondary motion in the form of a

circulation upward along the two vertical tube walls and
downward in the central region, thereby increasing the
rate of heat transfer. Cooling a fluid in horizontal flow
produces the same two circulations, but in the opposite
direction, and the same increase in the rate of heat
transfer.

Metais and Eckert [l] prepared a graph, reproduced
as Fig. 1, which indicates the regimes of Re and Ra D/L
in which the motion in a vertical round tube with a
uniform wall temperature is laminar or turbulent and
primarily free, mixed, or forced. The mixed regime is
defined as one in which the heat flux deviates 10% or
more from that for pure free or forced convection.
Here

Re - DubP

77

Ram = gP2cpt(Tw  - TbhfD3
rlh

D = tube diameter, m

Ub = mixed mean velocity, m/s

p = density, kg/m3

q = dynamic viscosity, Pa s

g = acceleration due to gravity, m/s�

CP = specific heat capacity at constant pressure,
J/kg K

5 = volumetric coefficient of expansion with
temperature, K-�

T,,, = temperature of wall, K
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2.5.10-2 2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER / 2.5.10 Convection in Channels

Tb
x
L

Re

Ra D/L

Figure 1 Regimes of laminar and turbulent, free, forced, and mixed convection in vertical tubes. lo-�  < PI D/L < 1 .
From Metais and Eckert [ I].

= mixed mean temperature, K

= thermal conductivity, W/m K

= length of tube, m

LM = logarithmic mean

Their corresponding plot for horizontal tubes is repro-
duced as Fig, 2. They considered the boundary between
mixed and free convection to be too uncertain to draw.
As indicated, both Figs. 1 and 2 are limited in
applicability to lo-�  < Pr D/L < 1.

Re

A. Vertical channels

(a) Laminar assisting convection

Many correlating equations have been proposed for
assisting convection. Equation 2.5.9(l)  with n = 3, that
is,

Nu3 = Nu; + Nu; (1)

appears to be a satisfactory expression for both the local
and the mean value for many cases. Here

Figure  2 Regimes of laminar and turbulent, free, forced, and mixed convection in horizontal tubes. lo-� < Pr D/L < 1.
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.10 Convection in Channels 2.5.10-3

Nu = $ = Nusselt member

(Y = heat transfer coefficient, W/m2 K

and the subscriptsFandNdesignate  individual expressions
for pure forced and pure free convection, respectively.

I. Uniform wall temperature

For a laminar fully developed thermal boundary layer,
NUF is a constant independent of Re, Pr, and L/D. For a
round tube with a uniform wall temperature,

NUF  = NUF  = 3.657 (2)

where the bar indicates the length-mean value. For free
(induced) laminar convection in a vertical tube with a
uniform wall temperature, Churchill [2] proposed the
semitheoretical expression

0.75 (Ra D/L)1’4
NuN = [l + (0.492/Pr)9�16]4�9 (3)

Throughout Sec. 2.5.10, the logarithmic mean tempera-
ture difference is implied in NUN and Ra in the absence
of some specific designation. Equation (l), together with
Eqs. (2) and (3), is compared in Fig. 3 with selected
experimental data of Martinelli et al. [3] for small Gz.
The agreement is reasonable considering the large

20

N�LM

physical property variations and the undoubted per-
sistence of thermal development.

For the entrance region of a round tube, Martinelli
and Boelter [4] proposed the use of Eq. (1) for (Nu)AM,
using for forced convection the LCv&que  [S] solution

(N&,),&f = 1.75F1  Gz”~ (4)

and for free convection the empirical expression

(NUN)AM = 0.729F,Fi’3 R a  F
( >

o*28 (5)

The subscript AM indicates that the arithmetic mean
temperature difference (2Tw - Ti - T,)/2,  is to be used
in Nu. Also,

Gz = % = Graetz number
AL

M = mass flow rate, kg/s

- N"AM

NULM

T,,, = tube wall temperature, K

To = fluid outlet temperature, K

Ti = fluid inlet temperature, K

I

Data of  Mart inel l i  e t  a l .  [3]
f o r  s m a l l  Gz

0 = Oil A, Pr -49.5

A = Water ,  Pr  =-1.6

I

E q s .  (11,  12) 8. 13)

-- Pr q 2

_ _  P r  = 5 0

10�

RaL,DIL

10�

Figure 3 Comparison of Eq. (1) using component Eqs. (2) and (3) with experimental data for fully developed, assisting,
laminar convection in an isothermal, vertical tube.

(6)

(7)
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2.5.10-4 2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER / 2.5.10 Convection in Channels

Figure 4 Correction factor in Eq. (5) for use of inlet rather than integrated mean temperature difference in Rayleigh
number.

Rai = Rayleigh number based on temperature
difference at inlet, T,,, - Ti

F, = correction factor for use of inlet rather
than integrated mean temperature
difference in Rayleigh number

and

~ITNUAM
f$=-

4F, Gz

(8)

(9)

The absence of a subscript N or F implies the value for
the combined process. It is recommended that the
properties in Gz be evaluated at the arithmetic mean
fluid temperature (T2 + T,)/2,  and those in Nu and Rai
at the tube wall temperature. Fz , as calculated from Eq.
(8), using Eqs. 2.5.8(6) and 2.5.8(9),  is plotted versus
TTNUAM/GZ  in Fig. 4. Equation (1) with Eqs. (4) and (5),

N’JAM

and so on, is seen in Fig. 5 to agree well with all of the
experimental data of Martinelli et al. [3] for heating oil
and water in upward flow. This complex correlation
necessarily requires trial and error.

Rigford  [6] developed analytical solutions for
assisting flow taking into account the variation in
viscosity as well as density with temperature. His results
are plotted in Fig. 6. The influence of viscosity is seen to
be significant although somewhat less than that of
buoyancy. Experimental data are compared with the
predicted values in Fig. 7.

II. Uniform longitudinal heating

The behavior for uniform longitudinal heating is some-
what simpler than for a uniform wall temperature since
dTb/dx  is constant, and for fully developed heat transfer
T, - Tb and dT,,,/dx  are also constant. The heat flux
density and temperature are uniform about the circum-
ference of a round vertical tube as a result of symmetry.

100

Figure 5 Comparison of Eq. (1) using Eqs. (4) and (5) with experimental data of Martinelli et al. [ 31 for heating oil and
water in upward laminar flow. From Martinelli and Boelter  [4].
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.10 Convection in Channels 2.5.10-5

For nonround  channels, one or both of these quantities
varies around the perimeter. Theoretical results are
generally for two extreme conditions: (1) uniform
peripheral temperature, corresponding to infinite
peripheral conduction in the wall; and (2) uniform
peripheral heating, corresponding to negligible peripheral
conduction in the wall. Boundary conditions 1 and 2
provide lower and upper bounds, respectively, for Nu.

300 t -I

500

300

I
loo-

SO-
30-

N"AM
IO-

s-

, , 1 1-1
1000, I

500

300
I

IOO-

50-

30-
i+l /%&!!&y]

N”AM
10.

5-

/“i6;$%:-...-x-’

,..
3-
H ’

,,.
0

lL-A 1~-11._1dL-L-l---d
I 3 5 1 0 30 50 100 300 500 1000 3000 IO 000 30000 100000

GZ

Figure 6 Theoretical solution for effect of variable viscosity and
density on developing laminar assisting convection in a vertical,
isothermal tube. From F�igford  [6].

0 1983 Hemisphere Pu
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Figure  7 Comparison of theoretical solution for assisting
laminar flow with experimental data. From Pigford [6].

Experimental results for finite peripheral conduction in
the wall fall between, but generally near condition 1.

Neither experimental nor theoretical results appear
to be available for the inlet region. For fully developed
heat transfer in pure free convection in a round tube, the
exact solution obtained by Tao [7] and others is

NUN = 0.846(Ra*)�4 (10)

where

and for pure fully developed forced convection,

NUF = �$ (12)

(11)

The experimental data of Hahman [8] and values
computed from the series solutions of Tao [7] and
Brown [9] are compared in Fig. 8 with the prediction of
Eq. (1) using Eqs. (10) and (12). The upward deviation
of the theoretical values for large Ra* may be due to
numerical error in computing the series, or possibly to a
low coefficient in Eq. (10). In any event, it is apparent
that a large value of n, such as 6, fits these values, and
particularly the experimental data, far better than n = 3.
The recommended equation for uniform heating is there-
fore

Nu� = Nu; + Nu;

rather than Eq. (1).

(13)

Numerical solutions have been derived for uniform
heating in a number of other geometries and for both

lishing  Corporation
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2.5.10-6 2.5 SINGLE-PHASE  CONVECTIVE  HEAT  TRANSFER / 2.5.10 Convection in Channels

1:

10

NU

S

0
10

0 - Expe r imen ta l  Da ta  o f  Hollman  [S]

x - Ser ies so lut ions of  Taol7)  and  B rown  [9]

- Eq.(13) w i t h  110)  IL 1 1 2 )

_ _ _  Eq.11) w i t h  (10)  8 (12)

I I I
7 9

10� 10�
R a*

lo- 105

Figure 8 Comparison of Eqs.  (1) and (13) using component Eqs. (10) and (12) for fully developed, laminar assisting
convection in a uniformly heated, vertical tube.

boundary conditions 1 and 2. Some of these computed
values are compared with Eq. (12) in Fig. 9 using the
values of NUF and NuN/(Ra*)��  listed in Table 1. The
overall agreement is excellent, confirming again the
choice of n = 6. It is possible that the deviations on the
low side are due to numerical error in the theoretical
solutions or the values of the NUF  and NUN in Table 1.

The hydraulic diameter

D =!!? m
h P'W

where S = cross-sectional area of channel, m2
Pw = perimeter of channel, m

is used as the characteristic length in the values of Nu
and Ra* in Fig. 9 and Table 1.

(b) Laminar opposing convection

Martinelli and Boelter [4] suggested that laminar
opposing convection could be represented simply by
inserting a negative sign in Eq. (1). The corresponding
generalized model is

Nu = 1 Nu; - Nu; 11�3 (15)

with NUF and NUN from Eqs. (4) and (5). Equation (15)
gives too low values for NUF  N-  NUN,  but does provide a
lower bound and a reasonable approximation if either

forced or free convection is dominant. An upper bound
is provided by the higher of NUN  and NUF.  A more
precise correlation has not yet been established. The
data of Brown [9] for uniform heating of water in down
flow in a round tube do not cover a sufficient range in
Fig. 10 to provide a critical test of Eq. (15).

(c) Turbulent convection

As discussed by Hall [13]  and others, the onset of
assisting free convection actually decreases the rate of
heat transfer in the turbulent regime as a result of the
decreased velocity and thereby the shear stress and the
turbulence in the core. The opposite effect occurs for
opposing convection; that is, the rate of heat transfer is
increased. This behavior is illustrated in Fig. 11 by the
data of Herbert and Sterns [14]  for water heated in
upward and downward flow over a range of Re from
5 800 to 71 000. Ra was approximately 4 X 10� for all
of the runs.

For opposing convection (downward flow), these
data are seen to conform reasonably well to Eq. (1)
using the following expressions of Churchill [15]  for
turbulent forced convection and Churchill and Chu [ 161
for turbulent free convection:

NUF =
0.035 7 Re Pr1�3  (1 -t Pr-4�5)-5�6

h -@e/73-
(16)
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.10 Convection in Channels 2.5.10-7

4

k
= ?
t
3

2

Boundary
c o n d i t i o n  C h a n n e l

1 2
0 . Circular
0 l Hexagonal
0 . Square
a . Tr iangular

~ Eq. (13)
NUN and NUF from Table (1)

0 1 2 3 4
Nu,y//Nu~

Figure 9 Comparison of Eq. (13) using component Eqs. (11) and (12) with numerical solutions for fully developed,
laminar assisting convection in vertical, uniformly heated channels.

and

NUN= 0.15 Ra (17)

For assisting convection (upward flow), the data appear
to follow Eq. (15). These trends are the opposite of
those for laminar flow.

B. Horizontal channels

(a) Uniform wall temperature

Jackson et al. [17]  proposed for air in the inlet region of
a round tube with a uniform wall temperature a
correlating equation equivalent to

NULM = [362  Gz2 f 0.027 7 (RaLM)3�2  ] �� (18)

It may be noted that the empirical constant 362 in Eq.
(18) corresponds to a coefficient 2.67 for Gz�~  as
compared to a theoretical value of 1.75. This dis-
crepancy is attributed by the authors to incomplete
development of the velocity profile. They recommend
that the properties in Gz be evaluated at the average

fluid temperature, and those in Nu and Ra at the wall
temperature. For convenience, the logarithmic mean tem-
perature difference in Ra can be replaced by the tempera-
ture difference at the inlet through the following relation-
ship, which is obtainable from an overall energy balance:

(Tw - %M - Gz
Tw- Ti - -=NULM

(1 _ p Nq@z) (19)

Also, Nu, can be replaced by Nu,t~/Fr -fZj-,  as
indicated above for vertical channels. However, in any
form, trial and error is required if T2 is unknown.

Equation (18)  expressed in terms of NUAM,  and
with a mean value of Ra = 1.65 X 106, is compared in
Fig. 12 with the experimental data of Jackson et al. for
air with 1.1 X lo6 <Ra<2.2X  106. The agreement is
good. Equation (18) can be generalized for other Pr, per
Churchill and Usagi [ 181,  by replacing the coefficient
0.027 7 by 0.090 5 [l + (0.492/F�r)9�16]  -8�3.

(b) Uniform heating along the tube

Just as for vertical tubes, more extensive results are
available for uniform heating than for uniform wall

o 1983 Hemisphere Publishing Corporationr 1KDIIL A
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2.5.10-8 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.10 Convection in Channels

Table 1 Solutions for fully developed forced and free convection in uniformly
heated channels

Boundary condition 1

N~F NuN/(Ra*)1�4

Boundary condition 2

N~F NuN/Oia*)��

Polygonal [lo] sides
3
4
5
6
7
8

12
Circular [7]
R h o m b i c  [ll] CY

20
30
40
50
60
70
80
90

Triangular [ 121
60-60-60
30-60-90
4 5 4 5 - 9 0

3.111 1 0.827 1.90 0.784
3.607 8 0.839 3.23 0.809
3.87 0.842 3.65 0.816
4.01 0.844 3.88 0.815
4.10 0.845 4.02 0.824
4.16 0.846 4.13 0.829
4.21 0.846 4.28 0.845
4.363 6 0.846 4.363 6 0.846

2.451 4 0.823
2.718 2 0.825
2.969 2 0.826
3.186 7 0.828
3.365 0 0.829
3.488 4 0.830
3.565 9 0.831
3.61 0.831

3.111 1 0.8 29
2.887 5 0.824
2.981 9 0.827

temperature because of the greater buoyant effect, and
more extensive theoretical results because of greater

,,=,.3,,[,+(~)10�~3�10-l  (20) .

susceptibility to analysis.
Equation (13) appears to be applicable for hori-

zontal as well as for vertical flow. Churchill and Ozoe
[19]  developed the following expression for the local
coefficient for forced convection in the inlet region of a
round tube :

Hong et al. [20]  developed an empirical correlation for
their data for fully developed, pure natural convection in
air in a horizontal tube. This expression, generalized, per
Churchill and Usagi [ 181, for any fluid is

Equation (12)
__--------__________________

NU

0 - Experimental Data of Brown [9] - -

loJ

Ra*

Figure 10 Comparison of Eqs. (lo),  (12), and (15) with experimental data for fully developed laminar, opposing
convection in a uniformly heated, vertical tube.
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Figure 11 Comparison of Eqs. (1) and (15), using component Eqs. (16) and (17), with experimental data for turbulent
assisting and opposing convection in isothermal vertical tubes.
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Figure 12 Comparison of Eq. (18) in terms of NuAMwith  experimental data for fully developed laminar convection in an
isothermal horizontal tube. From Jackson et al. [ 171.
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NU

3 5 I I

3 0 - Ra* DATA Eqs. (131,120)  &I211

1.2 x IO’ 0 ------____
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1.15  x 1 8 1
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6 . 7 5  x 10L 0 . . .
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..�

5
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Figure 13 Comparison of Eq. (18) using component Eqs.  (20) and (21) with experimental data of Petukov and Polyakov
[21]  for developing laminar convection in water in a uniformly heated, horizontal tube.

NUN  = 0.847 (Ra* 0.1,7) [I + (0.4$�Ll�.3~5  (21) tion and these data are in good accord with the
theoretical calculations of Cheng and Ou [22]  and of

where Ra* = Ra NUN = gp2cpf@/nA2
Bergles and Simonds [23]. Hong et al. [20] also
proposed the following modified expression for finite

Equation (21) may be reexpressed in terms of Ra as peripheral conduction:

NUN = 0.817 Ra
o.215 [- + (0;2) g11~mo-3aNuF = 0 . 3 7 8  Rg:r Pro*�(22)

(23)

Equation (13), using Eqs. (20) and (21), is tested with where

the data of Petukhov and Polyakov [21] for water in hD2
Fig. 13. The agreement is reasonably good. This correla- *=?A, (24)

lOOk  9 1111111,  r ~’1111~( 1 0 111111,

- o  G l a s s  t u b e - w a t e r
_ a G l a s s  t u b e - e t h y l e n e  glycol
_ q M e t a l  t u b e - w a t e r

N” 0.12
F

o  M e t a l  t u b e - e t h y l e n e
- lo-p p . 3 3

lo4
G r

Figure 14 Comparison of Eq. (23) with experimental data for fully developed laminar convection in a uniformly heated,
horizontal tube with appreciable peripheral conduction in the tube wall. From Hong et al. [ 201.
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lOO?l,  1'1 1

o Glass tube-water
50 - a Glass tube-ethylene glycol

o M e t a l  t u b e - w a t e r

I I

q Metal tube-ethylene glycol
20

Nu

1 0

5

5 10” 5 104 5 105 5 106 5
Rapr0.“S,f0.25

Figure 15 Comparison of Eq. (25) with experimental data for fully developed laminar convection in a uniformly heated,
horizontal tube with appreciable peripheral conduction in the tube wall. From Morcos and Bergles [ 241.

and

6 = thickness of tube wall, m

&V = thermal conductivity of tube wall, W/m K

They recommended evaluation of the physical properties
at (F,,, + T)/2, where T, is the circumferential average
wall temperature. Their test of Eq. (23) for glass and
metal tubes is reproduced in Fig. 14.

For fully developed heat transfer with finite
peripheral conduction, Morcos and Bergles [24]  pro-
posed the correlating equation

Nu = (4.36) + 0.055{ 2 [ pf::35) o.4j2)ln (25)

with all properties evaluated at (?,,, + T)/2. The dis-
crepancy between the exponents of 6 and 2 in Eqs. (13)

and (25) arises from the different powers of Ra. The 0.4
power of Eq. (25) was chosen to represent data
extending to higher Ra and possibly into the turbulent
regime. Equation (25) is compared with their own
experimental data in Fig. (15).

Hwang and Cheng [25] have developed theoretical
solutions for laminar flow in the entrance of uniformly
heated rectangular channels. As contrasted with a round
tube, the secondary motion consists of a series of
circulations of approximately square cross section as
illustrated by the sketch and photograph in Fig. 16.
Their computed Nusselt numbers have the same qualita-
tive dependence on Gz and Ra as for a round tube, with
the aspect ratio as an additional parameter. These results
have not yet been represented by a correlating equation
or confirmed experimentally.

Figure 16 Photograph and sketch of circulation pattern for fully developed laminar convection in a uniformly heated,

horizontal, rectangular channel. From Hwang and Cheng [ 251.  Reprinted with permission. Copyright 1972, Pergamon Press,
Ltd.
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Nomenclature for Section 2.5.10  appears at the beginning of Part 2.
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2.514
Augmentation of heat transfer

Arthur E. Bergles

A. Introduction

Energy and materials saving considerations, as well as
economic incentives, have led recently to expanded
efforts to produce more efficient heat exchange equip-
ment. Common thermo-hydraulic goals are to reduce
the size of a heat exchanger required for a specified heat
duty, to upgrade the capacity of an existing heat ex-
changer, to reduce the approach temperature difference
for the process streams, or to reduce the pumping
power.

The study of improved heat transfer performance is
referred to as heat transfer augmentation, enhancement,
or intensification. In general, this means an increase in
heat transfer coefficient. Attempts to increase �normal�
heat transfer coefficients have been recorded for more
than a century, and there is a large store of information.
A recent report [l] cites 1967 technical publications,
excluding patents and manufacturers� literature. The
recent growth of activity in this area is clearly evident
from the yearly distribution of the publications pre-
sented in Fig. 1.

Augmentation techniques can be classified either
as passive methods, which require no direct application
of external power (Fig. 2) or as active methods, which
require external power. The effectiveness of both types
of techniques is strongly dependent on the mode of
heat transfer, which may range from single-phase free
convection to dispersed-flow film boiling. Brief descrip-
tions of these methods follow.
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Figure 1 References on heat transfer augmentation versus year
of publication (to early 1979) [ 11.

(a) Passive methods

1. Treated surfaces involve fine-scale alternation of the
surface finish or coating (continuous or discontinuous).
They are used for boiling and condensing; the roughness
height is below that which affects single-phase heat
transfer.
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Figure 2 Enhanced tubes for augmentation of single-phase heat transfer. (1) Internal helical repeated rib-roughness.
(2) Integral external Fms. (3) Integral internal fins. (4) Spirally fluted tube. (5) Static mixer insert.

2. Rough surfaces are produced in many configura-
tions ranging from random sand-grain-type roughness
to discrete protuberances. The configuration is generally
chosen to disturb the viscous sublayer rather than to
increase the heat transfer surface area. Application of
rough surfaces is directed primarily toward single-phase
flow.

3. Extended surfaces are routinely employed in
many heat exchangers. Current work of interest in this
review is directed toward development of new types of
extended surfaces, such as integral inner-fin tubing, and
improvement of heat transfer coefficients on extended
surfaces by shaping or perforating the surfaces.

4. Displaced enhancement devices are inserted into
the flow channel so as indirectly to improve energy
transport at the heated surface. They are used with
forced flow.

5. Swirl-flow devices include a number of geo-
metric arrangements or tube inserts for forced flow that
create rotating and/or secondary flow: coiled tubes,
inlet vortex generators, twisted-tape inserts, and axial
core inserts with a screw-type winding.

6. Surface tension devices consist of wicking  or
grooved surfaces to direct the flow of liquid in boiling
and condensing.

7. Additives for liquids include solid particles and
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gas bubbles in single-phase flows and liquid trace addi-
tives for boiling systems.

8. Additives for gases are liquid droplets or solid
particles, either dilute phase (gas-solid suspensions) or
dense phase (fluidized beds).

(b) Active methods

1. Mechanical aids involve stirring the fluid by mechani-
cal means or by rotating the surface. Surface �scraping,�
widely used for batch processing of viscous liquids in
the chemical process industry, is being applied to the
flow of such diverse fluids as high-viscosity plastics and
air. Equipment with rotating heat exchanger ducts is
found in commercial practice.

2. Surface vibration at either low or high frequency
has been used primarily to improve single-phase heat
transfer.

3. Fluid vibration is the more practical type of
vibration enhancement because of the mass of most heat
exchangers. The vibrations range from pulsations of
about 1 Hz to ultrasound. Single-phase fluids are of pri-
mary concern.

4. Electrostatic fields (DC or AC) are applied in
many different ways to dielectric fluids. Generally
speaking, electrostatic fields can be directed to cause
greater bulk mixing of fluid in the vicinity of the heat
transfer surface.

5. Injection is utilized by supplying gas to a flowing
liquid through a porous heat transfer surface or by
injecting similar fluid upstream of the heat transfer sec-
tion. Surface degassing of liquids can produce augmen-
tation similar to gas injection. Only single-phase flow is
of interest.

6. Suction involves vapor removal, in nucleate or
film boiling, or fluid withdrawal, in single-phase flow,
through a porous heated surface.

Two or more of the above techniques may be
utilized simultaneously to produce an enhancement
that is larger than either of the techniques operating
separately. This is termed compound augmentation.

It should be emphasized that one of the motivations
for studying enhanced heat transfer is to assess the effect
of an inherent condition on heat transfer. Some pracpl
examples include roughness produced by standard manu-
facturing, degassing of liquids with high gas content,
surface vibration resulting from rotating machinery or
flow oscillations, fluid vibration resulting from pumping
pulsation, and electrical fields present in electrical
equipment.

The preceding is a general introduction to the
present section on augmentation of single-phase heat
transfer as well as subsequent sections on augmentation
of condensation (Sec. 2.6.6) and boiling (Sec. 2.7.9).
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The emphasis is on effective and cost-competitive
(proved or potential) techniques that have made the
transition from the laboratory to commercial heat
exchangers. Broad reviews of developments in aug-
mented heat transfer are available [2 to 41 .

B. Free convection

(a) Passive techniques

With the exception of the familiar technique of provid-
ing extended surfaces, the passive techniques have little
to offer in the way of augmented heat transfer. This is
because the velocities are usually too low to cause flow
separation or secondary flow. A recent review [5] of
the limited data for free convection from machined or
formed rough surfaces, with air, water, and oil, con-
cludes that increases in heat transfer coefficient up to
100%  can be obtained with air, but that the increases
with liquids are very small.

Design procedures for single fins and fin arrays are
well established (see Sec. 2.5.3B);  however, little atten-
tion has been given to interrupted extended surfaces.
The restarting of thermal boundary layers is expected
to increase coefficients so as to more than compensate
for the lost area. The effectiveness of this concept has
been demonstrated in the wire-loop fins used for base-
board hot water heaters or �convectors� [6]. This prob-
lem is also of interest in electronic cooling, where the
�heat sinks� are often discontinuous fins, and in natural
draft cooling of finned tube banks necessitated by loss
of fan power. Of considerable interest recently has been
the heat transfer performance of medium integral fin
tubes for use in hot water heaters and solar thermal
storage. The established equations for large fins in air,
as found in baseboard convectors, are not applicable.
The single-tube correlations of Gorenflo [7] are recom-
mended as a starting point in design:

Nu, = 0.6(Ra,)0.25 forRa,<2X 10� (14

Nu, = 0.155(Ra,)1�3 for Ra, > 2 X IO� (lb)

Caution should be exercised when using these equations
for coils and other vertical arrays found in storage tanks.
Manufacturers� data should be consulted for the per-
formance of specific coils.

The only clear-cut example of a beneficial fluid
additive appears to be injection of vapor bubbles at
the bottom of a heated surface. Tomari and Nishikoma
[8] observed increases in average heat transfer coeffi-
cients when air was injected into water or ethylene gly-
col. The improvement is due primarily to the circulation
induced by the rising bubbles.
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(b) Active techniques

Mechanically aided heat transfer is a standard technique
in the chemical and food industries when viscous liquids
are involved. Refer to Sec. 3.14 for data and design
procedures. Data are also available for a heated cylinder
rotating about its own axis in a bulk stagnant fluid. At
large rotational Reynolds numbers, where rotation domi-
nates, Tang and McDonald [9] correlated data for
several liquids by the following equation:

Pr1�3

Surface vibration has been extensively studied in
the laboratory. The predominant geometry has been
the horizontal cylinder vibrated either horizontally or
vertically. Heat transfer coefficients can be increased
lo-fold for both low-frequency/high-amplitude and
high-frequency/low-amplitude situations. Although the
improvements can be dramatic, it must be recognized
that natural convection is inherently an inefficient
mode of heat transfer. Since at maximum enhancement,
the average velocity of the surface over a cycle is less
than 1 m/s, it is more practical to provide steady forced
flow. The mechanical designer is also concerned that
such intense vibrations could result in equipment failure.

Several studies examined the effects of vibrating an
entire enclosure containing a heated section immersed
in liquid. Smith and Forbes [lo]  observed improve-
ments in free convection heat transfer coefficients of
up to 33% with a heated sidewall, and Pak et al. [ll]
recorded improvements of up to 200% with a small-
diameter wire.

Since it is usually difficult to apply surface vibra-
tions to practical equipment, an alternative technique
is utilized whereby vibrations are applied to the fluid
and focused toward the heated surface. Generators
employed range from flow interrupters to piezoelectric
transducers, thus covering the range from pulsation of
1 Hz to ultrasound of lo6 Hz. Much research has been
reported on the effects of acoustic vibrations on heat
transfer to gases from horizontal cylinders. Increases
in average coefficients are observed only above an
intensity of about 140 db, which is far in excess of
human ear tolerance. The maximum increases reported
are usually 100 to 200%. With proper ultrasonic trans-
ducer design, it is also possible to improve heat transfer
to simple heaters immersed in liquids by several hundred
percent. Cavitation is generally the dominant enhance-
ment, mechanism. As an example, a vibration study
of the effect of ultrasonic vibration on heat transfer
to water was presented by Yukawa et al. [12]. The
maximum improvement reported was a 500% increase in
coefficient; however, little improvement was noted with
degassed water. In general, with liquids there is consider-
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able difficulty in designing systems to transmit vibra-
tional energy to large surfaces.

The extensive literature on both surface and fluid
vibrations is discussed in [2-4].  Few studies have been
reported in recent years, probably in recognition of prac-
tical limitations. It does not appear that any commer-
cial equipment utilizes vibration as an augmentation
technique. For most systems it is more convenient
and economical to provide steady forced flow to achieve
the desired Increase in heat transfer coefficient.

Electric fields can be utilized to increase heat trans-
fer coefficients in free convection. The configuration
may be a heated wire in a concentric tube maintained
at a high voltage relative to the wire, or a fine wire
electrode may be utilized with a horizontal plate. Dielec-
trophoretic or electrophoretic (especially with ioniza-
tion of gases) forces cause greater bulk mixing in the
vicinity of the heat transfer surface. Reference [2]
cites studies that report heat transfer coefficients im-
proved by as much as a factor of 40. The paper by Yabe
et al. [13]  provides a good example of the large local
improvements that can be expected in heat transfer
coefficient.

Recent activity has centered on the application of
corona discharge cooling to practical problems. Cooling
of cutting tools by point electrodes was proposed by
Blomgren and Blomgren [ 141, whereas Reynolds and
Holmes [15]  have used parallel-wire electrodes to im-
prove the heat dissipation of a standard, horizontal
finned tube. Heat transfer coefficients can be increased
by several hundred percent when sufficient electrical
power is supplied. It would appear, however, that the
equivalent effect could be produced at lower capital
cost and without the hazards of lO,OOO-100,000  V by
simply providing forced convection with a blower or
fan.

Gas in&ction into a liquid through a porous heated
plate, which has been used to similate nucleate boiling,
can be regarded as an augmentative technique. Although
coefficients can be increased several hundred percent
[16], the practical applications of injection would ap-
pear to be rather limited because of the difficulty of
supplying and removing the gas.

C. Forced convection

(a) Passive techniques

The present discussion is restricted to augmentation
of heat transfer inside ducts that are primarily of circu-
lar cross section. Relevant information on external flow
normal to or parallel to augmented tubes is given in Sets.
2.5.3B  and 2.8.4.

Surface roughness has been used extensively to aug-
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ment forced convection heat transfer. Integral roughness
may be produced by the traditional manufacturing pro-
cesses of machining, forming, casting, or welding.
Various inserts can also provide surface protuberances.
In view of the infinite number of possible geometric
variations, it is not surprising that, even after more than
200 studies [l] , no unified treatment is available.

Laminar flow data for tubes are provided by studies
that considered convoluted tubes [17, 181 and trans-
verse fins in an annular passage [19]  . Improvements of
as much as 100% are observed. Augmentation is widely
utilized in plate heat exchangers. Pescod [20] reported
on a study of the improvements obtained by using
spikes and ripples to enhance nominally laminar flow of
air in parallel-plate channels of large aspect ratios.
Most plate heat exchangers utilize corrugated surfaces,
for structural reasons as well as augmentation. It is
generally agreed that the heat transfer and pressure
drop characteristics of commercial corrugated surfaces
used in plate exchangers are quite similar.

It has been demonstrated that the analogy between
heat transfer and friction for rough surfaces in turbu-
lent flow is dependent on the type of roughness. An
analogy solution for a �sand-grain-type roughness� was
developed by Dipprey  and Sabersky  [21].  Recent work
has considered surfaces that can be produced com-
mercially. Webb et al. [22]  have correlated heat trans-
fer coefficients for tubes with square repeated-rib
roughness by first correlating the friction factor using
Nikuradse�s similarity function U,�,  the roughness
Reynolds number e+, and p/e. By application of the heat
transfer-momentum transfer analogy, the Stanton
number is given by

St = f/2
1 + U/2)�~�  [~e+F(Pr)  - UXe+,  p/e>1 (3)

Excellent correlation of their data was achieved, as
shown in Fig. 3. Equation (3) also successfully pre-

dicted air data of other investigations, even for other rib
profiles [23]. Turbulent flow data for many types of
rough tubes are summarized in [24]  ; the improvements
in heat transfer coefficient (based on nominal surface
area) are as much as 250%.

Extended surfaces can be considered �old technol-
ogy� as far as most applications are concerned. The real
interest is in increasing heat transfer coefficients on the
extended surface. Compact heat exchangers of the plate-
fin or tube-and-center variety use several augmentation
techniques: offset strip fins, louvered fins, perforated
fins, or corrugated fins [25].  Coefficients are several
hundred percent above the smooth-tube values; how-
ever, the pressure drop is also substantially increased,
and there may be vibration and noise problems [26].
For more details on the current status of air-side (ex-
ternal) heat transfer in finned-tube heat exchangers,
the review of Webb [74] should be consulted.

Internally finned circular tubes are available in
aluminum and copper (or copper alloys). The following
correlations of Watkinson et al. [27]  are available for
laminar flow:

Spiral-fin tubes:

Nue
= 19.2 ;0

0.5

PP3 (de/~)�3(~~/77,)o.14~e
ReO.%e

where
(44

for e l ~25
c(e*)= 4.50(e+)� 28

t u b e  (sm)20 __----

_-.-
4 - - - 5.1 tJ - 0 b,

- - 21.7 0 A v l m
- - - 37.6 @ m l

2 L 1,
2 4 6 8 10 20 40 60 100 200 4 0 0 1000

e*=(e/D)Re&i?i
Figure 3 Correlation of heat transfer data for tubes with internal repeated-rib roughness [ 221.
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$e =
2.25(1 + 0.01 Gr:�3)

log Re,

Straight-fin tubes:

(4b)

Nue
=  2 . 4 3  +0

0.5

PP3 (de/L>�3(17b/?7w)0.149e
ReO.&e

(5)
Isothermal friction factors for all tubes:

fe =
16 .4(d,/d)‘.4

Re (6)
e

These correlations are based on data for oil in horizontal
tubes having approximately uniform temperature (steam
heating). Other data for both water and ethylene glycol,
in both steam-heated and electrically heated tubes, are in
approximate agreement with the correlations [28].

Several studies have assessed the thermal-hydraulic
performance of internally finned tubes (all from one
manufacturer) in turbulent flow. In the latest report of
this work, Carnavos [29]  recommends the following
equations:

Nu,  =  0 . 0 2 3  Pr0.4 ReE.8  p6;) O�  ($�  (set 1)�o

(set I))�.�� (8)

It is noted that tin inefficiency corrections must be
incorporated when applying these equations. These
correlations provide a reasonable description of the avail-
able data for air, water, and ethylene glycol/water; how-
ever, there are significant differences among data from
different investigations for essentially the same tube [4] .

A numerical analysis of turbulent flow in tubes
with idealized straight fins was reported by Patankar
et al. [30].  The necessary constant for the turbulence
model was obtained from experimental data for air.
Further improvements in numerical techniques are
expected so that a wider range of geometries and fluids
can be handled without resort to extensive experimental
programs.

internally finned tubes can be �stacked� to provide
multiple internal passages of small hydraulic diameter.
Carnavos [31] demonstrated the large increases in heat
transfer coefficient (based on outer tube nominal area)
that can be obtained in these tubes with air flow. Of
course, pressure drop is also increased with these tubes.

Many proprietary surface configurations have been
produced by deforming the basic tube. The �convo-
luted,� �corrugated,� �spiral,� or �spirally fluted�
tubes have multiple-start spiral corrugations along the
tube length. A systematic survey of the single-tube

performance of 11 commercially available tubes in sur-
face steam condenser service (condensing steam outside,
water inside) is given by Marto et al. [32]. Up to 400%
increase in the nominal inside heat transfer coefficient
(based on diameter of smooth tube of same maximum
inside diameter) was noted; however, pressure drops
on the water side were about 20 times higher.

Displaced enhancement devices are typically in the
form of inserts, with elements arranged to promote
transverse mixing (static mixers). They are used pri-
marily for viscous liquids, to promote either heat trans-
fer or mass transfer. Figure 4 illustrates typical improve-
ments that can be gained from the use of static mixers
[33].  There are no broad-based correlations available
because of the many geometric arrangements and the
strong influence of fluid properties and heating con-
ditions. In general, the higher the heat transfer coeffi-
cient, the higher the pressure drop; the percentage in-
crease in heat transfer is generally greater than the heat
transfer increase. For example, the SMX Standard mixer
exhibits a 7-fold  increase in heat transfer and a nearly
70-fold  increase in pressure drop. Additional data for
the Kenics mixer are given in [28]  and [34]. Similar
inserts or packings have been used for turbulent flow;
however, this application is recommended only for short
sections with high heat fluxes, since the pressure drop is
so high [35].

Heat transfer coefficients can be substantially higher
in coiled tubes than in straight tubes because of the
secondary flow generated by the curvature. The correla-
tion of Schmidt [36] is recommended for the peripher-
ally averaged Nusselt number for fully developed laminar
flow in tubes with uniform wall temperature:

200 500 loo4l
Re Pr

5000

Figure 4 Heat transfer data for typical static mixer inserts in
laminar flow [33].
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Nu=3.65+0.08  [1+0.08(~)��9](Re)m~r)1�3

(9a)

where

$ = 0.5 t 0.290 3 @b)

The recent correlation of Abul-Hamayel and Bell
[37] can be used for uniformly heated tubes:

X (1 + 0.027 6 De�.�  Pr�.19�)

Note that since these investigators found free convec-
tion to be important in their vertical-axis coil, a similar
factor would be expected in Eq. (90).

Schmidt�s correlation for isothermal friction factor
is [36]

f =  [I +0.14(~)��97  (Re)j(g) (114
where

(1 lb)

Schmidt�s correlations for heat transfer and iso-
thermal friction factor in the transition and turbulent
regions are as follows [36]  :

For Re,, < Re < 2.2 X lo4 :

Nu=0.023[1+14.8(It~)](~)1�3(Re)x(Pr)1�3

(12)

where

x = 0.8 -0.22 $0 0.1

c (12b)

For 2 X lo4 < Re < 1.5 X 10�  :

Nu= 0 . 0 2 3  [i +3.6  (1 +$)](g)���  (Re)0e(Pr)1�3  �

(13)
For Recr  < Re < 2.2 X lo4 :

f = + 2.88 X 104(Re)-�  -$-  �JQ0 1c
X [0.079  1(Re)-0.2s] (14)

For2X  IO4 <Re< 1.5 X 10�:

f= [1 + 0.082 3 (1 +-f)](t)��  (Re)0.2s

X [0.079  1(Re)-0.2s] (15)

In applying the above.formulas, the transition Reynolds
number is given by Ito�s  formula [38] :

Recr  = 2 X lo4 -$0 0.32

c (16)

Twisted-tape inserts have been widely used to im-
prove heat transfer in both laminar and turbulent flow.
The following correlation is recommended for fully
developed laminar flow in a uniformly heated tube
[39]:

Nu = 5.172[1  + 5.484 X 10-3(Pr)0*7(Re)  (J)-�.��I  �.�

(17)
Note that the correlation was established for a tape with
no heat transfer. The correlation does not seem to be
applicable to heating or cooling with a constant wall
temperature [28]. At Re < 100, the isothermal friction
factors can be approximated by the expression for a
semicircular tube,

f = 42.2(Re)-� (18)

Turbulent flow heat transfer in tubes with twisted-
tape inserts has been correlated by [40]  :

Nu,=F 0 . 0 2 3  l+ L
2101 o~4(Re,)o~s(Pr)0~4

+ 0.193 [(Ree)2z)-1  @)e)  (Pr)] �I3 (19)

The fin factor F, which represents the ratio of total heat
transfer to the heat transferred by the walls alone, can
be estimated from conduction calculations. Isothermal
friction factors are given by the following expression
[40]:

f, = 0.046b)-0.046(Re,)-0.2 (20)

Modest improvements in heat transfer are observed
when gas bubbles or solid particles are added to liquids.
Kenning and Kao [41] found heat transfer increases
up to 50% when nitrogen bubbles were injected into
turbulent water flow. Watkins et al. [42]  studied suspen-
sions of polystyrene spheres in oil to determine the
mechanism of enhancement for addition of solid
particles to laminar flows. Maximum improvements of
40% were observed.

Gas-side heat transfer can be enhanced by adding
a small volumetric fraction of solid particles. The par-
ticles are carried along with the stream and separated
for reuse, in the case of a once-through system, or circu-
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2.5.1 l-8 2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.11 Augmentation of Heat Transfer

lated, in the case of a closed system. The enhancements
of up to four times the pure gas heat transfer coeffi-
cients, shown in Fig. 5, are attributed to thinning of
the viscous sublayer and higher thermal conductivity
in that layer. Design information and a guide to the
extensive literature are given in [44]  . It does not appear
that any practical applications of dilute-phase gas-solid
heat transfer are currently being considered.

Fluidized beds are being considered for many indus-
trial applications. Heat transfer coefficients to tubes
within a bed can be enhanced by a factor of 20, com-
pared to pure gas flow at the same flow rate. Fluidized-
bed heat transfer is treated in Sec. 2.5.5.

When liquid droplets are added to a flowing gas
stream, heat transfer is enhanced by sensible heating
of the two-phase mixture, evaporation of the liquid,
and disturbance of the boundary layer. Thomas and
Sunderland [45]  demonstrated that heat transfer coeffi-
cients can be increased as much as a factor of 30 if
a continuous liquid film is formed on the heated surface.
A more realistic indication of practical enhancement
was provided by Yang and Clark [46], who applied
spray cooling to a compact heat exchanger core. The
maximum improvement of 40% was attributed to forma-
tion of a partial liquid film and sensible heating of that
film. In general, the large volume of liquid required
tends to limit practical application of this technique.
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Figure 5 Composite heat transfer data for gas-solid suspensions

[431.

(b) Active techniques

Mechanically aided heat transfer in the form of surface
scraping can increase forced convection heat transfer.
Unfortunately, the necessary hardware is not particu-
larly compatible with most heat exchangers. A recent
application of scraped-surface heat transfer to air flows
is reported by Hagge and Junkhan  [47]  ; a lo-fold im-
provement in heat transfer coefficient was reported for
laminar flow over a flat plate.

The other aspect of this technique is rotating
surfaces. Moderate increases in heat transfer coefficients
have been reported for laminar flow in (1) a straight
tube rotating about its own axis [48] , (2) a straight tube
rotating around a parallel axis [49]  , (3) a rotating circu-
lar tube [50],  and (4) the rotating, curved, circular
tube [5 l] . Increases in turbulent flow are less; for
example, in [50]  maximum improvements of 350%
were recorded for laminar flow, but for turbulent flow
the maximum increase was 25%. In general, these are
examples of naturally occurring phenomena that result
in enhancement: cooling windings of rotating electrical
machinery, cooling of gas turbine rotor blades, and
so on.

Surface vibration has been demonstrated to improve
heat transfer to both laminar and turbulent duct flow
of liquids [2]. The largest improvements (up to 200%)
are observed with laminar or transitional flow utilizing
a concentric-tube heat exchanger with the inner tube
vibrated transversely or a rectangular channel with a
flexible, vibrating side. The complexity of the vibra-
tional equipment and the relatively large power ex-
penditure would seem to rule out this technique for
practical application.

Fluid vibration has been extensively studied for
both air (loudspeakers and sirens) and liquids (flow
interruptors, pulsators, and ultrasonic transducers)
[2]. The gas results are not encouraging, as intensities
above 120 db are required and the effect is largely one
of triggering fully turbulent flow at transitional
Reynolds numbers. The experiments of Moissis and
Maroti [52]  are important in that they demonstrate
practical limitations. Even with high-intensity acoustic
vibrations, the gas-side heat transfer coefficient was
improved by only 30% for a compact heat exchanger
core.

Pulsations are relatively simple to apply to low-
velocity liquid flows, and improvements of several
hundred percent can be realized [2]. Turbulence trig
gering and cavitation appear to be important enhance-
ment mechanisms. Application of high-frequency
vibrations is difficult, and only modest improvements
in heat transfer coefficients are recorded.

Some very impressive enhancements have been
recorded with electrical fields, particularly in the laminar
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.11 Augmentation of Heat Transfer 2.5.1 l-9

flow region [2]. The recent studies of Porter and Poulter
[53], Savkar [54], and Newton and Allen [55]  demon-
strated improvements of at least 100% when voltages in
the 10.kV range were applied to transformer oil. Al-
though it is desirable to take advantage of any naturally
occurring electrical fields in electrical equipment, it
would appear to be quite difficult to introduce this
augmentation in practical equipment.

Mizushina et al. [56] found that even with intense
fields, the enhancement disappears as turbulent flow is
approached in a circular tube with a concentric inner
electrode. Reynolds and Holmes [ 151 found little effect
of corona wind even at low air velocities, with the ex-
ception of tests with three electrodes under a finned
tube. In this case, a 60% increase in heat transfer coeffi-
cient was noted.

Single-phase heat transfer can be enhanced by in-
jecting gas into a liquid through a porous heated surface
[2]. Tauscher et al. [57]  have demonstrated up to five-
fold increases in local heat transfer coefficients by inject-
ing similar fluid into a turbulent tube flow. The effects
are similar to that produced by an orifice plate; in both
cases the effect has died out after about lOL/d.

Large increases in heat transfer coefficient are pre-
dicted for laminar [58]  and turbulent flow [59]  with
surface suction. The general characteristics of the latter
predictions were confirmed by experiments conducted
by Aggarwal and Hollingsworth [60]. However, suction
is difficult to incorporate into practical heat exchange
equipment.

(c) Compound techniques

Compound techniques are a slowly emerging area of
enhancement that hold promise for practical applica-
tions, since heat transfer coefficients can usually be
increased above each of the several techniques acting
alone. Some examples are as follows:

1. Rough tube wall with twisted-tape insert [61]
2. Rough cylinder with acoustic vibrations [62]

Afa
Afn
b
%
De
d

4
e
e+

3. Internally finned tube with twisted-tape insert
]631

4. Finned tubes in fluidized beds [64]
5. Externally finned tubes subjected to vibrations

[651
6. Gas-solid suspension with an electrical field [66]
7. Fluidized bed with pulsations of air [67]

It is interesting to note that some compound at-
tempts are unsuccessful. Masliyah and Nandakumar
[68],  for example, found analytically that average
Nusselt numbers for internally finned, coiled tubes were
lower than for plain coiled tubes.

D . Performance evaluation criteria

One may consider the use of augmentation techniques
to satisfy any of the following thermal-hydraulic objec-
tives: (1) to reduce prime surface area, (2) to increase
heat transfer capacity, (3) to reduce the approach tem-
perature difference for the process streams, or (4) to
reduce pumping power. Having defined a basic objective,
the designer will establish the parameters that are fKed
and the basic constraints that must be satisfied. Through
manipulation of the data or correlations for heat transfer
coefficients and friction factors, performance ratios
can be calculated, for example, the ratio of the prime
surface area of the enhanced heat exchanger to that of
the normal or reference exchanger at constant pump-
ing power. Design objectives and performance ratios
are discussed in detail in [69  to 721.

Augmentation usually will not be attractive unless
the augmented heat exchanger offers a cost advantage
relative to the use of conventional heat transfer con-
figurations. Additional factors entering into the ultimate
decision to use an augmentation technique are mate-
rials limitations, fouling potential, safety, and reliability.
The current status and prospects for commercial devel-
opment and use of augmentation techniques are dis-
cussed in [73].

NOMENCLATURE FOR SECTION 2.5.11

actual free-flow area in duct
nominal free-flow area based on inside diameter
average distance between tins
specific heat at constant pressure
Dean number, Re(d/d$‘*
inside diameter of tube or outside diameter of
cylinder, unless otherwise noted
coil diameter
rib height
roughness Reynolds number [22] , see Fig. 2

F

f
Gr
i?
gn
L
Nu
n
Pr

Prandtl number function [22], F = Pros7 in
Fig. 2; fin factor for twisted tape [40]
Fanning friction factor
Grashof number, g,d3 Ap/pv*
heat transfer roughness function [22]  , see Fig. 2
gravitational acceleration
heated length
Nusselt number, (Y d/X
number of fins in a tube
Prandtl number, vc,/h
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P
Ra
Re
Rem

St
u,�
U

W&!

WP
Y
ct

Y
x

rib spacing or fin pitch 77
Rayleigh number, Gr Pr V

Reynolds number, pud/r) P
critical Reynolds number for transition to turbu- AP
lence 4
Stanton number, a/put, @e
Nikuradse similarity function [22] X
average flow velocity IL
mass flow rate of gas 0

dynamic viscosity
kinematic viscosity
density
density difference between liquid and vapor
exponent, Eq. (9b)
free convection factor, Eq. (4b)
exponent, Eq. (12b)
helix angle of internal spiral fins
rotational velocity

mass flow rate of particles
tube diameters per 180�  turn of twisted tape

Subscripts

heat transfer coefficient, based on actual surface b evaluated at bulk fluid temperature
area e based on hydraulic diameter
exponent, Eq. (llb) 0 based on outside diameter of finned tube
thermal conductivity W evaluated at wall temperature
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2.5.42
Heat transfe~n=Newtonian

fluids

Robert  C. Armstrong  and H. H. Winter

A. Introduction

Section 2.5.12 describes ways in which heat transfer in
non-Newtonian fluids is different from that in Newton-
ian fluids. As polymers constitute the largest class of
non-Newtonian fluids, we shall focus our attention on
them. Moreover, we shall focus on differences in heat
transfer characteristics between Newtonian and poly-
meric fluids that can be attributed to differences in
viscous behavior between these two classes of fluids.
These distinctions involve both the shear rate depen-
dence that is commonly observed in non-Newtonian
fluids and also the different magnitude of the viscosity
in polymers as opposed to low-molecular-weight fluids.
In addition to these viscous effects, it is clearly possible
that many interesting changes in heat transfer problems
could result from the �elastic� character of polymeric
fluids. For example, in duct flows involving noncircular
cross sections, certain non-Newtonian fluids show quali-
tatively different secondary velocity patterns than
Newtonian fluids. These clearly have some effect on
heat transfer. Very little can yet be said quantitatively
about these �elastic� effects, however?

In addition to these differences in heat transfer
between Newtonian and non-Newtonian fluids, there
are differences in the kinds of information that we are
generally interested in for nonisothermal flows of these

tH. H. Winter (unpublished research) has performed experi-
ments on heating molten polyethylene flowing through a coiled
tube. Although in such flows a secondary flow is known to
occur, no effect on the radial temperature distribution was
found relative to corresponding heating in a straight tube.

0 1983 Hemisphere 1

two classes of fluids. Let us break the possible calcula-
tions into two categories: global and local. For New-
tonian fluids it is the global result, the evaluation of a
heat transfer coefficient to relate bulk temperature
differences to heat fluxes, that is of most interest. This
heat transfer coefficient, which is used for sizing heat
exchange equipment and estimating bulk temperature
changes, is not as useful for non-Newtonian fluids for
two reasons: first, in problems with significant viscous
heating, which are common for molten polymers, the
heat transfer coefficient cannot be defined meaning-
fully; and second, because of the peculiar physical prop-
erties of polymers, heat transfer between a flowing
polymer and its surroundings is generally ignored.
There are, of course, exceptions to this last statement,
such as cooling extruders for low-temperature extrusion
of foamed polymers and cooling of polymerization
reactors.

For polymeric fluids, evaluation of the local tem-
perature field is usually of primary interest. Because
of the sensitivity of the physical properties to tempera-
ture, the temperature field can have a pronounced
effect on the flow field and therefore on the process
itself. In addition, many polymers are temperature
sensitive and will degrade at high temperatures, say, at
Tdegrad.  It is important to be sure that the local tem-
perature never exceeds Tdegrad.  Finally, relaxation
phenomena in polymers are strongly temperature sensi-
tive, and the amount and location of residual stress or
strain in a polymeric product will depend on the local
temperature history of the polymer.

In conjunction with the interest in temperature
fields in molten polymers there are many important heat
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2.5.12-2 2.5 SINGLE-PHASE  CONVECTIVE  HEAT  TRANSFER / 2.5.12 Heat Transfer for Non-Newtonian Fluids

transfer problems that involve phase change. In almost
all polymer processing operations, polymer is introduced
as a solid, melted, formed, and finally frozen into the
final product shape. The melting and freezing calcula-
tions required to model these processes can involve large
property changes, phase changes, crystallization, moving
interfaces, frictional heating between solid surfaces,
and thermoelasticity (stresses produced by density
changes on cooling).

In order to give perspective to the subsequent dis-
cussion, a brief survey of typical values of physical
properties of polymers relevant to heat transfer prob-
lems is given in Sec. B. Following this, the important
dimensionless groups that determine the qualitative
nature of the heat transfer problem are enumerated.
Then in Sets. D and E, specific solutions to heat trans-
fer problems are given, with and without viscous heating,
respectively. The problems looked at are mostly con-
fined channel flows. Finally, in Sec. F the influence of
small amounts of polymer additives on heat transfer in
turbulent tube flow is described.

B. Physical properties

The two most important physical properties to be
considered in this section are the thermal conductivity
and the non-Newtonian viscosity. The thermal con-
ductivity, of course, enters heat transfer calculations
directly and is of particular interest here because of its
low value for polymers. The viscosity is important in this
context because of its temperature sensitivity, which
couples the fluid flow problem with the heat transfer
problem. The following discussion treats undiluted
molten polymers.

(a) Thermal conductivity

Polymer melts, like their solid counterparts, are typically
poor conductors. Sample values of the thermal conduc-
tivity h are given in Table 1. The key feature to note
in Table 1 is that the values of X are several orders of
magnitude lower than those for low-molecular-weight

Table 1 Thermal conductivity  and heat capacity of
some molten polymers  at temperatures  TO (tabulated  in
PII
Polymer T,,�C

LDPE 150
HDPE 150
PP 180
PVC 100
PS 150
PMMA 150

cp, IO�  J/kg K

2.57
2.65
2.80
1.53
2.04

h, W/m K

0.241
0.255

0.166
0.167
0.195

(Newtonian) liquids. As a result of these small sizes,
heat transfer to polymers is effective only over very
small distances in most processes. Thus heat removal
limitations govern cycle time in forming thermoplastic
parts and control part thickness in thermosetting plastics
with exothemric  reactions.

Molten polymers appear to be isotropic with respect
to heat conduction, so that the values in Table 1 apply
to conduction in all directions. Experiments on strained
solid polymer samples [l] show higher conductivities
in the direction of strain than transverse to the strain.
These differences are quite dramatic in crystallizable
polymers, where order-of-magnitude differences are
possible in the two directions. However, in glassy poly-
mers, the effect of orientation on h is not nearly as
dramatic, and this should be more indicative of conduc-
tion in polymer melts. Thus it is possible that in flows
where the magnitude of the strain rate exceeds the re-
ciprocal of the longest relaxation time of the polymer,
hP’

AplMl s 1

that the conductivity will depend somewhat on direc-
tion, However, no data are available to verify this, and
in any event, the directional differences in conductivity
for the glassy solids are at most factors of two to three.

It is important to note that X is insensitive to the
chemical nature of the polymer, molecular weight, tem-
perature, and pressure [l] . For many typical polymers,
X is between 3 and 12 X 10v4  W/m K, irrespective of
these variables. Conductivity data are frequently given
as the thermal diffusivity K ,

h,‘=-
PCP

(1)

where p is the density and cp is the heat capacity per
unit mass. Shoulberg [3] has shown that K for polymers
is nearly independent of T, p, and chemical characteris-
tics. It should be kept ln mind that there are fewer data
available for A and K than for viscosity, so there may
well be exceptions to trends indicated here.

Because of the insensitivity of X or K to tempera-
ture, accurate representations, which are useful for de-
sign calculations, can be given for h, p, and cp by low-
order polynomials. Examples of such fits for low-density
polyethylene (LDPE), high-density polyethylene
(HDPE),  and polyvinyl chloride (PVC) as obtained
by Kleindienst [4] are presented in Tables 2-4.

(6) Temperature-dependent viscosity

The viscosity of non-Newtonian fluids depends on tem-
perature and pressure. This influence can be described
by the method of reduced variables [5]. In this method,
viscosity data at a variety of temperatures and pressures
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Table 2 Dependence of thermal conductivity  X on temperature  [ 41
h(W/m  K) =Q X 10-l + b X 10-4(T-273.2)  + c X 10-6(T-273.2)2  + d X
10-8(T - 273.2)j + e X lo-�(T-  273.2)4

(Tin K)

Polymer Temperature range, �C Q b C d e

HDPE 10-143 4.53 -8.59 -5.29 4.12 -1.98
143-200 2.6 0 0 0 0

LDPE lo-126 3.65 -4.07 -7.34 8.28 -5.5 3
126-200 2.23 0 0 0 0

PVC O-200 1.68 0 0 0 0

can be reduced to a single master curve at a reference
temperature T,-, and a reference pressure p. by plotting
log hi3 T, P+VO+TO,  P O  Nrl~tT,  ~3) versus
log (UT+),  where q&T,  p j is a material-dependent
shift factor. The small amount of available data on
pressure dependence of 1) show that the temperature
dependence is much stronger than the pressure depen-
dence. As a result, pressure dependence will be neglected
in the following and we assume that 77 = T&T, Tj and
uT = &Tj.

From molecular theories of dilute polymer  so lu-
tions [6] , it is predicted that

ho - v,)$-o~tTo  +
a�  = ho - rl&-, MT+ (2)

where r)# is the solvent viscosity. If we assume that this
result can be applied for large concentrations or undi-
luted polymers, then qS < qo, and the above reduces to

Table  3 Temperature  dependence of density  p [ 4 ]
p-l (cm3/g) = u + 10m46(T  - 273.2) + lo-�c(T  - 273.2)2  + lo-‘d(T  - 2?3.2)3  +
10m9e(T  - 273.2)4  + lo-�f(T  - 273.2)�

(Tin K)

Polymer Temperature range, �C Q b C d e f

HDPE 10-133 1.033 17.87 -7.19 16.11 -15.45 5.58
133-200 1.158 8.09

LDPE 10-113.5 1.078 1.24 2.68 -3.95 2.35
113.5-200 1.158 8.09

PVC 10-110 0.715 4 1.02 0.078 1 -0 .016 7 0.052 4
11 O-200 0.679 1 5.67

Table 4 Temperature  dependence of heat capacity cP [ 41
cp (kJ/kg K) = a -I- b(T - 273.2) + c(T - 273.2)2  -t d(T - 273.2)j + e(T - 273.2)4

(Tin K)

Polymer Temperature range, �C a b c d e

HDPE lo-88 1.597 3.61 X lo-� 5.96 x lo-� -3.44 x 10-O 9.77 x 1o-9
88-121 -1.983 x 10� 6.17 -6.34 x 1o-2 2 . 1 9 x 1O-4

121-130 -2.837 x lo* 2.41
130-133 1.208 x lo3 -9.07
133-200 1.984 3.88 x lo-�

LDPE 10-90 1.943 5.39 x 1o-3 2.56 x lo-� -3 .23  x 1O-6 3.53 x 1o-8
90-105 8.497 x 10� -1.84 1.04 x lo-�

105-110 -1.29 x lo2 1.3
110-113.5 3.786 x lo* -3.31

113.5-200 1.98 3.70 x 1o-3
PVC IO-67 0.75 4.66 X 1O-3

67-96 1.361 x lo* 4.64 1.21 x 10-l -9.71 x 1o-4 2.90 x 1O-6
96-200 1.208 2.96 x 1O-3
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~lofTo+WT+ (3)

The ratio TopfTo j/T&T-)  is about unity and changes
very little over ordinary temperature ranges. For ex-
ample, this ratio is 0.92 for LDPE at 15O�C  relative to
2OO�C.  However, the complete shift factor has a value
of 0.32 for these same two temperatures.

If zero-shear-rate viscosity data are not available,
then Eq. (3) cannot be used to compute UT. In this
case UT must be determined empirically in the process
of shifting data to construct a master curve for viscosity.
One particularly convenient way to do this is to use
the fact that from Eq. (3) a shear stress T at tempera-
ture T can be reduced to a reference temperature To
by

TOPO

r =Tpr
r

where 7,. is the reduced shear stress. Thus r is fairly in-
sensitive to temperature; moreover, it can be shifted
without knowing UT. Construction of a master curve
of 7,. versus UT+ will involve arbitrary shifting along the
shear rate axis only. Typical values of the shift factor
are shown in Figs. 1 and 2.

Two types of exponential functions have been
used for describing the temperature dependence. For
some materials and in some temperature ranges, the
logarithm of UT is linear in (l/T)  [see data for LDPE,
HDPE, and PP (polypropylene) in Fig. 11. Then the
temperature dependence is given by an Arrhenius
function

5 0 230 210 190 170 150 130 *c

I � 111111 II I II II I
1.9 2 .0 2.1 2.2 2.3 2 .4 2 . 5 26

q (K-1)

Figure 1 Shift factors UT  for several molten polymers as deter-
mined by Miinstedt [7]. The reference temperature 7�,  is 150°C
for LDPE and HDPE and 190°C for PP and PS.
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Figure 2 Shift factor UT  for molten polystyrenes  as determined
by Miinstedt 171.  The reference temperature T, is 190°C.

uT=exp[f($--&)]
This behavior is observed with low-molecular-weight
fluids and with molten polymers 100 K or more above
their glass transition temperatures. Typical values of
E/R are 4.50 X lo3 K (LDPE), 2.83 X IO3 K (HDPE),
and 5.14 X lo3 K (PP). These values, of course, depend
on molecular parameters of the polymer and therefore
may change considerably within each class of polymer.
For LDPE, a linear correlation with the density pzo
(density at room temperature) has been observed [7] :

E
- = a0 + alPz0R (6)

with cl0 = 8.277 X IO4 K and al = -8.330 X lo4 K
cm3/g.

For temperatures between the glass transition tem-
perature T, and Tg + 100, the WLF equation for UT has
been found to hold for a wide variety of polymers [8] :

log UT =
+V- To)

c: +(T-To)
(7)

If To  is taken to be the glass transition temperature,
then c = 17.44 and c = 5 1.6 K. These constants are
useful when specific data on a polymer are not available.
When some data are available, then it is better to take
d: = 8.86 and C$ = 101.6 K, and then to choose To to
give a best fit with the data.

Styrene polymers are usually well described by the
WLF equation. The agreement of dT data with the WLF
equation is shown best by plotting (T - T,)/log uT
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versus (T - Z�,),  as shown in Fig. 2 for a variety of poly-
styrenes (IS).

It is helpful to give some examples of introducing
the temperature shift into empirical viscosity functions
[see Table 2.2.8(4)]  . Two of these are the following.

1. Power law (shifted):

sfi; Tj = v�  ;
( In-�

UnT 03)
7

with q�  = qf?O, To j.
2. Carreau (shifted):

(9)

In Eq. (8), To is a reference shear rate characteristic of
the process (see following subsection). Also, in Eq. (9),
&,pfTO  j is the characteristic time for the fluid at
temperature To. Note that 77�  is the reference viscosity
and v. is the zero-shear-rate viscosity.

C. Governing equations and dimensionless
groups

Most quantitative studies of heat transfer to non-
Newtonian fluids have taken the constitutive equation
to be the generalized Newtonian fluid model, either
for the purpose of calculation or for presenting results.
For this reason we restrict the discussion here to this
model. A discussion of flows in which this model might
not be sufficient is given by Pearson and McIntire  [9] .

When the constitutive equation for the generalized
Newtonian fluid (see Sec. 2.2.8) is combined with the
conservation equations for momentum and energy, the
resulting equations that govern heat transfer and flow
in this class of non-Newtonian fluids (assumed also to
be incompressible and to have constant thermal conduc-
tivity h here) are

pc, D$ = XV2  T + + q(+:+) (11)

In these equations T[= Vv + (VV)~]  is the rate of strain
tensor. It is assumed in obtaining Eq. (11) that the
internal energy of an element of fluid depends only on
the instantaneous temperature and pressure in that
element, and not on, say, the strain history of the
element. Although there have been no experimental
tests of this assumption, it has been used universally
in heat transfer calculations.

In order to use Eqs. (lO)-(ll),  it is necessary to
specify the temperature and shear rate dependence of
viscosity. Various empiricisms  for Q++ j have been given

in Table 2.2.8(4). The temperature dependence of 7)
has been discussed in the preceding section.

Before solutions to these equations are presented
for specific heat transfer problems, it is worthwhile to
consider the important dimensionless groups that will
govern their solution.

Putting Eq. (10) into dimensionless form is much
the same as for isothermal flows [see lo]. Here we
assume that the density is constant and that a charac-
teristic value for viscosity is 77�  = q++�,  To j, where
9�  and To are a characteristic shear rate and tempera-
ture, respectively. We further suppose that p. is a
reference pressure, H is a characteristic length scale
(e.g., a pipe radius or channel gap), V is a characteristic
velocity (wall velocity or mean velocity, for example),
and fp is a characteristic time for the process (e.g., a
residence time). The assumption that we have available
a reference velocity means that we focus our attention
on forced, rather than free, convection problems. With
these reference values we see that a characteristic shear
rate is

and a dimensionless pressure P can be defined as

(13)

Note that pressure is scaled by viscous stress rather
than by inertia, since most polymer fluid flows are
creeping flows. Finally, the equation of motion can be
written

-=.-v*p+v*

(14)

where D*/Dt*  = t, D/Dt is a dimensionless substantial
derivative, V* = HV is a dimensionless spatial derivative,
a n d  +* = */(V/H).  The Reynolds number Re and
Froude number Fr are given by

PVH
Re = -

q�
Fr =g (15)

The Froude number is generally necessary only for free
surface flows. The inertial terms on the left side of
Eq. (14) are scaled by the product of Re and a ratio of
characteristic times, the reciprocal characteristic shear
rate l/T�,  and the process time t,. If the only choice
for tp is I/+�,  then only the Reynolds number will
appear on the left. However, if we consider flow through
a channel of length L, then tp could be taken to be the
residence time L/V. In this case the inertial terms would
be scaled by Re H/L. These distinctions arising from
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different choices of tp are not usually important in con-
nection with the momentum equation, since for most
polymer flows Re Q 1 and the inertial terms are negli-
gible in any case. The use of rp is more important for
the energy equation.

In order to cast the energy equation into dimension-
less form, we must first select a characteristic tempera-
ture difference AT0 with which temperature changes
can be scaled. There are numerous possibilities for this
choice, and the proper one depends on the particular
problem; these choices have been discussed by Pearson
[ 1 l] and are listed below:

ATprocess = IT, - Til (16)

-j= V/H

ATad  = $ (18)
P

q�  v2
AT,,,  = y-- (19)

The process temperature difference ATprocess  is based
on a AT defined by operating conditions, for example,
a wall temperature T, and inlet temperature Ti. The
importance of nonisothermal effects on the rheology
is given by ATrheol, which gives a characteristic tem-
perature difference that will produce appreciable
changes in the viscosity. AT,,  gives the adiabatic tem-
perature rise that could be produced by the overall pres-
sure drop &. An order-of-magnitude balance between
viscous heat generation and conduction gives a charac-
teristic temperature difference ATsen  that can be attrib-
uted to viscous heating.

We now make the energy equation dimensionless
as we did for the equation of motion; for the moment
we leave the temperature scale unspecified and define
a dimensionless temperature 0 by

@= T--T�
AT0

(20)

Equation (11) then becomes

(21)

The two groups that arise here are the Peclet number Pe,
which gives the relative importance of convection and
conduction, and a heat-generation number Gn, defined
by Pearson [ 111 :

PC, VH
Pe = 7 (22)

no V2
Gn= L

A AT0 (23)

For steady-state problems in which fp is taken to
be l/+�,  the Peclet number adequately scales the convec-
tion term. However, if we are concerned with heat
transfer in flow through a channel of length L, then the
residence time L/V is a better choice for tp. In this case
the convection term is scaled by the Graetz number Gz,
defined by

PC, VH2
Gz = -

AL (24)

Note that Gz and Pe will differ only when the aspect
ratio of the channel is much different from unity. In
this event the Graetz number is preferred inasmuch as it
compares axial convection with conduction to the wall.

The generation number Gn will take on one of two
standard forms depending on the choice of AT�.  If we
take AT0 = ATprocess,  then Gn becomes the Brinkman
number, Br :

q�  v2

Br = h ATprocess
(25)

This is a reasonable choice for AT0 (and Gn) provided

that AT,,,,, is not large enough to alter the viscosity
substantially, that is, provided that the Pearson number
Pn is small:

(26)

For large Pn, AT0  should be chosen to be ATrheoi.
Therefore we take Gn to be the Nahme-Griffth  number,
Na:

q” v2
Na = h ATrheo,  = Br Pn (27)

A detailed discussion of the forms of the tempera-
ture profiles that can result for various combination of
values of these dimensionless groups is given by Pearson
[ 111.  For our purposes it is sufficient to note that most
nonisothermal polymer processing flows are high-Gz
processes. This means that we are generally interested
in developing temperature profiles rather than fully
developed values. In the next two sections we consider
solutions to the energy equation for large and small Br
and also large and small Pn.

D. Heat transfer in steady confmed channel
flows without viscous heating

In this section we present steady-state solutions to non-
isothermal flows through tubes and slits with either
constant wall temperature or constant heat flux. In
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these problems we shall assume that viscous heating is
unimportant, that is,

GnQl

so that we can neglect the last term on the right side of
Eq. (21). In addition, since most polymer flows are
creeping, we take Re = 0; we also absorb gravity into
the pressure term, and take t, = L/V, where L is the
tube or slit length. The equations of interest in this
subsection are then

o=-v*p+v*. �  q*
0q�

Gzv- V”O=V*20 (29)

Once solutions to Eqs. (28) and (29) have been
obtained, the results can be presented in terms of the
Nusselt number, Nu:

Nu=X
h

where (Y is a local heat transfer coefficient based on
the difference in local wall temperature and bulk tem-
perature,

4wan
�  = (Tbuk - Twad (31)

and H is the channel thickness for slit flow or the radius
R for pipe flow.

(a) Constant physical properties (Pn = 0)

In order to see the effects of the non-Newtonian charac-
ter of the fluid on the Nusselt number, we first present
results for a temperature-independent viscosity, that is,
we take Pn = 0. We suppose that fluid is flowing through
a slit or tube with uniform temperature To prior to a
position z = 0; for z > 0, either the wall temperature is
raised to T,,, or a constant heat flux qr is removed at the
wall (see Fig. 3). For these two types of boundary
conditions it is possible to obtain analytical solutions
for the temperature field for both the thermal entrance
region (small z) and the thermally fully developed region

(large z). Tables 5 and 6 contain these solutions pre-
sented in terms of the local Nusselt number. Derivations
of many of these entries can be found in [ 121.

In the sense used in Tables 5 and 6, large and small
z refer to the importance of the convective term in Eq.
(29). Consistent with taking tp = L/V, here we take the
dimensionless axial coordinate z* to be

z* =z-
L (32)

Then in the thermal entrance region z* will be less than
the axial distance required for significant heat transfer
from the wall to take place. Since the latter is given by
Gz, we have

Thermal entrance region:

xz
p-1
PC, T/H2

Similarly the thermally fully developed region is

Thermally fully developed flow:

�*%l  o r
AZ

Gz
->l
pc, VH2

(33)

As the following example shows, the thermal entrance
region is often the more important one in heat transfer
to polymers.

Example. A molten polystyrene is to be formed
into a rectangular shape by injecting it into a cold mold
that is 30 cm long, 7.5 cm wide, and 0.2 cm thick [13].
The time required to fill the mold is 2.5 s (= tp) with a
pressure gradient of 1.33 X IO6 Pa/m. The temperature
of the molten polymer entering the mold is 25O�C
and the mold walls are at 5O�C.  For polystyrene, A =
1.295 X 10-l J/K m s and K = 7.05 X lOwa m2/s [14].
Find the local Nusselt number to describe the heat trans-
fer between the polymer and mold.

Solution. We begin by calculating the Graetz num-
ber to determine which formula in Table 6 to use. From
the data above we know that the average velocity (u,) =
Vis

Tube or
sl i t  wal l

Wall temperature T, g
Wal l  heat  f lux q, far zz0

Fully- developed
flow of fluid t
at uniform Ror$

temperature Ta
-.-.---.L -l- - - - - - - - - - - - -  - - - -

.?

Figure 3 Heat transfer to non-Newtonian fluids in tubes and slits.

0 1983 Hemisphexe  Publishing Corporation



Table 5 Asymptotic  results for local  Nusselt  numbers in tube flow [ 121; Nu = d/X

Boundary conditions,
Fig. 3

Fluid
flow Constant wall temperature Constant wall heat flux

Thermal entrance Plug flow Nu=L cz I�*

region, 0

z*<Gz Laminar non-Newtonian
flow N~=~@  (-$$,,,= )] �I3

Laminar Newtonian
flow

Thermally fully Plug flow Nu = 5.772
developed flow,
z*.Gz

Laminar non-Newtonian Nu = fl:, where PI is the lowest eigenvalue of
flow

Laminar Newtonian
flow

x;+o $ = 0

Nu = 3.657

(A)

(B)

m

0%

(El

(F)

Note: v: = v,/(v,),r* = rfR, z* = zJL,  and Gz = (vJR*/KL.

Nu =
21�(3 G z  1’3

09113 z* (1)

Nu=8 0)

Nu=(,  1’; [l*p,,p,dFj’dr*/-’  W)

48
Nu=fi (L)



Table 6 Asymptotic  results for local Nusselt  numbers in thin slit flow [ 121; Nu = M/?I

Boundary conditions,
Fig. 3

Fluid
flow Constant wall temperature Constant wall heat flux

Thermal entrance Plug flow Nu=2  Gz �2

region, 0

z*<Gz Laminar non-Newtonian
flow Nu~;;;.;j$~,y  ,=,, ,,]I;� 1:: ~~~;~�~;(~~,y  l =,,* ),I�::I

Laminar Newtonian
flow

24’3r(;)  Gz  l/3

(C)  N” = 3’/9 F
0

Thermally fully Plug flow Nu = 9.86 ( D )  Nu=  1 2 (J)
developed flow,
z*%Gz

Laminar non-Newtonian N� = 40:)  where 0, IS the lowest eigenvalue
flow of the equation

dZX,

Nu=b l��(  ~Y*v$o”y*)*dyt]

---+44P~u:ty*jX,=O;X,t+tj=O  (E)
dY**

W

Laminar Newtonian
flow

Nu = 1.54 CL)

Note: u$ = vz/b,),  y* = yJH,  z* = z/I..  and Gz = b,lHz/~L
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p-=L% 12*0cm/s
t, 2.5

The Graetz number is then

Gz+ (0.12)(0.002)2

(7.05 x lo-8)(0.30)  = 22.7

Since z* = z/L  clearly lies between 0 and 1.0, we see
that

z*<Gz

to a good approximation throughout the mold. Thus
the polymer is in the thermal entrance region.

In the absence of any detailed rheological informa-
tion from which we can calculate the velocity gradient
at the wall, we use Eq. (C) in Table 6 to estimate Nu:

Nu=- (35)

where I�+x  j is the gamma function.
This result is clearly to be regarded as a rough

estimate inasmuch as we have neglected shear rate
and temperature dependence of viscosity, the formation
of a solid polymer skin next to the mold surface, and
the influence of the free surface at the front on the
velocity patterns. Nonetheless, it illustrates how the
entries in Tables 5 and 6 can be used, and shows the
importance of the thermal entry region. A more detailed
treatment of heat transfer in injection molding is given
by Janeschitz-Kriegl [ 151.

(b) Variable physical properties (Pn > I)

Here we consider the effect of temperature-dependent
viscosity on the heat transfer, that is, problems in which
Pn is of order unity. For problems,of  this type, Eqs.
(28) and (29) must be solved simultaneously because
of the coupling that occurs through the viscosity and
velocity. Solution to these equations must generally
be done numerically for each situation of interest. To
illustrate the resulting influence of ?&Tj on Nu, we
describe below results computed by Christiansen and
Craig [16].

Christiansen and Craig [16] considered heat trans-
fer to a power law fluid in tube flow with constant
wall temperature (see Fig. 3). The temperature depen-
dence of viscosity was given by an Arrhenius form simi-
lar to Eq. (5):

,&i;  Tj = ,,$�-le~IRT (36)

I f  we  take  AT, , , , to be (T, - T,) and evaluate

ATrheoI at a mean temperature T,,, = m,

RToTl= -nE (37)

o 1983 Hemisphere E
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then the Pearson number is given by [cf. Eq. (26)]

(38)

Average Nusselt numbers Nu, were calculated as func-
tions of Gz for a range of values of n and (l/n) Pn (de-
noted by \k in [16]).  Nu, is defined as in Eq. (30)
except that an average heat transfer coefficient (Y,  is
used based on an arithmetic average temperature dif-
ference over a length L of heated section:

q = ol, (39)

where TL is the bulk temperature at z = L.
In Figs. 4 and 5, typical results from these calcula-

tions are shown. Figure 4 is for temperature-independent
viscosity, Pn = 0, and shows the effect of shear thinning
alone on Nu,. Figure 5 shows the effect of Pn on Nu,
for n = L3, which is typical of many molten polymers. It
is seen that Nu, is affected in similar ways by increasing
shear rate sensitivity (n + 0) and increasing temperature
sensitivity (Pn + -). In fact, the limiting curves in these
two figures appear to be identical. Christiansen and
Craig compared these results with experimental data
for aqueous polymer solutions and found excellent
agreement (better than 7%),  provided that natural
convection was negligible [ 161.

E. Influence of viscous heating on heat transfer

As mentioned in the introduction, one of the important
distinctions between nonisothermal flows of polymeric
fluids and Newtonian fluids is the importance of viscous
heating in the former. Because of the high viscosities of
these fluids, Gn [Eq. (23)]  is not small and the last
term on the right side of Eq. (21), the energy equation,
must be retained. In this section we consider the effect
of this viscous heating term on the temperature field
in two types of flows. First we re-examine the steady
confined channel flows from the last section; then we
discuss transient, circular Couette flow; and finally we
look at the implications of these results for the defmi-
tion of the Nusselt number. The channel flow (both slit
and tube) and Couette flow examples treated here are
illustrations of a variety of heat transfer problems that
can be analyzed as limiting cases of helical flow [2].

(a) Viscous dissipation in steady confined
channel flow

With viscous dissipation included, Eq. (21) has been
solved analytically only for a few limiting cases of
channel flow (see, for example, [17]  and [18]).  These
solutions have incorporated a temperature-independent

blishing  Corporation
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Nua

Figure 4 Average Nusselt number [Eq. (39)]  as a function of Graetz number for laminar tube flow of power law and
Newtonian fluids. The viscosity is assumed to be temperature independent in these calculations (Pn = 0). Results are
shown with the power law slope n as a parameter. From Christiansen and Craig [ 161.

viscosity and relatively simple boundary conditions.
Moreover, the analytical solutions have a complicated
structure that requires computer calculations to obtain
numer ica l  va lues  for  the  tempera ture  f ie ld .  F o r  t h i s

reason it seems to us to be most reasonable to obtain
the temperature field by direct numerical solution to
Eq. (21). In this way temperature dependence of the
viscosity can be included with little extra effort and
also solutions can easily be generated for a variety of
boundary condi t ions .

Here we give an example of a numerical solution
to Eq. (21) for a specific example. In particular, we

consider pipe flow of a power law fluid with n = 0.4
(see Fig. 3). The reference temperature To is taken to
be the uniform entrance temperature To, and the tem-
perature dependence of viscosity is given by an expo-
nential factor

,-P(T-To)

so that

RT,
ATrheol  = L = __

P nE

The dimensionless temperature we use is

Nua

IO

Figure 5 Average Nusselt number [Eq. (39)]  as a function of Graetz number for heat transfer to power law fluids with
n = f in laminar tube flow. Results were obtained numerically by Christiansen and Craig [16]  for each of the Pearson
numbers [defined in Eq. (38)]  shown. From Christiansen and Craig [ 161.

(40)
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T-To

’ = ATrheol
p=@(T-To) (41)

consistent with the assumption that viscosity will vary
significantly with temperature. In addition, we take the
viscous heating to be significant, with

Na=5 (42)

Instead of the two limiting boundary conditions
given in Fig. 3, we use the more general relation between
the heat flux in the fluid at the wall and the tempera-
ture difference between the wall 0, and the surround-
ings 0,:

ao

ar*

= Bi (0, - 0,)

w.f
(43)

In the above, r* = r/R is scaled by the pipe radius, the
temperature gradient is taken in the fluid layer at the
wall, and Bi is the Biot number.

The developing temperature profile is shown in
Fig. 6 for three typical Bi values. In these calculations
we have taken the inlet and surroundings temperature
to be identical, 0, = 0. The temperature of course in-
creases with increasing distance downstream from the
inlet. The amount of increase depends on r*, however,
inasmuch as viscous dissipation is nonuniform with
maximum value at the wall and zero magnitude at the
center of the pipe. Thus radial temperature differences
build up and radial conduction becomes important.
The axial heat flux due to conduction is negligible com-
pared to the convective flux.

Note that the average temperature increase in the
pipe is larger with intensive cooling (Bi = 100) than
with intermediate cooling (Bi = 10). This is a phenome-
non that has been observed experimentally in polymer
processing. Presumably the intensive cooling produces
this effect by increasing the viscosity near the wall.
This in turn will decrease shear rates near the wall and
shift the maximum shear rate nearer the center of the
tube. Thus extra viscous heating is produced in the in-
terior, and the increased layer of slowly moving polymer
near the wall acts as an insulator.

It is found that the magnitude of the temperature
increase depends significantly on Na, that is, on the
magnitude of viscous heat generation. However, the
shape of the temperature profile is relatively insensi-
tive to Na. An example is given in Fig. 7, where the
developing temperature profiles scaled by the fully
developed bulk temperature O+ are shown for slit
flow of a power law fluid for two different values of
Na. Although Ohm increases by a factor of almost 10
when Na is increased from 1 to 10, the shapes of O/O+,
are virtually unaffected.

Far from the entry region (z* = z/L S Gz-I),  the In modeling viscous heating in two-component pipe
temperature distribution becomes fully developed. Then flow [20] a rather interesting, but not surprising phe-
the radial heat flux to the wall is balanced by heat nomenon has been noted. The flow region was divided

1

Y0
t
Q

II
0

I

?--

I-

3-
0

generation in the flow. For very small Biot numbers
(nearly adiabatic wall), the fully developed tempera-
ture is not reached until the temperature-dependent
viscosity becomes so small that viscous dissipation is
negligible. For large Bi values a large radial temperature
gradient in the fluid is generated, whereas for small
Bi values a large temperature difference in the wall,
0, - O,, is created. Both limiting cases are shown in
Fig. 6.

Bi=l

0 . 5
r*

I 0 0.5 I 0 0 . 5 I
r* r *

Fjgure 6 Developing temperature profiles in a power law fluid (n = 0.4) flowing in pipes with uniform thermal boundary
conditions [Eq. (43)J.  The dimensionless axial and radial positions are z* = zfL  and r* = rfR. Results for three different
Biot numbers are shown. In alI  cases Na = 5 and 0, = 0. From Winter [2].
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- No = I heating sometimes limits the largest shear rates that can
--- Na = IO be used in an instrument.

1.0

$ 0 . 5

0
0 0.5 1.0

Figure 7 Developing temperature profiles for a power law fluid
(n = 0.4) flowing in a slit with walls at a constant temperature
equal to the entrance temperature To. The local dimensionless
temperature is scaled by the fully developed bulk temperature
@bm  and is given at a variety of axial positions z* = z/L.  For the
two Nahme-Griffith  numbers considered, it is found that @bm  =
0.5 (Na = 1) and @bm  = 4.6 (Na = 10). From Winter [ 191.

into a core of high-viscosity fluid and a thin layer of
low-viscosity fluid near the wall. From the calculations
it was found that the rate of viscous heating can be
orders of magnitude higher in the low-viscosity fluid
than in the high-viscosity fluid core. This is accounted
for, of course, by the extraordinarily high shear rates
that would occur in the low-viscosity lubrication layer
next to the wall.

(b) Viscous dissipation in circular Couette flow

Here we consider the flow generated in the annular gap
between two concentric cylinders in relative rotation
about their common axis. The development of the
temperature profile is given by the energy equation Eq.
(21), where the characteristic process time t, could be
chosen to be the duration of an experiment. The degree
of thermal development is described by the Fourier
number,

Fo+ (44)

which is equivalent to Gz-�  for confined channel flow.
Note that for dimensionless time t* = t/fP small com-
pared to Fo-r , the temperature distribution is still
developing, whereas for t* % Fo-�  , steady-state condi-
tions will have been reached.

There are relatively few applications of viscous
heating calculations in circular Couette flow. One
interesting one is in rotational viscometry, where viscous

0 1983 Hemisphere I
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The fully developed temperature and velocity fields
have drawn much attention because of the existence of
a double-valued solution found in 1940 by Nahme [21] .
The shear stress cannot exceed a certain value, even if
the shear rates are increased indefinitely. At high shear
rates the decrease in the temperature-dependent vis-
cosity overcompensates the increase in stress due to the
increase in shear rate. The shear rate Vo/H  (relative
velocity between the surfaces divided by the gap) as
a function of the shear stress is shown in Fig. 8 for a
power law fluid [22]  . For a given shear stress, there are
two modes to run an experiment: one at high shear
rates and one at low shear rates.

(c) Definition of Nu with viscous heating

In many flow applications, viscous heating is greatest
in the fluid near a wall, as for example in pressure-
driven channel flows. Small velocities (no slip condi-
tion) make convection a minor factor in this region, so
that the local temperature is determined by a balance
between dissipation and conduction. Because of the low
thermal conductivity, large temperature gradients build
up, with the result that the temperature distribution
near the wall is only weakly dependent on the bulk
temperature of the fluid. Therefore the use of a heat
transfer coefficient [Eq. (31)]  or a Nusselt number
[Eq. (30)]  based on the bulk temperature can result
in physically unreasonable values for these quantities.
We next illustrate this with an example and then rede-
fine the Nusselt number to m.ake it applicable to flows
with significant viscous heating.

Figure 9 shows the developing temperature pro-
files in pipe flow with negligible viscous heating (Na  =
0.001) and with appreciable viscous heating (Na  = 1.0).
For flow without significant dissipation (left graph),
the temperature of the fluid gradually approaches the
wall temperature, and the heat flux at the wall can be
described by a Nusselt number using a mean tempera-
ture difference between the wall and fluid. However, if
viscous dissipation significantly changes the developing
temperature (right graph), the heat flux at the wall
has to be described by the temperature gradient at the
wall and not by an average temperature difference. It
can clearly be seen that the temperature gradient at
the wall changes its sign at an axial position where
the average fluid temperature is still much below the
wall temperature. An unusual situation is generated,
where the fluid heats the wall even if its mean tem-
perature is much below the wall temperature. For these
conditions, the Nusselt number in its classical definition
can become negative .

A more useful definition of the Nusselt number
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N,�  ( ;. )��+��n (One Adiabatic Wall)

0.125 0.250 0.375 0.500 0.625 Q750 0.875

,6160 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Nn� ( TJ("+"'~ (Isothermal Walls)

Figure 8 Dimensionless shear rate Na/n as a function of dimensionless shear stress (Na/n)(r/P)(�+�)~�  for steady-state
shear flow of a power law fluid between parallel plates. One plate slides relative to the other with velocity V,, and the
separation between them is H. Two sets of thermal boundary conditions are included: both walls isothermal at temperature
T,,  and one wall at T, with the other wall adiabatic. In the figure the reference viscosity is no = q+Vo /H, T, j, the refer-
ence-shear stress is r�  = q�  V,/H, n is the power law slope, A7�rheof  = (E/RT&)-�  , and Na = Vi q" /A ATrheof.  From Gavis
and Laurence [22].

has been suggested [2] that returns to the original
meaning of the Nusselt number as a dimensionless
temperature gradient in the fluid at the wall:

(45)

Here AT0 has to be chosen to be the same characteris-
tic temperature difference that has been used to make
the energy equation dimensionless.

F. Heat transfer in turbulent flows of dilute
polymer solutions

It is well known (see Sec. 2.2.8) that addition of small
amounts of high-molecular-weight polymer additives
to turbulent pipe flow can result in substantial reduction
in the friction factor at a given Reynolds number. It is
not surprising that the same mechanism that yields this
drag reduction might also affect heat (and mass) transfer
to the wall in turbulent flows.

In Fig. 10, data of Debrule  and Sabersky [23]  are

shown that illustrate this. In Fig. 10~ the friction factor
is shown for water with and without 50 ppm poly-
ethylene oxide (PEO);  it is seen that the addition of the
polymer produces drag reduction u decreases by about
75% at Re = 10�)  and that the Prandtl (Pr = c,p/Q
has no effect on f as expected. In Fig. lob the heat
transfer coefficient is presented in terms of the Stanton
number,

(46)

in which q. is the uniform heat flux applied to the
tube wall, T, - Tb is the local difference between the
wall and bulk temperature, (11 is the local heat transfer
coefficient, and G is the mass velocity. It is clear that
there is a substantial reduction in heat transfer upon
addition of the polymer. Even though St clearly depends
on Pr, the change in St produced by the polymer is
approximately the same at each Pr. At Re = 10�)  for
example, St is reduced by about 82% at all three Prandtl
numbers.
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\
2.410-l

10-Z

lO-3
0.5
r/R r/R

Figure 9 Developing temperature profiles in pipe flow of a
power law fluid (n = 0.4) with viscous heating (Na = 1) and
without (Na = 0.001). Axial locations are given by z* = z/L.
The pipe wall is slightly hotter than the entrance temperature,
O, = 0.1. From Winter [2].

Other data on the effect of polymer additives on St
at high Re can be found elsewhere [24-291. These data
agree on the decrease in heat transfer with addition of
drag-reducing polymer, but there is disagreement on the
relative size of the effects on St and f. It is thus neces-
sary to be cautious in generalizing the results of Fig. 10.

Re
(a)

Re
(b)

Figure 10 Friction factor and Stanton number for turbulent
pipe flow of water @ and 50 ppm poly(ethylene  oxide) in water
@ at three different Prandtl numbers. (u) The friction factor
for the polymer solution shows a slight dependence on Pr; the
water curve is for all three Pr. (b) The decrease in St upon addi-
tion of the polymer is similar for each Pr. From Bird et al. [ 121.

NOMENCLATURE FOR SECTION 2.5.12

ABS acrylonitrile, butadiene, styrene terpolymer PMMA polymethylmethacrylate
ASA acrylonitrile, styrene, acrylester terpolymer PP polypropylene
HDPE high-density polyethylene PS polystyrene
LDPE low-density polyethylene PVC polyvinyl chloride
PEO poly(ethylene  oxide) SAN styrene-acrylonitrile copolymer
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2.5 SINGLE-PHASE  CONVECTIVE  HEAT TRANSFER 2.5.13-1

2.513
Heat transfer in liquid metals

V. M. Borishanski  and E. V. Firsova

n Liquid metals differ from gases and other liquids
in that their thermal diffusivity is considerably greater
than their kinematic viscosity, that is, Pr Q 1. Molecular
heat transfer in the laminar or turbulent flow of a liquid
metal plays a significant part in both the boundary layer
and turbulent core. The Nusselt number is a function of
the P&let number, Nu = f+Pe j.

A. Flow in channels

(a) Tubes

The Nusselt number (0.007 < Pr < 0.03) for liquid
metals flowing in tubes with l/d 30 is given by

Nu = 7.5 + 0.005 Pe (300 < Pe < 104) (1)

when q,,, = const [l, 21, and

Nu = 5 + 0.025 PeO.* (100<Pe<2.104) (2)

when t, = const [3,4] . In the range 30 d Pe =G 300, the
following formula is recommended for q,,, = const :

Nu = 4.36 + 0.016 Pe (3)

This formula provides a limiting transition to the calcu-
lated value of the Nusselt number for fully developed
laminar flow.

These formulas are valid for both the heating
and cooling of a tube under the condition that the
impurity (oxygen, nitrogen, etc.) content in the liquid
metal is less than the oxide solubility limit at the operat-
ing temperature. If this is not true, the heat transfer
coefficient is greatly decreased because of the increased
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resistance to heat transfer at the wall-fluid boundary.
The minimum value of the Nusselt number when heating
a liquid metal contaminated with impurities may be
found [I],

Nu = 4.3 + 0.002 1 Pe when 100 <Pe < lo4 (4)

The thermal resistance at the wall-boundary inter-
face may have various values depending on the physico-
chemical properties of the coolant. Several cases taking
into account the thermal junction resistance effect
on the Nusselt number are given in [5] .

(b) Annular channels

The Nusselt number for the turbulent flow of liquid
metals (0.007 < Pr < 0.03) in annular channels, in con-
trast to flow in pipes, depends on the diameter ratio of
the pipes forming the channel, as well as on the nature
of heat input (outside, inside, or both).

With unequal heat fluxes it is necessary to check
the calculated wall temperature, since under certain
heat flux conditions the concept of the heat transfer
coefficient loses its meaning (wall temperature T1 or
T2 becomes equal to the mean mixed temperature of
liquid T,). There is also a possibility that heat will be
transferred from one wall to another. As shown by a
special analysis [6], even at equal heat fluxes or equal
temperatures, annular channels with dz/dI 2 3 are not
recommended for practical uses.

The Nusselt number for the turbulent flow of pure
liquid metal in an annular channel for an outside wall
(Nu,)  and an inside wall (Nu,)  with one-sided or two-
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2.5.13-2 2.5 SINGLE-PHASE  CONVECTIVE  HEAT  TRANSFER / 2.5.13 Heat Transfer in Liquid Metals

sided heating or cooling is given by [6]

Nu = u + b(C X Pe)C (5)

where a, b, c are functions of the ratio of the channel�s
outside diameter to inside diameter and of the nature
of the heat input or output. Numerical values of the
coefficients a, b, c are given in Table 1. The characteris-
tic dimension used in the Nusselt number is the hy-
draulic diameter. Equation (5) is valid for e> 0 [7] ,
where

e=1-- 1.82

Pr <~~/Gib

The ratio (VT/v),,, for an annular gap is expressed by
the relationship

vT

0
- = 4.0 + 0.002 897 Re�*919
Y (7)

max

Re =
a2 -d1)

u

(c) Cross flow

The Nusselt number for the cross flow of a liquid metal
past staggered and in-line tube bundles for 0.007 G Pr <
0.03 and 10 < Pe < 1 300 can be calculated using [8]

Nu = 2 PeO.� (8)

where Pe is defined using the velocity of the stream
approaching the bundle. The characteristic dimension
is the outside diameter of the tubes of the bundle. The

thermophysical properties of coolants are evaluated
at the mean bulk temperature.

The Nusselt number for liquid metal flow past
plain tube bundles when the angle $ (the acute angle
between flow direction and tube axis) is in the range of
30-90� for 0.007 < Pr < 0.03 and 10 < Pe < 700 is [9]

Nq, = Nu (sin J/)0.4 (9)

where Nu is the Nusselt number for cross flow, Eq. (8).
The characteristic dimension used for the Nusselt and
P&let  numbers is the outside tube diameter.

The thermophysical properties are evaluated at the
mean flow temperature.

(d) In-line flow through rod bundles

The Nusselt number for cross liquid metal flow past
bundles of tubes arranged in an equilateral triangle for
0.007 < Pr < 0.03 and 1.1 < P/d < 1.5 may be calcu-
lated from the formula [lo]

Laminar flow 30 < Pe < 200:

Ww = 24.15 log
[

P3
-8.12 + 12.76 $- 3.65 201

(10)
Turbulent flow 200 < Pe < 2 000:

Nu = Nu,, +0.017411-exp  [-6($-l]/

X (Pe - 200)“.9 (11)

where Nu,, is calculated from Eq. (10). The charac-

Table  1 Empirical constants  in Eq. (5) for heat transfer  to liquid metals flowing in concentric  annuli under
conditions  of uniform heat fluxes and fully developed velocity and temperature  profiles (turbulent flow)

Conditions of heat transfer
d

N u s s e l t  $ =y o
1

Heat transfer from inner wall only
Heat transfer from outer wall only

Nu, l-7 4.82 + 0.6973,

Nu, l-7 5.54 - 0.023~

Equal heat fluxes from both walls

Equal heat fluxes from both walls

Heat transfer from both walls,
with T, = T, at any axial position

Nu, 1.0
1.25
1.50
2.0
3.00
4.00

Nu, 1.00
1.25
1.50
2.0
3.0
4.0

Nu, l-7

Nu, l-7

9.49
10.53
11.81
15.30
27.0
50.0

9.49
8.72
8.24
7.60
6.94
6.64

7.82 + 1.72~
- 0.05 ly�

7.11 + 3.22/y
- 0.8421~~

b c

0.022 2 0.758~�~�~~
0.018 9 + 0.003 16y 0.758y-�.o�04

+ 0.000 086 7yz
0.059 6 0.688
0.066 2 0.698
0.072 6 0.701
0.085 5 0.704
0.109 5 0.707
0.127 8 0.708
0.059 6 0.688
0.049 0 0.707
0.042 0 0.723
0.037 9 0.735
0.036 0 0.741
0.355 0.743
0.059 2 - 0.000 342~ 0.655 + 0.363~

+ 0.000 723 y2 - 0.003 7y=
0.039 6 + 0.020 O/y 0.746 - 0.086 4/y

+ 0.028 2/y=
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2.5 SINGLE-PHASE CONVECTIVE HEAT TRANSFER / 2.5.13 Heat Transfer in Liquid Metals 2.5.13-3

teristic dimension used in Nu and Pe is the equivalent
diameter of the bundle with an infinite number of tubes
arranged in an equilateral triangle,

(12)

where P/d is the relative pitch of an equilateral tube
bundle. The thermophysical properties of coolants are
evaluated at the mean flow temperature.

For relative pitches P/d < 1 .l, the mean Nusselt
number depends on the thermal boundary condition
[I, 111.

B. Liquid metal heat exchangers

Liquid metal heat exchangers differ substantially from
those with conventional coolants because the coolants
have small heat capacities and large thermal conduc-
tivities and the conduction of heat in the direction of
flow may be much larger than that between the coolants
(if values of Pe are not very large). As a result, tempera-
ture irregularities across the heat exchanger play an
important part and lead to a decrease in the exchanger�s
effectiveness [I] .

The use of the conventional formula

Q = UA AT,, (13)

for calculating the heat transfer in liquid metal heat
exchangers requires that the coefficient U be defined
empirically for the specific device. As a consequence,
this value is substantially less than the calculated value
obtained from the formula.

For example, the respective values of U for the
sodium-sodium heat exchanger for the Enrico Fermi
reactor are 3 700 and 8 200 W/m2 K [ 121, and for the
heat exchanger for the Phenix reactor are 8 600 and
11 200 W/m2 K [ 13, 141 (in the latter case values
were calculated using the recommendations [5] ).

Inefficient utilization of the heat transferring sur-
face is caused by the fact that local coolant rates are
nonuniformly distributed across the bundle. Among the
factors causing this nonuniformity is the deformation
of tubes in the bundle resulting from their different
thermal expansions. It changes the tube packing in the
bundle and causes the formation of regions having more
or less of a tight packing when compared with the mean
tightness across the bundle. Additional effects are caused
by the side inlet and outlet of coolant on the shell side,

by the nonuniform inlet of coolant along the bundle
perimeter, by leakages along the shell, and by non-
uniform coolant distribution in the tubes. In [ 11, 15,
161  an approach is outlined for taking into account
the effect of the complicated nature of coolant flow
on the heat transfer in tube bundles. A semiempirical
method is also suggested for defining the correction
factor presented in Eq. (13) that is directly applicable
for engineering calculations [ 15, 161. The heat ex-
changer nonuniformity parameter is introduced repre-
senting the quantitative characteristic of the mentioned
factors� influence on the decrease of heat transfer
efficiency [ 161.  The following formulas are used for
calculating:

e=UAATm (14)

Q = @24f~(T2,out  - T2,in) = q2CPZQ2(Tl,in  - T2,in)

where

(15)

AT,,, = J/ AT,,

$ < 1 is a correction function, J/ = Jlfr]z  ,m ,e j

m-e ln Km-7)2)lm(l-772)1
�=m-lln  [e(m-7j2)/m(e-q2)]  forq2<m

(16)

e--v2
I)=----

l--V2
for q2 = m

dJ=
e-v2)

rl2(1 -f) In
a - q2)

for m = f
E-72

08)

+112(1-d 1
1 - q2 In [41 - q2)/(E - v2)l

form = I

(19)

C271Ml

m=s

is the water equivalents ratio of heating and heated
coolants.

q2 is the heat exchanger efficiency defined as a
temperature excess of cold coolant, Eq. (15). The
nonuniformity factor E is defined empirically [15] .
Its recommended value is E = 0.85 [17]. For counter-
flow heat exchangers, q2 < c < 1.

Nomenclature for Section 2.5.13 appears at the beginning of Part 2.
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2.7 BOILING AND EVAPORATION 2.7.1-1

2.7.4

Boiling of single-component
liquids: Basic processes

J. G. Collier

A. Vapor formation

Figure 1 shows diagramatically the pressure-volume
isotherms for a pure single-component substance. For a
constant temperature T, the pressure and volume vary
along a line such as ABFG. Liquid only exists along
the line AB, and vapor only exists along the line FG.
Liquid and vapor coexist along the line BDF. The
saturation curve is the locus of points such as B and F.
Corresponding values of the pressure and temperature
taken from the curve BDF are known as the saturation
pressure (p& and saturation temperature (T&,  re-
spectively. So far, only stable equilibrium phase states
have been considered. Other metasatable or unstable
states can occur. For example, it is possible with care
to reduce the pressure imposed on a liquid at constant
temperature along a line AB without the formation of
vapor at point B. Likewise, it is possible to increase
the pressure imposed on a vapor along a line G F
without the formation of liquid at F. The coordinates
of these metastable states he along an extrapolation of
AB to C or GF to E. Points in the metastable region
may also be reached by carefully increasing the liquid
temperature above the saturation temperature corre-
sponding to the imposed static pressure; this process is

The author thanks the United Kingdom Atomic Energy
Authority (UKAEA) for permission to use Figs. 2.7.1(l),
2.7.1(3);  2.7.1(4), 2.7.2(l), 2.7.3(l), 2.7.3(2),  2.7.3(3),
2.7.3(4),  2.7.3(S),  2.7.3(6),  2.7.3(8),  2.7.3(10),  2.7.3(13),
2.7.3(14),  2.7.3(15),  2.7.3(16),  2.7.3(17),  2.7.3(18),  2.7.3(19),
2.7.3(20),  2.7.3(21),  2.7.3(22),  2.7.3(23),  2.7.3(26),  2.7.3(29),
2.7.3(31),  2.7.4(3),  2.7.5(2),  and 2.7.5(7),  and Table 2.7.6(l),
which remain UKAEA copyright material.
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Figure 1 Pressure-volume surface for a pure substance.

referred to as superheating and the metastable liquid
state is referred to as superheated liquid.

Vapor and liquid phases can coexist in unstable
equilibrium states along lines such as BC or FE. In this
instance the pressures in the liquid and vapor in the
vicinity of the interface are no longer equal at equilib-
rium. If the interface is concave with the center of
curvature in the vapor phase, then the vapor pressure
(PB)  will be greater than the liquid pressure (PQ) by an
amount given by the relationship

pg-pg=a  L+L
( )rl 12
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2.7.1-2 2.7 BOILING AND EVAPORATION / 2.7.1 Boiling of Single-Component Liquids: Basic Processes

where u is the surface tension and r1 and r2 are the
respective radii of curvature of the interface. Because
of the increased vapor pressure, the number of mole-
cules striking and being absorbed by the interface from
the vapor phase is greater than when the interface was
planar. To maintain equilibrium, the number of mole-
cules emitted through the interface from the liquid
must increase correspondingly. This increase can be
accomplished only by increasing the temperature of
the system (liquid and vapor) above that necessary for
equilibrium with a planar interface, i.e., the saturation
temperature (T,,*)  corresponding to the liquid pressure
ka). Therefore the liquid adajcent to the curved
interface is superheated with respect to the imposed
liquid pressure. This latter equilibrium state is unstable,
since any change in the curvature of the interface in
either sense will result in a divergent departure from
the equilibrium state.

To summarize, vapor may form in one of three
ways, each corresponding to departure from an equilib-
rium liquid-vapor state:

1. Formation of vapor at a planar interface corre-
sponds to departure from a stable equilibrium state
and occurs when the liquid temperature is increased
above or the local vapor pressure is reduced below the
corresponding saturation condition. The term euapora-
tion will be reserved for this process.

2. Formation of vapor nuclei within a liquid held
at a temperature above or at a static pressure below
the saturation condition corresponds to departure from
a metastable equilibrium state. The term homogeneous
nucleation is reserved to describe this situation.

3. Formation of vapor at a preexisting vapor
nucleus within a liquid corresponds to departure from
an unstable equilibrium state. The term heterogeneous
nucleation will be used to describe this process.

B. Evaporation

Phase change at a planar interface can be viewed from
the standpoint of kinetic theory as the difference
between two molecular fluxes-a rate of arrival of
molecules from the vapor space toward the interface
and a rate of departure of molecules from the surface
of the liquid into the vapor space. During evaporation
the departure rate exceeds the arrival rate, during
condensation the reverse occurs, and at equilibrium the
two rates are equal. On this simple basis, the net flux
(rh) is given by

l/2

ap (2)

For evaporation to take place, the vapor pressure must

be less than the liquid pressure or, alternatively, the
liquid must be at a temperature AT above the thermo-
static saturation temperature corresponding to the pre-
vailing vapor pressure. An interfacial heat transfer
coefficient (oi) can be defined as

4 ah,
%+‘-=-AT AT

From Eqs.  (2)  and (3) and using the Clausius-
Clapeyron relationship,

iii lf2
( >

A%
ai= -

2lrR PJ12(ug - UQ) (4)

Whether liquids evaporate at the maximum rate calcu-
lated by Eq. (2) has been hotly debated for many
years. Various experimental studies seem to lead to the
conclusion that polar liquids vaporize at rates signifi-
cantly less than the maximum rate, whereas nonpolar
liquids vaporize at the maximum rate. For water, for
example, it is commonly reported that the evaporation
rate and therefore the interfacial heat transfer coeff-
cient is 0.03-0.05 of the maximum value given by Eqs.
(2) and (4), respectively. However, more recent experi-
ments have indicated that for both nonpolar and polar
liquids [l] , even water [2,3]  , the maximum rate is
achieved and that experimental uncertainty about the
liquid surface temperature is responsible for the re-
ported very low values in the literature. It has been
established that the rate of evaporation falls rapidly as
the time of exposure of the evaporating interface is
increased. Temperature gradients are set up in the
liquid phase adjacent to the interface in order to
supply the latent heat of the net vapor flux. A simple
transient conduction analysis [4] based on the Plesset-
Zwick approach (see Sec. F) will yield the following
equation for the �effective� interface heat transfer
coefficient after an exposure time (t):

For water, the interfacial heat transfer coefficient falls
from the maximum value given by Eq. (4) to the much
lower values given by Eq. (5) within a few milliseconds
(see Fig. 2).

C. Homogeneous nucleation

Initial considerations relating to the formation of vapor
from a metastable liquid or an unstable equilibrium
state invariably start from the equation defining the
mechanical equilibrium of a spherical vapor nucleus
(radius r*) in a liquid at a constant temperature (Tg)
and pressure @a). Thus
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Figure 2 Interfacial heat transfer coefficient for water as a
function of exposure time.

where ps is the vapor pressure inside the nucleus and
PQ is the imposed liquid pressure corresponding to a
saturation temperature Tsat. To calculate the liquid
superheat (Tg - TSat)  corresponding to the pressure
difference (pg -PQ), use can be made of the Clausius-
Clapeyron equation and the perfect gas law. The
resulting equation is

R�TsatTgTg - Tsat  = -
a@

If (2u/ppr*)  < 1, then Eq. (7) simplifies to

gT,�,t  2 aT, - TSat  = - -
& i i ?  PQr* (8)

It will be observed from this equation that the size of
the equilibrium vapor nucleus (r*) becomes smaller as
the superheat is increased, i.e., as a result of a decrease
in system pressure (PQ) along a line BC (Fig. 1). Close
to C the size of the equilibrium nucleus approaches
molecular dimensions. Thermal fluctuations occur in
the metastable liquid, and there is a small but finite
probability of a cluster of molecules with vaporlike
energies coming together to form a vapor embryo of
the size of the equilibrium nucleus. This probability is
given in terms of the number of nuclei of radius (r*)
formed per unit volume per unit time:

The rate of homogeneous nucleation (dn/dt) is an
extremely sensitive function of the superheated liquid
temperature (Tg).  At low superheats the rate is insig-
nificantly small, but it increases very rapidly as the
superheat is increased. Significant nucleation occurs for
values of dn/dt between lo9 and 1Or3  mm3 s-l. For

benzene these values correspond to a very narrow
range of temperature from 224 to 225.2OC,  respec-
tively. Table 1 gives similar values of limiting superheat
for other organics  both calculated from Eq. (9) (with
dn/dt  r IO�*  mm3 s-r) and measured experimentally.

Equation (9) is in a rather awkward form to
evaluate Tg, and a rather simple expression sufficiently
accurate for most purposes has been proposed by
Lienhard [5] on the basis of the measurements of
Skripov [6] :

Tr,g - Tr,sat = 0.905 - Tr,sat + O.O95T;,, (10)

where the subscript r refers to a reduced quantity, i.e.,
an absolute temperature divided by the critical temper-
ature.

For water at atmospheric pressure, the liquid
temperature corresponding to a dn/dt of 1013  rnb3 s-l
is 320.7�C,  i.e., a superheat of 220.7�C.  This value is
much higher than any experimental measurement for
water, even under very carefully controlled conditions.
For water, at least, homogeneous nucleation from a
metastable liquid state can be discounted as a mech-
anism for vapor formation. However, homogeneous
nucleation can and does occur in organic liquids. The
reader is referred to the review by Blander and Katz
[7] for further details.

D. Heterogeneous nucleation

Noncondensable gas bubbles or foreign bodies held in
suspension in the liquid, together with gas- or vapor-
filled cracks or cavities in container surfaces (known as
nucleation sites), normally provide ample nuclei to act
as centers of vapor formation. The presence of a
dissolved gas in the liquid necessitates the gas partial
pressure being taken into account when considering the
mechanical equilibrium of the vapor nucleus. Thus Eq.
(6) is modified to

Pg + Pa - PQ = $

and Eq. (7) to

(11)

Tg - Tsat (12)

The presence of dissolved gas reduces the superheat
required to maintain a bubble of radius r* in unstable
equilibrium. In practice, the evaluation of the gas
partial pressure may be complicated by the presence of
temperature gradients and finite rates of diffusion of
gas through the liquid.

On any container surface there will be pits or
cavities having relatively small included angles (Fig. 3).
Consideration of the successive positions of the inter-
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Table 1 Homogeneous nucleation: limits of superheat at 1 atmaPb

Substance

Tg, “C
Meas.

Tsat, �C Meas. Calc. TgIT,, K/K References

Normal alkanes
Methane
Ethane
Propane
Butane
Pentane
Hexane
Heptane
Octane
Nonane
Decane

Branched alkanes
2-Methylpropane
2,2-Diiethylpropane
2-Methylbutane
2,3-Dimethylbutane
2,2,4-Trimethylpentane

Cyclic hydrocarbons
Cyclopropane
Cyclopentane
Cyclohexane
Cyclooctane
Methylcyclopentane
Methylcyclohexane
Benzene
1,3-Dimethylbenzene

Alkenes and Alkynes
Propene
Propadiene
Propyne
1-Butene
cis-2Butene
trans-2-Butene
2-Methylpropene
1,3-Butadiene
1-Pentene
1-Octene
1-Hexyne
Cyclopentene

Halocarbons
Chloromethane
l,l-Difluoroethane
Chloroethene
Fluoroethene
Ethyl chloride
Chloroform
Chlorobenzene
Bromobenzene
Hexafluorobenzene
Perfluoropentane
Perfluorohexane
Perfluoroheptane
Perfluorooctane
Perfluorononane
Perfluorodecane

Methanol
Ethanol
Acetone
Carbon disulfide
Sulfur dioxide
Aniline
Diethyl ether

-161.5
- 8 8 . 6
-42.1
-0.5
36.0
68.7
98.0

125.7
150.8
174.1

-4
53.0

105.0
147.8
184
214
239.8
265.3
285.1

-11.8 87.8
9.5 113.4

27.9 139
58.0 173.2
99.2 215.3

-32.9 17.5
49.3 183.8
80.7 219.6

148.5 287.5
71.8 202.9

100.9 237.2
80.1 225.3

139.1 235

-47.7 52.4
-34.5 73.0
- 2 3 . 2 83.6

- 6 . 3 97.8
3.7 112.2
0.9 106.5

- 6 . 9 96.4
A.4 104.1
30.0 144

121.3 237.1
71.3 192
44.2 178.2

- 2 4 . 2 93.0
-24.7 70.4

13.9 100.9
- 7 2 . 2 16.9

12.3 126
61.7 173

132 250
156 261

74.5 194.7
27.0 108.3
50.9 136.6
70.9 161.6
94.8 183.8

114.5 205.3
133.0 223.9

65.0 186.0
78.5 189.5
56.2 174
46.3 168

- 1 0 50
184.1 262

34.5 147

-107.5 -
- 3 . 5 0.881
55.3 0.882

105.2 0.890
148.3 0.896
184.3 0.901
214.5 0.902
242.7 0.902
262.0 0.906
282.8 0.904

87.7
-

175.9
214.9

0.884
0.891
0.895
0.893
0.898

173.2
216.3
-
-

232.0
-
-

0.882
0.893
0.890
-

0.894
0.892
0.887
0.824

50.3
-
88.2

100.2
-

i-9.3

141.9
-
-
-

0.882
0.881
0.887
0.884
0.885
0.886
0.884
0.888
0.898
0.901

0.892

-
-
-
-
-
-
-

195.4
108.9
137.4
161.2
185.2
205.7
223.1
186.5
191.8
-
-
-

145

0.880
0.889
0.867
0.885
0.867
0.832
0.827
0.197
0.905
0.904
0.915
0.916
0.910
0.913
0.917
0.896
0.896
0.879
0.803
0.750
0.766
0.901

;;? ::,1
[6, i9,35,36]
[6,28,29,36]
[6,28,31,36]
161
1311
[311

[331
1311

tr 371
[311

ii:!
16,319 361
[311
1311
[311
w;9)351

C

;zij

t;;;
1371
(321 Cc)
[321 (cl
1321 (cl

iii 341

;:;
[61

g
[6,3&321(c)
[6,30,  321(c)

t;;; 13
[ 321&
[321(c)
[6,32,36,37]

�From Blander and Katz [ 71.
bAB measurements were by the droplet technique unless noted by a (c) in the last column.
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I%
‘C H

Figure 3 Interfacial curvature vs. bubble volume for nucleation
site.

face within such a narrow crevice shows that the radius
of curvature (~b) increases until the interface reaches
the lip of the crevice. As the bubble volume increases
further, the radius of curvature temporarily decreases
to that determined by the dimensions of the mouth of
the crevice (rc)  before increasing again. The significant
feature is that whereas the complete curve is both a
function of cavity geometry and contact angle 0, the
minimum radius of curvature, which in turn dictates
the superheat for a vapor bubble to form at this
cavity, is always that determined by the mouth of the
crevice provided that /3 < 90�,  i.e., the liquid wets the
surface. This fact was verified experimentally by
Griffith and Wallis  [8].

E. Sizing of active nucleation sites

Only a very small fraction of the crevices and cavities
in a surface are able to act as effective nucleation sites.
To explain this it is necessary to consider what hap-
pens when an initially dry surface is flooded with
liquid (Fig. 4). The advancing liquid will trap a mix-
ture of air and vapor in the crevice (Fig. 4a). The air
will rapidly dissolve and, if the liquid wets the cavity
walls (p < 90�),  then the remaining vapor pressure will
be insufficient to balance the surface tension forces,
leading to complete penetration of the liquid to the
base of the crevice (Fig. 4b). A cavity that is com-
pletely filed with liquid cannot act as a nucleation
site. If, however, the walls of the cavity are poorly
wetted or irregular in shape, the curvature of the
interface may reverse so that surface tension forces
now resist further penetration even when the vapor

(0) lb) (Cl (d) le)

Figure 4 Formation of an active site. (a) Before fiig. (b) Wet-
ting cavity. (c)  Reentrant cavity. (d) Nonwetting inclusion.
(e) Nonwetting deposit.

0 1983 Hemisphere I

pressure in the cavity is negligible. During subsequent
heating the vapor pressure rises sharply, driving the
interface back up to the mouth of the crevice. Stabili-
zation of the interface within the crevice may occur as
a result of an internal enlargement (Fig. 4c), as a result
of a nonwetting inclusion in, say, a metal surface (Fig.
4d), or as a result of a nonwetting surface film or
deposit (Fig. 4e). In this latter case the entire surface
may be covered by such a film or deposit. When the
surface is flooded, liquid is forced into the cavity by
the imposed liquid pressure. If heat is applied to the
surface subsequently, �wetting� may occur as a result
of the dissolution of grease films in a solvent liquid or,
in the case of liquid metals, a chemical reaction
between a nonwetting surface oxide and the liquid
metal. Nucleation is then initiated from the size of
vapor embryo given by the minimum radius to which
the liquid has penetrated into the cavity. Thus,

20
r=

PQ - @g + Pa)
(13)

This relationship also gives the minimum neck radius
of an active reentrant cavity for the case where
/I < 90�. A number of experimental confirmations of
this method of characterizing the size of active sites
have been attempted [9-l  11, with varying amounts of
success.

More recently, Lorentz et al. [12] have developed
a model that takes into account both the wettability
of the surface, in terms of the contact angle /I, and the
geometric shape of the cavity, in terms of the included
angle 9. The model assumes a conical cavity being
inundated by an advancing liquid front (Fig. 5~). Once

Advancing  liquid

�aFnf

(al

0 10 20 30 LO 50 60 �
Contact angle /3 (degrees.1

Figure 5 Vapor trapping model of L.orentz  et al. [ 121 for sizing
active cavities.
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2.7.1-6 2.7 BOILING AND EVAPORATION / 2.7.1 Boiling of Single-Component Liquids: Basic Processes

the vapor is trapped by the liquid, the interface
readjusts to form a vapor embryo of radius r (Figure
5b). Conservation of vapor volume requires that r is a
function of /3 and $ (Fig. 5~). This model is useful in
that if the size of active sites on a surface is known for
one liquid, then the equivalent value of I for other
liquids with different contact angles can be derived.

F. Bubble growth

Once the vapor nucleus in the superheated liquid has
attained a size greater than that for unstable equilib-
rium, it will grow spontaneously. The growth rate is
limited in the early stages by the inertia of the
surrounding liquid and in the later stages by the rate at
which the latent heat of vaporization can diffuse to
the vapor-liquid interface. Mikic et al. [13] have
examined vapor bubble growth close to a surface and
within a liquid analytically. For a bubble growing in an
initially uniformly superheated liquid from an initial
radius greater than the critical radius (I*) given by Eq.
(7), they give the following expression:

R’ = ; [(t’ + 1) 312 - (f)3/2  - 11 (14)

where

t�

For bubble growth in an infinite medium b = 3 and

ATsat = Tg - Tsat. In the inertia-controlled region

t+ < 1, Eq. (14) becomes

R�  = t+ (15)

which is the well-known Rayleigh [14] solution. For
the diffusion-controlled region tC > 1, Eq. (14) becomes

R�  = (t+)1�2 (16)

which is the asymptotic solution derived by Plesset and
Zwick [ 151  and others. The validity of Eq. (14) was
confumed experimentally by Lien and Griffith [ 161,
who measured the growth of vapor bubbles in super-
heated water over the pressure range 1.22 X lo3 to
3.8 X lo4 N/m�,  superheats in the range 8.3-15.5�C
and 58 < Ja < 2 690. The excellent agreement is shown
in Fig. 6.

Mikic et al. [13] extended their analysis to the
case of vapor bubbles growing in nonuniform tempera-
ture fields adjacent to a heated surface. For this case
b = n/7 and AT,,, = T,,, - Tsat.  For the inertia-con-
trolled region Eq. (15) remains valid, whereas for the
diffusion-controlled region the following expression is
given:

R�  = (t+)1�2 - 8 [(t� + t+,y - (t�wy2] (17)

tk is the dimensionless time (the waiting time) mea-
sured from the moment that the liquid at a uniform
temperature TQ comes into contact with the surface at
a temperature T,,, to the point of initiation of bubble

10-1,  10-l  , 10-l, , , , 10-3  I 100,I,, I111111 10-2 14 I III1IIa 102

: - E q u a t i o n  (14)

E x p e r i m e n t a l da ta 0.01
Water,  pressure range _---

0.16 to 5.6 psia

Figure 6 Bubble growth correlation of� Mikic et al. [13]  compared with the experimental results of Lien and Griffith

[161.
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2.7 BOILING AND EVAPORATION / 2.7.1 Boiling of Single-Component Liquids: Basic Processes 2.7.1-7

g r o w t h ;  0 = (T,,,  - T*)/(T,  - Tsat).  The effect of
waiting time (t;) on bubble growth rate is seen in Fig.
6. Experimental information for vapor bubble growth
in nonuniform temperature fields under conditions
where the waiting time t, was measured are limited,
but what data there are indicate lower growth rates
than predicted by Eq. (14) by up to a factor of 2.
This observation is qualitatively consistent with that
predicted from the modified expression, Eq. (17).

The above relationships are valid only for situa-
tions where pg  <pp.  Corrections are necessary for
situations where &/pQ  is significant [ 171.  The reader is
referred to the review by Plesset and Prosperetti [18]
for a more detailed discussion of bubble dynamics.

G. Bubble detachment and frequency

The size and shape of vapor bubbles departing from a
heated surface are a strong function of the way in
which they are formed. The prime forces acting on a
vapor bubble during the later phases of its growth are
buoyancy and hydrodynamic drag forces attempting to
detach it from the surface, and surface tension and
liquid inertia forces acting to prevent detachment. The
growth velocity of a bubble and hence the inertial
force is a strong function of the liquid superheat,
which, in turn, is inversely proportional to the size of

102
Jo*

103 loL

+ Water
0 Water
l Water
* W ater
x Water
0 Benzene
0 Freon 12

the active cavity. A small cavity thus forms a bubble
with a faster growth rate than from a large cavity.
Hatton  and Hall [19] have considered all the forces
acting on a growing bubble and have concluded that
for small cavity sizes (I, < 10 mn for water at atmo-
spheric pressure), the bubble size at departure is dic-
tated mainly by a balance between buoyancy and
liquid inertia forces. For larger cavity sizes, the growth
rate decreases, the dynamic forces become small, and
the bubble size at departure is set by a balance
between buoyancy and surface tension forces [20].
Fritz [21]  fust considered this latter case and pro-
posed the equation

[ 1 l/2

Db =O.O208p
u

g&Q  - &>
(18)

When surface tension forces are dominant, the depart-
ing bubbles tend to be spherical. When inertial forces
dominate, the bubble tends to be hemispherical; and
when both forces are significant, the bubble has an
oblate shape [22].

Equation (18) does not satisfactorily predict
experimentally observed bubble departure diameters.
However, a useful correlation of the data for various
fluids (p/pc < 0.2) has been given by Cole and Rohse-
now [23]  (Fig. 7) as follows:

Jo*
o A c e t o n e
o  C a r b o n  t e t r a c h l o r i d e
l Carbon  t e t r ach lo r i de
o  C a r b o n  t e t r a c h l o r i d e
0 M e t h a n o l
l Methano l
m M e t h a n o l

Figure 7 Bubble departure diameter correlation [ 231  (a) for water and (b) for other liquids.
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For water: Eel/2 = 1.5 X 10-4(Ja*)5�4

For other fluids: Eii�2  = 4.65 X 10-4(Ja*)5�4
(19)

where

Eci  = aPa - PgPB
Ja* = PQcpQTsat

(5 P&b

Cooper et al. [24]  have recently examined the be-
havior of vapor bubbles growing at a plane wall into a
stagnant uniformly superheated liquid under both
gravity and gravity-free conditions. Expressions are
given for the shape and departure time of the bubble
and for the thickness of the liquid microlayer between
the growing bubble and the wall. Contrary to current
theories, it is reported that surface tension can assist
departure of the bubble in certain circumstances and
delay departure in other situations.

Individual nucleation sites emit bubbles with a
constant frequency, the value of which varies from site
to site. Jakob [25] observed that the product of
bubble frequency f and departure diameter Db was a

constant. More recently, Ivey [26]  has shown that this
is an approximation and that the form of the product
depends on whether the bubble growth is inertia- or

diffusion-controlled. Under conditions where the bub-
ble departure process is governed by dynamic forces,
the relationship becomes Dbf2 = const. Cole [27]  sug-
gested the following relation:

Dbfz = 4 g&Q - pd
3 cdrag  PQ

(20)

which for steam bubbles in water at atmospheric
pressure (c&g z 1, pg < pQ) reduces to

&f2 = 1.32&, (21)

For the region where bubble growth is limited by
diffusion of heat to the interface, the relationship
becomes Dbf112 = const. Rohsenow, using the bubble
growth analysis of Mikic et al. [13], has derived the
following expression for this region:

Dbf 1�2 = i(nKQ)1’2  Ja (22)

The above equations have not been extensively
verified by comparison with experimental data and
therefore should be considered as approximate. For
water at atmospheric pressure, bubble departure diame-
ters are in the range I-2.5 mm, and bubble frequencies
are in the range 20-40 s-l.

Nomenclature for Section 2.7.1 appears at the end of Section 2.7.8.
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2.7 BOILING AND EVAPORATION 2.7.2-1

2.7.2

Pool boiling

J. G. Collier

W Pool boiling is defined as boiling from a heated
surface submerged in a large volume of stagnant liquid.
This liquid may be at its boiling point, in which case
the term saturated pool boiling is employed, or below
its boiling point, when the term subcooled pool boiling
is used. The results of investigations into heat transfer
rates in pool boiling are usually plotted on a graph of
surface heat flux (4) against heater wall surface temp-
erature (T,,,)-the  boiling curve. Such a curve for water
boiling at atmospheric pressure is shown diagrammati-
cally in Fig. 1. An alternative presentation might use
the wall superheat (T,,, - Tsat)  rather than the wall
temperature itself.

The component parts of the boiling curve are as
follows:

1. The natural convection region A& where temp-
erature gradients are set up in the pool and heat is
removed by natural convection to the free surface and
thence by evaporation to the vapor space.

2. The onset of nucleate boiling (ONB),  where the
wall superheat becomes sufficient to cause vapor nucle-
ation at the heating surface. This may occur close to
the point where the curves AB and B’C meet, as is
usually the case for water at atmospheric pressure and
above. Alternatively, it may occur at much larger
superheats than those required to support fully devel-
oped nucleate boiling, resulting in a sharp drop in
surface temperature from B to B’ for the case of a
constant surface heat flux. This latter behavior is
associated with fluids at very low reduced pressures,
e.g., water below atmospheric pressure and liquid
metals in particular.
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Figure 1 Pool boiling curve for water at atmospheric pressure.
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2.7.2-2 2.7 BOILING AND EVAPORATION / 2.7.2 Pool Boiling

3. The nucleate boiling region (B�C�,),  where vapor
nucleation occurs at the heating surface. Starting with
a few individual sites at low heat fluxes, the vapor
structure changes as the heat flux is increased as a
result of bubble coalescence, and finally, at high heat
fluxes, vapor patches and columns are formed close to
the surface.

4. The critical heat flux (CHF or point D) marks
the upper limit of nucleate boiling where the inter-
action of the liquid and vapor streams causes a restric-
tion of the liquid supply to the heating surface.

5. The transition boiling region (DE) is character-
ized by the existence of an unstable vapor blanket over
the heating surface that releases large patches of vapor
at more or less regular intervals. Intermittent wetting
of the surface is believed to occur. This region can be
studied only under conditions approximating a con-
stant surface temperature.

6. The film boiling region (EF), where a stable
vapor film covers the entire heating surface and vapor
is released from the film periodically in the form of
regularly spaced bubbles. Heat transfer is accomplished
principally by conduction and convection through the
vapor film, with radiation becoming significant as the
surface temperature is increased.

In the natural convection region (l), the liquid may be
at or below the saturation temperature. The tempera-
ture gradient away from the surface may be established
from work on single-phase natural convection (see Sec.
2.5.7). The remaining regions of the boiling curve will
now be considered in more detail.

A. The onset of nucleate boiling

As the surface heat flux is increased, so the surface
temperature exceeds the saturation temperature. Estab-
lishing the onset of nucleate boiling requires a criterion
for bubble nucleation within the nonuniform liquid
temperature field adjacent to the heating surface. Con-
sider Fig. 2, which shows a conical active nucleation
site with a hemispherical vapor nucleus radius r,
(corresponding to a contact angle 0 of go�),  sitting at
the mouth of the cavity. For other contact angles
simple geometric relationships exist for the height of
the bubble,

yb = clrc  = (H cos @rc

and the radius of curvature of the bubble,

(1)

(2)

Also shown is the liquid temperature profile away
from the surface. The liquid temperature well away
from the surface is TQ, , and the wall temperature is
T,,,. The temperature gradient is assumed to be essen-
tially linear through the thermal boundary layer, thick-
ness 6. If the heat transfer coefficient in single-phase
natural convection is (Y, then S is given approximately
by the expression

(3)

Typically, 6 may be of the order 0.1-0.5 mm for
water.

Y Tt Got

t I

I I
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I so the rm  a t
bubyle  t e m p e r a t u r e  Tg

I
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fill \I \ \ \
,- . ,-a. �  Tw
1� w�onb K �w�onb

Figure 2 Onset of nucleation in pool boiling.
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2.7 BOILING AND EVAPORATION / 2.7.2 Pool Boiling 2.7.2-3

Hsu [l] postulated that the criterion for nuclea-
tion from this site is that the temperature of the liquid
surrounding the top of the bubble should exceed that
necessary for the nucleus to remain in equilibrium [Eq.
2.7.1(12)] . A convenient way of representing this
criterion diagramatically is shown in Fig. 2, taking into
account distortion of the temperature isotherm as a
result of the presence of the bubble. If the line
representing the liquid temperature profile intersects
the equilibrium bubble curve, then nucleation occurs.
The first nucleation site to be activated corresponds to
the point of tangency between the equilibrium bubble
curve and the liquid temperature profile. The wall
temperature corresponding to this condition wiIl be
(Tw)onb  . The remaining variable is the relation of the
location of the liquid temperature isotherm for Tg to
the critical bubble radius. Hsu [l] chose this distance
to be 2r,, but Han and Griffith [2] suggested 1.5r,
from potential flow theory. The equation for the
critical size of nucleation site derived by Han and
Griffith based on this assumption was

1W�w - Ta-&‘-sat’-’
’ - (Tw - Gat)%g~,

(4)

It is often convenient to assume that no distortion
of the isotherm occurs and the distance is then yb.
With this latter assumption, if fl= 90� and the liquid
pool is at the saturation temperature, i.e., TQ, = Tsat,
then the size of cavity satisfying the condition of
tangency wiIl be rc = 612, i.e., approximately 50-250
nrn for water at atmospheric pressure. The superheat
corresponding to this range of cavity size is less than
1°C for water. In practice, some lo-15°C  of superheat
is normally required to initiate boiling of water from a
flat metallic surface at atmospheric pressure.

The discrepancy lies in the fact that cavities of
radius 50-250 w are not normally active nucleation
sites (that is, they do not contain a vapor embryo).
Returning to Fig. 2, if an active site of size rc does not
exist on the heating surface, then the wail temperature
must be increased until the liquid temperature profile
intersects the equilibrium bubble curve at a point
where active cavities do exist, e.g., to (TL)onb.  Brown
[3] has measured the active site distribution on various
surfaces, and reasonable populations of active sites
(greater than 1 site/cm*) occur only for cavity radii
below 10 /.m.

The size of active nucleation sites may be esti-
mated from the methods given in Sec. 2.7.1E, particu-
larly Eq. 2.7.1(13). Alternatively, as a rough guide, the
following figures may be taken for the maximum size
of active nucleation sites on smooth metallic surfaces:

for water, -5 m; for organics  and refrigerants, -0.5
mn; for cryogenic fluids on ahnninum  or copper,
-0.1-0.3 mr~.  These figures may be considerably
increased on rough surfaces, specially prepared porous
surfaces, or porous deposits caused by fouling.

B. Nucleate boiling

In the nucleate boiling region the surface temperature
increases only slowly for relatively large changes in the
surface heat flux (Fig. 1). The surface temperature
variation can be expressed in the form of a simple
power law relationship,

T,,, = Tsat  + Wj"' (5)

where q and m are constants depending on the
physical properties of the liquid and vapor and on the
nucleation properties of the surface; m will normally
be in the range 0.25-0.5, with a most probable value
around 0.3-0.33.

The important effect that surface condition has on
nucleate pool boiling must be stressed immediately. As
an example, Fig. 3 shows experimental data taken by
Berenson [4] for n-pentane boiling on copper. Differ-
ent surface finishes cause the wa.Il superheat AT,,,
(= T, - Tsat)  for a given heat flux to vary by nearly a
factor of 5.

It is usual to express heat transfer rates in terms
of a heat transfer coefficient (cx). In convective proces-
ses this represents the ratio between the heat flux (4)
and the temperature difference between surface and
fluid (AT).  Rearranging Eq. (5) to give an explicit
expression for QI, it is noted that in pool boiling the
heat transfer coefficient is itself a function of the heat
flux (4). Thus

L-

6- X Emery 60
- l Emery 320

6- q Marror finish

L2
I I LL1111 L I I111111 1

L 6 6 10 20 LO 60 60 100 200
TV - T& ‘C )

Figure 3 Effect of surface finish on boiling curve. From
Berenson [ 41.
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2.7.2-4 2.7 BOILING AND EVAPORATION / 2.7.2 Pool Boiling

where n s 0.7 and A is a function of liquid and vapor
physical properties and of surface condition.

Many of the available correlations for nucleate
pool boiling heat transfer start from a simplified model
of the boiling process and are expressed in terms of a
number of dimensionless groups. Appropriate charac-
teristic dimensions and velocities, such as the bubble
departure diameter or the bubble growth velocity, are
used in the formulation of these dimensionless group-
ings. One such well-known correlation is that proposed
by Rohsenow [5] :

(7)

The original equation had a value of r = 0.33 and
s = 1.7. More recently, however, Rohsenow has recom-
mended that, for water only, the value of s be changed
to unity. C,, is an arbitrary constant included to
account for the differing nucleation properties of any
particular liquid-surface combination. Values of C�,,  for
various liquid-surface combinations are given in Table
1. A detailed study of the values of C�,,  and r for
various liquid-surface combinations and various surface
preparation techniques has been reported by Vachon et
al. [6, 71.

Another well-tried correlation based on similar
precepts is that of Forster and Zuber [8] :

where r* is the equilibrium bubble radius given by Eq.
2.7.1(8). The coefficient (0.001 5) was evaluated from
data for water at 1 and 50 bar+ pressure, n-butyl
alcohol at 3.4 bar, aniline at 2.4 bar, and mercury at 1
and 3 bar. It is presumably influenced by surface
condition in the same way as C�,,,  but there has been
no systematic examination so far published.

Although the Rohsenow [Eq. (7)]  and Forster/
Zuber [Eq. (8)]  correlations first appeared more than
20 yr ago, they are still in widespread use and form the
basis of convective boiling design methods, as indicated
in Sec. 2.7.3.

Various research workers in the U.S.S.R. have
suggested correlations of the following form [9] :

�1  bar = lo5 Pa.

0 1983 Hemisphere I

Table 1 Values of C,f for the Rohsenow equation  for
various  liquid surface combinations  (r = 0.33) (see [ 61)�

Liquid-surface combination Csf s

Water on polished copper 0 . 0 1 2 8  1 . 0
on lapped copper 0 . 0 1 4 7  1 . 0
on scored copper 0 . 0 0 6 8  1 . 0
on ground and polished
stainless steel 0 . 0 0 8 0  1 . 0
on Teflon-pitted stainless steel 0.005 8 1.0
on chemically etched stainless
steel 0 . 0 1 3 3  1 . 0
on mechanically polished
stainless steel 0 . 0 1 3 2  1 . 0
on nickel 0.006 1.0
on platinum 0.013 1.0
on brass 0.006 1.0

n-Pentane on polished copper 0 . 0 1 5 4  1 . 7
on polished nickel 0 . 0 1 2 7  1 . 7
on lapped copper 0 . 0 0 4 9  1 . 7
on emery-rubbed copper 0 . 0 0 7 4  1 . 7
on chromium 0.015 1.7

Carbon tetrachloride on polished copper 0.007 0 1.7
Benzene on chromium 0.101 1.7
Ethyl alcohol on chromium 0 . 0 0 2 7  1 . 7
Isopropyl alcohol on copper 0 . 0 0 2 5  1 . 7
n-Butyl alcohol on copper 0.003 0 1.7
35% K, CO, on copper 0.005 4 1.7
50% K, CO, on copper 0 . 0 0 2 7  1 . 7

�Whenever possible it is recommended that a pool boiling
experiment be carried out to determine the value of C,f appli-
cable to the particular conditions of interest. In the absence of
such information, a value of Csf of 0.013 may be used as a fust
approximation.

Nu* = A pr”l pe*“z  $3 KY4 Ar*“s (9)

with the coefficients and exponents given in Table 2.
Again, the coefficient A is not really a constant but a
function of the surface-liquid interaction.

Mikic and Rohsenow [lo]  and Ratiani and Shek-
riladze [ 111 have shown that the cavity size distribu-
tion for the surface greatly influences the position of
the boiling curve. Provided that this cavity size distri-
bution can be established for the particular fluid-
surface combination at one pressure, it is then possible
to predict the boiling curve at some other pressure.
Alas, it is not practical to make measurements of
cavity size distribution for the great variety of indus-
trial fluids and heating surfaces in use.

Ratiani and Shekriladze [ 1 I] found the following
correlation represented a wide range of pool boiling
data for water, organics,  refrigerants, and liquid metals:

x rc [p(ug - uQ)]  I’* "*’

UQ t
(10)
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2.7 BOILING AND EVAPORATION / 2.7.2 Pool Boiling 2.7.2-5

Table 2 Coefficients  and exponents  for use in the various  U.S.S.R.  correlations of
nucleate pool boiling,  Eq. (9)�

Author A n1 4 n3 n4 “5

Kichigan  and
Tobilevich 1.04 x 1o-4 0 0.7 0.7 0 0.125

Kutaleladze 7.0 x 1o-4 -0.35 0.7 0.7 0 0
Borishanski

and Minchenko 8.7  x lo-� 0 0.7 0.7 0 0
Kruzhilin and

Averin 0.082 - 0 . 5 0.7 0 0.377 0
Labuntsov 0.125 - 0 . 3 2 0.65 0 0.35 0
Volsoshko
(Freons) 1.14-2.74 x lo-� 0 0.706 0 0.588 0

a r u 1 1'2N"* = ha L&dPQ - Pg) Pe* =

Kp = kdPQ El +)I I�
(Pgah,)’

Kr = .fcppTsatp~  [g&p - pg)]  I”

This correlation takes the surface condition into dimensional equations can be prescribed for individual
account through the radius of the active nucleation fluids using data from experimental studies. One basis
sites (I,). Where information of the size of the mean for such equations is the work of Borishanski [ 121,
active nucleation site is not available, a value of r, which makes use of the law of corresponding states.
equal to 20 /..m is recommended. The heat transfer coefficient is evaluated from

The dimensionless correlations discussed so far
have a number of disadvantages: They require accurate
physical properties, they are complicated to evaluate,
and the inherent uncertainty induced by the condition
of the surface is considerable. As an alternative, simple

L-Y = A *4°.7Ffp) (11)

where F(p)  is a function of reduced pressure pr as
shown in Fig. 4 and A* is a constant evaluated at the
reference reduced pressure pp = 0.029 4.

N u m b e r s  c o r r e s p o n d  t o  l i s t  i n  T a b l e  13 J
- - - -  E q . (13 1

10
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Ffpf 3

2
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0.L
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0 0005 0.001 0.002 0 . 0 0 5 0.01 0 . 0 2 0.05 0.1 0.2 0.5 1

R e d u c e d  p r e s s u r e  p r  = p/per

Figure 4 Effect of pressure on nucleate pool boiling. From Borishanski [ 12 ] .
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2.7.2-6 2.7 BOILING  AND  EVAPORATION  / 2.7.2 Pool  Boiling

A variation of this method has been given by
Mostinski [ 131, who has proposed the following
expression for A * and Ffp j:

A� = 0.1011 l&r@

F(p), = 1.8$�  + 4~;~~ + lOpjo
(12)

Values of A* evaluated from Eq. (12) at pjt = 0.029 4
are given in Table 3 for comparison with values derived
from experimental measurements by Borishanski and
others. Palen et al. [14]  report that the Mostinski
correlation was superior to any of the physical prop-
erty-based correlations that they had tested. However,
for application to pool boiling-type reboilers (Sec.
3.3.4), a safe design curve is recommended that is
obtained by dropping the last two terms in the poly
nomial of Eq. (12):

Ffp j2 = 1.8p$-i7 (13) I

This recommendation is due to the great scatter and
generally increasing uncertainty in the boiling behavior
as the critical point is approached.

German workers at the University of Karlsruhe
[ 151  have found that for the refrigerants (RI 1, R12,
R113,  R115, etc.) the function Ffpj-  is somewhat
different than that given by Eq. (12) and proposed by
Borishanski. They propose a relationship for Ffp) such
that

(14)

This function is compared with that proposed by
Mostinski in Fig. 5 and in Table 4. It is recommended
that for refrigerants Ffp),  together with the values of
A* within braces in Table 3, be used in Eq. (11). A
comparison between measured values of (Y and those
predicted from this recommended method is given in
Fig. 6.

Table 3 Simple dimensional equations  for nucleate pool boiling  heat transfef vb

Reference
p r e s s u r e  p* A *

Pressure range, (pr = 0.0294),  from exp. A* from Critical pressure No. in
Liquid bar bar study Eq. (12) PW, bar Reference Fig. 4

Water

Pentane
Heptane (80%)
n-Heptane
Benzene

Diphenyl
Methanol
Ethanol

Butanol
Rll (CFCl, )
R12 (CF,Cl,)

R13 (CF, Cl)
R13Bl  (CF,Br)
R22 (CHF, Cl)
R113 (C,Cl,F,)
R115 (C,F,Cl)
RC318 (C,F,)
Methylene Chloride
Ammonia
Methane

l-70 6.50
1-196 6.50

0.09-l 6.50
l-72.5 6.50
l-170 6.50
l-5.25 6.50
l-28.6 0.98

0.45-14.8 0.78
0.45-21.7 0.78

144.4 1.44
0.9-20.7 1.44
0.9-8 0.91

0.08-l .39 2.33
l-7.9 1.87
l-59 1.87

0.17-1.38 1.31
l - 3 1.28
Id.87 1.21
640.5 1.21

2.8-10.5 1.13
17-39 1.17

0.4-2.15 1.45
l-3 1.00
8-31 0.92

3.6-27 0.82
l-4.5 1.79
l - 8 3.32
142 1.37

4.09 4.21 221.2
4.02 4.21 221.2
5.80 4.21 221.2
4.47 4.21 221.2
4.44 4.21 221.2
5.74 4.21 221.2
1.09 1.14 33.4
1.18 0.967 26.4
1.63 0.967 26.4
1.06 1.48 49.0
1.32 1.48 49.0
1.12 1.08 31.0

(0.69) 2.07 79.5
1.83 1.78 63.8
2.59 1.78 63.8

(0.44) 1.39 44.7
1.95 (1.73) 1.37 43.7
2.43 1.31 41.1
3.49 (2.57) 1.31 41.1

(1.79) 1.26 38.6
4.43 (2.48) 1.29 39.9

(2.39) 1.49 49.36
1.24 1.15 34.1
3.79 (2.38) 1.08 31.2
3.13 (2.50) 1.00 27.8

(1.91) 1.72 60.8
3.90 2.64 113
2.68 1.43 46.5

1441 1
[45,46]  2
1471 3
[451 4

[47  1 5

1481 6

I441 7

144  1 8

[441 9
1441 11

[491
[491
1501 13

[441 10
[45,46]  12

1501 14

1521
1511 15

I541
1151
[541
[151
[551
[541
1541
I521
[521
1531

�Adapted from Borishanski [46].
b, = &“.’ ; (Y in W/m� K; 4 in W/m�. Values shown in parentheses ( ) are uncertain; values shown within braces ( } relate to

the use of Eq. (14) for Ffp j.
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2.7 BOILING AND EVAPORATION / 2.7.2 Pool Boiling 2.7.2-7

l+VlRll,  l.~lRlZ.  (mlR13, (~olRl361.
,

Ffpf

Figure 5 Comparison of Ffp) by Eq. (12) with that given by Eq. (14).

(a) Independent variables influencing heat
transfer rates in nucleate boiling

In this section the influence of various independent
factors on nucleate boiling heat transfer rates is sum-
marized.

I. Influence of system pressure

In all instances an increase in system pressure shifts the
curve of surface heat flux (4) versus wall superheat
(AT�,,,) to the left (Fig. 7). At very low values of

Table 4 Values of F-Q)  as a function  of reduced
pressure

Ffp)  f r o m Ffp) from Ffp j from

Pt. Es. (12) Eq. (13) Eq. (14)

0.000 1 0.376 0 0.376 0 0.701 0
0.000 2 0.423 1 0.423 1 0.702 0
0.000 5 0.494 8 0.494 4 0.705 0
0.001 0.557 2 0.556 2 0.710 0
0.002 0.628 1 0.625 8 0.720 0
0.005 0.738 2 0.731 3 0.750 0
0.01 0.838 6 0.822 7 0.800 0
0.02 0.962 2 0.925 6 0.900 8
0.029 4 1.046 4 0.988 3 0.995 8
0.05 1.191 5 1.081 7 1.205 3
0.1 1.469 3 1.216 9 1.722
0.2 1.948 9 1.369 1 2.800
0.5 3.350 8 1.599 9 6.700
0.8 5.867 0 1.733 0 15.100
1.0 15.800 0 1.800 0

0 1983 Hemisphere I
r
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reduced pressure (p, <O.OOO l), the extent of the
nucleate boiling region may become restricted. Nucle-
ate boiling will not be initiated until relatively large
wall superheats are reached, corresponding to moderate
levels of heat flux. At the same time, the critical heat
flux reduces with decreasing system pressure. At some
very low pressure, the fast generation of vapor is
sufficient to induce the critical heat flux and the
nucleate boiling region disappears altogether. (Fig. 8).

II. Influence  of surface condition

As already emphasized, surface condition has a con-
siderable influence on the heat transfer rates in nucle-
ate boiling (Fig. 3). Mechanical roughening of the
surface, by scoring or grooving, or alternatively by
emery clothing or sandblasting, initially shifts the
boiling curve to lower wall superheats. The roughening
process appears to provide both an increased number
of active nucleation sites and an increase in their
effective size. However, in many instances of prolonged
boiling on such surfaces, much of the gain in heat
transfer coefficient due to roughness disappears, indi-
cating that many of the new larger sites are not stable.

Surfaces can, however, be prepared where stable
reentrant shaped cavities are provided. Such surfaces
include porous welds and porous metallic coatings.
Tubing with a bonded porous metallic coating is now
available commercially-see Sec. 2.7.9.

Whereas under conditions of single-phase heat
transfer, fouling of the heat transfer surface always
reduces the effective heat transfer coefficient, this is

lblishing  Corporation
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Figure 6 Comparison of experimental and predicted values of
heat transfer coefficient. Predicted values from Eq. (11) with A *
values in square brackets in Table (3) and F-(p) evaluated from
Eq. (14).

not always the case with nucleate boiling. If the
fouling layer is porous in nature, it may act to provide
large, stable nucleation sites that will promote boiling
at a reduced wall superheat [ 161.  However, the effect
is often short-lived [ 171, and in many other cases,
essentially organic fouling, there are no promotion
effects at all.

III. Influence  of noncondensable  gas

The presence of noncondensable gases dissolved in the
liquid influences the boiling curve in the vicinity of the
initiation of the nucleate boiling region. Gas bubbles
may appear at the heating surface well below the
normal saturation temperature. This influence on the
point of initiation of vapor formation can be allowed
for by including in the analysis described in Sec. A the
partial pressure of the noncondensable gas. At low heat
fluxes just after the onset of degassing, additional
convection induced by the gas bubbles increases heat
transfer rates compared to the situation with no gas
present. This effect, however, dies out at higher heat
fluxes once fully developed nucleate boiling is
achieved.

IV. Hysteresis  in the boiling curve

For liquids that tend to wet the heating surface
particularly well, there may be a difference in the
boiling curve measured during an increase or a decrease
in heat flux. As the heat flux is increased, the onset of
nucleate boiling may be delayed, with a consequent
overshoot in wall temperature.

V. Influence  of size  and orientation  of surface

For fully developed nucleate pool boiling, the wall
superheat is independent of the linear dimensions and
orientation of the heating surface. Provided that the
only movement of the liquid is that induced by the
boiling process itself, similar rates of heat transfer will
be achieved on horizontal flat plates, tubes, and on
short vertical plates and tubes. At low heat fluxes near
the point of onset of nucleate boiling, natural convec-
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Figure 7 Effect of pressure on nucleate boiling. From Cichelli
and Bonilla [44].
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Figure 8 Boiling curves for ethanol showing decreasing nucleate boiling region and its final disappearance at low pressure.
F&I Rallis andjawurek  [57].

tion accounts for a significant fraction of the heat
removed, and this process is, of course, geometry
dependent.

VI. Influence  of liquid subcooling

The position of the boiling curve in terms of the
surface heat flux (4) and the wall superheat (AT,,,) is
not greatly influenced by the level of subcooling of the
liquid pool (ATSUb).  Individual curves of heat flux
versus wall superheat will be observed somewhat dis-
placed from one another. Their relative position will be
related to the heater geometry to the extent that
convection influences the boiling curve. To a first
approximation the influence of subcooling on fully
developed nucleate boiling may be neglected [ 181.

VII.  Influence  of wettability  of surface

The nucleate boiling region may be seriously curtailed in
situations where the liquid does not wet the heating
surface. In particular, the critical heat flux is seriously
reduced at large contact angles (see Fig. 12).

VIII. Influence  of gravitational acceleration

Increases above the normal gravitational acceleration
appear to have little influence in the fully developed

nucleate boiling region, and few correlations explicitly
include an effect of gravitational acceleration. Increases
in acceleration do, however, enhance the rate of
natural convection and therefore there is some increase
of heat transfer rates at low heat fluxes where bubble-
enhanced natural convection is important.

C. Critical heat flux

The curve shown in Fig. 1 can be obtained in its
entirety under circumstances where the temperature of
the heating surface is controlled to a specified value. In
many practical cases, however, the surface heat flux is
the independently controlled variable. In this case the
boiling curve in the natural convection (AB) and
nucleate boiling (B�C)  regions remains basically unalter-
ed. However, if an attempt is made to increase the
value of the surface heat flux above D, the surface
temperature will jump from that corresponding to
D(-1 lSO�C),  the next stable operating point in the
film boiling region. In many practical cases this large
temperature jump is sufficient to cause failure of the
heating surface. Hence, the colloquial name burnout,
which is often used to refer to this phenomenon.

It is now generally accepted that the critical heat
flux in pool boiling occurs as a result of a hydro-

0 1983 Hemisphere Publishing Corporation

-. ._... _- _-._. . -m� _., _.,.I . ____I__ ,.., �,__._ ._.. ^I.. -. �  ..: �,_ �p.-.  .-. . --



2.7.2-10 2.7 BOILING AND EVAPORATION / 2.7.2 Pool Boiling

dynamic flow pattern transition close to the heating
surface. The mechanism is one in which insufficient
liquid is able to reach the heating surface because of
the rate at which vapor is leaving the surface. Zuber
[19] idealized the flow pattern as a square array of
vapor jets leaving the heated surface with a spacing
corresponding to the most rapidly growing Taylor
instability wavelength Xd. Interaction of adjacent vapor
jets due to Helmholtz instability limits the vapor
volumetric flux from the surface to

(1%

For the case where the liquid is at the saturation
temperature and all the vapor is produced at the
heating surface (for liquid metals and also for certain
two-component systems this latter assumption may not
be valid),

4
lg = pgAh,

and thus

’4cr = K&p;2 [%@Q  - Pg)l ‘I4 (17)
where according to Zuber, K = n/24. This theory thus
confirmed the earlier correlation proposed by Kuta-
teladze [20], in which K was 0.16 + 0.03. More
recently, Lienhard and Dhir [21]  have reexamined the
Zuber theory in the light of up-to-date experimental
evidence and have concluded that the constant K given
by Zuber should be increased by a factor 1.14, i.e., K
should be 0.149. It is, however, useful to use the value
predicted from Eq. (17) with the original value of K
given by Zuber, i.e., n/24, as a reference critical heat
flux, denoted by Gcr,z.

Accurate physical properties may not always be
available, and Lienhard and S&rock  [22] have given a
useful reformulation of Eq. (17) in terms of the law of
corresponding states, thus:

P 8 fiPc 3’4
4cr = di4P,  z

c >
- -3 ET, ffP& (18)

In this expression P is the parachor, tables of which

are given by Partington [23], and ffp,) is a function of
reduced pressure pr, which is given in Table 5. Geomet-
ric, liquid viscosity, subcooling, and surface effects
may modify the value from that given by Eq. (17).

(a) Geometric effects

The Zuber analysis is strictly valid only for boiling of
pure liquid on large, thick, well wetted horizontal
surfaces facing upward. Thus,

qcr,F
7 = 1.14
(Icr,z

(19)

For small plates where the width is less than 3b, the
number of vapor jets that can be accommodated on
the heater surface is limited. In the region where the
heater width is between 2 and 3hd, there appears to be
a considerable reduction in 4,, (Fig. 9). In this region
Lienhard and Dhir [21] give the equation

where Ni is the number of vapor jets that can be
accommodated on the heating surface; hd is the most
rapidly growing Taylor instability wavelength, given by

[ 1 l/2
&j=2n@  =

gn@Q - Pg) (21)

and Ah is the surface area of the heater plate. In the
limit only one vapor jet can be accommodated on the
plate, and the critical heat flux increases rapidly as
further reductions in heater width occur.

Lienhard and Dhir [21]  have given expressions for
qcr  corresponding to other heater geometries. A non-
dimensional heater size L� is used:

L� = b,&@QL- Pg)]  1�2
(22)

Details are given in Table 6 and Fig. 10. It will be
observed that the critical heat flux for large vertical
heaters is less than for large horizontal heaters by the
ratio 0.904/1.14,  i.e., 0.79. This is consistent with the
experimental values examined by Bemath  [24].

Table  5 Values of f-&j- for use with Eq. (18)a*  �

Reduced
pressure
Pr 0.004 0.01 0.02 0.06 0.2 0.35 0.6 0.8 1.0

Ffp,$ 1.0 1.56 2.05 3.0 3.75 4.0 3.4 2.0 0

�Adapted from Lienhard and Schlock  [ 221.
bNote  that ff pr j is the value for a large, flat, horizontal, upward-facing plate. The

value for other geometries will also be a function of L�  (see Lienhard and Watanabe [56]  ).
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Figure 9 Critical heat flux for a horizontal flat plate. From Lienhard and Dhir  [21].

Table 6 Modifications to the hydrodynamic  theory of pool boiling critical heat flux to
account  for different heater geometriesa

Heater geometry Reference dimension Applicability limit Equation for 4cr

Large horizontal flat plate

Small horizontal flat plate

Large horizontal cylinder L = radius of cylinder

Small horizontal cylinder

Large spheres

Small spheres

Small horizontal ribbons
aligned vertically

Small horizontal ribbons
aligned vertically (one
side insulated)

L = diameter of plateor
length of side if square

L=diameterofplateor  05<LG2
width  of  rectangtdar pkte . Ad

L = radius of cylinder

L = radius of sphere

L = radius of sphere

L = height of ribbon

L = height of ribbon

1.17 G R’

0.12 <R� < 1.17

4.36 4R’

0.18 <R� < 4.36

H’ < 2.6

H’G 6

4cr  FA= 1.14
qcr, z

(icr- Ah- Ni�a  1.14&r,  r

40-= 0.904
qcr, z

4crr= 0.94(R’)-“4
4cr, z

4cr-= 0.84
qcr, z

4cr
-= 1.754(R�)-I�
qcr, z

4cr7 = l.l8(H�)-�4
qcr, z

z-= 1.4(H�)-I��

�From Lienhard and Dhir [Zl].

4cr, z = ;J PgI’* A&[w,(Pp  - Pg)l 1’4 Ni = no. of vapor jets on square array with spacing kd
that can be accommodated on plate

Ah = surface area of heater plate

hd = 2nfi [g,,(p;- pg)ll�2
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Figure 10 Influence of heater geometry on critical heat flux. From Lienhard and Dhir [21].

None of the expressions in Table 6 should be used
when L� < 0.15. For very small heaters or for very low
gravity situations, surface tension forces are much
greater than inertial forces and the hydrodynamic
theory for pool boiling critical heat flux breaks down.
Indeed, at very low values of L' < 0.01, both nucleate
boiling and the maxima and minima in the boiling
curve are absent. The boiling curve then consists of a
region of natural convection leading directly into a
region of fdrn boiling (Fig. 8).

(b) Liquid viscosity

Borishanski [25]  extended the Kutateladze correlation
to include the effect of liquid viscosity. For large, flat,
horizontal heaters, he proposed

5om
D::.-=r-

o  F l a t  p l a t e

o Harlzontal  c y l i n d e r I

Liquid v iscosi ty  parameter  M

Figure 11 Effect of liquid viscosity on pool boiling critical heat
flux. From Dhir and Lienhard [ 261.

where N is given by

N=pao
[ 1

112u
17;  t&J!2  - P,)

(23)

(24)

Dhir and Lienhard [26], in reexamining this effect,
used the parameter M:

M =
pa u3f4

wrY4b2  - Pg)3'4
(25)

For values of M less than about 400, the critical heat
flux is increased over that for the inviscid case. Figure
11 shows the magnitude of the effect for horizontal
flat plates or cylindrical heaters.

(c) Subcooling

In the case of a liquid subcooled below its saturation
temperature, the critical heat flux is increased

(Icr,sub  = &r,sat(l + BATsub)

For B, Zuber [19] proposes

(26)

(27)

Equation (26), using this value of B, agreed with
experimental data for water and ethyl alcohol at
pressures up to lo6 N/m�.  Simpler expressions have
been proposed by Kutateladze [27],
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and by Ivey and Morris [28],

(2%

(29)

Equation (26), using this value of B, agreed with
experimental data for water, ethyl alcohol, ammonia,
carbon tetrachloride, and isooctane over a wide pres-
sure range, and Eq. (29) is therefore recommended for
B.

(d) Surface condition

The influence of surface condition on i,, has not been
clearly established. The hydrodynamic theory would
predict that there is little or no effect, and this appears
to be borne out by the results of Berenson [29] (Fig.
2). In particular, mechanical preparation of the surface
in various ways, e.g., scoring, roughening, sandblasting,
does not appear to greatly influence do. On the other
hand, surfaces that have oxidized or had deposits
formed on them appear to have higher values of 4,,.
This effect appears to be due to the increased wettabil-
ity of the surface. Thus, Ivey and Morris [30] and
Bernath [24] both report higher values of G,, on
oxidized aluminum surfaces than on clean aluminum
surfaces, whereas Costello and Frea [31] and Owens
[32]  found that deposits formed from tap water
considerably increased the value of do compared with
that measured for distilled water. The critical heat flux
on essentially nonwetting surfaces, e.g., covered with
grease or having a fluorocarbon coating, will be mark-
edly reduced [32a],  possibly even down to the heat
flux corresponding to the initiation of nucleate boiling
(Fig. 12).

D. Transition boiling

In this little-studied region of the boiling curve, liquid
periodically contacts the heating surface with the result
that the formation of large amounts of vapor forces
the liquid away from the surface and an unstable vapor
film or blanket is formed. This in turn collapses,
allowing the liquid to contact the surface once more.
The region is normally obtainable only by controlling
the surface temperature to a predetermined value.
From Fig. 1 it will be seen that for water at atmo-
spheric pressure this temperature range is about 140-
250°C. One such study, by Sakurai and Shiotsu [33],
has revealed the existence of hysteresis effects in the
transition boiling region near the critical heat flux
point. The maximum heat flux reached at point D
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Figure 12 Influence of contact angle on the pool boiling critical
heat flux of water at atmospheric pressure. From Diesselhorst et
al. [32a].

when the surface temperature is reduced through the
transition boiling region was found to be less than the
maximum (critical) heat flux reached when the surface
temperature was increased through the nucleate boiling
region. Because of the periodic nature of the process,
the surface heat flux and temperature undergo large
variations with both time and position on the heater.
However, the average heat flux decreases as the temp-
erature increases, because the proportion of the time
and heater surface that the liquid spends in contact
with the surface continually decreases. A discussion of
some of the factors that are important in transition
boiling was given by Bankoff  and Mehra [34]. No
adequate theory or model of this region exists at this
time. However, it is usually reasonable to interpolate
linearly on log-log paper between the critical and
minimum heat flux points on a curve of heat flux
versus temperature difference (Fig. 3).

E. Minimum heat flux

The minimum heat flux d,in is reached when the
heat flux matches the minimum rate of vapor forma-
tion that will sustain a stable vapor film over the
heating surface. Vapor is released from this film in the
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form of bubbles produced regularly in both time and
space. If the heat flux is less than (imin, the interface
will collapse onto the heating surface, cooling it and
reestablishing nucleate boiling. Thus, the surface temp
erature would move from E to E' on Fig. 1. The vapor
release rate can be considered as the product of the
volume of a released bubble, the number of bubbles
per cycle per unit area, and a minimum wave fre-
quency. This leads to the expression for d,ln on a flat
plate first derived by Zuber [I93  and subsequently
modified by Berenson [3.5]  :

(imin,F  = cow P&b py$-$y4  ( 3 0 )

Because of uncertainty in the minimum wave frequency,
the constant in Eq. (30) must really be determined
experimentally. Zuber proposed various values for the
constant that are mostly too high, and Berenson�s later
experiments resulted in 0.09, which remains the best
current estimate for a flat plate surface. Berenson also
gave the following expression for the wall superheat
(T,,, - Tsat) at the minimum heat flux point:

(31)

For horizontal cylinders 4min  increases above that
given by Eq. (30) as the diameter is reduced, and
Lienhard and Wong [36] have proposed the following
expression with the constant evaluated from experi-
ments with isopropanol and benzene:

u 1 l/2

R2@p  + pg)

x - Pu> I 1-3’4

u 2R21 (32)

The experimental determination of 4min for cylinders
is made difficult by the presence of the end mount-
ings, which tend to induce the transition from film
boiling to nucleate boiling at heat fluxes above the
true (imin.  Kovalev [37]  overcame this difficulty in his
experiments with water at various pressures and
reported results about 40% lower than given by Eq.
(32). Likewise, experimental data have been reported
[22,  331 that are up to a factor 5 higher than given by
Eq. (32). The value of qmin  for a vertically oriented
heater is lower than for a horizontally mounted heater
in a similar ratio to that found for the critical heat
flux, i.e., -0.75.
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F. Film boiling

At large temperature differences a continuous vapor
film blankets the heater surface. The major resistance
to heat transfer is confined to this vapor film, and
because there is lack of liquid-solid contact, this region
is the most tractable to analyze. The relationships for
the heat transfer coefficient in laminar or turbulent
film boiling in various geometric situations can be
established by direct analogy with the identical rela-
tionships derived for filmwise condensation (see Sec.
2.6.2).

Berenson [38]  analyzed film boiling on a large
horizontal plate and produced the following equation,
which was compared with data for pentane (Fig. 3),
carbon tetrachloride, benzene, and ethyl alcohol:

$PgcoQ - P*ktl~l 1�4
OL = 0.425

q&W24 1 (33)

where X, is the �critical� (or shortest unstable) wave-
length for Taylor instability, given by

[ 1
l/2

A, = 2n
u

g&Q - Pg)
(34)

and ah: is an effective latent heat of vaporization
allowing for the effect of superheat,

(35)

For use in Eq. (35), E should be taken as 0.4.
For laminar film boiling from a horizontal tube,

Bromley [39] gives

(36)

where t in Eq. (35) should be taken as 0.68.
For very large tubes, horizontal flat surfaces, and

very thin wires, Eq. (36) is inaccurate. For large-
diameter tubes and flat horizontal surfaces, the charac-
teristic length is more correctly X, than the tube
diameter D. Thus, Breen and Westwater [40] modified
Eq. (36):

1 U4

(37)

where Ah: is now given by

Ah: = Ah, (38)

Equation (37) is valid for 0.8 < (h,/D)  < 8, whereas

lishing corporation
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Eqs. (36) and (37) become essentially identical when
DS=-Ax,.

For a vertical flat surface, a laminar flow analysis
for the situation of zero interfacial stress gives for the
local heat transfer coefficient c~fz)  at a distance z up
the surface from the start of film boiling,

$P&Q - P&nAh: 'I4
a(z) = 0.707

v&�-z 1 (39)

The average coefficient B-(Z) over the region up to a
distance z is given by

gzj =; CYfz) (40)

For the boundary condition of zero interfacial veloc-
ity, the coefficient 0.707 in Eq. (39) should be
replaced by 0.5. In practice this latter condition is true
only at very low values of fJ,@/P~r)p  [41],  and it is
common to take a mean between the two values.

On vertical heated surfaces, it is clear that the
classical laminar film boiling equations are valid only
for a very short distance from the start of film boiling.
Beyond this region, vapor is released in large globular
voids, which ensures a time-varying but thinner vapor
film. Typically, heat transfer coefficients may be up to
twice those estimated from Eq. (39).

On a vertical cylinder, Bailey [42]  suggested that
these globular voids are formed by a process of
�varicose� instability. The wavelength for maximum
growth for a surface tension-governed instability of this
type is

A, = 2.071rD (41)

Substitution of h, from this equation for z in Eq. (39)
leads to

II4
(42)

An alternative that predicts heat transfer coefficients
about 33% higher than Eq. (42) is the application of
Eq. (36) that was derived for film boiling on the
outside of horizontal cylinders.

The effect of liquid subcooling on film boiling
coefficients can be considerable. As an example, for
organic liquids such as n-hexane, benzene, methanol,
carbon tetrachloride, and ethyl alcohol, coefficients
will be increased fourfold by subcooling the liquid
40°C.

Surface temperatures are usually high in film boil-
ing, and heat may be transferred by radiation. Bromley
[39]  proposes the following approximation for com-
bining the effects of convection and radiation:

c-r  = a, + 0.75a, (43)

where (Y,  is the convective coefficient [for example,
Eq. (36) or (42)]  and (Y, is the radiation coefficient.
For simplicity the radiation coefficient (Y,.  can be
calculated by assuming radiation between infinite paral-
lel planar surfaces with the liquid acting as a perfect
black body,

cr, = C&

where C, is the Stefan-Boltzmann constant and E is the
emissivity of the heating surface.

Comparisons of the equations given in this section
for film boiling with experimental data sets covering a
wide range of fluids, viz., nitrogen, oxygen, water,
methane, ethane, ethylene, ethylene mixtures, propane,
n-butane, methanol, ethyl alcohol, benzene, carbon
tetrachloride, suggest an average standard deviation of
between 30 and 40%. For fuller details the reader is
referred to the reviews by Clements and Colver [43].

Nomenclature for Section 2.7.2 appears at the end of Section 2.7.8.
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Boiling within vertical tubes

J. G. Collier

A. Introduction

In this section it is proposed to describe boiling under
steady-state conditions in a vertical, uniformly heated
tube. Each of the various heat transfer regions present
will be described briefly, together with simple correla-
tions for the estimation of heat transfer coefficients in
each region and for the transition from one region to
another.

(a) Regions of heat transfer in a vertical
heated tube

Consider a vertical tube heated uniformly over its
length with a low heat flux and fed with subcooled
liquid at its base. At such a rate the liquid is totally
evaporated over the length of the tube. Figure 1 shows
in diagramatic form the various flow patterns encoun-
tered over the length of the tube, together with the
corresponding heat transfer regions.

While the liquid is being heated up to the satura-
tion temperature and the wall temperature remains
below that necessary for nucleation, the process of
heat transfer is single-phase convective heat transfer to
the liquid phase (region A). At some point along the
tube, the conditions adjacent to the wall are such that
the formation of vapor from nucleation sites can
occur. Initially, vapor formation takes place in the
presence of subcooled liquid (region B), and this heat
transfer mechanism is known as subcooled  nucleate
boiling. In the subcooled boiling region, B, the wall
temperature remains essentially constant a few degrees
above the saturation temperature, while the mean bulk

fluid temperature is increasing to the saturation tem-
perature. The amount by which the wall temperature
exceeds the saturation temperature is known as the
degree of superheat, AT,,,, and the difference between
the saturation and the bulk fluid temperature is known
as the degree of subcooling, ATNb.

The transition between regions B and C, the
subcooled nucleate boiling region and the saturated
nucleate boiling region, is clearly defined from the
thermodynamic viewpoint. It is the point at which the
liquid reaches the saturation temperature (X = 0) found
on the basis of simple heat balance calculations. How-
ever, subcooled liquid can persist in the liquid core,
even in the region defined as saturated nucleate boil-
ing. Vapor generated in the subcooled region is present
at the transition between regions B and C (x = 0);
thus, some of the liquid must be subcooled to ensure
that the liquid mixed mean (mixing cup) enthalpy
equals that of saturated liquid (hp). This effect occurs
as a result of the radial temperature profile in the
liquid, and the subcooled liquid flowing in the center
of the channel will reach the saturation temperature
only at some distance downstream of the point x = 0.

In the regions C to G, the variable characterizing
the heat transfer mechanism is the thermodynamic
mass �quality� (x) of the fluid. The quality of the
liquid-vapor mixture at a distance, z, is given on a
thermodynamic basis as

x(z) = h++ - ‘b
Ah,

In the region 0 <X < 1 and for complete thermo-
dynamic equilibrium, x represents the ratio of the
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vapor mass flow rate to the total mass flow rate. From
the thermodynamic definition, Eq. (l), x may have
both negative values and values greater than unity.
Although these are sometimes used for convenience,
negative values or values greater than unity have no
practical significance other than to signify that, in the
former case, the condition is that of a subcooled liquid
and, in the latter case, that of a superheated vapor.
The variable x is also often referred to as the vapor
mass fraction.

As the quality increases through the saturated
nucleate boiling region, a point may be reached where
a fundamental transition in the mechanism of heat
transfer takes place. The process of �boiling� is re-
placed by the process of �evaporation.� This transition
is preceded by a change in the flow pattern from
bubbly or slug flow to annular flow (regions E and F).
In the latter regions the thickness of the thin liquid
fXrn on the heating surface is often such that the
effective thermal conductivity is sufficient to prevent
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the liquid in contact with the wall being superheated
to a temperature that would allow bubble nucleation.
Heat is carried away from the wall by forced convec-
tion in the film to the liquid film-vapor core interface,
where evaporation occurs. Since nucleation is com-
pletely suppressed, the heat transfer process can no
longer be called boiling. The region beyond the transi-
tion has been referred to as the two-phase forced
convective region of heat transfer (regions E and F).

At some critical value of quality, the complete
evaporation of the liquid film occurs. This transition is
known as dryout, and is accompanied by a rise in the
wall temperature for channels operating with a con-
trolled surface heat flux. The area between the dryout
point and the transition to saturated vapor (region H)
has been termed the liquid-deficient region (corre-
sponding to the drop flow pattern) (region G). This
dryout condition often puts an effective limit on the
amount of evaporation that can be allowed to take
place in a channel at a particular value of heat flux.
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(b) Variation of heat transfer coefficient
with quality

It is useful at this stage to describe, at least qualita-
tively, the progressive variation of the local surface
temperature (or local heat transfer coefficient) along
the length of the tube as evaporation proceeds. The
local heat transfer coefficient can be established by
dividing the surface heat flux (constant over the tube
length) by the difference between the wall temperature
and the bulk fluid temperature. Typical variations of
these two temperatures with length along the tube are
shown in Fig. 1. The variation of heat transfer coeffi-
cient with length along the tube for the conditions
represented in Fig. 1 is given in Fig. 2 [curve i, solid
line]. In the single-phase convective heat transfer
region, the wall temperature is displaced above the
bulk fluid temperature by a relatively constant amount
(the heat transfer coefficient is approximately
constant) and is modified only slightly by the influ-
ence of temperature on the liquid physical properties.
In the subcooled nucleate boiling region, the tempera-
ture difference between the wall and the bulk fluid
decreases linearly with length up to the point where
x = 0. The heat transfer coefficient therefore increases
linearly with length in this region. In the saturated
nucleate boiling region, the temperature difference, and
therefore the heat transfer coefficient, remains
constant. Because of the reducing thickness of the
liquid film in the two-phase forced convective region,
the difference in temperature between the surface and
the saturation temperature is reduced and the heat

SUBCOOLED SATURATED LlOUlWEFlCl
FILM BOILING FILM BOILING REGION

SUBCOOLED SATURATED
1

1 SUPERHEATED
x-0 x-1

I x

Figure 2 Variation of heat transfer coefficient with quality with
increasing heat flux as parameter.
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transfer coefficient is increased with increasing length
or mass quality. At the dryout point the heat transfer
coefficient is suddenly reduced from a very high value
in the forced convective region to a value near that
expected for heat transfer by forced convection to
saturated steam. As the quality increases through the
liquid-deficient region, so the vapor velocity increases
and the difference in temperature between the surface
and the saturation value decreases with the correspond-
ing rise in heat transfer coefficient. Finally, in the
single-phase vapor region (x > l), the wall temperature
is once again displaced by a constant amount above
the bulk fluid temperature and the heat transfer coeffi-
cient levels out to that corresponding to convective
heat transfer to a single-phase vapor flow.

The above comments have been restricted to the
case where a relatively low heat flux is supplied to the
walls of the tube. The effect of progressively increasing
the surface heat flux while keeping the inlet flow rate
constant will now be considered with reference to Figs.
2-4. Figure 2 shows the heat transfer coefficient
plotted against mass quality with increasing flux as
parameter (curves i to vii). Figure 3 shows the various
regions of two-phase heat transfer in forced convective
boiling on a three-dimensional diagram with heat flux,
mass quality, and temperature as coordinates-�the
boiling surface.� Figure 4 shows the regions of two-
phase forced convective heat transfer as a function of
quality with increasing heat flux as ordinate (an eleva-
tion view of Fig. 3 taken in the direction of the
arrow). Curve i of Fig. 2 relates to the conditions
shown in Fig. 1 for a low heat flux being supplied to
the walls of a tube. The temperature pattern shown in
Fig. 1 will be recognized as the projection in plan view
(temperature-quality coordinates) of Fig. 3. Curve ii
shows the influence of increasing the heat flux. Sub-
cooled boiling is initiated sooner; the heat transfer
coefficient in the nucleate boiling region is higher but
is unaffected in the two-phase forced convective
region. Dryout  occurs at a lower mass quality. Curve iii
shows the influence of a further increase in the heat
flux. Again, subcooled boiling is initiated earlier and
the heat transfer is again higher in the nucleate boiling
region. As the mass quality increases, before the two-
phase forced convective region is initiated, and while
bubble nucleation is still occurring, an abrupt deterio-
ration in the cooling process takes place. This transition
is essentially similar to the critical heat flux phenome-
non in saturated pool boiling and will be termed
departure from nucleate boiling (DNB).

The mechanism of heat transfer under conditions
where the critical heat flux (DNB or dryout) has been
exceeded is dependent on whether the initial condition

blishing  Corporation
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Figure 3 Forced convection boiling surface (T, x, 4 coordinates).

SUBCOOLED SUBCOOLED f SATURATED SUPERHEATED

CONVECTIVE HEAT

(ii) -SINGLE-PHA
FORCED  CON

HEAT TRANSFER

Figure 4 Regions of two-phase forced convective heat transfer as a function of quality with increasing heat flux as
ordinate.
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was the process of �boiling� (i.e., bubble nucleation in
the subcooled or low mass quality regions) or the
process of �evaporation� (i.e., evaporation at the liquid
film-vapor core interface in the higher mass quality
areas). In the latter case, the liquid-deficient region is
initiated; in the former case the resulting mechanism is
one of film boiling (Figs. 3 and 4).

By returning to Fig. 2, it can be seen that further
increases in heat flux (curves vi and vii) cause the
condition of DNB to occur in the subcooled region
with the whole of the saturated or quality region being
occupied by, first, film boiling and, in the latter stages,
the liquid-deficient region-both relatively inefficient
modes of heat transfer. In Fig. 3 and Fig. 4 the film
boiling surface has been arbitrarily divided into two
regions: subcooled film boiling and saturated film
boiling. Film boiling in forced convective flow is
essentially similar to that observed in pool boiling. An
insulating vapor film covers the heating surface through
which the heat must pass. The heat transfer coefficient
is orders of magnitude lower than in the corresponding
region before the critical heat flux was exceeded,
mainly because of the lower thermal conductivity of
the vapor adjacent to the surface.

In the following sections, criteria will be given
whereby the boundaries delineated in Figs. 3 and
4-the boiling surface-can be established. In addition,
methods for calculating heat transfer rates in each heat
transfer region will be given.

B. Subcooled boiling

(a) Single-phase liquid heat transfer

Figure 5 shows, in an idealized form, the flow pattern
and the variation of the surface and liquid tempera-
tures in the regions designated by A, B, and C. The
tube surface temperature in region A, convective heat
transfer to single-phase liquid, is given by

Tw = TQ~z)  + ATQ

and

(2)

ATQ=-& (3)

where ATQ is the temperature difference between the
tube inside surface and the mean bulk liquid tempera-
ture at a length z from the tube inlet, and opO is the
heat transfer coefficient to single-phase liquid under
forced convection. The liquid in the channel may be in
laminar or turbulent flow; in either case the laws
governing the heat transfer are well established and the
reader is referred to Sec. 2.5.1 for details. For turbu-
lent flow the well-known Dittus-Boelter equation has
been found satisfactory:

Region  A IB IC
I I

Convectlam  to ’ Subcooled  )
single-phase  liquid:

Saturated
bolllng I boiltng

Flow
Wt

Figure 5 Surface and liquid temperature distributions in sub-
cooled boiling.

ff;D _ 0.023 (f+?)��  (?f!); (4)

This relation is valid for heating in vertical up flow
with z/D> 50 and kD/qa  > 10 000.

(b) The onset of subcooled nucleate boiling

Figure 6 shows, in qualitative form, the variation of
tube inside surface temperature at a point z as the heat
flux is steadily increased at a given inlet subcooling
and mass velocity. Three regions are shown as the
single-phase region AL?, the partial boiling region
BCDE, and the fully developed subcooled boiling
region EF.

I

SINGLE-PHASE 1 SUBCOOLED
LIOUID 1 BOILING

.,y NONBOILING I

COMPONENT

Tp IZI SURFACE TEMPERATURE, TV,

Figure 6 Subcooled boiling curve.
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As the heat flux is increased, the surface tempera-
ture will  follow the line ABD’ until the first bubbles
nucleate. A higher degree of superheat is necessary to
initiate the first bubble nucleation sites at a given heat
flux than indicated by the curve ABCDE. When nuclea-
tion first occurs, the surface temperature drops from
D’ to D and, for further increases in heat flux, follows
the line DEF. The criterion for the onset of boiling
can be crudely established as the intersection of line
ABD’ and the fully developed boiling curve, C”EF.

A more refined treatment of the onset of nuclea-
tion can be derived by considering the temperature
profile in the region adjacent to the heated wall (see
Sec.  2.7.2A). Using this approach, Bergles and
Rohsenow [l] obtained an equation for the wall
superheat required for the onset of subcooled boiling.
Their equation is valid for water only and is

(Tw - Tsadonb  = 0.556

G.463p”‘0234

(5)
where 4 is the surface heat flux (W/m*)  and p is the
system pressure (bar). An alternative expression by
Davis and Anderson [2] valid for all fluids is

(Tw  - Tsath  = (6)

Equations (5) and (6) are in good agreement with each
other for the case of high-pressure water flows. Frost
and Dzakowic [3] have extended this treatment to
cover other liquids. In their study, nucleation was
assumed to occur when the liquid temperature, T&y)
was matched to the temperature for bubble equilib-
rium Tg at a distance nr,, where n = (c,n/h)$  rather
than rC [see Fig. 2.7.2(2)].  Thus Eq. (6) becomes

0.5

PrQ (7)

This equation was compared with experimental data
for the onset of boiling for a variety of different
fluids. A parameter X can be defined as

x = 0-w - Tsadonb
cj��Prp (8)

Figure 7 shows values of Xexp/Xrer  plotted against
reduced pressure. Xexp was calculated from reported
values of (TW - Tsa&b and Go,&;  Xrer was evaluated
from fluid physical properties at a constant reduced
pressure of 0.05. Values of Xrer for various fluids are
given in Table 1.

The above treatments can only predict the onset
of nucleate boiling accurately if there is a sufficiently
wide range of �active� cavity sizes available on the

�O.O~
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Figure 7 Experimental data for the onset of boiling compared
with Eq. (8). From Frost and Dzakowic [3].

heating surface. This is not always the case, and for
this reason Eq. (8) represents the lower bound of the
experimental results shown in Fig. 7; i.e., boiling in
many instances was not initiated until higher values of
surface temperature than estimated from Eq. (8) were
reached. The optimum size of �active� cavity r, (see
Sec. 2.7.2A)  may be evaluated from

r, = (9)

The size of active nucleation sites actually present on
the heated surface may be estimated by the methods
given in Sec. 2.7.1E. Alternatively, some guidance is
also given at the end of Sec. 2.7.2A. If r, exceeds
these typical values, then evaluate the wall superheat
for the onset of boiling from

2oT,at
(Tw - Tsat)onb  = rmax  Ah p + 9

uL7
(10)

where r,,, is the estimated maximum size of active
nucleation site on the surface.

For the subcooled boiling region, Eq. (6) or (7)
must be solved simultaneously with the heat transfer
equation,

4 = ~QO(TW - TafZ+)

= aQo KTw - Tsat)onb  + (Tsat  - Ta-@))l (11)

to give the heat flux 4 and (T, - Tsa&b  required
for the onset of boiling. The boundary between
region A and region B shown in Fig. 4 can be derived

0 1983 Hemisphere Publishing Corporation



2.7 BOILING AND EVAPORATION / 2.7.3 Boiling within Vertical Tubes 2.7.3-7

Table 1 Reference values of X for
eq. (8) evaluated at a reduced pres-
sure of 0.05

Fluid
Xref,
K/(Wm-2)0�5

Ammonia 0.004 32
Carbon dioxide 0.011 86
Carbon tetrachloride 0.013 64
Mercury 0.003 91
Neon 0.002 41
n-Pentane 0.012 14
p-Hydrogen 0.003 38
Nitrogen 0.005 19
Propane 0.009 60
Oxygen 0.005 07
Benzene 0.013 39
Water 0.004 4 1
Freon 12 0.014 17
Ethanol 0.008 91
Acetone 0.011 20
Kerosene (JP-4) 0.012 67
Helium4 0.002 31
Argon 0.006 01

from such a simultaneous solution, and it is noted that
at the condition Tsat  - T~fz)  = 0,

(12)

For heat fluxes below that given by Eq. (12),  the
bulk liquid must be superheated before vapor genera-
tion can take place at the heating surface; i.e., there is
no subcooled boiling region. Such conditions often
lead to unstable operation of heat transfer equipment
and should be avoided. The above treatment may also
be extended to cover the influence of dissolved gases
upon nucleation.

(c) Fully developed subcooled boiling

W h e n  b o i l i n g  i s  first in i t ia ted ,  only  a  l imi ted  number

of nucleation sites are operating, so a proportion of
the heat will continue to be transferred by normal
single-phase processes between patches of bubbles. This
transition region is referred to as partial boiling. As the
surface temperature increases, so the number of bubble
sites also increases and the area for single-phase heat
transfer decreases. Finally, the whole surface is covered
by bubble sites, boiling becomes fully developed, and
the single-phase component reduces to zero. In the
fully developed boiling region, velocity and subcooling,
both of which have a strong influence on single-phase
heat transfer, have little or no effect on the surface
temperature. In subcooled boiling the surface tempera-
ture is primarily a function of the surface heat flux
and the system pressure for a given fluid. The influ-
ence of surface condition should be less for forced
convective boiling than for pool boiling, because the
higher heat fluxes and wall superheats shift the range
of active nucleation sites to the smaller sizes that
should be readily available on most surfaces. However,
there is little direct experimental evidence to support
this contention.

It would appear that the form of the equations
found suitable for the correlation of pool boiling data
(Sec. 2.7.2) is also suitable for the representation of
forced convective, fully developed, subcooled boiling
data. The values of the slope and intercept [n and A
of Eq. 2.7.2(6)] may, however, need to be adjusted
from the values found appropriate for pool boiling.

One such correlation is due to Rohsenow [4] [see
Sec. 2.7.2, Eq. 2.7.2(7)].  Values of C�,,  derived specif-
ically from forced [l, 5, 61 (and natural [7]) convec-
tion inside tubes (rather than pool boiling data) are
given in Table 2.

Table 2 Values of C,f in eq. 2.7.2(7) obtained  in the reduction  of the forced (and
natural) convection subcooled boiling data of various  investigators�

Reference Heating surface Csf Fluid surface

Rohsenow and Clark [ 5 ] Vertical tube 0.006 Water-nickel
(4.56 mm ID)

Krieth and Summerfield [6] Horizontal tube 0.015 Water-stainless steel
(14.9 mm ID)

Piret and Isbin [7] Vertical tube 0.013 Water-copper
(27.1 mm ID) 0.013 Carbon tetrachloride-copper

0.002 2 Isopropyl alcohol-copper
0.003 0 n-Butyl alcohol-copper
0.002 75 50% K, CO, -copper
0.005 4 35% K, CO, -copper

Bergles and Rohsenow [ 1 ] Horizontal tube 0.020 Water-stainless steel
(2.39 mm ID)

aFurther  guidance is provided in Table 2.7.2(l).
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2.7.3-8 2.7 BOILING  AND EVAPORATION  / 2.7.3  Boiling within Vertical  Tubes

Jens and Lottes [8] summarized experiments on
subcooled boiling of water flowing upward in vertical,
electrically heated stainless steel or nickel tubes, having
inside diameters ranging from 3.63 to 5.74 mm. Sys-
tem pressures ranged from 7 to 172 bar, water tem-
peratures from 115 to 34O�C,  mass velocities from 11
to 1.05 X IO4 kg/m2 s, and heat fluxes up to 12.5
MW/m�.  These data were correlated by a dimensional
equation valid for water only,

AT,,, = 254e.25  e-P/+= (13)

where p is the absolute pressure in bar, AT&= T, -
T,,,) is in �C,  and 4 is ln MW/m�. More recently,
Thorn [9] reported that the values of AT,,, estimated
from Eq. (13) were consistently low over the range of
his experiments. A modified equation of the same
form and valid only for water was suggested:

ATsat = 22.6540.5  @I87 (14)

The values of AT,, , and (Y calculated from these
equations are not markedly different from those
obtained using Eqs. 2.7.2(11), 2.7.2(12), and Table
2.7.2(3).  In the absence of other information, use may
be made of the procedure described in Sec. 2.7.2B  to
evaluate fully developed subcooled boiling curves for
fluids other than water.

(d) Partial boiling

In the partial boiling region, nucleation and single-
phase convection processes occur simultaneously.
Rohsenow [IO] proposed the superposition of a single-
phase forced convection component and a subcooled
boiling component :

4 = 6Qo + (iscb (15)

The single-phase convection heat flux is evaluated from

4Qo  = aQo[Tw  - TafZ+1 (16)

and the nucleate boiling heat flux 4&, from Eq.
2.7.2(7). An alternative proposal by Bowring  [I I] is
discussed in detail by Collier [12]. A simple method
of constructing the transition between the single-phase
convective region and the fully developed boiling
region has been suggested by Bergles and Rohsenow
[I]. The procedure can be summarized by reference to
Fig. 6. The fully developed subcooled boiling curve,
(jscb, FED’C” is established from experimental data at
high values of T,,, - Tsat  or constructed using empiri-
cal equations of the form of Eq. (13). The single-phase
forced convection curve ABCD’ is constructed from
Eq. (16).

The flux (io&,  for the onset of nucleation (point
C on Fig. 6) can be calculated from the methods given
previously. The fixing of point C enables a point C� to

be found on the extrapolated fully developed boiling
curve at the same surface temperature as point C. A
simple interpolation formula is given that satisfies the
characteristics of the boiling curve between C and E:

,=,,,{I + [g (1 -$-j2j�� (17)

Equation (17) is then applied by picking off values of
4QO and (is&  at various values of T,,, to fill in the
section CE. This method is recommended for rapid
calculation of the complete forced convective sub-
cooled boiling curve.

(e) Void fraction and pressure drop
in subcooled boiling

A knowledge of the amount of vapor present in the
channel during subcooled boiling is needed to establish
the influence on the pressure gradient (see Sec. 2.3.2).
In the representation of subcooled boiling shown in
Fig. 8, it will be seen that, for high subcoolings, just
after the onset of nucleation, the vapor generated
remains as discrete bubbles attached to the surface
while growing and collapsing; voidage in this region is
essentially a wall effect. At somewhat lower subcool-
ings, bubbles detach from the surface, condensing only
slowly as they move through the slightly subcooled
liquid; voidage  in this region is a bulk fluid effect.

REGION A B C
CONVECTION l+UBCOOLED 1 BULK
SINGLE PHASE BOILING ; BOILING

LENGTH (2)

Figure 8 Void fraction in subcooled boiling.
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2.7 BOILING AND EVAPORATION / 2.7.3 Boiling within Vertical Tubes 2.7.3-9

Over the region AB, the void fraction usually
remains low and can be neglected. If it is necessary to
calculate a value at point B, the approximate expres-
sion due to Levy [13] can be used:

where YB is the distance from the heated wall to the
tip of the vapor bubble, and Dh is the heated equiva-
lent diameter of the channel. YB is given by

Y, = 0.015 3
0.5

( )
(19)

where 7, is the wall shear stress and D, is the
hydraulic equivalent diameter. The wall shear stress can
be evaluated from

fa&'7, = -
2PQ

cm

where fQo  is the single-phase Fanning fraction factor
corresponding to a relative roughness of e/De = 10e4
(smooth drawn tubing).

Saha and Zuber [14]  have proposed a simple
method of calculating the point of net vapor genera-
tion, which can be assumed to be coincident with
point B, the point of bubble detachment, shown in
Fig. 8. At low flow rates the bubble detachment is
assumed to be thermally controlled, occurring at a
fixed value of the Nusselt number [@/&(T,,,  -
TQfz  )B)]. At high flow rates bubble departure is
hydrodinamically  induced  and  occurs  a t  a  fured
Stanton number [4/tiCpQ(Tsat  - TQ(Z  )B)] . Figure 9
shows experimental data from three fluids plotted as
Stanton number versus Peclet  number (ti~,~/hp).
Two regions can be distinguished. Below a Pe value of
70 000, the data fall on a line of slope -1. Above this
value St is a constant.

If Pe < 70 000, the value of AT,,,@  )B
(= Tsat - TQ~Z )B)  at point B is given by

AT,,,fZ  )B = 0.002 2 F (21)

for Pe > 70 000, the value of AT,,&z  )B at B is given
by

AT,,,fZjB  = 153.8 4
kc,Q

For the region BCD, both the void fraction and the
pressure drop can be evaluated using the relationships
given in Sec. 2.3.2, provided that the actual vapor
quality can be established. A suitable empirical method
has been suggested by Levy [13].  It is assumed that
the actual or �true� vapor mass fraction, x�fz  j, is

0 1983 Hemisphere I
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Figure 9 Conditions for point of bubble detachment (point B).
From Saha and Zuber [ 141.

related to the �thermodynamic� vapor mass fraction,
xfz j, by the relationship

x'fzj=x(zj-xXfzjB  exp(s-- 1) (23)

where xfz )B is the (negative) �thermodynamic� vapor
mass fraction at the point of bubble detachment, given

by

XfZ+B = -
CpQATsudZ+B

ah
”

Equation (23) is a simple relationship that satisfies the
following boundary conditions:

1. At xfz j = xfz )B, then x�fz  j = 0.
2. (d/dz) (x�fz  j) at point B must be zero.
3. x�fzj+xfzj for xfzj% IxfzjBI.

Other methods are available, but Levy�s method is
recommended as being simple to use for a wide range
of fluids.

C. Saturated boiling

(a) Saturated nucleate boiling region

The mechanism of heat transfer in the saturated
nucleate boiling region is essentially identical to that in
the subcooled region. A thin layer of liquid near the
heated surface is superheated to a degree sufficient to
allow nucleation. The heat transfer coefficient and
heater surface temperature variation is smooth and
continuous through the thermodynamic boundary
(x = 0) marking the onset of saturated boiling. The
methods and equations used to correlate experimental
data in the subcooled region remain valid for this

lblishing  Corporation



2.7.3-10 2.7 BOILING  AND  EVAPORATION  / 2.7.3 BoilingwitbinVerticaI  Tubes

region with the proviso that T&z) = Tsat. Just as the
heat transfer mechanism in the subcooled region is
independent of the subcooling and, to a large degree,
the mass velocity, so it may be inferred that the heat
transfer process in this region is independent of the
�mass quality� x(z) and the mass velocity (ti). This,
indeed, is found to be the case for experimental
studies of fully developed nucleate boiling. Because the
bulk temperature is constant in this region, the heat
transfer coefficient is also constant, since AT,,, is
fixed for a given heat flux and system pressure.

(b) Suppression of saturated nucleate boiling

To maintain nucleate boiling on the heater surface, it
is necessary that the wall temperature exceeds the
critical value for a specified heat flux. If the wall
superheat is less than that given by Eq. (6) for the
imposed surface heat flux, then nucleation does not
take place; the value of AT,,, (= T, - Tsat)  for
comparison with this equation is calculated from the
ratio (d/c+),  where orP is the two-phase heat transfer
coefficient in the absence of nucleation:

qonb =
84, ~Tsat
AQ &P,

(25)

Equation (25) represents an equation for the
boundary between the saturated nucleate boiling and
the two-phase forced convective region (Fig. 4). As for
the case of subcooled nucleate boiling, this relationship
is valid only on the basis of a complete range of sizes
of �active� cavities on the heating surface. By analogy
with the subcooled region, there is a similar partial
boiling transition between fully developed saturated
nucleate boiling and the two-phase forced convective
regions. In this transition region, both the forced
convective and nucleate boiling mechanisms are signifi-
cant.

Direct observations of nucleation in annular flow
have been reported by Hewitt et al. [15]. The geome-
try used was an internally heated annulus with a
climbing film on the inner heated surface only. The
results obtained are shown in Fig. 10 and qualitatively
confirm the expected trends. However, the values of
(io& calculated from Eq. (25) are very much lower
than measured. This is because of the restricted range
of active cavity sizes available on the stainless steel
surface employed as the heater. For such circum-
stances, Eq. (10) should be used to evaluate
(Tw - Tsadonb, together with the recommendations
given in Sec. 2.7.2A regarding the evaluation of rc. For
the experimental conditions shown in Fig. 10, a maxi-
mum size of active cavity present might be -1 p
radius.

1.2 -

O- ' &I 50 60 70 60 SO 100

QUALITY AT NUCLEATION POINT, 7. BY WEIGHT

Figure 10 Suppression of nucleation in annular flow.

(c) The two-phase forced convection region

The two-phase forced convective region is most likely
to be associated with the annular flow pattern. Heat is
transferred by conduction or convection through the
liquid film, and vapor is generated continuously at the
liquid film/vapor core interface. Extremely high heat
transfer coefficients are possible in this region; values
can be so high as to make accurate assessment diffi-
cult. Typical figures for water of up to 200 kW/m� �C
have been reported.

Following the suggestion of Martinelli, many work-
ers [16-221  have correlated their experimental results
for heat transfer rates in the two-phase forced convec-
tive region in the form

(26)

where aQo  (and (YQ) is the value of the single-phase
liquid heat transfer coefficient based on the total (or
liquid component) flow and X,, is the Martinelli
parameter [= (App/A~g)��]  for turbulent-turbulent
flow (see Sec. 2.3.2). A number of relationships of the
form of Eq. (26) have been proposed, and in some
cases these have also been extended to cover the
saturated nucleate boiling region. Table 3 summarizes
some of the correlations proposed. These correlations
do, however, have a high mean error (530%).

It can be shown that

%p D 1-=-=
&Q 46 1 - eg (27)

where 6 is the liquid film thickness on the heating
surface and 1 - eg is the liquid hold-up. Martinelli
successfully correlated the liquid hold-up 1 - eg using
the parameter X (see Sec. 2.3.2). Thus, it might be
expected that an approach such as that implied by Eq.
(26) might also be successful. However, the use of Eq.
(27), together with actual or predicted void fraction
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2.7 BOILING AND EVAPORATION / 2.7.3 Boiling within Vertical Tubes 2.7.3-l  1

Table 3 Various  correlations for heat transfer in the two-phase  forced convection and nucleate boiling regions

Reference
Two-phase system
fluid

Equation for two-phase
forced convective region

Criterion for initiation
of nucleation

Modification for nucleate
boiling in liquid film

Dengler and 2.54 cm X 6.1 m (ATsat)onb = 7.9UB�

Addoms [ 161 vertical steam-$ where up is the local liquid
heated tube velocity (m/s), given by
(water) +�(I  -x)

�  = ,,Q(l -Eg)

Guerrieri and 1.9 cm X 1.83 m
Talty [17] vertical tube

(various organics)

�t*-  > 0.049

r * is the radius of an equi-
librium bubble correspond-
ing to the wall superheat
[Eq. 2.7.1(7)].  6 is the
thickness of the laminar
fii given by

F = 0.67
t

[ATsat  - (ATsat)onbl

Bennett et al. Internally heated Used Rohsenow Eq. 2.7.2(7)  for

1181 vertical annulus nucleate boiling
(water) 4 in W/m�

S&rock  and Vertical tubes These authors proposed one equation for both regions of heat transfer:
Grossman heated electrically
[19,201 (water)

z=T[&+-(jLr] where y = 7.39 X 103, m = 1.5 X lo-�,  and n = 0.66

However, Collier et al. [ 221  found better agreement with their data when the modified values
given by Wright [21]  (y = 6.70 X 10�)  m = 3.5 X 10m4,  n = 0.66) were used.

data, yields estimates of atp that are about 50% higher
than values measured experimentally.

Chen [23] has proposed a correlation that has
been generally accepted as one of the best available.
The correlation covers both the saturated nucleate
boiling region and the two-phase forced convective
region. It is assumed that both nucleation and convec-
tive mechanisms occur to some degree over the entire
range of the correlation and that the contributions
made by the two mechanisms are additive:

crtp = %b + % (28)

where (Y,~ is the contribution from nucleate boiling
and (Y,  the contribution from convection through the
liquid film.

An earlier, very similar approach that has been
used successfully for design in the process industries
over a number of years was given by Fair [24].

In the Chen correlation ILQ, the convective contri-
bution, is given by

The parameter F is a function of the Martinelli param-
eter Xtt (Fig. 11). The equation of Forster and Zuber
[25]  was taken as the basis for the evaluation of the
nucleate boiling component (Y,b.  Their pool boiling
analysis [see Eq. 2.7.2(g)] was modified to account
for the thinner boundary layer in forced convective
boiling and the lower effective superheat that the
growing vapor bubble sees The modified Forster-Zuber
equation becomes

Figure 11 Convective boiling factor F.
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2.7.3-12 2.7 BOILING AND EVAPORATION / 2.7.3 Boiling within Vertical Tubes

Figure 12 Nucleate boiling suppression factor S.

(Y,b  = 0.00122
g.79co.4s a49

pll Pa
o0.5v~29@24pj.24 AT:;? Ap,“H:”  S

G-1
where S is a suppression factor defined as the ratio of
the mean superheat seen by the growing bubble to the
wall superheat AT,,,. S is represented as a function of
t h e  l o c a l  t w o - p h a s e  R e y n o l d s  n u m b e r  Retp
(=RepF1*2s)  (Fig. 12).

Curve fits to the functions shown in Figs. 11 and
12 for F and S, respectively, are

F= 1 for X1GO.l

F=2.35(&+i213r7x  f o r  &>O.l  ( 3 0 )

S=
1 + 2.53 : 10-6Re$r7 (31)

This correlation fits the available experimental data
remarkably well (with a standard deviation of 11% on
heat transfer coefficient).

To calculate the heat transfer coefficient otp at a
known heat flux 4, mass velocity, and quality, the
steps are as follows:

1. Calculate l/X,,  (see Sec. 2.3.2) or use

2. Evaluate F from Fig. Il.
3. Calculate oc from Eq. (29~).
4. Calculate Ret, f r o m  ReQ  [= riz(l  - x)D/n,a]

and F (Ret, = Rep F1.25).
5. Evaluate S from Fig. 12 using the calculated

value of Ret,.
6. Calculate (Y,b  for a range of values of AT,,,.
7. Calculate oltp from Eq. (28) for the range of

AT,,, values.
8. Plot $(= (Yip AT,,,)  for the AT,,, range against

otp and interpolate otp at 4.

The correlation developed by Chen is the best available
for the saturated forced convective boiling region in
vertical ducts and is recommended for use with all
single component nonmetallic fluids. An alternative
correlation, which is also valid for saturated forced
convective boiling in horizontal ducts, is discussed in
Sec. 2.7.4.

Ananiev et al. [26] proposed a particularly simple
relationship to correlate their data for condensation of
steam in a horizontal tube at elevated pressure. It
originates from the analogy between liquid film flow
and single-phase flow in a pipe and may be used to get
a quick estimate of the heat transfer coefficient in
evaporation as well as for condensation.

(32)

where aQo is the heat transfer coefficient to liquid
flowing at the same total flow rate as the vapor-liquid
mixture in the tube and p is the homogeneous mean
density of the vapor-liquid mixture, given by

;=(;+y) (33)

The average coefficient Btp for complete evaporation
of a liquid is given (approximately) by

(34)

These relationships will give only very approximate
values of heat transfer coefficient and should not be
used when @Q/p,)  is greater than 50.

D. Critical heat flux

The critical heat flux (CHF) condition forms a most
important boundary when considering the performance
of heat exchange equipment in which boiling or evap-
oration occurs. It is characterized by a sharp reduction
of the local heat transfer coefficient that results from
the replacement of liquid by vapor adjacent to the
heat transfer surface. For the case where the surface
heat flux is the independent variable, such as in a
radiantly heated furnace or a nuclear reactor fuel
element, the condition manifests itself as a sharp
increase in surface temperature as the critical heat flux
value is reached.

The vast majority of experimental studies of the
critical heat flux condition relate to water as the
evaporating fluid. Fluids other than water are dealt
with in a separate subsection toward the end of Sec.
6).
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2.7 BOILING AND EVAPORATION / 2.7.3 Boiling within Vertical Tubes 2.7.3-13

(a) Nomenclature

There is considerable disparity in nomenclature for the
CHF condition. The most common name is burnout,
but this implies a physical destruction of the heated
surface. The alternative forms DNB (departure from
nucleate boiling) and dryout are equally unsatisfactory
for a generai  description of the phenomenon, although
they correctly describe specific mechanisms. The term
critical heat flux condition has therefore been chosen
to denote the state of the system when the character-
istic reduction in heat transfer coefficient has just
occurred, and the term critical heat flux (CHF) to
describe the value of heat flux at which, and local to
the point at which, this state of the system first
occurs. The main difficulty in using the chosen nomen-
clature is that it implies an approach to the critical
condition by increasing the heat flux, whereas, in fact,
the critical condition may also be approached for a
given system by varying any of the other independent
variables: pressure, inlet temperature (or mass quality),
and mass velocity.

Considerable differences also exist in the practical
methods used to define and measure the critical condi-
tion. Thus, before attempting to compare data from
different sources, it is always necessary to ensure that
the definition and methods used in the different works
are the same or, at least, are likely to give similar
results.

(b) Critical heat flux in uniformly
heated vertical tubes

For the present, the discussion will be restricted to the
case of a stable subcooled water flow evaporating in
vertical uniformly heated tubes. In general, for uni-
formly heated channels, the onset of the CHF condi-
tion occurs fust at the exit end of the channel. For
nonuniform axial heat flux distribution, overheating
may occur fust either at the exit or upstream of the
exit.

There are certainly five major variables that can
influence the critical heat flux: the inlet flow rate, the
inlet temperature, the system pressure, the tube
internal diameter, and the tube length,

dcr =fnf% ATsub,i,  P. 0, Z) (35)

Since overheating of the tube surface at the critical
condition almost invariably begins at the exit of the
heated section, it can be argued that display and
correlation should be in terms of the exit condition.
The thermodynamic state of the fluid at the tube exit
may be either subcooled or saturated. Either the fluid
enthalpy hfz) or the thermodynamic mass quality
x-(z) may be chosen to characterize the exit condi-

tion. Each of these dependent variables is related to
the inlet subcooling via the heat balance equation:

hfZ) = hi + $$ - ahsub,i (36)

XfZ) = &
”

(37)

Thus, as alternatives to Eq. (35), it is possible to write

4c* = fn(riz,  h(z j, p, D, z j (38)

= fnfk, xfzj, P, 0, 2) (39)

It is helpful to examine briefly the manner in which
the CHF varies with some of the independent variables.
Examples of such relationships are shown in Figs.
13-19. The following conclusions can be drawn from
these examples.

1. When the influence of one particular variable
on the critical heat flux is considered, it is essential to
specify which of the other independent (or dependent)
variables is held constant.

2. When the pressure, tube diameter, and tube
length are held constant, the critical heat flux increases
linearly with inlet subcooling for fmed mass velocity
and increases with mass velocity at fixed inlet subcool-
ing (Fig. 13).

3. When the pressure, tube diameter, and tube
length are held constant, the critical heat flux de-
creases linearly with increasing exit mass quality
(xfz j) for a fured mass velocity (Fig. 14). In the
subcooled region (negative values of xfz j), the critical
heat flux increases with increased mass velocity at

bhs,b,i , Btu/lb

100 200 300 400 500 600
I I I I I I

rir -2650  kg/m25
(1.95x1061b/hft2)

p - 138BAR  (2OOOpsid
D-7.7mm(0.304in.)

I - 45.7cmflBin.)

1 I I I I
0.25 0.5 0.75 1 1.25

Ahwb i , INLET SUECOOLING,  MJ/kg

7 2.

-1

-1.

-0

I

Figure 13 The effect of inlet subcooling on critical heat flux.
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h- 2650 kg/mzs (1.95r1061b/hf12)

0.10 0.20 0.30

X (2). EXIT OUALITY-MASS  FRACTION STEAM

Figure 14 The influence of exit quality on critical heat flux.

constant exit conditions. In the saturated region (posi-
tive values of xfz j, there is a crossover, and at high
values of exit quality the critical heat flux decreases
with increasing mass velocity.

4. For fmed values of pressure, tube diameter, and
mass velocity, the critical heat flux decreases with
increasing tube length (z) at fixed inlet subcooling
(Fig. 15). The linear variation between critical heat
flux and inlet subcooling breaks down at low values of
z/D.

5. At tixed values of pressure, tube diameter, and
mass velocity, the effect of tube length (z) on the
critical heat flux for fixed exit quality is small (Fig.
16).

6. At fixed pressure, tube length, and mass veloc-
ity, an increase in the tube diameter (0) increases the
critical heat flux value for a fixed inlet subcooling
(Fig. 17).

7. At fured pressure, tube length, and mass veloc-
ity, the critical heat flux decreases as the tube diame-
ter (0) is increased for fixed values of exit quality
(Fig. 18).

8. For fixed tube diameter, tube length, and mass
velocity, the critical heat flux falls rapidly as the
pressure is increased for fmed exit mass quality
(xfz) = 0) (Fig. 19). At mass velocities below 2 700
kg/m2 s, the value of CHF at xfz) = 0 will be
increased for pressures below 100 bar and decreased at
higher pressures. For higher mass velocities the con-
verse is true. For the condition where the inlet sub-
cooling is held constant, the CHF passes through a

Ahsub,iv Btu/lb

0.2 0.4 0.6
Ah sub,,i,  INLET  SUBCOOLING, MJ/kg

2.0

I.5

3
‘0
;

I.4
r

LO=
‘;
z

.g

9.5

D

Figure 15 The effect of tube length on critical heat flux at
fvted inlet conditions.
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Figure 16 The effect of tube length on critical heat flux at
fixed exit conditions.
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Figure 17 The influence of tube diameter on critical heat flux
at fmed inlet conditions.
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Figure 18 The influence of tube diameter on critical heat flux
at fixed exit conditions.
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Figure 19 The influence of system pressure on the critical heat
flux.

maximum at low pressures and then falls as the
pressure is mcreased.  A secondary maximum may be
found in the pressure range 100-200 bar that is
enhanced by increasing the subcooling and mass veloc-
ity and by reducing the z/D ratio. If the inlet water
temperature Tai  is held constant, then the inlet sub-
cooling increases as the pressure is raised and the
influence of system pressure on CHF is much reduced
over the entire pressure range.

The observation that the critical heat flux is
independent of tube length for a given exit quality can
be used to simplify Eq. (39), which now becomes

4cr = f~fxfz+, h, P, D+ (40)

From this it follows that these further equations hold:

Xcr = fnfzsat, 6 P, Dj (42)

where zsat is the length of the tube over which the
mass quality is raised from zero to xcr, the mass
quality at the CHF condition. Figure 16 suggests there
is a general relationship between 4,, and the local
quality, whereas Eq. (42) suggests that the mass frac-
tion of the liquid that can be evaporated (xcr) in the
channel before the onset of the critical condition is a
function of the length over which the evaporation
takes place (zsat). Neither of these two views of the
critical phenomenon is completely correct, and neither,
as it turns out, can be used as a general basis for the
prediction of more complex cases. Figure 20 shows the
data of Fig. 16 replotted in the form suggested by Eq.
(42).
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Figure 20 Critical steam quality as a function of boiling length.

(c) Availability of experimental information

Experiments to determine the critical heat flux for
water in vertical uniformly heated round tubes have
been carried out in many countries over the past 20
years or so. A compilation of much of this data was
published by Thompson and Macbeth [27]  in 1964. A
total of 4 389 separate experimental results are re-
corded, covering a very wide range of independent
variables. None of the wide range of experimental data
from the U.S.S.R. is included in this compilation.
However, the Soviet data is generally in good agree-
ment with the data in the compilation. Moreover, the
U.S.S.R. Academy of Sciences [28]  has produced a
series of standard tables of critical heat flux as a
function of the local bulk mean water condition and
for various pressures and mass velocities for a fixed
tube diameter of 8 mm. These tables are reproduced as
Table 4 and are valid for z/D  > 20. For tube diameters
other than 8 mm, the critical heat flux is given by the
approximate relationship

0.5
4cr = 4cr,8mm or4GDG16n-m (43)

(d) Limits of critical heat flux

The critical heat flux condition cannot exist if the
heating surface temperature lies below the saturation
temperature. Thus, the minimum possible CHF is given

by

(gcr)min = ATsub*i
4z/ti~,~D  + l/orfO

The critical heat flux condition must occur at OI
before all the liquid fed to the channel is evaporated
[xfz) = 11. Thus the maximum possible CHF is given
by

(cicrlmax =
y” (1 + %?A$q

(45)

(e) Empirical correlation of experimental
data for water

The technical importance of the CHF condition has led
to the development of a bewildering variety of correla-
tions. One well-known empirical correlation is that of
Thompson and Macbeth [27], and is based on the
�local conditions hypothesis,� which suggests that the
critical heat flux is solely a function of the local mass
quality at the point of overheating [as implied by Eq.
(40)]. A more recent correlation that retains the basis
and accuracy of the Thompson/Macbeth correlation
but is more convenient to use has been provided by
Bowring  [29]. The assumption is made that icr is a
linear function of local quality xfz j, leading to a
correlation of the form

4, =
A + B &ub,i

c+z
(46)

where 4,, is the critical heat flux in W/m2  ; &�b,  j is
the inlet subcooling in J/kg; z is the tube length in m;
and A, B, and C are functions given by

A = 2.317
(0.25 Ah,@)F,

1.0 + 0.0143F  D”2ti2

B = 0.25Dri (47)

C =
O.O77F,Dti

1.0 + 0.347F,(riz/l 356)”

where D is the internal tube diameter in m, riz is the
total mass velocity in kg/m2 s, and Ah, is the latent
heat of vaporization in J/kg. The exponent IZ is given

by

n = 2.0 - 0.00725p (48)

where p is the system pressure in bar. F1, F2, F3, and
F4 are functions of system pressure and are tabulated
in Table 5. The correlation was derived from data
covering the following parameter ranges:

Pressure (p): 2-190 bar
Tube diameter (D): 0.002-0.045 m
Tube length (z): 0.15-3.7 m
Mass velocity (liz): 136-18 600 kg/m2 s

The root-mean-square (rms) error of the correlation is
7% and the 95% confidence level is *14%.
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Table 4 U.S.S.R.  Academy of Sciences  [28]  standard tables for CHF for water in upward flow with uniform heat flux�

Local bulk mean water conditions

Mass Subcooling, �C Quality
velocity,
kg/m� s 75 50 25 10 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

750
1 000
1500
2 000
2 500
3 000
4 000
5 000

750
1000
1500
2 000
2 500
3 000
4 000
5 000

750
1000
1500
2 000
2500
3 000
4 000
5 000

500
750

1000
1 500
2 000
2 500
3 000
4 000
5 000

500
750

1 000
1 500
2 000
2 500
3 000
4 000
5 000

500
750

1000
1500
2 000

-
-
10.53
10.80
11.25
12.10
12.60

-
9.40
9.75

10.05
10.40
11.20
11.65

p = 29.5 bar
- - - - 7.95 7.50 7.10 6.75 6.45 6.15 5.80 5.50 5.25 5.00 4.80 4.20 3.75 3.20 -
- 8.80 8.40 8.20 7.70 7.25 6.75 6.35 5.95 5.60 5.25 4.95 4.65 4.30 4.00 3.70 3.35 - -

9.50 8.75 8.20 8.00 7.25 6.55 6.00 5.40 4.90 4.60 4.15 3.80 3.40 3.00 2.60 - - - -
9.65 8.60 8.00 7.75 6.70 5.90 5.55 4.75 4.25 3.80 3.35 2.90 2.50 - - - - - -
9.90 8.65 7.90 7.60 6.35 5.50 4.80 4.25 3.70 3.25 2.80 2.35 - - - - - - -

10.05 8.65 7.85 7.40 6.05 5.20 4.55 3.95 3.25 3.05 2.65 - - - - - - - -
10.35 8.75 7.75 7.20 5.75 4.80 4.05 3.50 3.05 2.65 - - - - - - - - -
10.65 8.85 7.70 7.05 5.25 4.30 3.80 3.30 2.90 2.50 - - - - - - - - -

p = 49 bar
- - - 7.40 6.75 6.25 5.80 5.40 5.10 4.85 4.60 4.35 4.15 3.95 3.75 3.55 3.40 3.20 3.00

8.55 8.00 7.60 7.40 6.50 5.95 5.55 5.20 4.90 4.60 4.30 4.05 3.85 3.60 3.40 3.20 2.95 - -
8.75 8.10 7.60 7.25 6.25 5.50 5.00 4.60 4.30 4.05 4.80 3.55 3.30 3.05 2.85 - - - -
9.00 8.15 7.60 7.10 5.90 5.10 4.50 4.05 3.70 3.40 3.15 2.90 2.65 - - - - - -
9.20 8.20 7.45 7.00 5.70 4.75 4.15 3.70 3.35 3.05 2.75 2.35 - - - - - - -
9.40 8.25 7.35 6.90 5.55 4.60 3.95 3.50 3.10 2.75 2.45 - - - - - - - -
9.75 8.30 7.20 6.60 5.30 4.30 3.65 3.15 2.60 2.10 - - - - - - - - -

10.15 8.40 7.10 6.35 5.05 4.05 3.35 2.85 2.30 1.75 - - - - - - - - -

p = 69 bar
7.40 6.85 6.45 6.20 5.45 4.90 4.50 4.20 3.95 3.75 3.55 3.35 3.20 3.00 2.85 2.65 2.45 2.25 --

8.15 7.60 6.85 6.45 6.15 5.30 4.70 4.30 4.00 3.75 3.50 3.30 3.05 2.80 2.60 2.35 2.10 -
8.50
8.85
9.20
9.75

10.20
11.40

7.80 6.95 6.45 5.95 5.10 4.35 3.95 3.60 3.25 2.95 2.75 2.55 2.35 - - -
8.00 7.00 6.40 5.90 4.80 4.05 3.55 3.20 2.85 2.55 2.30 2.05 - - - -
8.25 7.00 6.35 5.70 4.50 3.75 3.25 2.90 2.55 2.25 1.95 - - - - -
8.45 7.15 6.25 5.55 4.30 3.60 3.10 2.65 2.25 1.90 - - - - - -
8.90 7.25 6.10 5.35 4.10 3.30 2.75 2.25 1.90 - - - - - - -
9.60 7.40 6.30 5.65 4.25 3.10 2.45 1.95 1.50 - - - - - - -

p = 98 bar
-

6.30
6.55
7.05
7.65
8.25
8.75

10.00
11.40

- 4.95 4.65 - - _ - - - - - - - - - -
5.80 5.20 4.90 4.55 3.90 3.55 3.30 3.05 2.80 2.60 2.40 2.25 2.10 1.95 1.75 1.55
5.95 5.05 4.80 4.55 3.90 3.45 3.10 3.10 2.85 2.40 2.20 2.00 1.75 1.60 - -
6.25 5.25 4.80 4.50 3.85 3.30 2.90 2.60 2.30 2.05 1.80 1.55 - - - -
6.50 5.40 4.85 4.45 3.60 2.95 2.50 2.20 1.90 1.65 - - - - - -
7.00 5.65 5.00 4.30 3.40 2.80 2.40 2.05 1.70 1.40 - - - - - -
7.50 6.00 5.15 4.30 3.35 2.60 2.10 1.75 1.45 1.20 - - - - - -
8.25 6.40 5.25 4.50 3.25 2.40 1.95 1.55 1.25 0.95 0.75 0.55 0.45 0.35 - -
9.40 6.90 5.80 4.65 3.30 2.25 1.70 1.35 1.10 0.90 0.75 0.60 0.50 0.40 - -

4.90
5.20
5.55
6.15
7.20
7.80
8.75
9.60

11.10

p = 118 bar
4.40 3.90 3.70 - - - - - - - - - - - - -
4.60 4.00 3.70 3.40 2.95 2.60 2.40 2.25 2.05 1.90 1.75 1.60 1.45 1.30 1.20 -
4.80 4.20 3.75 3.45 2.95 2.65 2.40 2.20 1.95 1.60 1.45 1.30 - - - -
5.40 4.45 3.90 3.45 2.90 2.50 2.20 1.90 1.65 1.45 1.25 - - - - -
6.15 4.85 4.10 3.55 2.90 2.40 2.05 1.75 1.45 1.15 - - - - - -
6.60 5.20 4.20 3.60 2.90 2.35 1.90 1.50 1.25 1.05 - - - - - -
7.15 5.55 4.45 3.70 2.95 2.15 1.70 1.30 1.00 0.80 0.65 0.55 - - - -
7.85 6.20 5.00 3.90 3.00 2.15 1.70 1.30 1.00 0.80 0.65 0.55 0.45 0.40 - -
8.80 6.75 5.55 4.45 3.05 2.15 1.70 1.35 1.10 0.90 0.75 0.60 0.50 0.45 - -

3.90
4.10
4.50
5.30
6.15

p = 137 bar
3.45 3.00 2.70 2.55 - - - - - - - - - - - -
3.65 3.15 2.80 2.50 2.25 2.05 1.85 1.70 1.55 1.40 1.30 1.20 1.10 - - -
3.95 3.40 3.05 2.80 2.25 2.00 1.80 1.60 1.40 1.30 1.15 - - - - -
4.50 3.80 3.25 2.95 2.30 1.95 1.70 1.45 1.20 0.90 - - - - - -
5.15 4.15 3.50 3.10 2.40 1.95 1.60 1.30 1.00 0.80 - - - - - -

-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-

-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-

-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
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Table 4 (Continued)  U.S.S.R.  Academy of Sciences  [ 281  standard tables  for CHF for water in upward flow with
uniform  heat flux�

Local bulk meanwater conditions

Mass Subcooling,"C Quality
velocity,
kg/m’s 7 5 50 25 10 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

2500
3 000
4000
5 000

500
750

1000
1500
2000
2500
3000
4 0 0 0
5 000

500
750

1000
1500
2000
2500
3000
4 0 0 0
5 000

500
750

1000
1500
2000
2500
3000
4 0 0 0
5 000

p=137bar

6.75 5.70 4.50 3.75 3.25 2.50 1.95 1.45 1.10 0.90 0.75 0.60 0.50 0.40 0.30 -
7.55 6.30 4.90 4.00 3.40 2.55 1.90 1.45 1.15 0.90 0.80 0.60 0.55 0.40 0.35 -
9.25 7.40 5.70 4.65 3.80 2.75 2.05 1.55 1.30 1.05 0.90 0.75 0.65 0.55 0.45 -

10.60 8.45 6.40 5.30 4.30 3.05 2.20 1.80 1.50 1.25 1.05 0.90 0.75 0.60 0.50 -

p=157  bar
2.95 2.55 2.20 1.85 - - - - - - - - - - - -
3.30 2.90 2.45 2.15 2.00 1.75 1.50 1.35 1.20 1.05 0.95 0.85 - - - -
3.75 3.25 2.70 2.35 2.10 1.80 1.55 1.35 1.20 1.05 0.90 - - - - -
4.55 3.80 3.25 2.75 2.30 1.95 1.60 1.35 1.15 0.95 0.80 0.60 - - - -
5.40 4.50 3.65 3.00 2.45 2.10 1.75 1.45 1.25 1.05 0.85 0.60 0.45 0.35 0.30 -
6.10_ 5.05 4.05 3.35 2.65 2.20 1.80 1.55 1.25 1.00 0.80 0.65 0.50 0.45 0.40 -
6.80 5.65 4.45 3.60 2.85 2.25 1.85 1.55 1.30 1.05 0.85 0.65 0.55 0.45 0.40 -
8.30 6.70 5.25 4.25 3.15 2.60 2.10 1.75 1.45 1.20 1.00 0.85 0.70 0.55 0.45 -
9.80 7.85 5.90 4.70 3.75 3.00 2.40 2.00 1.65 1.40 1.20 1.00 0.80 0.65 0.55 -

p=176  bar
2.20 1.90 1.65 1.50 1.40 - - - - - - - - - - -
2.95 2.50 2.10 1.75 1.50 1.30 1.10 0.95 0.80 0.70 0.60 0.50 - - - -
3.45 2.85 2.25 1.90 1.60 1.35 1.15 1.00 0.85 0.75 0.65 0.50 0.40 0.30 0.20 -
3.70 3.20 2.55 2.25 1.80 1.55 1.30 1.10 0.90 0.80 0.65 0.55 0.45 0.35 0.30 -
4.60 3.75 3.00 2.50 2.10 1.75 1.45 1.25 1.10 0.95 0.75 0.60 0.45 0.35 0.30 -
5.05 4.35 3.30 2.80 2.15 1.90 1.65 1.45 1.20 1.00 0.80 0.65 0.55 0.45 0.35 -
5.70 4.70 3.55 3.00 2.35 2.05 1.80 1.55 1.35 1.15 0.95 0.80 0.65 0.50 0.40 -
7.25 5.75 4.40 3.55 2.85 2.45 2.05 1.80 1.55 1.35 1.15 1.00 0.80 0.65 0.50 -
8.70 6.85 4.95 3.85 3.05 2.75 2.40 2.05 1.70 1.45 1.20 1.00 0.85 0.70 0.60 -

p= 196bar
1.70 1.55 1.45 1.35 1.30 - - - - - - - - - - -
2.05 1.80 1.60 1.40 1.35 1.00 0.80 0.70 0.65 0.50 0.45 0.45 - - - -
2.30 2.05 1.75 1.55 1.35 1.10 0.95 0.80 0.70 0.60 0.50 0.40 0.30 - - -
2.95 2.55 2.00 1.80 1.50 1.30 1.15 1.00 0.85 0.70 0.55 0.45 0.40 0.35 0.25 -
3.55 2.85 2.40 2.00 1.65 1.45 1.30 1.15 1.00 0.85 0.70 0.55 0.45 0.35 0.30 -
4.05 3.45 2.65 2.20 1.75 1.60 1.45 1.25 1.10 0.95 0.80 0.65 0.55 0.45 0.35 -
4.95 3.75 3.00 2.35 1.90 1.75 1.55 1.35 1.20 1.05 0.90 0.75 0.65 0.50 0.40 -
6.25 4.85 3.55 2.65 2.00 1.85 1.70 1.55 1.40 1.25 1.10 0.90 0.75 0.60 0.50 -
7.55 5.80 4.05 3.00 2.30 2.30 2.10 1.90 1.70 1.45 1.25 1.05 0.90 0.75 0.60 -

-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-

’Tube diameter 8 mmbore;figuresin MW/m’.

(f) CLitical  heat flux for water in vertical
round tubes with nonuniform heating

Various methods have been proposed to deal with a
nonuniform axial heat flux profile.

I. The local conditions  hypothesis

If it is assumed that there is a unique relationship
between critical heat flux and local mass quality, for
example, of the form Eq. (40), then the case of a
nonuniformly heated tube can be dealt with in a

straightforward manner. The distance along the tube is
denoted by z, the functional form of the heat flux
profile by ffz j, the local heat flux by 4fz j, and the
peak heat flux by i,,,.

4fz+=ffz+4max (49)

If (4 1m a x  cr,z is the value of the peak heat flux when
the CHF is exceeded at z, then it can be shown that
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Table 5 The Bowring  [29] critical heat flux
correlation�

Pressure,
bar F, F, F3 F4

1 0.418 1.782 0.400 0.000 4
5 0.478 1.019 0.400 0.005 3

10 0.478 0.662 0.400 0.016 6
15 0.418 0.514 0.400 0 . 0 3 2 4
20 0.478 0.441 0.400 0.052 1
25 0.480 0.403 0.401 0.075 3
3 0 0.488 0.390 0.405 0.102 9
35 0.519 0.406 0.422 0.138 0
4 0 0.590 0.462 0.462 0.188 5
45 0.707 0.564 0.538 0.266 3
50 0.848 0.698 0.647 0.381 2
6 0 1.043 0.934 0.890 0.708 4
68.9 1.000 1 .ooo 1.000 1.000
IO 0.984 0.995 1.003 1.030
80 0.853 0.948 1.033 1.322
90 0.743 0.903 1.060 1.647

100 0.651 0.859 1.085 2.005
110 0.572 0.816 1.108 2.396
120 0.504 0.115 1.129 2.819
130 0.446 0.736 1.149 3.274
140 0.395 0.698 1.168 3.760
150 0.350 0.662 1.186 4.277
160 0.311 0.628 1.203 4.825
170 0.277 0.595 1.219 5.404
180 0.247 0.564 1.234 6.013
190 0.220 0.534 1.249 6.651
200 0.197 0.506 1.263 7.320

�Tabulation of functions F, , F, , F, , and F4 for
water only.

The minimum value of (4,a,),r,Z,  i.e., the predicted
first occurrence of the CHF condition, occurs when

Using values of A, B, and C derived from CHF data
taken from uniformly heated tubes, Barnett [30]
compared the predictions of Eq. (50) with experi-
mental data from two sources [31, 321.  Predicted
idues  Of (irnax>cr were consistently higher than
experimental values. The method did, however, appear
satisfactorily to predict the area of the tube over
which the CHF condition would occur. This compari-
son showed that the �local conditions� hypothesis is
not generally valid.

II. The �overall  power�  hypothesis

The overall power hypothesis suggests that the total
power that can be fed to the tube with nonuniform
heating before the CHF condition is reached will be
the same as that for a uniformly heated tube of the

0 1983 Hemisphere 1
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same dimensions with the same inlet conditions. No
prediction of the location of CHF is made with this
method. It was found that the method predicted the
critical power for a number of sine-wave-profile tubes
reasonably well. Barnett [30], however, showed that
the hypothesis was not generally valid for different
heat flux profiles when he compared the data of
Swenson et al. [32].

III. The quality/boiling  length approach
(xcr Venus Gad

An improvement over the overall power hypothesis is
to use the critical quality/boiling length form of corre-
lation suggested by Eq. (42) and Fig. 16. CHF data for
nonuniform heat flux tend to fall on the same line as
those for uniform heat flux conditions when plotted
on these coordinates. An example is given in Fig. 21.
Although the x,,/zsat method is an improvement, it is
still not fundamentally correct, because in some
instances it is possible to insert an unheated (�cold�)
patch into a uniformly heated tube, which reduces the
value of zsat but increases the critical quality x,,.

IV. The F-factor  method

An empirical method has been derived by Tong and
co-workers [33-351  that enables the effect of the
upstream flux profile on the local CHF value to be
taken into account. A factor F is defined such that

(52)

where (4&z ))tl  is the value of the CHF at any given
local enthalpy for the uniform heat flux profile case

and (4crfz+>m is the corresponding value for the
particular nonuniform heat flux profile. The form of
the correction factor F was obtained from an energy
balance and is

E-- �
c

MASS �ELOClTY  FOR ALL PaNTS= 2.72 xlO%g/sm~
DIAMETER OF TUBE ALL POINTS = 12.6mm

E 10 TOTAL LENGTH OFTUBEALL POINTS=3657.6mm I
Ol.�.�.,��..��.~�.�~� I

10 15 2.0 2.5 3.0 3.5
BOILING LENGTH zso,,m

Figure 21 Example of nonuniform CHF data xcr plotted
against zsat.  From Keeys et al. [ 1011.

Wing  Corporation

4
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F =

X exp [-a(~,, - z)] d z

From the definition of F,

&r++)nu  =
A + Bhub,i

WC) +j,zcrG?fz)/d~~cr~)  dz
(54)

The ratio 4fz j/dfz,, j in Eqs. (53) and (54) may be
replaced by ffz j/ffz,, j and thus both integrals are
functions of the flux profde only and can be evaluated
directly as a function of z,,. The value of the factor Sl
has been determined by fitting the method to experi-
mental data. Values of Sl are given by Tong et al. [33]
and Lee [36], and further details of the method are
given by Collier [ 121.

To summarize, no completely general analytic
method is available at present for the prediction of
CHF in tubes with a nonuniform axial heat flux
profile. Studies of heat flux distributions other than a
sine wave profile have confirmed that the critical
power that can be applied to a tube is seldom greater
than that for a uniform heat flux profile and may be
up to 30% lower if the peak heat flux occurs near the
tube exit. The one exception to this finding is the case
of a linear or hyperbolic decreasing heat flux profile,
for which improvements of up to 10% in critical power
above the uniform profile case have been observed. If a
simple method is needed for design purposes, then that
based on the critical quality/boiling length (x,, versus
zsat) approach is recommended.

(g) Critical heat frux in noncircular geometries

A considerable amount of work has been carried out
to determine CHF values in a variety of noncircular
ducts. Many of these geometries are representative of
the fuel channels for different types of nuclear reactors
cooled by water. The three most common geometries,
rectangular channels, annuli, and  multirod  c l u s t e r
assemblies, will be considered briefly.

I. Rectangular channels

In many studies only the two longer sides of the
rectangle were heated. The CHF appears to vary with
the individual independent variables in the same
general manner as for round tubes. Macbeth [37] has
correlated much of the CHF data available for rectan-
gular channels, and these correlations are reproduced in
the book by Collier [ 121.  Macbeth showed that the
substitution of the heated equivalent diameter into
round-tube CHF correlations did not accurately predict

the rectangular channel case. For situations where the
whole perimeter of the rectangular channel is heated,
overheating occurs in the corner near the exit of the
channel, with a considerably reduced average heat flux.

II. hudi

Several extensive compilations of data [38-40] exist
for the CHF in vertical annular channels with uniform
heating on the internal surface. The CHF in internally
heated annuli can be correlated in terms of the equa-
tion

dcr = ffh, XfZj,  P, Di,  Do+

Barnett [40] has correlated much of the CHF for
steam-water flow in internally heated annuli using a
Macbeth-type equation [Eq. (46)]. For a pressure of
69 bar (1 000 psia),

A = 67.4D$68(lj2  X 10-6)o.192

X (1 - 0.744 exp [-6.512D,  (riz  X 10m6)]}

B = 0.2587Dt;261(riz  X 1O-6)o.817 (56)

C = 185.0D~415(riz  X 1O-6)o.212

D, is the hydraulic equivalent diameter, given by
Do - Di.

Dh is the heated equivalent diameter, given by
(0: - Df )/Di.

The correlation is in British engineering units and
covers the following range of parameters:

Di: 0.375-3.798 in (0.952-9.65  cm)
D,: 0.551-4.006 in (1.4-10.16 cm)
z: 24.0-108 in (0.61-2.74 m)
&: 0.140-6.20 lb/h/ft2  (X 10e6)  (190-8 430 kg/m�  s)
Ahsub,i: O-412 Btu/lb (O-O.958 MJ/kg)

The rms error of this correlation is 5.9%. For pressures
other than 69 bar (1 000 psia), Eq. (46) may be used
with a slight modification in that A should be replaced
by A(Ah,/649),  where A, B, and C have the values
given above, and Ah, is the latent heat of vaporization
at the pressure considered in Btullb. This procedure
appears satisfactory over the pressure range 41.5-96.5
bar (600-l 400 psia).

CHF experiments have been undertaken with both
the internal and external surfaces of the annulus
heated. Under these circumstances the critical quality
(x,,) passes through a maximum depending on the
fraction of the total power input that is applied to the
outer tube (Fig. 22).

0 1983 Hemisphere Publishing Corporationr 7MD4L A



2.7 BOILING AND EVAPORATION / 2.7.3 Boiling within Vertical Tubes 2.7.3-21

90- - CALCULATED  LINES  (@1-0.007m/s,  & -0.009mls)

o x + EXPERIMENTAL DATA (JENSEN AND MANNOV [591)
60-

0 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0

FRACTION OF POWER ON OUTER TUBE 102/O,  +Oz)

Figure 22 Variation of dryout  quality with power distribution within annular channels.

III. Multirod  cluster assemblies

Analysis of thermohydraulic conditions within a multi-
rod cluster can be handled in various levels of detail.

(i) Mixed-flow analyses. In the mixed-flow approach
the .entire channel is assumed to behave in a one-
dimensional manner, with �average� properties being
ascribed to the variables such as mass flow rate,
quality, and heat flux. No attempt is made to consider
any two-dimensional �fine structure� within the chan-
nel. An early attempt at such a correlation was that of
Macbeth [41],  who applied the �local conditions�
hypothesis to a selection of data from uniformly
heated vertical rod clusters. Barnett [40,  421 showed
that his annulus correlation, Eq. (56), predicts a wide
range of rod cluster data with remarkable accuracy.
For rod clusters the values of Di and D, are defmed as
follows for use in Eqs. (46)-(56):

�Equivalent� Di = DR, the rod diameter (in)

�Equivalent� D, = [DR(DR  + Dz)] I’* (in)

where

D$ = 4 X flow area
S X heated perimeter (57)

and

s= ic
rods

l is the ratio of heat flux on a rod to the maximum
heat flux in the cluster. If all the rods carry the same

heat flux, DE = Dh; the defmition of Dx ensures that
the rod cluster and the �equivalent� annulus have the
same exit quality for the same critical heat flux. One
of the most recent mixed-flow correlations is that of
Bowring  [43], which can be applied to all types of
nuclear fuel elements and has corrections for both
nonuniform axial and radial (rod-to-rod) heating.

(ii) Subchannel analyses. With the subchannel approach
the flow channel is considered to be subdivided into a
number of parallel, interacting flow subchannels be-
tween rods. The equations of mass, momentum, and
energy conservation are solved to give radial and axial
variations in quality (or fluid enthalpy) and mass flow
rate. Interchange of mass, heat, and momentum is
allowed between neighboring subchannels, the amounts
being governed by the conservation equations. Once
the local enthalpy and flow conditions at each sub-
channel node have been established, suitable constitu-
tive relations in the form of empirical correlations are
used to defme the heat transfer regime, including the
CHF, to provide the local temperature of the rod
surface. Details of such calculations have been given by
Weisman and Bowring  [44].

(iii) Phenomenological analyses. Under the general head-
ing of �phenomenological analyses,� an attempt is
made to model the kinetics of the various physical
processes that occur. Clearly, such analyses must relate
to the actual flow patterns present and, more impor-
tant, they must be able to handle departures from
hydrodynamic equilibrium (i.e., not �fi.dly  developed�
flows). To illustrate these points, an example of the
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phenomenological model developed at Harwell for two-
phase flow in a vertical rod cluster is given in the next
section.

(h) Mechanisms for the critical
heat flux condition

There is, at present, no complete understanding of the
mechanisms leading to the CHF condition despite the
very large amount of research work that has been
performed. Although relatively little is known about
the mechanism of the CHF condition corresponding to
departure from nucleate boiling, considerably more is
known about the mechanism of dryout in the higher-
quality regions.

I. Subcooled and lowquality  region

Tong and Hewitt [45]  have identified at least three
separate mechanisms for initiating the CHF condition
(Fig. 23).

(i) Dryout  under a vapor  clot. As a result of evapora-
tion of the microlayer, a dry patch tends to form
under a growing vapor bubble. When the bubble

- POSITION OF CRITICAL PHENOMENON

(a) ORYOUT  UNDER A
VAPOR CLOT

(b) BUBBLE CROWDING cc) EVAPORATION OF LIQUID
AN0 VAPOR FILM SURROUNDING A
BLANHETTING SLUG FLOW BUBBLE

AND VAPOR
BLANKETTING

ONSET OF ANNULAR FLOW

DRYOUT

Figure  23 Mechanism of CHF for subcooled and lowquality boiling.

departs from the surface, this dry patch is rewetted
and a stable situation results from the alternate heating
and quenching of the surface at the dry spot. Fiori and
Bergles [461 and Kirby et al. [47]  found that if the
heat flux is high, the temperature rise of the dry patch
is such that it cannot easily be rewetted following
bubble departure and there is a progressive increase in
the surface temperature leading to the CHF condition.

(ii)  Bubble  crowding and vapor blanketing. At moder-
ate subcoolings, a boundary layer of bubbles may grow
to the point where it restricts the access of liquid to
the heated surface. At some point, if access is seriously
affected, overheating occurs, with the formation of a
continuous vapor layer adjacent to the wall. Kuta-
teladze and Lenont�ev [48] and later Tong [49]
suggest that the critical phenomenon is separation of
the hydrodynamic boundary layer. An analogy is sug-
gested between the phenomenon of boundary layer
separation induced by the injection of gas into a
flowing liquid through a porous wall and the CHF
condition in subcooled boiling. The flow stagnation
that occurs in the separated boundary layer could
result in vapor blanketing.

(iii) Evaporation of liquid surrounding a slug flow bubble.
At low mass velocities the slug flow pattern may occur
with a liquid film initially remaining between the vapor
bubble and the heated wall. If, however, the heat flux
is high, this film may be completely evaporated and a
form of dryout with consequent overheating of the
tube wall may occur.

A tentative map with mass velocity and subcooling
as ordinates, showing where these various mechanisms
might be expected to occur, has been. published by
Semeria and Hewitt [50].

II. High-quality region  (annular flow)

By making measurements of the annular liquid film
flow rate at the exit of a heated tube as a function of
the tube length and applied power, Hewitt et al. [51,
521 were able to build up a complete picture of the
conditions occurring along the heated tube and were
able to demonstrate that the CHF condition occurred
when the flow rate of the liquid film on the heated
surface fell to zero; hence the name dryout. These
experiments also revealed that the distribution of the
liquid phase between entrained droplets and the liquid
film at a particular quality and mass velocity in a
heated tube is significantly different from that ob-
served at the same quality and mass velocity at the end
of a long unheated tube, i.e., under fully developed
equilibrium conditions.

The departures from hydrodynamic equilibrium in
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Figure 24 Entrained phase flow rate as a function of local
quality. From Hewitt et al. [52].

an evaporating flow are illustrated in Fig. 24, which
shows the flow rate of the liquid phase entrained as
droplets versus the vapor quality. The equilibrium flow
rate of liquid entrained in the vapor core is plotted (as

curve ABC). Also shown is the total liquid flow rate in
the tube (DE); the difference between curves ABC and
DE is the flow rate in the liquid film.

Now consider an evaporating flow in a heated
tube. If the conditions at every axial location in the
heated tube correspond to the fully developed equilib-
rium state at the corresponding quality in the unheated
tube, then the amount of liquid entrained in the vapor
core will increase up to an axial location corresponding
to the maximum (point B). Deposition of droplets
onto the film would take place in the downstream
parts of the tube (region BC’),  and dryout would occur
at approximately 100% quality. Clearly this is not the
true picture. Hewitt et al. [51] initially postulated that
entrainment was fairly rapid but that deposition was a
rather slow process. In this instance the entrained
liquid flow in the lower parts of the tube would follow
curve AB closely until the maximum at B. Since
deposition was regarded as a slow process, the en-
trained liquid flow rate tended to remain constant
(curve ABC’) or decrease only slowly (curve ABC”)
with further increase in quality; dryout (i.e., liquid
film flow rate + 0) would now occur at X�  or x�.  It
was found in the later series of measurements [52]
that the measured entrained liquid flow rates in the
lower part of the tube were considerably lower than
the equilibrium value. Clearly neither entrainment nor
deposition occurs rapidly. The measured relationships
for tube lengths 2.44 and 1.22 m are shown in Fig. 24.
The observed approximately constant exit quality at
dryout is the result of two effects-the longer tube

having the higher entrainment flow rate but also the
higher deposition rate.

Many of the different effects observed with non-
uniform heating mentioned earlier can be quantita-
tively explained [53] using Fig. 24. For example, the
introduction of a short, unheated length into the
heated section will produce a different effect depend-
ing on whether it is placed in a location before or after
that corresponding to point B in the tube. If it is
placed before B, then, although the quality remains
constant across the cold patch, liquid entrainment will
continue as the flow attempts to become fully devel-
oped. Thus the effect of the cold patch can be shown
in Fig. 24 by the vertical line XY. Likewise, if it is
placed after B, then deposition occurs at constant
quality and the effect is illustrated by the vertical line
UK Another example is the heating profne that in-
volves an exponential decrease in heat flux versus
length. This profile has a short length over which
entrainment may occur and a long length for deposi-
tion to take place giving a higher quality at dryout
than a uniform heat flux profile.

This qualitative description has been developed
into a quantitative closed form theory for dryout in
annular flow. Figure 25 shows the mass balance on an
elemental length of tube 6z. A mass balance on the
liquid film gives

M,f + rrDri@z

Inflow

Wlf  +

Accumulation

(58)

Figure 25 Mass balance in annular flow on elemental length of
channel. From Whalley  et al. [57].
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where filf= liquid film flow rate
D = tube diameter

tid = deposition rate of droplets onto the film
E = entrainment rate of droplets from the

film
4 = local heat flux

so

Ah, = latent heat of vaporization of the liquid
Mrf = mass of liquid contained in the film per

unit length

Mlf = 7rD6pp (59)

where 6 is the average liquid film thickness and pQ is
the liquid density. Hence

4 as
-E-x-PQ c (�50)

Similarly, a mass balance over the liquid entrained in
the gas core gives

a&e ITD’  a c
-=nD(E--rizd)-~z
az

where C is the concentration (mass per unit volume)
of droplets in the core. Methods of calculating the
entrainment and deposition rates and also the liquid
film thickness are needed.

The deposition rate for droplets can be calculated
from the mass transfer coefficient 0

tid = pc (62)

/3 was found to be a function of the physical properties
of the system being considered and to a first approxi-
mation was related to the surface tension of the fluid

(see Fig. 26.) The entrainment rate E was assumed to
be given by

E = flC, (63)

where /I is again the mass transfer coefficient and CE is
the concentration of droplets that would be in equilib-
rium with the liquid film. E was shown [54]  to be a
function of the dimensionless group &/a, where 7 is
the interfacial shear stress and u is the surface tension
(Fig. 27). Thus the problem of calculating the entrain-
ment rate reduces to that of calculating 7 and 6. These
qualities can be evaluated because, if the film flow rate
is known, there are two relationships between them:

1. A triangular relationship among 7, F, and &lf,

46 (dP/dZ)lf-=
D J----dpldz

(64)

where (dp/dz)lf  is the pressure gradient that would
occur in a single-phase liquid flow where the mass flow
was identical to that in the liquid film (calculated by
the method given by Hewitt and Hall-Taylor [55]) and
dp/dz  is the pressure gradient in the two-phase flow.

2. An interfacial roughness correlation based on
the assumption that the roughness presented by the
liquid film interface is only a function of the liquid
film thickness. The particular form of the interfacial
roughness correlation used was that due to Wallis  [56],
in which the interfacial friction factor (defined in
terms of a homogeneous gas core) can be expressed as
(1 + 3606/D)  times the friction factor for the gas core
flowing alone in the absence of a liquid film.

By using these relationships, Eq. (58) (with the
time derivatives set equal to zero) can be integrated

0.1. I 1 I

SURFACE
x STEAM-WATER(l.SBAf?)

TENSION. x STEAM-WATER  (10 BAR)

N/Ill x STEAM-WATER  (24 BAR)

Y STEAM-WATER  (69 BAR)

0.01  -
x LIOUID NITROGEN  (1.4 BAR)

x FREON 12 (10.5 BAR)

x STEAM-WATER(lBOBAR)

0.001 I I I
0.001 0.01 0.1 1

DEPOSITION  COEFFICIENT P /n/s

Figure 26 Variation of deposition coefficient with surface tension.
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Figure 27 Entrainment correlation.

from the point of onset of annular flow (assumed
arbitrarily to start at 1% quality with 99% of the
liquid entrained at this point) and the integration is
continued along the channel until filf becomes zero,
indicating dryout. Some examples [57] of calculated
CHF values for uniformly heated tubes for steam-water
mixtures at 1.5, 69, and 180 bar pressure are given in
Fig. 28 for comparison with experimental data. A
further comparison with experimental data for Freon
12 is also shown.

X EXPERIMENTAL DATA

- CALCULATED

A = 162.5 kg/d*

01
0 t 2

BOILING LENGTH(m)

(a)

Figure 28(a)  Burnout in steam-water flow at 1.5 bar. D = 9.3
mm, k = 0.15 m/s. Data from Hewitt et al. [57].

I I 1 1 I r;l EXPTL.
. . lkg/m*s) PTS.

BOILING LENGTH lm)

(b)

Figure 28(b)  Burnout in steam-water flow at 69 bar. D = 12.6
mm, k = 0.01 m/s. Data from Bennett et al. [ 181.

More recently, the theoretical model has been
extended to an annular geometry [58]  in which both
the inside and outside surface may be heated and to
multirod  clusters [60, 611.  Figure 22 shows a compari-
son of the predicted CHF for comparison with the
experimental CHF value of Jensen and Mannov [59]
for an annulus with independent heating of the inner
and outer surfaces. Also shown are predictions for a

I / I

I
00

I I I I I
2

BOLNG  LENGTH tm,
6 0

(CJ

Figure 28(c) Burnout in steam-water flow at 180 bar. D = 32
mm, k = 0.001 5 m/s. Data from Chojnowski and Wilson [57].
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100 i

- CALCULATED

EXPERIMENTAL  POINTS .-
0 61 = 510 kg/d  s
. ? -1021  kg/mzs

I 61 - 2 0 3 4  kg/m?  s

BOILING  LENGTH  (rn)

(d)
Figure 28(d) Burnout in Freon 12 at 10.5 bar. D = 8.5
k = 0.004 3 m/s. Data from Stevens et al. [63,64].

seven-rod cluster cooled by Freon 12 at 10.7 bar. The
geometry of the bundle was varied so that the gap
between the rods was altered, the outer six rods always
being at the vertices of a regular hexagon with the
seventh rod at the center of the hexagon. In one set of
tests the outer rods touched the center rod; in another
they touched the outer containing tube; positions
intermediate between these extremes were also studied.
Experimental and predicted dryout powers as a func-
tion of the gap between the rods are shown in Fig. 29.

(i) Critical heat j7ux in counter-current flow

It is well known that for the case of a vertical channel
with a reservoir of fluid above the channel the CHF
does not approach zero as the flow to the bottom of
the channel ceases. Liquid can run back from the
reservoir into the channel to provide cooling. However,
there will be some limiting vapor flow rate at the tube
upper exit above which no liquid can run back. The
heat flux corresponding to this condition can be
thought of as the CHF. Nejat [62]  has carried out
experiments for a range of fluids (carbon tetrachloride,
n-hexane, and water) and tube diameters (8, 10, and
14 mm ID) and has produced the following correlation
in terms of dimensionless groups:

1 4,r
�*  = 3.2 p;=Ah, [gn&Q  - &)I  -1�4

[ 1
-l/2

D* = D CJ
&(PQ - P&r)

1 - 1.5Dd-'/=)

(65)

(j) Gitical  heat flux in forced flow of fluids
other than water

Table 6 gives a selection of the available sources of
experimental data on the critical heat flux taken under
forced convection conditions for various organic

00

-0 ri -1794 kg/m 2 s

+ m = 883 kglm2s (OUTER RODS
-CALCULATED  VALUES TOUCHING

INLET SUBCOOLlNG=l1.6  kJ/kg PRESSURE

TUBE)
I I I I _
2 3 4 5

FREON 12FREON 12

EXPERIMENTAL  VALUESEXPERIMENTAL  VALUES

A I+ = 2609 kg/m*sA I+ = 2609 ka/m*s

0 ri - 1794 kglm2s

+ f = 883 kg&s (OUTER RODS
-CALCULATED  VALUES TOUCHING

INLET SUBCOOLlNG=l1.6  kJ/kg

GAP BEWEEN  CENTER AND  OUTER  ROD(mm)

Figure 29 Comparison between experimental and predicted value of CHF for annulus and multirod  cluster (prediction
using HewittjWhalleylHutchinson  annular-flow model).
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Table 6 Available  experimental  data for critical heat flux in forced flow of fluids other  than water

Experimental ranges

Reference Fluid Geometry
Pressure, Subcooling, Velocity, Critical heat No. of
bar �C m/s flux, kW/m* tests

Noel (861 Hydrazine
Hines [87] Hydrazine
Noel [88] Ammonia
Dimmock [89]  A m m o n i a
Core and Sato Diphenyl

PO1 Santowax R
Polyphenyl mixture
Monoisopropyl-

biphenyl (MIPB)
Robinson and Santowax R and
Lurie [91] other polyphenyls
Birdseye  [92] Nitrogen tetroxide
GambiB and Ethylene glycol
Bundy [93]
Povamin [94] Ethyl alcohol
Lewis et al. Nitrogen

[951 Hydrogen
Stevens et al. Freon 12

t631
Stevens et al. Freon 12

1641

Barnett and Freon 12
Wood [96]
Hoffman and
Krakoviak 1971  Potassium
Lurie [98] Sodium
Aladyev  et al. Potassium

1991

Tippets et al.

t1001 Potassium

Tube
Tube
Tube
Tube
Annulus

6.9-83 55-281 0.3-28.4 2 33044  500 62
13.2-71 57-263 4.02-36.8 4 450-43  300 22
11.7-126 1.6-115 0 .947 .6 2 840-23 400 45
11.4-88 0.5-l 12 3.79-25 2 460-16 350 111

1.6-28 O-183 0.15-5.2 220-2 800 48
6.9 - 0.15-4.6 10
4.4-22 5-213 0.15-4.6 25

Tube

Tube
Tube

Tube
Tube
Tube
Tube

Tube (non-
uniform
heating)
Tube

26.6-27.6
1.52-10.35

10.35-42.5
1.38-6.1

2 . 0 6 2
3.45
3.45

10.7

10.7

7.3-13.8 O-60.5 kJ/kg

Tube
Annulus
Tube (uniform
and nonuni-
form heating)

0.35-0.55
1.1-1.3

Tube 2.1-3.8

88-179 0.15-4.6 1230-3 000 6
19-157 1.25-7.7 1 0 0 5 - 3  7 2 0  9 4

o-111
86-147

O-210
1.6
o-3.3
O-28 kJ/kg

O-28 kJ/kg

3.11-18.2 1 7 3 0 - 1 1  3 0 0  7 3
5.3-27 6 500-19 700 5

0.49-50
0.027
0.10

567-21 600
50-177
19-66
22-284

93.5-315

163
11
44

Large
number

81

79440 Large
number

o-34
100-390 LOW

Low

101-l 100 6
945-2 520 11
252-l 890

252-l 320

liquids, cryogenic fluids, and liquid metals. Apart from
the work of Stevens et al. [63, 641,  the studies have
been somewhat limited in scope. The very comprehen-
sive set of experiments on Freon have shown that this
fluid, at least, behaves qualitatively in a way identical
to that of water. The data for both the cryogenic
fluids and the liquid metals clearly show that as the
mass velocity and diameter are reduced or the tube
length increased, the critical heat flux approaches that
needed for complete evaporation of the fluid.

A number of attempts have been made to produce
empirical correlations applicable to both water and
other fluids. None of these correlations can be pro-
posed for general use. In the absence of an extensive
bank of experimental CHF data for fluids other than
water, no completely comprehensive method can be
presented. Two different approaches are possible:

1. The derivation and use of a set of scaling laws
relating the critical heat flux in water to the value in
the nonaqueous fluid

0 1983 Hemisphere I: blishing  Corporation

2. The application of the phenomenological dry-
out model described in previous sections to fluids
other than water

An attempt to determine the relevant physical
properties and a set of scaling laws for the critical heat
flux condition was made at U.K. Atomic Energy
Establishment Winfrith [65,  661.  Barnett [65] discus-
ses which of the numerous physical property terms are
likely to be important and goes on to develop appro-
priate dimensionless property groupings. A number of
hypothetical relationships between these groupings
have been examined using the experimental data for
water and Freon [66,  671.  None of the relationships
tested was entirely satisfactory, although one set of
laws, Eq. (66),  does appear to be near the truth:

* D.5
QcrY

f*
f

z DC,QPQOe5 eos5 PQ b.ub,i-=
~�PY

jy xpyo.s ' /g." 'p*' Ah, 3

(66)
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where

Y=
4PPIPg)sat

dp
Using scaling factors obtained empirically [68]  from
round-tube critical heat flux data for water and Freon

12, Stevens and Wood [69]  were able directly to relate
CHF data for the two fluids taken in other more
complex geometries, including a rod cluster. One of
the more successful approaches to the problem of
scaling is that of Ahmad [70].  Using classical dimen-
sional analysis, he deduced that the critical heat flux
(expressed in terms of the �boiling number�
4,,/rizAI1,) would depend on 12 dimensionless groups,
of which 6 were eliminated by inductive arguments.
Three dimensionless groups are commonly matched in
scaling of the critical heat flux: Ahsub,i/Ahv,  pa/pg,
z/D [see Eq. (66)].  This left three dimensionless
groups, which were combined into a single modeling
parameter +,, as follows:

or, alternatively, as

(67)

(68)

Equation (67) is the more basic version, but Eq. (68)
gives nearly identical results over wide ranges of pres-
sure and temperature. The usefulness of this scaling

Figure 30 Application of Ahmad scaling method for water, This information may be easily converted to a
Freon 12, and carbon dioxide. From Hauptmann et al. 1711. critical heat flux by the use of the relationship
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FLUID  - � - PENTPINE p,, = 3.34 MPO
REDUCED PRESSURE : 0.03

PRESSURE = 0 1 MPa

90
LINES OF CONSTANT MASS FLUX ( kg/m2s)
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Figure 31 Critical vapor quality xq as a function of boiling
length z,,t for a reduced pressure of 0.03 with mass velocity as
parameter.

law may be judged from Fig. 30, where data for water,
Freon 12, and carbon dioxide are compared [ 171.

The phenomenological model described in the
previous section can be used to generate critical vapor
quality (xc,) versus saturated Goiling  length (z,,,)
curves for any fluid [72]. Where limited experimental
data are available, these may be used to check the
estimates that have been prepared. As examples, four
fluids have been considered:

Refrigerant (Freon) 12 (p,., = 41.1 bar)
Nitrogen (p,, = 34.0 bar)
C-5 Hydrocarbon (pentane) (p,, = 33.4 bar)
Ethanol (p,, = 63.8 bar)

A constant tube diameter of 20 mm was adopted
together with a maximum boiling length (zsat)  of 5 m.
Four pressures were chosen, corresponding to reduced
pressures (p/p,,)  of 0.03, 0.1, 0.2, and 0.5. Five mass
velocity levels were examined, viz., 250, 500, 1 000,
1 500, and 2 000 kg/m* s.

The curve of critical vapor quality versus boiling
length for pentane for a reduced pressure of 0.03 is
shown in Fig. 31 as an example. Values of xc, for
pentane and the other fluids are also tabulated in
Table 7 so that similar graphs can be prepared for any
other situation.
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Table 7 Values of x,,. for fluids other than water as a
function of pressure, mass velocity, and boiling length

Zsat*  m

ti, kg/m� s 1 2 3 4 5

250
500

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

250
500

1000
1 5 0 0
2 0 0 0

250
5 0 0

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

Refrigerant 12
PIPcr  = O-03 p = 1.23 bar

0.375 0 . 5 1 5  0 . 5 9 5 0.655
0.260 0 . 3 6 0  0 . 4 2 5 0.465
0.175 0 . 2 4 5  0 . 2 8 5 0.305
0.140 0 . 1 9 0  0 . 2 2 0 0.230
0.115 0 . 1 6 0  0 . 1 8 0 0.190

PIPcr = 0.1 p = 4 . 1 1  b a r
0.51 0 . 6 8 5  0 . 7 7 5 0.825
0.36 0.50 0.58 0.625
0.25 0.34 0.385 0.410
0.195 0 . 2 6 5  0 . 2 9 5 0.315
0.165 0 . 2 2 0  0 . 2 4 5 0.265

p/per = 0.2 p = 8.22 bar
0.55 0.73 0.82 0.875
0.39 0.535 0.62 0.665
0.265 0.370 0.415 0.445
0.205 0.280 0.320 0.345
0.170 0.235 0.265 0.295

PIPcr  = 0.5 p = 20.55 bar
0.46 0.65 0.76 0.82
0.31 0.46 0.545 0.595
0.20 0.30 0.360 0.395
0.15 0.23 0.215 0.310
0.12 0.19 0.225 0.260

Nitrogen
PIPcr  = 0.03 p= 1.02bar
0.22 0.315 0.370 0.415
0.15 0.215 0.255 0.280
0.10 0.140 0.165 0.180
0.08 0.110 0.125 0.140
0.065 0.09 0.105 0.115

P/P,,  = o-1 p = 3.40 bar
0.305 0.435 0.510 0.565
0.205 0.300 0.355 0.390
0.140 0.195 0.230 0.250
0.105 0.155 0.175 0.190
0.09 0.130 0.145 0.160

PIPcr  = 0.2 p = 6.80 bar
0.33 0.465 0.555 0.615
0.22 0.320 0.385 0.425
0.15 0.215 0.250 0.275
0.11 0.165 0.190 0.210
0.09 0.135 0.160 0.175

PIPcr  = 0.5 p = 17.00 bar
0.265 0.390 0.485 0.555
0.160 0.250 0.325 0.370
0.10 0.160 0.205 0.235
0.07 0.120 0.155 0.175
0.06 0.095 0.125 0.145

0.695
0.490
0.315
0.240
0.200

0.860
0.645
0.425
0.335
0.285

0.90
0.69
0.465
0.380
0.315

0.865
0.630
0.420
0.335
0.280

0.450
0.300
0.190
0.145
0.120

0.605
0.415
0.265
0.205
0.170

0.660
0.450
0.290
0.225
0.190

0.605
0.405
0.255
0.195
0.160
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Table 7 (Continued) Values of x,~ for fluids other than
water as a function of pressure, mass velocity, and boiling
length

zsat, m

ti, kg/m�  s 1 2 3 4 5

250
500

1000
1500
2 0 0 0

250
5 0 0

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

2 5 0
500

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

250
500

1000
1500
2 0 0 0

250
5 0 0

1000
1500
2 0 0 0

n-Pentane

PIPcr  = 0.03 p= l.Obar
0.22 0.315 0.38 0.41
0.15 0.21 0.25 0.27
0.10 0.14 0.16 0.17
0.08 0.105 0.12 0.13
0.065 0.085 0.10 0.11

PIPcr  = 0.1 p = 3.34 bar
0.315 0.435 0.51 0.56
0.215 0.30 0.35 0.38
0.14 0.20 0.225 0.245
0.11 0.15 0.175 0.19
0.09 0.125 0.145 0.16

PIPcr  = 0.2 p = 6.68 bar
0.34 0.475 0.56 0.615
0.23 0.325 0.38 0.415
0.15 0.215 0.245 0.265
0.115 0.165 0.190 0.210
0.095 0.135 0.155 0.175

PIPcr  = 0.5 p = 16.70 bar
0.30 0.45 0.545 0.605
0.195 0.30 0.365 0.405
0.12 0.185 0.230 0.260
0.09 0.14 0.175 0.20
0.075 0.115 0.14 0.165

Ethanol
PIPcr  = o-03 p = 1.91 bar

0.24 0.33 0.39 0.425
0.165 0.225 0.26 0.285
0.105 0.145 0.165 0.180
0.085 0.115 0.125 0.135
0.070 0.090 0.105 0.110

P/Per = 0.1 p = 6.38 bar
0.355 0.49 0.565 0.615
0.240 0.335 0.390 0.420
0.160 0.225 0.255 0.280
0.125 0.180 0.190 0.210
0.110 0.140 0.160 0.175

p/per  = 0.2 p = 12.76 bar
0.405 0.555 0.645 0.695
0.275 0.390 0.450 0.485
0.185 0.255 0.290 0.315
0.145 0.195 0.225 0.245
0.120 0.160 '0.190 0.210

PIPcr  = 0.5 p = 31.90 bar
0.36 0.52 0.62 0.685
0.235 0.35 0.425 0.465
0.145 0.225 0.270 0.305
0.105 0.165 0.205 0.235
0.085 0.135 0.170 0.190

0.435
0.285
0.18
0.135
0.115

0.595
0.40
0.255
0.20
0.17

0.645
0.44
0.285
0.225
0.190

0.65
0.435
0.285
0.22
0.18

0.45
0.295
0.190
0.145
0.120

0.645
0.435
0.290
0.220
0.185

0.730
0.505
0.335
0.265
0.220

0.725
0.495
0.335
0.255
0.215
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4,* =
xfz+crDfi&,

dz (69)
sat

Thus, for n-pentane at a pressure of 1 bar (pip,, =
0.03),  a mass velocity of 1 000 kg/m2 s, and a boiling
length of 5 m, x(z),, from Fig. 31 is 0.18. The
corresponding value of 4,, from Eq. (69) is then 64.62
kW/m�.

E. Heat transfer in areas where the critical
heat flux has been exceeded

The critical heat flux condition (shown as a ridge in
the three-dimensional representation of the �boiling
surface� in Fig. 3) represents a situation at which there
is a more or less sudden decrease in the value of the
heat transfer coefficient by one or two orders of
magnitude as compared with the values obtained in the
nucleate boiling or two-phase forced convective
regions. This decrease is a consequence of the fact that
the heat transfer surface is no longer completely
wetted by the liquid phase. Vapor now completely or
partially blankets the surface, and heat transfer is no
longer to a highly conducting liquid but to a poorly
conducting gas.

By referring to Figs. 3 and 4, it will be noted that
such a condition can occur for both the subcooled and
saturated liquid states. Four separate areas can be
identified, and it is convenient to consider the heat
transfer mechanisms in terms of these four regions-
transition boiling, subcooled fdrn boiling, saturated
film boiling, and the liquid-deficient (postdryout)
region-although there would appear to be no well-
defined boundaries between the regions. The transition
boiling region occupies the reverse slope (partly
obscured) in Fig. 3, whereas the other regions-
subcooled film boiling, saturated film boiling, and the
liquid-deficient (postdryout) region all occupy parts of
the slope on the other side of the valley representing
the minimum heat flux.

(a) Transition boiling

The use of experimental techniques where the surface
temperature rather than the surface heat flux is the
controlling variable has established the existence of a
transition boiling region in the forced convection con-
dition as well as for pool boiling. A comprehensive
review of published information for this heat transfer
region has been prepared by Groeneveld and Fung

[731*
Various attempts have been made to produce

correlations for heat transfer in the transition boiling
region. Probably the most useful currently available for
water is that by Tong and Young [74], which is given
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in terms of the heat flux in the transition boiling

re@on (iib),

(70)

where 4nb is the nucleate boiling heat flux (presumably
equated with the critical heat flux) in W/m2  and AT is
the temperature difference between the surface and the
saturation condition in �C. A transition boiling correla-
tion having a wider range of application may be
developed if the heat flux and wall temperature differ-
ence at the points of maximum and minimum in the
boiling surface can be predicted with confidence. The
present state of the art allows an accurate prediction
of icr and also A T , , , but the conditions at the
minimum point are still subject to a large degree of
uncertainty. The experimental data of Iloeje et al.
[75] show that the conditions at the minimum point
are a complex function of the mass quality and flow
rate in the channel.

(b) Film boiling

Visual studies in fim boiling inside vertical tubes
indicate that at low qualities the flow regime would
appear to be an �inverted annular� one with the liquid
in the center and a thin vapor film adjacent to the
heating surface. The vapor-liquid interface is not
smooth but irregular, with the irregularities occurring
at random locations but appearing to retain their
identity to some degree as they pass up the tube with
velocities of the same order as the liquid core.

Because the liquid is displaced from the heating
surface by a vapor film and the uncertainties associated
with bubble nucleation are removed, film boiling is
amenable to analytic solution. In general, the problem
may be treated as an analog of fimwise condensation,
and solutions are available for horizontal and vertical
flat surfaces and also inside tubes under both laminar
and turbulent conditions with and without interfacial
shear.

I. Vertical flat surface

For laminar flow and zero interfacial shear stress
(Ti = 0), the local heat transfer a-(z)  at a distance z
up the surface from the start of film boiling is given
by

1’4“fx” jz _
g

(71)

The average coefficient I%(Z) over the region z is $
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times the local coefficient at the position z. A similar
analysis can be carried out for the assumption of
turbulent flow in the vapor fdm. In this case,

0.056 Ret2 (Gr* Pr)1�3

where Re, is the Reynolds number in the tube based
on the vapor flow rate, and Gr* is given by

Gr* = Z3&lP&2 - P&T>
-2

Note that in this equation ii-(z)  is independent of
distance z. Because of neglect of the resistance be-
tween the vapor film and the interface and the effect
of interfacial drag, the heat transfer coefficients com-
puted from Eq. (73) may be somewhat higher than
measured.

II. Vertical rod

As mentioned previously, the vapor film appears to
break away from the wall in large globular voids, and
various attempts have been made to produce models
more consistent with this physical behavior than Eq.
(71). Bailey [76] suggested that, for a vertical rod, the
globular voids are formed by a process of �varicose�
instability of a hollow gas cylinder within a denser
liquid. The wavelength for maximum growth for a
surface tension governed instability of this type is

XC r-=-
21r 0 . 4 8 4

which leads to the following expression for the heat
transfer coefficient:

(74)

where r is the radius of the rod on which film boiling
is taking place. An alternative for vertical rods that
predicts heat transfer coefficients about 33% higher is
to use the original Bromley equation [Eq. 2.7.2(36)] for
film boiling outside horizontal tubes in stagnant poois.

To summarize, the evidence at the present time is
that classical laminar film boiling occurs only over a
relatively short distance (�5  cm) downstream of the
dryout or �rewet� front. Beyond this region, vapor is
released in large globular voids, which ensures a tlme-
varying but thinner film. The coefficient becomes
independent of distance and takes on a value consider-
ably (approximately twice) higher than the laminar
solution would indicate. In addition, there is evidence
that film boiling heat transfer coefficients in down
flow may be lower than for up flow, particularly under
conditions where the down flow velocity is equal to

0 1983 Hemisphere I

the bubble rise velocity. Bjornard and Griffith [77]
have therefore rewritten the post-CHF heat transfer
correlations in terms of the drift flux model to
account for the directional influence at low velocities.

(c) Heat transfer in the postdryout
(liquid-deficient) region

In the film boiling region the flow pattern was that of
an annular vapor film with a central liquid core. As the
vapor quality is increased, the flow pattern changes to
one in which liquid droplets are dispersed in a high-
velocity vapor core. This latter drop flow pattern is
characteristic of the postdryout or liquid-deficient
region of heat transfer. Heat transfer coefficients in
this region are considerably higher than in film boiling.
This fact, coupled with the reduced critical heat flux
values in the higher-quality region, means that the
liquid-deficient region is often quite extensive.

I. Postdryout correlations

Three general approaches to estimating heat transfer
rates in this region have been adopted:

1. Empirical correlations that make no attempt to
take into account the physical processes occurring in
postdryout heat transfer.

2. Correlations that recognize that a departure
from thermodynamic equilibrium can occur and
attempt to calculate the �true� vapor quality and
vapor temperature. A conventional single-phase heat
transfer correlation is then used to calculate the heat-
ing wall temperature.

3. Semitheoretical models where attempts have
been made to look at and write down equations for
the various individual hydrodynamic and heat transfer
processes occurring and relate these to the heating wall
temperature. One example of each of these approaches
will be discussed briefly.

(i) Empirical correlations. Probably the most accurate
of these purely empirical correlations is that proposed
by Groeneveld [78]. This has the form

Nug=nfKe.[x+z(l-x)])lPr&,,Y�  ( 7 5 )

where

Y = l - 0 . 1  z-1( )0.4

(1 - x)Oe4

and the coefficients a, b, c, and d are given in Table 8
together with the range of independent variables on
which the correlations are based. A number of
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Table 8 Empirical  postdryout correlations

Groeneveld

Geometry a
No. of rms

b c d points error

Tubes 1.09 x 1o-3 0.989 1.41 -1.15 438 11.5%
Annuli 5.20 x 10-l  0.688 1.26 -1.06 266 6.9%
Tubes and annuli 3.27 x lo-�  0.901 1.32 -1.50 704 12.4%

Range of data on which correlations are based

Geometry Tube Amullus
Flow direction Vertical and horizontal Vertical
DQ, mm 2.5-25 1.5-6.3
P, MPa 6.8-21.5 3.4-10.0
ti, kg/m*  s 700-S 300 8004  100
x, fraction by weight 0.10-0.90 0.10~.90
4, kW/m� 120-2 100 450-2250
Nut? 95-1770 160640
Reg[x  + (1 --xbgl~~l 6 . 6  x 104-1.3 x lo6 1.0 x lo*-3.9  x lo5
fiw 0.88-2.21 0.91-1.22
Y 0.7064976  0.61OXt.963

improvements in the Groeneveld correlations have been

made by Slaughterback [79]. The use of the above
correlations outside the range of variables for the
respective geometries given in Table 8 is strongly
discouraged.

(ii) Correlations allowing  for departure  from thermo-
dynamic  equilibrium. Wall temperatures in the post-
dryout region are bounded by two limiting situations.

1. Complete departure from equilibrium: The rate
of heat transfer from the vapor phase to the entrained
droplets is so slow that their presence is simply ignored
and the vapor temperature T�-(z)  downstream of the
dryout point is calculated on the basis that all the heat
added to the fluid goes into superheating the vapor.
The wall temperature T&z) is calculated using a
conventional heat transfer correlation of the Dittus-
Boelter type.

2. Complete thermodynamic equilibrium: The rate
of liquid droplets is so fast that the vapor-phase
temperature r,fz) remains at the saturation tempera-
ture until the energy balance indicates that all the
droplets have evaporated. The wall temperature
T&z) is again calculated using a conventional single-
phase heat transfer correlation, this time with allow-
ance made for the increasing vapor velocity resulting
from droplet evaporation.

Postdryout heat transfer behavior tends toward
situation 1 at low pressures and low velocity, whereas at
high pressure (approaching the critical condition) and
high flow rates 0 2-3 0 0 0  kg/m2 s) situation 2
pertains.

o 1983 Hemisphere I lblishmg  Corporation

Groeneveld and Delorme [SO] have expressed their
correlation in terms of the difference between the
�equilibrium� quality xfz j and the �true� non-
equilibrium vapor quality x*fz j. The difference
xfz j - x*fz j is expressed as a function of a number
of independent variables,

xfz j - x*fz j = exp(- tan J/) (76)

where

(77)

x&z j is the �thermodynamic� quality that can have a
value greater than unity, but for conditions where
xfz j is less than unity, xfz j = x&z j.

If J/ < 0, then $ = 0

Ifli/>S,then$=t

and

Re, =z[x+zj +(?)(I -x+zjj]

The coefficients to be inserted into Eq. (77), the
ranges of the experimental data points used, and the
accuracy of the correlation are given in Table 9.

The Groeneveld/Delorme [SO] method is a signifi-
cant improvement over the empirical correlation discus-
s e d  e a r l i e r  b u t  d o e s  a p p e a r  t o  s u f f e r  f r o m  t h e

disadvantage of discontinuities in the slope of the
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quality versus length relationship at both the dryout
point and the point where the thermodynamic quality
x f z )  =  1 .

(iii) Semitheoretical models. A comprehensive theoret-
ical model of heat transfer in the postdryout region
must take into account the various paths by which
heat is transferred from the heating surface to the bulk
vapor phase. Six separate mechanisms can be identi-
fied:

1. Heat transfer from the surface to liquid drop-
lets that impact with the wall (�wet� collisions)

2. Heat transfer from the surface to liquid drop-
lets that enter the thermal boundary layer but that do
not wet the surface (�dry� collisions)

3. Convective heat transfer from the surface to
the bulk vapor

4. Convective heat transfer from the bulk vapor to
suspended droplets in the vapor core

5. Radiation heat transfer from the surface to the
liquid droplets

6. Radiation heat transfer from the surface to the
bulk vapor

One of the first semitheoretical models proposed
was that of Bennett et al. [Sl] and is a one-dimen-
sional model starting from known equilibrium condi-
tions at the dryout point. It is assumed that there is
negligible pressure drop along the channel, that the
wall surface temperature increases to such an extent
that the droplets no longer wet the surface, and that
the heat transfer coefficient between the wall and the
fluid is given by one of the well-known single-phase

Table 9 Groeneveld and Delorme correlation
of nonequilibrium vapor quality

Coefficient Value

al 0.138 64

al 0.203 1

a3 0.200 06

a, -0.092 32

bo 1.307 2

b, -1.083 3

b, 0.845 5

Range of data for correlation

Water

P: 4.1-20.5 MPa
lit: 270-S 150 kg/m�  s
4: 150-2 700 kW/m�

XE 0.1-1.50

TWJ 400-845°C
No. of points: 1402
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t$E

relationships. These assumptions mean that mechanisms
1 and 2 above were not considered.

The position of the dryout point must be known
or calculated. At this point it is assumed that liquid
and vapor are in equilibrium and therefore the quality
x-(z,, j is known and the vapor is at the saturation
temperature. To obtain the bulk vapor temperature
downstream of the dryout point, four simultaneous
differential equations are solved in a stepwise manner
using the Runge-Kutta method. The first of these
equations is a mass balance, which assumes that the
number of droplets passing through unit cross section
per unit time (N) does not change:

dx= NW? d2 &d- -
dz 2riz dz

(78)

where

N = 6Wl  - xfzcr+)

&rpQ

and

x = vapor quality (vapor mass flow/total mass flow)
d = droplet diameter

The second equation is a heat balance giving the bulk
vapor temperature T&z j:

dT,- &TO  - (AtiAh,dx/dz)
dz - AriucC$,

(79)

The third equation describes the acceleration of the
droplets in the vapor stream using Ingebo�s [82]  drag
coefficient:

dud
-=

Kl(ug  - udj1.16 -&(l -P&Q)

dz ud
(80)

where ud is the droplet velocity, ug is the vapor
velocity, and

I (81)

Equation (81) describes the evaporation of the droplets
using Ryley�s [83] method:

dd 2 dr2 1-=---
dz d dt ud (82)

dr2 2FMKg(ps  -P-)-=-
dt p,RT, = -

2hgFiF�  Tsat> (83j

�

where pg = pressure in the droplet
Tsat  = saturation temperature at pg

a = universal gas constant
Kg = self-diffusion coefficient in the vapor =

Mx,(Y  - 1 l/P‘@
r = d/2

.blishing  Corporation
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F = �ventilation factor�

= 1 + 0.276[‘“(‘;- ud”3”’ (&r3 (84)

Bennett et al. [Sl] compared estimates of surface
temperature made using this method with experimental
data in the liquid-deficient region for water evaporating
at 69 bar in a vertical, 5.8 m long X 12.6 mm ID tube.
Figure 32 shows this comparison for three different
values of mass velocity. The equations proposed by
Heineman [84] were taken for the heat transfer coeff-
cient to superheated steam. It was found that a
reasonable fit was obtained with an assumed droplet
size at the dryout point (d,,) of about 0.3 mm.

Other, more recent models have been proposed by
Iloeje et al. [75] and by Chen et al. [85].  Because of
the way in which these models are formulated, they
should apply equally well to both the steam-water
system and to other fluid systems.

D - 12.6mm

I I I I I
4 4.5 5 5.5

POSITION ALONG  TUBE, m

Figure 32 Experimental and calculated temperature profiles for
heat transfer to steam-water mixtures in the liquid-deficient
condition. From Bennett et al. [ 8 l] .

Nomenclature for Section 2.7.3 appears at the end of Section 2.7.8.
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2.7.4
Convective boiling inside

horizontal tubes

J. G. Collier

n Horizontal tubes are often used in waste heat
boilers, refrigerant evaporators, and a number of other
types of heat exchange equipment. For the sake of
compactness, the horizontal sections are often rela-
tively short in length and connected by return bends
to form so-called serpentines; alternatively, the tube
may be formed into a helical coil. It is therefore
convenient to consider the influence of bends and coils
on heat transfer rates in this section.

Heat transfer rates in horizontal tubes differ from
those in vertical tubes to the extent that the gravita-
tional forces cause an asymmetric flow pattern. A
useful review has been given by Butterworth and
Robertson [l] . Because the differences in behavior
from that in a vertical tube are associated directly with
the occurrence of dry portions of the tube perimeter,
we shall consider this aspect first.

A. Dryout in horizontal tubes, bends, and coils

Dryout in a horizontal tube differs from that in a
vertical tube in two ways:

1. Stratification of the flow can occur at low
velocities for both low-quality and subcooled condi-
tions. Such conditions can lead to overheating of steam
boiler tubes at quite modest heat fluxes.

2. Dryout  of the tube at high vapor qualities
occurs over a relatively long tube length, starting at the
top of the tube where the liquid film thickness and
flow rate are lowest and ending up with the final
evaporation of the rivulet running along the bottom of
the tube. Under these conditions the vapor in the
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upper parts of the tube may become superheated
before dryout occurs at the bottom of the tube.

Styrikovich and Miropolskii [2] reported the effects of
stratification of a high-pressure steam-water mixture in
a horizontal pipe. These caused wide temperature
differences between the top and bottom of the boiler
tube. Experiments were carried out on a single, 7.5-m,
56-mm-ID  tube at pressures between 10 and 220 bar
with heat fluxes in the range 22-135 kW/m� and inlet
velocities between 0.24 and 1 m/s. There was a critical
two-phase velocity u, below which stratification occur-
red and above which it did not. This critical velocity u
increased with heat flux up to 60 kW/m* and de-
creased with increase in pressure (Fig. 1). An investi-
gation into the effect of the angle of slope 0 showed
that overheating occurred only if the angle of slope
was less than 9.5� to the horizontal.

Using an alcohol-water analog for steam-water
flow, Gardner and Kubie [3] established the following
expression for the critical velocity u:

I
[ug, cos B(/rJQ - pg)] o.s Oe5

v = 2.57
PQ.K2 t

Here 0 is the angle of inclination of the tube to the
horizontal and cos 8 is introduced to give the appropri-
ate component of the gravitational field normal to the
interface; f is the Fanning friction factor; and K is an
empirical constant found by Gardner and Kubie [3] to
be 2.17. Substituting for f and K leads to the follow-
ing equation for u:

Ilo.* [%a(P!2  - &)I o.5 0.555

v = 6.67
P8.8&2 (2)
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Figure 1 Stratification and overheating of horizontal boiler tubes. From Styrikovich and Miropolskii [ 21.

Table 1 gives the values of u calculated from Eq. (2)
for steam-water flows over a range of pressures and
tube diameters. Excellent agreement is seen with the
data in Fig. 1, and Eq. (2) is recommended as giving
the minimum single or two-phase velocity below which
stratification will occur in a horizontal tube.

At higher qualities a dryout condition analogous
to that for vertical flow is seen. However, the heat flux
at which it occurs in horizontal tubes can be much
lower than in vertical tubes, as illustrated by the
results of Robertson [4] in Fig. 2. Although no
general rule is available to relate the dryout heat fluxes
in horizontal and vertical tubes, it is possible to state
that the difference between the two situations becomes
less as the tube diameter decreases, the phase density
difference becomes less (pressure becomes greater), and
the mass velocity increases.

Another factor influencing dryout in horizontal
tubes is the 180� return bend. Work by Lis and
Strickland [S] has shown that the bend produces
severe flow disturbances over a wide range of operating
conditions. The disturbances cause large amplitude
oscillations of wall temperature at up to 70 diameters
downstream of the bend. At low heat fluxes (~100
kW/m*), these disturbances appear to reach a maxi-
mum in the wavy or low-velocity annular-flow region
(�i.e., void fractions in the range 0.6-0.65)  and for

water are confined to low mass velocities, below
1 200-l 000 kg/m* s.

Stratification may also occur in vertical bends and
in helical coils (Fig. 3). For the case of a vertical bend,
Bailey [6] showed that the gravitational force main-
taining stratified flow is supplemented by centrifugal
forces so that g, cos 8 in Eq. (1) is replaced by
g, + v*/r.  Incorporating this modification into Eq. (2),

The derivation of Eq. (3) neglects the secondary flow
that is known to exist in both bends and coils (see
Sec. 2.2.2). This secondary flow tends to enhance the

Table 1 Values  of critical velocity u (m/s) to prevent
stratification  [Eq.  (2)] for steam-water flow in hori-
zontal tubes

P, bar

0, mm 33.5 64.2 112.9 146 165 186.7

20 2.71 2.47 2.11 1.82 1.63 1.37
40 2.92 2.67 2.28 1.97 1.77 1.48
60 3.06 2.80 2.38 2.06 1.85 1.55
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Figure  2 Dryout  heat flux versus quality for vertical and
horizontal tubes. From Robertson [4].

stratification and increase the value of u. For the
example examined experimentally by Bailey, a tube of
19 mm ID with a bend radius (r) of 0.45 m, the
constant in Eq. (3) is increased to 7.48 and the critical
velocity u by 17-20%. Experimental results confirmed
that the secondary flow effect should be taken into
account at low void fractions (eg < 0.5) but was not
appropriate for high void fractions (eg > 0.8).

For the case of a helical coil, since the gravita-
tional and centrifugal forces do not act in the same
direction, so g, cos 0 in Eq. (1) must be replaced by
[(gn  cos f3)’  + (u*/r)*]  03, the resultant force, where 0
now is the angle of inclination of the coiled tube.

Miropolskii et al. [7, 81, Carver et al. [9], and
Ruffell [lo]  have reported critical heat flux data for
coiled tubes. Miropolskii et al. [7, 81 found that in
subcooled regions the critical heat flux was reduced
from that in a straight vertical tube because of strati-
fication of the type discussed earlier. All three sets of
workers agree that at higher vapor qualities the transi-
tion to the liquid-deficient condition in the helical coil
occurs at a higher average vapor quality than the
corresponding condition in a straight vertical tube (Fig.
4). In most cases the vapor quality for the transition at
all parts of the tube circumference is higher than the
straight-tube value. Dryout  occurs first at locations on
the tube wall between the point closest to the center
of curvature (0)  and the top of the tube (A). At low
pressures it is possible for the centrifugal forces acting

on the vapor phase to be higher than on the liquid
phase because of the differing phase velocities, i.e.,
@gui/r) >p&?/r.  The liquid can then flow on the
inside rather than on the outside parts of the coil.
Experiments at low pressure with boiling in a helical
coil reported by Owhadi and Bell [l l] support this
picture, and dryout occurs first near 100% quality at
the top (A) and bottom positions (C) around the tube
circumference rather than at the point nearest the
center of gravity.

Ruffell [lo] has given a correlation that may be
used to estimate the dryout quality for the circumfer-
ential positions nearest (0) and farthest (B) from the
center of curvature for steam-water flow over a limited
range of conditions, namely, pressures between 60 and
180 bar, mass fluxes (ti) between 300 and 1 800
kg/m* s, tube diameter (0) between 10.7 and 18.6
mm, and coil-to-tube diameter ratios (d/D) between
6.25 and 185.

The steam quality at dryout for the point on the
tube circumference closest to the center of curvature
of the coil (0) is given by

x,,,J, = 1 - (4)

where

n = 0.75 li?( ) 0.5

lo3

The steam quality at dryout for the point on the tube
circumference farthest from the center of curvature of
the coil (0) is given by

101 Vert~col b e n d (bl  Hel~col  coal

Figure 3 Stratification in bends and coils.
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Helical coil

B

d = 3302mm

S t r a i g h t  v e r t i c a l

I I I

A D C B

P e r i p h e r a l  p o s i t i o n

Figure 4 Dryout  in a helical coil. Fluid: steam-water; pressure: 179 bar; core diameter d = 813 and 3 302 mm; tube
diameter D = 10.7 mm; mass flux ti = 678 kg/m�  s; heat flux 4 = 394 kW/m* . From Carver, J. R., Kakarala, C. R., and
Slotnik, J. S., Heat Transfer in Coiled Tubes with Two-Phase Flow, Babcock and Wilcox Rept. 4438,1964.

x,,,~ = 1 - 1.163pg4-0.0446~
Pa IO3

(5)

B. Heat transfer rates in horizontal tubes,
bends, and coils

As already mentioned, the heat exchanger designer
forced to use horizontal tubes in which boiling occurs
should choose a small tube diameter and as high a
liquid inlet velocity as permitted by pressure drop
considerations. As an initial step, the range of flow
patterns expected over the entire evaporator tube
should be established using the methods outlined in
Sec. 2.3.2. The location of any seriously stratified
regions and of the dryout quality shliuld be established
using the guidance given in the preceding section. For
regions where the complete perimeter of the tube
remains fully wetted, as is the case for dispersed
bubbly flow and high-velocity annular flow, the heat
transfer rates may be calculated using the methods
discussed in Sec. 2.7.3. At low velocities, however,
asymmetric flow patterns such as stratified, wavy, or
slug flow occur, and the mean heat transfer rate will
be reduced because the upper parts of the tube run
dry some or all of the time. This influence of flow
pattern is clearly seen in Fig. 5, which shows data
taken by Bandel and Schlunder [ 121  for the evapora-
tion of refrigerant 11 in a 14mm-diameter  tube. These
authors propose the following equation for the annu-
lar-flow region:

where n is the exponent in the relationship dp/dz  a tin
and $I? is the Martinelli  factor [= (dp/dz),/(dp/dz)p]  .
The constant C was dependent on the fluid used:

C = 1.45 for refrigerant 11 (Tsat  = 10°C)

C = 1.85 for refrigerant 12 (Tsat  = O�C)

C = 1.95 for refrigerant 22 (Tsat = - 10°C)

In the stratified-flow region, incomplete wetting
reduced the average value of heat transfer coefficient

t
Y

N
E
2
d

-�,$Y I
s t r a t i f i e d

,o� 1 �law 1

I/ wavy and
slug flow

⌧ q 0.1. 0

0.3m 0

0.5A A

102 2
m ,  kg/m2s  -

Figure 5 Convective boiling in horizontal tubes: influence of
flow pattern (refrigerant 11). Tsat = lO�C,  D = 14 mm. From
Bandel and Schhmder [ 121.

0 1983 Hemisphere Publish@  Corporation

IEIi



2.7 BOILING AND EVAPORATION / 2.7.4 Convective Boiling Inside Horizontal Tubes 2 . 7 . 4 - 5

and the constant C is given by the above values divided
by (1 +x)�.�. For the intermediate wavy/slug-flow
pattern a logarithmic interpolation was proposed.

An alternative is to use the correlation proposed
recently by Shah [ 131.  This correlation is similar to
that of Chen (see Sec. 2.7.3) but has the advantage
that it can be applied to partially stratified flows in
horizontal channels. The correlation is given in the
form of a graph (Fig. 6). The ordinate is the ratio
o&op and the abscissa C, is

Two other parameters are used:

B, = the boiling number = &
�

?fz2
Frc = the Froude number =p

dg,D

Figure 7 illustrates the use of the chart. Values of the
abscissa C,, of B,, and of FrP are calculated for the
specified conditions.

Example I: Vertical tube C, = 0.10, B, = 20 X
10m4,  FrP = 0.002. Since the tube is vertical, ignore

Frp. Draw a vertical line at C, = 0.10 to intersect the
curve for B, = 20 X 10e4. From this point of inter-
section, draw a horizontal line to the left and read
CY&YQ  at the ordinate (= 20).

Example 2: Vertical tube C, = 0.10, B, = 2 X
10e4,  FrP = 0.002. Since the tube is vertical, ignore
Frp. Draw a vertical line at C, = 0.10 until it intersects
line AB. Curves for values of B, less than 4.5 X 10m4
all merge into line AB; therefore the boiling number
has no influence in this example. Draw a horizontal
line from the point of intersection to the ordinate and
read a,,/o.p (= 11).

Example 3: Horizontal tube C, = 0.10, B, =
20 X 10b4,  FrP = 0.002. Draw a vertical line at C, =
0.10. From the point it intersects the line for
FrP = 2 X 10e3,  draw a horizontal line to the right to
intersect the line AB. From this intersection draw a
vertical line to intersect the curve for B, = 20 X 1 Ob4.
Then draw a horizontal line from this last intersection
to the left to the ordinate and read cqP/cup  (= 14).

Example 4: Horizontal tube C, = 0.10, B, = 2 X
10m4,  Fra = 0.002. Draw a vertical line at C, = 0.10.
From the point it intersects the line Fra = 2 X 10m3,
draw a horizontal line to the right to intersect the line
AS. Curves for values of B, less than 2.0 X lob4 all
merge into line AB, so the boiling number has no

c, = I (I-x) Ix 1 o.8 [Pg/P( )O.S

I I
Line AB - Pure convective

I

bo i l i ng  w i t h  surface
f u l l y  w e t

I Bubble suppression L N u c l e a t e  _ _
I

I I I I I III
3 L 5 0.01 2 3 L5

I III I I III I
.1 ca2 345 1.0 2 3 L5 10.0

Figure 6 The Shah [ 131  correlation.
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lo& A \ I

co= (;)  O.,(  f$“.s

Figure 7 Solution of examples l-4, explaining the use of Fig. 6.

influence in this exampIe.  Extend the horizontal line
to the left and read (Y&(YQ  at the ordinate (= 5.4).

The correlation is valid over the reduced pressure
range 0.004 to 0.8. The rms error on 780 data points
is 14%, somewhat higher than for the Chen correlation.
About 10% of the data points show deviations greater
than +30%.  It will be noted that when the correlation
is used for a horizontal tube, the value of i+, is the
mean coefficient over the tube perimeter. The Shah
correlation agrees well with the experimental data of
Bandel  and Schlunder [12] for heat transfer coeffi-
cients to refrigerant 11 evaporating in a 14-mm hori-
zontal tube.

In bends and helical coils the heat transfer coeffi-
cient in annular flow varies somewhat around the
circumference of the tube. This effect was clearly seen
in the experiments of Owhadi and Bell [ 111. However,
the nucleate boiling coefficient is not influenced by
the centrifugal forces, and from a design viewpoint the

heat transfer coefficient should be assumed to be
unaltered from the straight vertical tube situation
except for those situations where stratification or
dryout ensure that part of the tube circumference is
running dry.

Finally,  it should be noted that overheating of the
upper tube surfaces and local drying out of the liquid
film after a bend when combined with deposition of
particulate material may contribute to tube failures in
boilers by the process of �on-load� corrosion. Strati-
fication and premature dryout should thus be avoided
in waste heat boilers or in situations where the heat
flux is the independent variable. In other types of
evaporator where the heat source is temperature con-
trolled, such as by condensing steam, stratification or
premature dryout,  while reducing the mean heat trans-
fer coefficient, may not be expected to have other
serious consequences, provided that the process fluid is
clean.

Nomenclature for Section 2.7.4 appears at the end of Section 2.7.8.

REFERENCES FOR SECTION 2.7.4

1. Butterworth, D., and Robertson, J. M., Boiling and Flow in Horizontal Tubes, in Two-Phase Flow and Heat Transfer, eds. D.
Butterworth and G. F. Hewitt, chap. 11, Oxford University Press, London, 1977.

2. Styrikovich, M. A., and Miropolskii, 2. L., Llokl.  Akad. Nauk SSSR, vol. 71, no. 2, 1950.
3. Gardner, G. C., and Kubie, J., Flow of Two Liquids in Sloping Tubes: An Analogue of High Pressure Steam and Water, Znt. J.

Multiphase FIow, vol. 2, pp. 435451, 1976.
4. Robertson, J. M., Dryout  in Horizontal Hairpin Waste-Heat Boiler Tubes, AZChE  Symp. Ser., vol. 69, no. 131, pp. 55-62, 1973.
5. Lis, J., and Strickland, J. A., Local Variations of Heat Transfer in a Horizontal Steam Evaporator Tube, 4th Int. Heat Transfer Conf.

paper B4 Vol. 5, Paris, August 1970.
6. Bailey, N. A., Dryout  in the Bend of a Vertical U-Tube Evaporator, Personal communication, 1977.
7. Miropolskii, Z. L., Picus,  V. Yu., and Shitsman, M. E., Regimes of Deteriorated Heat Transfer at Forced Flow of Fluids in

Curvilinear Channels, 3d lnt.  Heat Transfer Conf., Chicago, August 1976, vol. II, pp. 95-101, Paper 50, 1966.

0 1983 Hemisphere I
r

taE

lblishing  Corporation

H



2.7 BOILING AND EVAPORATION / 2.7.4 Convective Boiling Inside Horizontal Tubes 2.7.4-7

8.

9.

10.

11.

12.

13.

Miropolskii, Z. L., and Picus,  V. Yu., Critical Boiling Heat Fluxes in Curved Channels, Heat Transfer Sov. Rer,  vol. 1, no. 1, pp.
74-79, 1969.
Carver, J. R., Kakamla,  C. R., and Slotnik, J. S., Heat Transfer in Coiled Tubes with Two-Phase Flow, Rept. TID 20983, 1964;
see also Babcock and Wilcox Co. Rept. 4438, 1964.
Ruffell, E. E., The Application of Heat Transfer and Pressure Drop Data to the Design of Helical Coil Once-Through Boilers,
Symp. Multi-Phase Flow Systems, University of Strathclyde, Inst. Chem. Eng. Symp. Ser., no. 38, Paper 15, 1974.
Owhadi, A., and Bell, K. J., Forced Convection Boiling inside Helically-Coiled Tubes, Znt. J. Heat Mass Transfer, vol. 10, pp.
397401, 1967.
Bandel, J., and Schliinder, E. U., Frictional Pressure Drop and Convective Heat Transfer of Gas-Liquid Flow in Horizontal
Tubes, Proc,  5th Znt. Heat Transfer Conf, Tokyo, September 3-7, 1974, Paper B.5.2, 1974; see also Bandel, J., and S&hinder,
E. U., Druckverlust und Wlrmeiibengang bei der Vendampfung seidender Kaltemittel im durchstromten Rohr, Chem. Zng. Tech.,
vol. 45, no. 6, pp. 345-349, 1973; and Bandel, J., Doktor-Ingenieur dissertation, University of Karlsruhe, 1973.
Shah, M., A New Correlation for Heat Transfer During Boiling Flow through Pipes, ASHRAE  lYans.,  vol. 82, no. 2, pp. 66-86,
1976.

0 1983 Hemisphere Publishing Corporationr \KDiL A





2.7 BOILING AND EVAPORATION 2.7.5-l

2.7.5
Boiling outside tubes

and tube bundles

J. G. Collier

A. Boiling outside single tubes in cross flow

This section deals with the case where the flow past
the tube or cylinder is by forced rather than by natural
convection. This latter situation is dealt with in Sec.
2.7.2. Photographs presented by Wet and Leppert [l]
show very clearly the flow patterns that occur when
nearly saturated water flows upward across a uniformly
heated cylindrical tube. At moderate heat fluxes,
typically around 20% of the critical heat flux, a vapor
cavity forms in the cylinder�s wake. Initially this cavity
is not continuous along the length of the cylinder, but
as the heat flux is increased, the increase in the length
of the cavity in the direction of flow results in the
formation of a very uniform vapor sheet. An increase
of velocity from 0.4 to 1.5 m/s or of tube diameter
from 0.254 to 4.8 mm also results in a large stable
vapor cavity behind the cylinder. Under these circum-
stances the only liquid reaching the top half of the
cylinder is that which is supplied between the vapor
bubbles and the heater surface as the bubbles enter the
cavity wake near the horizontal diameter. For low heat
fluxes, more liquid is supplied than evaporated and the
excess is removed by entrainment in the cavity. The
critical heat flux is reached when the liquid supplied in
this manner becomes insufficient to cool the upper
half of the cylinder.

In a parallel study, Vliet and Leppert [2] ex-
tended their work to include the effect of subcooled
water flowing across the heated rod. For low subcool-
ings (<16�C),  the flow pattern observed was similar to
that for water at the saturation temperature. For
greater subcoolings there is insufficient vapor to form a

0 1983 Hemisphere 1
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cavity in the wake of the cylinder because of the rapid
condensation.

Experimental information on boiling of liquids in
cross flow on heated cylinders has been reported by
Vliet and Leppert [ 1, 21, Beecher [3], McKee and Bell
[4], Co&ran  and Andracchio [5], and Min [6] for
water; by Cochran and Andracchio [5] for Freon 113;
b y  M m  [6] for methanol; and by Lienhard a n d
Eichhorn [7] for isopropanol.

Figure 1 shows experimental data taken by

0.6 1 2 L 6 810 20 LO
AT,?

Figure 1 Effect of cross flow on nucleate boiling cume for
water (1 bar). From Beecher [3].
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2 . 7 5 2 2.7 BOILING  AND  EVAPORATION  / 2.7.5  Boiling Outside Tubes and Tube Bundles

Beecher  [3] for saturated water flowing at 1 m/s
normal to an electrically heated stainless steel cylinder
1.22 mm in diameter. The data are compared with a
curve for water boiling from a similar cylinder under
natural convection pool boiling conditions. In the
region of high heat flux the two curves are nearly
coincident, whereas at low temperature differences the
individual curves are in agreement with the respective
single-phase forced convection and natural convection
predictions. The forced convective boiling  curve may
therefore be established by an interpolation procedure
(Fig. 2).

This method is based on that proposed by Bergles
and Rohsenow [8]. A fully developed nucleate boiling
heat flux ((in) versus wall superheat (AT,,,) curve is
established using the methods given in Sec. 2.7.2.
Similarly, a single-phase forced convection heat flux
(GC) is calculated as a function of wall temperature
(T,,,) using the methods given in Sec. 2.5.2. This heat
flux ((iC) is then plotted, together with gn, against wall
superheat, AT,,, . The wall superheat corresponding to
the onset of nucleation (AT,,t,i)  is estimated using the
methods given in Sec. 2.7.3. The corresponding heat
flux 4i, is read off the fully developed nucleate boiling
curve. The forced convective boiling curve is then given
by the curve 4, up to a wall superheat AT,,t,i and
then using the following interpolation formula at
higher walI  superheats by picking off corresponding
values of Qn and 4, to substitute into the equation

(1)

If 4i <Q,,  as it often is for saturated conditions, Eq.
(1) reduces to the form suggested by Kutateladze [9] :

l u

+

AT sot, I In AT,,;

Figure  2 Interpolation procedure for construction of forced
convection nucleate boiling curve.

4 = [ 1+
2

01 Qn
l/2

4, 4, (2)

Variations up to 30% in the wall superheat occur
around the circumference of a heated cylinder in an
upward cross flow [4]. As might be expected, the
lowest rates of heat transfer usually occur on the
upper half of the cylinder in the region of the
separated wake. In this region, nucleate boiling pro-
vides the main heat transfer mechanism, with little
contribution from convection, which enhances the
heat transfer rates at the sides and particularly the
bottom of the cylinder.

B. Critical heat flux outside single tubes
in cross flow

Lienhard and Eichhorn [7] have correlated the avail-
able experimental critical heat flux data for cross flow
of liquids upward over single cylinders and tubes in
relation to the various hydrodynamic flow patterns.
Three separate regions were identified.

1. Very-low-velocity region: Up to the point at
which a two-dimensional wake is formed, the equations
for the critical heat flux (G,,)  are those valid for
natural convection pool boiling. Thus,

4 cr,p 0.94(R�)-  I�4 for 0.12 <R�  < 1.17
-=
4 for R’ > 1.17

(3)
cr,z 0.904

where (icr,= is Zuber�s expression for the critical heat
flux on an infmite horizontal plate,

qcr,z = & Py’ah”  [W,(P!?  - Pg>1��4

and R’ is the dimensionless heater radius,

(4)

RI =$h10( “_ P.J”
(5)

2. Low-velocity region: The transition to a two-
dimensional wake occurs at a velocity (u,) given by+

Weg-O.lzR� (= 6.3 X lo-�  RI2 for water)

(6)

where

+Equation  (6) was given incorrectly in the original paper by
Lienhard and Eichhorn and was subsequently corrected.
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At liquid velocities greater than those given by Eq. (6),
the critical heat flux is given by

“(icr =1+ &
( >

l/3
P&vu- B

(7)

3. High-velocity region: A second transition occurs
at a higher liquid velocity when U, is given by

ec* = 0.275 20
l/2

Pg~vUw
+ 1 (8)

At liquid velocities greater than those given by Eq. (8),
the critical heat flux is given by

ecrpgAh,u- = 0.005 92(~~�  + 0.052 I (zr5 (9)

This latter equation represents 85% of the data for
water, Freon 113, methanol, and isopropanol with a
220%  accuracy. These equations show that, for cross
flow of saturated liquid over a cylinder, 4,, increases
as (um)1’3 and decreases as D -1�3  These trends are.
illustrated in Fig. 3, which shows the critical heat flux
for water plotted against cylinder diameter with veloc-
ity as parameter. The experimental results of McKee
and BeIl [4] for water were taken with relatively
large-diameter cylinders of 6.35 and 18.0 mm. Visual
observation suggested that the critical heat flux
measurements were made in region (l),  that is, before
a two-dimensional wake was formed.

The critical heat flux values measured with the
18-mm-diameter  cylinder at cross-flow velocities up to
1.66 m/s were approximately equal to those measured
for pool boiling. The criterion developed by Lienhard
and Eichhorn, Eq. (6), predicts the transition to a
two-dimensional wake at a much lower velocity. How-
ever, comparison is made difficult by the short length
of the test specimen (L/D = 2.5) and by the design of
the mountings used.

�E 20
5
5 10
5
= 5
-5
2
2 2

c
6 1

�; 0..5
.O-

“e%‘y RefI,1!/1, , I q1111,  1
A - 2.9

Water -
111

A - 2 1 [11
pressurlpressure 1 bbi

9 - l.L [II

- v - 1 . 0 5  Ill
- o - o . 7

l - 0.55 I:;

0 - 0.36 [ll
n - 1.66 [Ll

_ o-l.01 [Ll

1IIIIIl I 1 1111/11 I
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Figure 3 Critical heat flux in cross flow-effect of diameter and
velocity. From McKee and Bell [4].
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Figure 4 Effect of subcooling on 4cr for cross flow of water
over a 3.17-mm-OD  tube. From Vliet and Leppert [2].

Information on the effect of subcooling on 4,, for
cylinders in cross flow is limited. Figure 4 shows data
for water taken by Vliet and Leppert [2]. Except at
high velocities, the lines for each velocity appear
parallel, suggesting a constant incremental increase in
4,, with subcooling, irrespective of velocity. Conserva-
tively basing this increment on that for subcooled pool
boiling,

dcr,sub = (icr,sat + 4cr,p BATsub (10)

where (icr,sat  is that for cross flow of saturated liquid
evaluated by the procedure described above and dcr,p
is the saturated pool boiling critical heat flux given by
Eq. 2.7.2(17). Any of the expressions for B given in
Sec. 2.7.2C  might be used [Eq. 2.7.2(27), 2.7.2(28), or
2.7.2(29)].  Choosing the expression given by Eq.
2.7.2(28),

= qcr,sat + 0.065  2
�.a CpQATsub  .

qcr, sub 0 4l
qcr,p (11)

At high velocities, $Cr,sUb  becomes independent of
subcooling at temperatures near saturation (Fig. 4).
Therefore, for 0.03 > (cp~ATsub/Ahv),

qcr,sub  = qcr,sat

and for (CpQATsub/ahu) 5 0.03,

qcr,sub  = qcr,sat

(12)

+ 0.065 $
‘A c,nATsub

0 ( Ah,

C. Film boiling

Film boiling during upward cross flow over a hori-
zontal cylinder has been studied by Bromley et al.
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[lo]. The experimental data taken using an electrically
heated graphite tube and for a variety of liquids
including n-hexane, carbon tetrachloride, benzene, and
ethyl alcohol were correlated in two regions. At low
cross-flow velocity,

k< 1.0
diz

a = a, + 0.75o, (14)

where (Y, is the radiation heat transfer coefficient given
by Eq. 2.7.2(44), (Y,  is that value suggested by Brom-
ley for natural convection [Eq. 2.7.2(36)],  D is the
outside diameter, and U, is the free-stream velocity.

For higher velocities,

2fE-. > 2.0
VG
a = a, + 0.875~~~

where (Y,  is now given by

(16)

where  Ah: is defined by Eq. 2.7.2(35). The heat
transfer coefficient increases with higher velocities
and decreased tube diameters. Typical values of (Y,  for
n-hexane, benzene, and ethyl alcohol vary from 230
W/m2  K for no flow to 625-800 W/m2  K at a velocity
of 4 m/s. The values for carbon tetrachloride were
approximately one-half these figures.

This work was extended to upward cross flow of
subcooled liquids over a horizontal cylinder by Motte
and Bromley [ 111.  At velocities (u,) above about 2.5
m/s, the heat transfer coefficients (oc) are increased
approximately fourfold by subcooling the liquid
approximately 45°C. These values, thus, numerically
approach the values expected for nucleate boiling for
organic liquids (2 000-3 000 W/m2  K).

D. Boiling on the outside of tubes within
a horizontal tube bundle

Although it is known that the rate of heat transfer
from a heated tube within an evaporator tube bundle
is different from that for an isolated single tube, there
have been few published studies quantifying the differ-
ences. Horizontal tube bundles are used in refinery
kettle reboilers  and in water chillers, and this lack of
published information is surprising. Nevertheless, the
available published studies, particularly those of Palen
et al. [ 12-141, do provide much useful information.
Figure 5 shows schematically the essential differences
between the boiling curve for boiling outside a hori-
zontal tube and for a tube within a horizontal tube
bundle. Agitation, particularly because of vapor within
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Figure 5 Boiling curve for tube bundle compared with that for
a single tube (based on [ 121).

the bundle, Increases the heat transfer coefficient in
the nucleate boiling region, particularly at low heat
fluxes [ 151.  At higher values of wall superheat AT,,,,
the presence of large amounts of vapor within the
bundle causes vapor blanketing of the heat transfer
surfaces to occur at heat fluxes below the critical heat
flux for an isolated single tube. This reduction is
greater the larger the physical size of the tube bundle
and the closer the packing density of the tubes. The
variation of heat flux with wall superheat in the region
of the critical heat flux also tends to be much flatter
than for a single tube. Finally, the heat transfer
coefficient in the film boiling  region may also be
enhanced by the increased levels of turbulence in the
tube bundle, although to a somewhat lesser extent
than in the nucleate boiling.

Based on limited industrial experience, Kern [16]
suggested that the maximum heat transfer coefficient
for boiling within a tube bundle should be taken as
1 700 W/m2  K for organic liquids and 5 700 W/m2  K
for water. It was also recommended that the maximum
heat flux within the bundle should not exceed 38 000
W/m2  for units operating with organics in a natural
circulation mode and 63 000 W/m2  for units operating
with organics in a forced circulation mode. The maxi-
mum allowable heat flux for the evaporation of water
or an aqueous solution within a tube bundle operating
in either mode was 95 000 W/m�.  This very general
guidance usually produces very conservative designs
except under vacuum conditions or where pressures are
close to the critical point. In general, the methods
identified in Sets. E and F are to be preferred for
design purposes.

E. Heat transfer rates outside horizontal
tubes in tube bundles

Heat transfer rates under evaporating conditions in a
tube bundle are considerably enhanced over those for a
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single tube because of the influence of vapor passing
through the bundle. Detailed studies of this phenome-
non have been reported by Robinson and Katz [ 171,
by Nakajima and Morimoto [ 181, and by Montgomery
[19]. These studies have shown that:

1. There is little or no change in the boiling heat
transfer rate for a heated tube within a bundle com-
pared with an isolated single tube under similar condi-
tions where the heated tube is located in a single-phase
liquid cross flow.

2. There is a considerable enhancement in the
heat transfer rate for any particular tube within the
tube bundle for locations where that tube is bathed by
vapor generated from upstream tubes.

3. This enhancement is greatest at low values of
wall superheat or surface heat flux and is proportional
to the volumetric flow of the vapor. This is demon-
strated most clearly in Fig. 6, which shows results
obtained by Robinson and Katz [17] for the injection
of vapor under a heated tube within a tube bundle
evaporating Freon 12.

Because the enhancement is greatest at low wall
superheats, it is clear that the mechanism of enhance-
ment is related to the convective component of the
total heat flux. If it is assumed that the presence of
the vapor serves only to increase the liquid-phase
velocity, then the enhancement of the convective heat
flux is given by

% QJ - 24c tp 1 n-

ffc 4 >4c 1 - Eg (17)

where the subscript c relates to the single-phase liquid
heat transfer rate calculated for tube bundles using the
method given in Sec. 2.5.3 and the subscript c, t p
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Figure 6 Effect of vapor injection on heat transfer rates in a rod
bundle. From Robinson and Katz [ 171.
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Figure 7 Sketches of possible dryout  mechanisms inside tube
bundles.

relates to the expected two-phase heat transfer rate
corresponding to a local vapor void fraction of Q. If
the liquid is in laminar flow, n = 3; in turbulent flow,
n = 0.8.

In order to estimate the total heat transfer rate for
a heated tube within a bundle, use is made of Eq. (2)
with 4, tP substituted for 4,. In order to use this type
of approach, it is necessary to know the liquid and
vapor velocities within the bundle. These may be
estimated from tube-to-tube calculations and the
methods given in Sec. 2.3.2 to estimate the void
fraction. Alternative methods, valid only for refriger-
ants, have been given by Bier et al. [15] and by Leong
and Cornwell  [20].  It should be noted that the heat
transfer rates in an actual tube bundle will be sensitive
to the amount of liquid that bypasses the gap between
the tube bundle and the shell wall. With large quanti-
ties of vapor corresponding to high bundle void frac-
tions, vapor blanketing will occur, reducing the heat
transfer coefficient. This reduction will occur earlier at
high surface heat fluxes and should be expected when
the void fraction (Q) exceeds -0.85.

F. Critical heat flux outside horizontal
tubes in tube bundles

A number of mechanisms are possible whereby a
limiting heat flux is reached within a tube bundle.
They may be briefly described as follows (Fig. 7).
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2.7.5-6 2.7 BOILING AND EVAPORATION / 2.7.5 Boiling Outside Tubes and Tube Bundles

1. Pool boiling-type critical heat jlux: This
mechanism will occur in small bundles with widely
spaced tubes. In this case the flow passages within the
bundle are essentially filled with liquid and the limiting
process is the same as that for an isolated single tube.

2. Zero circulation and jlooding  limited: This
mechanism occurs when there is no net circulation
through the tube bundle. Liquid entering the bundle
can do so only from above and is hindered in doing so
by the vapor being released from the bundle. A
flooding condition is reached where the vapor release is
such as to prevent sufficient down flow of liquid to
reach all the heating surfaces within the bundle. This
mechanism is more likely to occur in large bundles
with closely spaced tubes. Down flow can occur in
some lanes and with up flow in others, giving an
apparent internal circulation.

3. Circulation and flooding limited: This mech-
anism is similar to mechanism 2 except that some
small circulation into the bundle from the sides and
base occurs. This low in flow of liquid is evaporated
within the bundle and the resulting vapor passes up-
ward to join that generated from liquid passing into
the bundle from above. Again, the limiting condition is
reached when this total vapor flow is such as to
prevent a sufficient liquid in flow from above. As with
mechanism 2, this mechanism occurs in large bundles
with closely spaced tubes.

4. Circulation limited: As the circulation through
the bundle increases, a condition is reached where the
vapor flow produced from this circulation alone is
sufficient to prevent any liquid entering the bundle
from above. The limiting condition is then complete
evaporation of the liquid feed, starving the upper tubes
in the bundle of liquid. Such a condition might occur
in narrow but tall tube bundles.

In practice it is difficult to distinguish among
mechanisms 2, 3, and 4 in actual tube bundle geome-
tries.

5. Entrainment limited: As the circulation through
the bundle is further increased, a substantial amount
of liquid may be entrained as droplets within the
vapor flow and thus dryout will occur on the upper
tubes on the bundle at vapor qualities considerably less
than 100%.

It is possible to derive a simple analytical expres-
sion for condition 2 on the assumption that for a
bundle of circular cross section located within a blind-
ended rectangular channel, flooding will occur first at
the horizontal diameter of the bundle. By using the
critical vapor velocity for flooding given in Sec. 2.3.2,
the following expression can be derived by analogy
with the equation for the critical heat flux in a
blind-ended heated tube (see Sec. 2.7.3):
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where  & is the bundle diameter, N is the total
number of tubes, P is the tube pitch, and D is the tube
outside diameter. It will be seen that this expression
for the critical heat flux in a tube bundle can be
considered the product of two terms: a bundle geome-
try-characterizing parameter and a liquid physical
property group. As might be expected, 4,, increases as
the bundle decreases in size (Db/N  increases) and as
the pitch (P) to tube diameter (0) ratio increases.
Should 4,, predicted from Eq. (18) exceed the value
calculated for an isolated single tube, then the latter
value should be used. The situation is then that
corresponding to condition 1 described above. In
some cases it is the total bundle power per unit length
of bundle, &,, that is of interest. Rearranging Eq. (15)
gives

Q,, = $ (p _ D)3,2  Ah k&&Q - 441
112

[ 1 +. (PglPa)����  1 2 (19)

Palen and Small [14] have given a correlation for the
critical heat flux within a tube bundle under conditions
where the liquid circulation is limited. It was arrived at
by modifying the isolated single-tube value given by
Zuber, 4 Cr,z given by Eq. (4). As discussed above, the
critical heat flux was found to be a function of a
dimensionless tube density factor Cp and a dimensional
physical property factor \k

where L is the bundle length, A is the tube bundle
surface area, and 0 is the tube layout angle.

* = h”PF2 kndPn  - Pg)l 1’4 (21)

Values of 9 for a range of hydrocarbons are given in
Table 1.

4cr = KfWfW (22)

The variation of bundle maximum heat flux as a
function of these two parameters is shown in Fig. 8.
The curves were faired into the single-tube value
calculated by the Zuber correlation at the single-tube
value of @ = l/n. The empirical constant K in Eq. (22)
for the condition where 0.06 < @ was given by Palen
and Small as 1.23.

Available experimental evidence suggests that the
predictions of both Eqs. (18) and (22) are conserva-
tive. These equations given the onset of vapor blanket-
ing within a bundle. As the average wall superheat is
increased, more tubes become dry, but the decrease in
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2.7 BOILING AND EVAPORATION / 2.7.5 Boiling Outside Tubes and Tube Bundles 2.7.5-7

Table 1 Values of \k (X 10m6),  W/m2

Pressure, bar

Liquid 1 3.45 20.1

Ethane
Propane
Propylene
n-Butane
i-Butane
Butene-1
n-Pentane
i-Pentane
n-Hexane
Cyclohexane
Benzene
n-Heptane

- - 4.50
- 3.12 3.44
- 3.08 3.89

2.14 2.83 3.00
1.91 2.68 2.54
1.92 2.82 2.92
1.76 2.67 2.58
1.78 2.70 2.62
1.80 2.57 2.10
2.06 2.78 2.75
2.40 3.72 4.87
1.70 1.64 -

heat transfer for these tubes is partially balanced by
the increase in coefficient for those tubes that are still
adequately supplied with liquid. This results in a rather
flat maximum in the heat flux-versus-wall superheat
curve.

Experimental data for 4,, where there is an im-
posed forced circulation through the bundle, condition
5 above, are sparse. Kezios et al. [21] measured values
of Go for water flowing through various crossed-rod
matrices of 0.3~cm  rods. Each matrix was composed of
12 rows of rods, rods in adjacent rows being oriented
at right angles to one another. The pitch in any one
row was varied; assemblies with pitches of 0.475,
0.635, and 0.950 cm were tested. The values of critical
heat flux obtained for these assemblies were higher
than for a single rod but fell as the rod pitch was
increased. It would appear that increased blockage
significantly increases the critical heat flux over and
above that expected due to the local increase in linear

velocity. The method of testing was such that this
conclusion is valid only for subcooled boiling condi-
tions. Jansson and Strandberg [22] presented informa-
tion of de, in a tube bank consisting of two rows of
1.23~cm-diameter  tubes, on a 1.97~cm pitch arranged
so that the individual rods were in line with one
another and the rod spacing between rows was 0.5 cm.
Water at atmospheric pressure was the test fluid, and
the results were consistent with those for an isolated
single tube. Coffield et al. [23], and later Jaikrischnan
and Rohner [24], investigated subcooled critical heat
flux with Freon 113 flowing normal to a matrix of 27
tubes, one or more of which was steam heated. A
variety of correlations were suggested, but none with
any generality.

Tube Density  Factor  0 (Oimens~onlessl

Figure 8 Maximum heat flux in horizontal tube bundles. From
Palen and Small [ 141.

Nomenclature for Section 2.7.5  appears at the end of Section 2.7.8
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2.7 BOILING AND EVAPORATION 2.7.6-l

2.7.6
Boiling of binary

and multicomponent mixtures:
Basic processes

J. G. Collier

n Sections 2.7.1-2.7.5 discuss the behavior of pure
single-component fluids during evaporation. However,
in the petrochemical industries in particular, many
processes involve the evaporation (and condensation)
of binary (n = 2) and multicomponent (n > 2) mix-
tures, where II is the number of components. In the
boiling of binary and multicomponent mixtures, the
heat- transfer and the mass transfer processes are
closely linked, with the evaporation rate usually being
limited by the mass transfer processes. This is signifi-
cantly different from single-component systems, where
interfacial mass transfer rates are normally very high.

In this section the differences to be expected in
the basic physical processes will be considered. This
will lead to a presentation of the available information
on pool boiling of mixtures (Sec. 2.7.7). Finally, the
problems of predicting heat transfer rates in forced
convective evaporation of mixtures will be examined
(Sec. 2.7.8). Starting with the early work of Bonilla
and Perry [l] and Cichelli and Bonilla [2], a consider-
able body of published information on pool boiling of
binary mixtures has been built up. However, very little
has been published relating to forced convection evap-
oration of mixtures. The evaporation of multicom-
ponent mixtures is largely unexplored.

A. Elementary phase equilibrium

(a) Binary systems

In a mixture of vapors the partial pressure PA of
component A is that pressure which would be exerted
by A alone in a volume appropriate to the concentra-

tion of A in the mixture at the same temperature.
Since p = @A, for an ideal mixture the partial pres-
sure PA is proportional to the mole fraction of A in
the vapor phase:

PA =yAP (1)

Two laws relate the partial pressure in the vapor phase
to the concentration of component A in the liquid
phase.

1. Henry�s law states that the partial pressure PA
is directly proportional to the mole fraction %A of
component A in the liquid phase:

pA = const :A (2)

This holds for dilute solutions only, where ?A is small.
2. Raoulf’s  law states that the partial pressure pi

is related to the mole fraction ?A and the vapor
pressure of pure component A at the same tempera-
ture:

PA = &;A (3)

where p$ is the vapor pressure of pure component A
at the same temperature. This holds for high values of
?A dy.

If a mixture follows Raoult�s law, it is said to be
ideal, and values of y can be calculated for various
values of 2 from a knowledge of the vapor pressures of
the two pure components at various temperatures.

Few mixtures behave in an ideal manner. If the
ratio of the partial pressure PA to the mole fraction in
the liquid phase ?A is defined as the volatility, then
for a binary mixture of components A and B,
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2.7.6-2 2.7 BOILING AND EVAPORATION / 2.7.6 Boiling of Binary and Multicomponent Mixtures: Basic Processes

Volatility of A = PA
%A

Volatility of B = F
B

The ratio of these two volatilities is known as the
relative vokztility  (Y, given by

PA~B
(y=-

PB~A

Substituting Eq. (l),

(4)

(5)

Clearly, from Eq. (3), for an ideal mixture the relative
volatility is just the ratio of the vapor pressures of the
pure components A and B at the chosen temperature.
Values of cr vary somewhat with temperature, and
tables for different binary systems are available in
chemical engineering handbooks.

Consider a container initially filled with a binary
liquid mixture having a mole fraction ?a of the more
volatile component and held at constant pressure p and
temperature Tr (Fig. la). What happens when the
liquid mixture is heated at constant pressure can be
shown conveniently on a temperature-composition
diagram (Fig. lb). In this diagram the mole fraction of
the more volatile component in the liquid is plotted as
the abscissa and the temperature at which the mixture
boils as the ordinate.

The initial conditions in the container are denoted
by point Q. The container is now heated at constant
pressure. When the temperature reaches T,, the liquid
will start to boil, as shown by point R. Some vapor is
formed of composition i;e, as shown by point S. This
initial vapor is rich in the more volatile component. If
the experiment is repeated for the complete range of
values of %c, then a series of points such as R and S
can be determined. The locus of points like R is a
curve AXZRB, which is known as the bubble-point or
boiling-point curve. The locus of points like S is a
curve AWVSB, which is known as the dew-point curve.

If the container is heated further, the composition
of the liquid will change because of the loss of the
more volatile component to the vapor. The boiling
point will therefore rise to some temperature T3. Both
the liquid and vapor phases become richer in the less
volatile component, with the liquid having a composi-
tion represented by point Z and the vapor having a
composition represented by point V. Since no material
is lost from the container, the proportion of liquid to
vapor must be given by

(6)
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Figure 1 Elementary phase equilibria for binary mixtures.

The ratio y/? at constant temperature is referred to as
the equilibrium ratio K:

K=;

Combining Eqs. (6) and (7), we have

z&(L/V  + 1)z=-
K + L/V

(8)

Upon further heating to a temperature T4, all the
liquid is vaporized to give a vapor of the same
composition as the original liquid (point IQ. The last
drop of liquid to disappear is very rich in the less
volatile component 6,) (point x). During this hypo-
thetical experiment, the mass fraction vaporized, the
specific volume, and the heat added to the system to
bring it to each temperature condition would also have
been recorded. Note the analogy between this experi-
ment and the once-through vaporization of a liquid
mixture fed to the bottom of a tube.

In the design of evaporation equipment for liquid
mixtures, thermodynamic equilibrium is usually
assumed. However, this clearly must be an approxima-
tion, since temperature and concentration differences
must exist for evaporation to occur. Equilibrium is
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2.7 BOILING AND EVAPORATION / 2.7.6 Boiling of Binary and Multicomponent Mixtures: Basic Processes 2.7.6-3

invariably assumed to exist at vapor-liquid interfaces,
i.e., where the phases remain in intimate contact with
o n e  a n o t h e r .  H o w e v e r , i t  i s  p o s s i b l e  t o  c o n c e i v e  a

situation where the vapor bubbles formed rise to the
surface and into a vapor space such that there is no
longer any close contact with the liquid phase. Further
evaporation of the liquid must occur with a heavier
(less volatile) liquid than originally designed for. There
will be a corresponding rise in the boiling point, the
effective temperature driving force for evaporation will
be reduced, and the available surface area may become
insufficient to accomplish the required duty. Such a
separation of the vapor from the liquid may occur
when evaporating a mixture on the shell side of a
kettle reboiler, especially at low circulation rates.
Alternatively, it could also occur within tubes where
there is stratification or poor distribution of the flows.

Temperature-composition diagrams such as Fig. 1 b
are helpful in interpreting different physical situations.
For example, consider the case where subcooled boil-
ing of a binary liquid mixture of composition Z. and
temperature T1 occurs (point Q). The vapor formed at
the heat transfer surface will have a composition yO. If
the vapor bubble detaches from the surface, passes
through the liquid, and condenses, the condensed
liquid will have a composition jzs corresponding to ya.
Thus the liquid adjacent to the heating surface will
tend toward a composition %r,  whereas the liquid
some way away from the heating surface will tend
toward 2s. These composition changes will be accom-
panied by changes in physical properties of the liquid.

In considering energy flows, particularly for non-
ideal mixtures where the molar latent heat is not
constant and there is a substantial heat of mixing, an
enthalpy-composition chart is useful (Fig. lc). The
upper curve represents the dew point and the lower
curve the bubble point. The enthalpies of liquid and
vapor mixtures in equilibrium occur on the bubble-
point or dew-point curves, respectively, at either end
of a tie line, e.g., R’S’. Points corresponding to those
on Fig. lb are shown with a prime.

Some temperature-composition curves look like
those shown in Fig. 2. For these binary systems there
are critical compositions 2, where the vapor has the
same composition as the liquid such that there is no
change of composition upon evaporation. It will be
seen later that for these special mixtures, called azeo-
tropes, mass transfer limitations are absent and the
mixture behaves when it is boiled like a pure com-
ponent having mean mixture physical properties.

(b) Multicomponent mixtures

The above concepts can readily be extended to multi-
component mixtures. If Raoult�s law applies, then Eq.
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Figure 2 Temperature-composition diagrams for binary mix-
tures forming azeotropes.

(8) can be used with the appropriate Z. and K values.
Various values of L/V are assumed for a known liquid
composition at a given pressure and temperature. The
correct L/V ratio is that which satisfies the constraint

xi: = 1 (9)

The application of Eq. (8) to multicomponent nonideal
mixtures is more difficult and involves a further con-
straint,

ZfG=l (10)

The calculations can be carried out in terms of the
number of moles of each component in each phase
instead of using mole fractions as above. K values have
been measured for a wide range of hydrocarbons at
various pressures, and some values are shown in Fig. 3.
The methods used to measure or predict phase equilib-
rium data are, however, outside the scope of this
section.

The evaporation of any binary or multicomponent
liquid can be expressed in terms of a curve of the
equilibrium temperature (7) against an amount of heat
@)-the conventional cooling or condensation curve. It
is a unique curve provided that the pressure p through-
out the evaporator is constant. Another, and in some
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EQUlLlBRlUM  CONSTANT  K PRESSURE  - 7.8 ATM

0 5�0 160 150 zio 360

TEMPERATURE,  �C

Figure 3 Vapor-liquid equilibrium data for hydrocarbons.

ways more convenient, way of- expressing this curve is
in terms of the temperature against the specific en-
thalpy x (Fig. 4). Transferring one curve to another is
quite straightforward and can be done by

z=Q-Qr
N (11)

where Q, is a reference value of Q that could conven-
iently be either the value at the lowest temperature
reached in the system or the bubble-point value at the
lowest pressure p; N is the total number of moles of
fluid.

These are (1) the sensible heat change in the liquid
phase (1 -x); (2) the sensible heat change in the vapor
phase (x); and (3) the heat of vaporization of an
amount of liquid (dx). This concept differs from that
for a single component system since, in that case,
enthalpy changes are either sensible heat changes or
latent heat changes (at constant temperature).

The condensation curve must always be provided
to the heat exchanger designer. Typical information
will be in a tabular form for a series of pressures
spanning the range of interest for each mixture. Since
the heat exchanger designer has to work with local
conditions within the exchanger, the local pressure will
always be known at any point in the calculation, and
it is therefore possible to allow for the effect of
pressure on the equilibrium temperature by interpola-
tion between tables at given pressures. For the sake of
clarity, however, the effect of pressure is omitted from
the rest of this discussion.

c

In addition to there being a unique T-z relation-
ship at each pressure level, there is also a unique x-z
relationship, where x is the quality or the vapor phase
mass fraction. When the condensation curve (T-z)  is
specified, the corresponding values of x must also be
given (Fig. 4).

It is possible to consider the change in enthalpy of Figure 4 Temperature-enthalpy curve.
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a binary or multicomponent fluid with temperature as
made up of three terms:

d?i = (1 -x)dTzpQ  + xdT&,  + ah-, dx (12)
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2.7 BOILING AND EVAPORATION / 2.7.6 Boiling of Binary and Multicomponent Mixtures: Basic Processes 2.7.6-5

(c) Nucleation in a binary system

As with a single component system (Sec. 2.7.1), vapor
may be formed from a binary liquid mixture at either
a planar (stable equilibrium) or curved interFace (un-
stable equilibrium). The superheat (Tg - Tsat)  required
to maintain a bubble embryo of radius r* in equilib-
rium is given by

For mixtures, both apsat/aT and the surface tension u
depend on the composition as well as the temperature.
The extended Clapeyron equation is given by [3,4]

(14)

where K is the equilibrium constant and g is the Gibbs
free energy. For ideal systems, (azg/aj;:2)T,P  is given

by

?(I -2)
(15)

The slope of the boiling-point curve on an equilibrium
diagram at constant pressure can be evaluated by
rearranging Eq. (14) and noting that apsat/aT  = 0 at
constant pressure and (ap/aT)z  = p&,/ET*  = pgAhu/lY
Rearranging Eq. (14) with these constraints,

T,P
(16)

Alternatively, substituting for (a*g/ajs 2)T,P  from Eq.
(15),

aT0a;;,
PT K--1<Oz---T,

P&” l--x (17)

This expression can be seen to be almost independent
of pressure.

The second term on the right-hand side of Eq.
(14) is always negative. This means that the value of
ap,,,/aT is always somewhat less than the value for an
equivalent pure liquid. Nevertheless, Shock [5] has
shown that apsat/aT for a binary mixture can be
higher than the value for the pure components alone.
If Eq. (13) is considered, the influence of this change
in apsat/i3T  is usually small compared with changes in
both the surface tension u and the size of the active
nucleation sites on the heated surface I*.

The addition of relatively small quantities of a
second component to water often greatly reduces the
surface tension. Figure 5 shows the changes in bubble-

/dew-point temperature and in surface tension u for
two systems, ethanol-water and ethanol-benzene. This
figure also shows the calculated superheat values as a
function of r* for these same two systems. For the
ethanol-water system, the reduction in surface tension
as the mole fraction of ethanol is increased causes a
sharp drop in the superheat required to maintain a
given size bubble embryo in equilibrium. Conversely,
for the ethanol-benzene system, the variation of sur-
face tension and also of superheat with composition is
small.

(d) Size of nucleation sites

Before Eq. (13) can be used to estimate the superheat
required of a mixture on a heated surface, it is
necessary to know how the maximum size of nuclea-
tion site on the surface varies with composition. This
maximum size is determined by the penetration of the
liquid into preexisting cracks and flaws in the surface.

This penetration is influenced by changes in both
surface tension and contact angle. Experimental evi-
dence from Shock [5] suggests that these changes in
the maximum size of nucleation site with composition
can be profound. Table 1 shows the variation of the
computed size of nucleation site at the onset of boiling
on a nickel-plated surface for the ethanol-water system.
On this evidence it would appear that changes in
mixture composition, particularly when one of the
components is water, may produce significant increases
in the superheat required to initiate and sustain nuclea-
tion primarily as a result of a reduction in the contact
angle and hence the maximum active nucleation site.

(e) Bubble growth in a binary system

Bubble growth in a single-component system is limited
very rapidly by the rate at which heat can diffuse to
the interface to provide the latent heat of vaporization.
In a binary liquid mixture, however, a limitation also
occurs as a result of the liquid close to the bubble
interface becoming depleted in the more volatile com-
ponent [6]. For vaporization and bubble growth to
continue, the more volatile component must now
diffuse from the bulk liquid through the depleted
region. This is shown diagramatically in Fig. 6. The
initial bulk liquid contains a mass fraction (x0) of the
more volatile liquid and is superheated by an amount
AT,,, (to point E) above the boiling point correspond-
ing to the initial liquid composition 7Y&)  (point D).
At the bubble interface the mass concentration of the
more volatile component in the liquid phase has fallen
to x (point A), whereas the composition of the vapor
within the bubble is y (point B). The corresponding
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Figure 5 Nucleation in binary mixtures.

,+@ - x)d = pQ6 ax

0
ar r=R

rise in the saturation temperature at the bubble wall
[T(x)  - T(xe)] is denoted by AT

d = 2 (ATsat - AT)c~Q �Q

pk- ah, (#'*(KQt)""
(20)

Van Stralen [7, 81 has given the theory for bubble
growth in binary liquid mixtures. A mass balance at
the interface for the more volatile component is

Equating Eqs. (19) and (20), substituting for Gd, and
rearranging give

If (ax/&),,,  is approximated by assuming that the
concentration falls from x0 to x across a diffusion
shell thickness of z~, the bubble growth rate can be
given as

d=~(XO-X)  6 PQ x 60 - x) 6-=-
P g  0-x) z&l Pg 0, - x) (7r/3)yDt)“*

(19)

Van Stralen has termed (x0 -x)/b  -x) the vaporized
mass  diffision  fraction Gd.

It will also be seen from Fig. 6 that the effective
superheat conducting heat to the bubble wall is not
AT,,, but AT,,, - AT. Thus the bubble growth rate is
also given by

(21)

Table 1 Variation of size of active nucleation  site with
composition  for boiling of ethanol-water  on a nickel-
plated surfacea  �

Composition
mole fraction
ethanol- 2

Wall Tg - Tsat
temperature at ONB, rmax X 106,
at ONB,C �C �C m

0 138.2 9.9 1.05
0.058 143.5 26.6 0.23
0.058 143.0 26.7 0.24
0.058 146.5 29.3 0.20
0.058 145.4 28.6 0.21
0.197 145.2 36.8 0.095
0.197 145.0 36.7 0.095

�From Shock [5 1. (The author thanks the United Kingdom
bp = 2.5-2.6 bar.
CONB, onset of nucleate boiling.
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Figure 6 The gowth of vapor bubbles in binary systems.

It may be assumed that ATJAT and therefore
AT/Gd  are independent of the actual value of AT,,*:

Efxej=-(K-1)x g
0 P

(22)

It may be estimated at x = x0 using Eq. (17) for

0 w9p or evaluated graphically from equilibrium
data as shown in Fig. 6.

The asymptotic bubble growth equation for binary
fluid mixtures is obtained by substituting Eq. (21) in
Eq. (20): ATsat ‘I2

R = (&-‘Q>[&/cpQ  + (KQ/~)~‘*@T’G~)~

(23)

It can be seen that a minimum value of d for a binary
mixture corresponds to a maximum value of AT/Gd.
This was confirmed by van Stralen using experimental
observations.

The bubble growth rate in a binary system is
sharply reduced from that for a single-component
system, since the mass diffusivity 6 of the more
volatile component is an order of magnitude smaller
than the thermal diffusivity KQ.

The much lower growth rate also results in much
smaller bubbles at the point of departure from the
surface. A further important point is that the propor-
tion of the heat transferred to the bubble while still
attached to the heating surface is greatly reduced in
the case of mixtures, and in the case of binary
mixtures the bubbles continue to growth significantly
after their departure from the surface.

Zeugin et al. [9] have studied the behavior of the
microlayer underneath a bubble formed from a binary
liquid mixture and growing at a heated surface. As the
bubble grows, initially, the surface temperature under
the bubble falls sharply from the initial superheat to
just above the bubble point of the liquid mixture. The
surface temperature then recovers more slowly than in
the case of pure liquids with the temperature rise
following the increase in bubble point of the micro-
layer as the more volatile component is depleted.
Evidently, vapor produced from evaporation of the
microlayer will be less rich in the more volatile com-
ponent than that produced from the rest of the bubble
wall. If the microlayer evaporates completely, then the
composition of the vapor produced will be that of the
original liquid.

In summary, the addition of a second component
to a pure liquid has a profound effect on such basic
processes as the initiation of nucleation, bubble
growth, and bubble departure from the heating surface.
For the case where water is one of the components,
these effects manifest themselves as a sharp increase in
the surface superheat needed to initiate boiling, a
corresponding reduced bubble growth rate leading to
much reduced bubble departure diameters. Although
the effects for mixtures of organic fluids are less
pronounced, they still nevertheless greatly influence
the mechanism of nucleate boiling and result in signifi-
cantly reduced heat transfer coefficients compared
with the pure fluid.

Nomenclature for Section 2.7.6 appears at the end of Section 2.7.8
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2.7 BOILING AND EVAPORATION 2.7.7-l

2.7.7
Boiling of binary

and multicomponent mixtures:
Pool boiling

J. G. Collier

W The pool boiling curve is considerably altered
when the fluid being evaporated is a binary mixture
rather than a pure single-component liquid. The princi-
pal changes are shown diagramatically in Fig. 1. First,
the onset of boiling is delayed to higher wall super-
heats as a result of the temperature gradients set up in
the pool to accommodate the corresponding gradients
in liquid composition. Heat transfer coefficients in the
nucleate boiling region are sharply reduced. The critical
heat flux may be increased or reduced depending on
the extent of the contribution from convection in the
pool. The minimum heat flux and the corresponding
wall superheat are increased. Finally, heat transfer rates
in the film boiling region are also somewhat higher.

A. Nucleate boiling

Even small amounts of a second component cause
considerable reductions in the heat transfer rate under
nucleate pool boiling conditions compared with that
measured for the pure liquid. The reason for this
reduction can be traced back to the influence of the
second component on the bubble growth rate. The
minimum bubble growth rate, the minimum heat trans-
fer coefficient, and the occurrence of a maximum
critical heat flux all occur at the same liquid composi-
tion corresponding to a maximum value of (? -:I.
Starting with the early work of Bonilla and Perry [l]
and Cichelli and Bonilla [2], many experimental
studies of pool boiling of binary mixtures have been
published. A good deal of useful experimental data for
nucleate pool boiling of binary liquids have been
presented by Sternling and Tichacek [3]. They used

CRITICAL
HEAT FLUX

lzu�,,�� I
�\ /

,I- MItiEAl
,,I--. FLUX

: 2,:

2
;;1/ - - - P U R E  L I Q U I D
I - B I N A R Y  M I X T U R E2

v) N U C L E A T E
BOILING

��  ATsot (cl,- TP’

WALL SUPERHEAT

Figure 1 Schematic diagram showing principal changes to pool
boiling curve for binary mixtures.

14 binary systems with components ranging from
water to light alcohols to heavy oils. AU the mixtures
had a wide boiling range, at least 9O�C.  For all the
systems the heat transfer coefficient for a given heat
flux was less than would be expected for an �ideal�
single-component fluid with the same physical proper-
ties.

Stephan and Korner [4] have suggested a simple
method whereby heat transfer coefficients in binary
systems may be computed from data for the pure
components. The method is illustrated in Fig. 2. The
upper part of this diagram represents an equilibrium
diagram for the system A-B and shows the mole
fraction of component B in the vapor phase ci;)
plotted against the mole fraction of component B in
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Figure  2 The evaluation of nucleate boiling heat transfer
coefficients for binary systems. From Stephan and Korner [4].

the liquid phase (L?)  for a constant pressure. The lower
part of the diagram shows the difference in tempera-
ture between the heating surface T,,, and the bubble
point 7�,,&)  corresponding to a liquid composition
@). The curve of (T,,,  - T,,fZ j) passes through a
maximum corresponding to the maximum value of
F --?I. The value of (T, - T,,&))  may be expres-
sed as

(T, - TsatfZ))  = AT, + ATE = AT, (1 + 0) (1)

AT, is the �ideal� value of the temperature difference
and is evaluated from the values of AT,,, for the two
pure components A and B calculated for the same
pressure and heat flux as the mixture. These wall
superheat values will be denoted AT, and AT,,
respectively. Then AT1 is given by

A T , = (1 - Z)AT* + ZAT~ (2)

Stephan and Korner found that 0 in Eq. (1) could be
correlated against the value of ly�  -%I. Thus,

O=AF-21 (3)

A was found to vary with pressure, and over the
pressure range l-10 bar the following expression was
used :

A = Ae(0.88 + 0.12p) (4)

where p is the system pressure in bar and A0 is a
constant dependent on the particular binary system
studied. Values of A0 are given in Table 1 for 17
common systems. A value of A,-,  of 1.53 was recom-
mended when no experimental data for the system
under consideration are available. This method is not
reliable if one of the components is strongly surface
active.

Happel and Stephan [5] have reported the results
of pool boiling experiments with benzene-toluene,
ethanol-benzene, and water-isobutanol mixtures over
the entire range of compositions and at pressures of
0.5, 1, and 2.0 bar. The results were presented in
terms of heat transfer coefficient rather than tempera-
ture difference. If there was no influence of mass
transfer on the boiling process the heat transfer coeffi-
cient (ideal value) at any liquid composition G) would
be related to the coefficients of the pure components at
the same condition (O(A)  CY~):

or=cYA(l-Z)+CYB?

This differs from Eq. (2) in that now

Table 1 Value of A,-, for use in Eqs. (3)
and (4) for the estimation  of nucleate
boiling  heat transfer coefficients  for
binary  mixture@

System

Acetone-ethanol
Acetonebutanol
Acetone-water
Ethanol-benzene
Ethanol-cyclohexane
Ethanol-water
Benzene-toluene
Heptane-methyl cyclohexane
Isopropanol-water
Methanol-benzene
Methanol-amyl alcohol
Methyl ethyl ketone-toluene
Methyl ethyl ketone-water
Propanol-water
Water-glycol
Water-glycerine
Water-pyridin

�From Stephan and Kiirner [4].

0.75
1.18
1.40
0.42
1.31
1.21
1.44
1.95
2.04
1.08
0.8
1.32
1.21
3.29
1.47
1.50
3.56

(6)
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2.7 BOILING  AND  EVAPORATION  / 2.7.7 Boiling of Binary and Multicomponent  Mixtures:  Pool  Boiling 2.7.7-3

Figure 3 shows results for benzene-toluene mix-
tures and confirms that the minimum coefficient does
occur at the maximum value of 6 - ?I. For mixtures
that form azeotropes (where the liquid and the vapor
phases in equilibrium have the same composition;
F --?I = 0), however, such as ethanol-benzene, one
might expect the heat transfer coefficient to approach
the ideal value at the azeotropic composition, and this
also is confirmed. The ratio of the actual to the ideal
coefficient was correlated as a function of F --?I.

a ATI-=-=
q AT

1 -N-j  -2)� (7)

where B depends on the mixture and the pressure. For
benzene-toluene mixtures at 1 bar, B = 1.5 and n =
1.4; for ethanol-benzene mixtures, B = 1.25 and IZ =
1.0; and for water-isobutanol mixtures over their range
of miscibility, B = 0.9 and n = 0.7.

One of the few correlations to attempt to relate
quantitatively the reduction in bubble growth rate to
the reduction in heat transfer coefficient is that of
Calus and Rice [6]. The correlation reduces to a form

oil
ff=

[l + fi - %l(K~/h)“~ ] o’7
(8)

where CYI  is the ideal coefficient evaluated for the
equivalent pure fluid using the modified Borishanski-
Minchenko correlation described in Table 2.7.2(2);
Iv -xl is based on the mass rather than mole fraction.

4 : lo5 W/m*

I j=,id 1 1
-- - - -

u
:, 6000
E

I I I I
0 20 LO 60 80 100

2 (mole-‘/.)

B E N Z E N E - T O L U E N E

Atlhough it is interesting to compare the form of this
relationship with Eqs. (1) and (7), it should be noted
that (KQ/~)“’ does vary considerably with changes in
mixture composition.

To extend these concepts to multicomponent mix-
tures (n > 2), Stephan and Preusser [7] have again
made use of AT,, the ideal value of the temperature
difference, now defined as [cf. Eq. (2)]

n

AT, =
c ZiATsat,  i (9)

1

also

@j = n I\p(-jTi - &)
2

(10)
1

For a ternary mixture (n = 3), we therefore obtain

@ = A$3)@�1  -21)  + Ap& -2,) (11)

Since a ternary mixture includes as limiting cases the
three- binary mixtures, for a binary mixture consisting
of components 1 and 3 GZ = ZZ = 0) and for another
mixture consisting only of components 2 and 3 (?I =
2 1  =  (0,

A(3)  = A13 and Ai3) = A23

In a similar manner, for a mixture of II components,

/\I��  = Ai, (i=1,2,...,n-1)

,,=l bar

4 = 105W/m2

N
E 6000

5

bOOOI pm
0 20 LO 80 100

T (mole- ‘/.I

E T H A N O L  - B E N Z E N E

Figure 3 Variation of heat transfer coefficient for binary mixtures with composition and pressure. From Happel and
Stephan  [ 5 ] .
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In this way the unknown value of A?) can be
determined from the known values of A measured for
the separate binary mixtures. In one example quoted
by Stephan and Preusser, satisfactory agreement was
achieved between this method and experimental results
for an acetone-methanol-water ternary mixture.

B. Critical heat flux

Changes in the pool boiling critical heat flux occur
when small amounts of a second component are added
to a pure liquid. The critical heat flux may be higher
or lower than the value for either component alone. As
with the heat transfer coefficient in nucleate boiling,
the change induced by the second component would
appear to be large compared with the small changes in
physical properties (surface tension; viscosity and den-
sity) attributed to the second component. It is, there-
fore, not possible to predict, a priori, the influence a
second component might have on the critical heat flux
simply by substituting the altered physical properties
into an equation of the type proposed for pool boiling
critical heat flux by Kutateladze [8] or Zuber et al.
[9] (see Sec. 2.7.2C).

The experimental and theoretical understanding of
the critical heat flux phenomenon for binary mixtures
has been increased very considerably by the work of
van Stralen [lo]. The early investigations suggested the
action of several conflicting mechanisms regarding such
variables as the volatility, the molecular weight of the
second component, and the geometry of the heating
section. Some of this early work and the resulting
explanations are reviewed briefly below.

Lowry and Westwater [l l] suggested that their
observed increases in the critical heat flux for meth-
anol were due to the second component providing
particles that acted as nucleation sites within the
superheated boundary layer. Van Stralen [12] con-
cluded that the increases he observed in the critical
heat flux for water with the addition of a more
volatile component were due to the formation of
smaller bubbles (see Sec. 2.7.6). Dunkus and Westwater
[13] obtained data on the effects of various additives
on the heat transfer characteristics of boiling isopro-
panol. They concluded that when the second com-
ponent came from the same homologous series, the
magnitude of the increase was greater the higher the
molecular weight. A decreased volatility of the second
component also increased the critical heat flux. These
authors suggested that the increases could be attributed
to a depletion of the solvent with respect to the
nonvolatile second component at the bubble wall leav-
ing the bubble surrounded by a fluid of high viscosity,
which tended to reduce coalescence between bubbles,

0 1983 Hemisphere F

promote foaming, and also reduce the motion of
eddies.

An effect of geometry was observed by
Kutateladze [ 141  for boiling on a wire and a plate. In
this instance, butanol was used to influence the critical
heat flux for water at a pressure of 10 bar. For a wire
heater the critical heat flux had a maximum at about
10% butanol of 2.5 times the value for pure water. For
a plate heater the critical heat flux had a minimum at
about 6% butanol of 0.56 times the value for pure
water. A similar discrepancy was found by Owens [ 151
when he compared his results for the boiling on a
stainless steel tube of water containing various addi-
tives with the results obtained by van Stralen [12]  for
similar binary systems using a thin wire heater.

The more recent work of van Stralen [lo] has
presented an explanation for many of the phenomena
reported above. Van Stralen has shown that the maxi-
mum often observed in the critical heat flux with
binary mixtures corresponds to the minimum bubble
growth rate and to the maximum value of F --?I. The
lower bubble growth rate considerably reduces the heat
transfer coefficient from the heating surface to the
boiling fluid, with the result that the wall superheat is
considerably increased. The critical heat flux can be
considered as the sum of two terms, one resulting from
direct vaporization at the heating surface and the
second from convection of hot liquid away from the
heating surface coupled with indirect vaporization into
the bubble away from the heating surface. The work
of Costello et al. [ 161  and of Lienhard and Keeling
[ 171  suggests that even for pure liquids the second
term is important. These latter workers examined the
influence of a parameter Z, which was termed �an
induced convection scale parameter� and which repre-
sented a balance among inertia, surface tension, and
viscous forces:

pa LoI= -( )
l/2

17;
(12)

where L is the characteristic dimension of the surface
(width, diameter, etc). At large values of the parameter
Z, the critical heat flux 4,, dropped considerably below
that predicted from the Zuber equation, 4,,,2 [Eq.
2.7.2(17)] and approached a value approximately
wcr, z when I> 1 500 and L’ z 50. L’ is the dimen-
sionless heater size, given by

Figure 4 shows the influence of the parameter I on the

ratio 4cr/&r,z for a narrow range of values of L�.
Van Stralen [lo]  was able to show that for binary
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Figure 4 Influence of induced convection on pool boiling critical heat flux. From Lienhard and Keeling [ 171.

systems also the induced convective component of the
critical heat flux can be large. The work of Lienhard
and Keeling offers a possible explanation for the
observations of Owens [15] and Kutateladze [14]
concerning the effect of heater geometry. Clearly the
increases of critical heat flux observed with thin wires
relate to situations where both I and L�  are small, i.e.,
where capillary and viscous forces outweigh buoyancy
forces. For the larger heaters associated with process
equipment, it is doubtful if such increases in critical
heat flux will occur. Indeed, van Stralen points out
that the first component of the critical heat flux, that
attributable to direct vaporization, is, in fact, decreased
by going to a binary system. This is also consistent
with Lienhard and Keeling�s analysis and with the
reduced fraction of the heat transferred to the bubble
while it is still attached to the heater surface.

Therefore, to estimate the critical heat flux for a
binary mixture, it is recommended that the influence
of heater size and induced convection be characterized
by evaluating L�  and Z. For low values of L�(<  1) and
I(< 500),  an increase in the critical heat flux above
that for the pure components may be anticipated. A
maximum value will occur at F -21. For intermediate
values of L�  and Z, the critical heat flux is likely to be
close to that arrived at by substituting the mixture
physical properties into the expression given in Sec.
2.7.2C.  For large values of L�(z 50) and I(= 1 500),
the critical heat flux for the mixture may fall below
that for the pure components. However, it will not fall
to less than O.Si,.r,..

C. Transition boiling

Little has been published on transition boiling of
binary mixtures. Happel and Stephan [5] report that
qualitatively the composition of the mixture has a
similar influence as in the nucleate boiling region.

D. Minimum heat flux

The additional diffusional resistance in the liquid phase
due to the mass transfer of the more volatile compo-
nent into the vapor film at the heating surface results
in the interface being at a higher temperature (Ti> than
the rest of the liquid (T,).  A significant proportion of
the total heat flux passing through the vapor film is
therefore conducted from the interface into the bulk
liquid rather than forming vapor directly. As a conse-
quence, the vapor film is thinner. Van Stralen et al.
[18],  studying film boiling of water-2-butanone mix-
tures on a thin wire, observed that direct vapor
production at the heating surface corresponded to only
53% of the applied heat flux compared with a figure
of 95% for pure fluids. The remaining component of
the heat flux is convected into the liquid phase and
thence indirectly into the vapor bubbles. Thus the
minimum heat flux may be expected to be greater for
a binary mixture compared with an equivalent pure
fluid.

Yue and Weber [ 191  have examined the minimum
heat flux for horizontal cylinders. The minimum AT is
given by
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ATmin  = (Tw - Ti) + (Ti - Tco) (13)

where T,,, - Ti is the temperature drop across the
vapor fitm and Ti - T, is that through the liquid. The
latter is, as just noted, essentially zero for a pure
liquid.

The first term is calculated from a semiempirical
relationship that Yue and Weber developed from
Berenson�s correlation, Eq. 2.7.2(31):

where Xd is the most rapidly growing Taylor instability
wavelength given by Eq. 2.7.2(34). Equation (14) is
valid for 0.2hd <D < hd.

The second term is correlated as a function of
T*- T,, where  T* is the dew point of a vapor
mixture having the same composition as the liquid
(Fig. 5).

Ti - Tw = ~YX;,,,  (T* - Tee) (15)

Experiments were conducted on mixtures of acetone-
hexanol, benzene-cumene, isopropanol-toluene, n-
hexane-toluene, and ethanol-ethylbenzene on a hori-
zontal cylinder 7.9 mm is diameter.

E. Film boiling

Yue and Weber [20]  have carried out a theoretical and
experimental study of film boiling of binary mixtures
on a vertical plate. The analysis assumes a two-phase
boundary layer and involves vapor formation by evap-
oration at an approximately planar interface with no
vapor removal by bubble formation. The heat flux, for
a given wall superheat, is increased as a result of the
heat convected from the interface into the bulk liquid.
Contrast this with the situation in the nucleate boiling
region where, for a given wall superheat, heat fluxes
are reduced by the addition of a second component. A
point is reached, however, where the heat flux is
sufficiently high to reduce the concentration of the
more volatile component at the interface to zero. The
heat flux through the liquid phase is then at its
maximum and as the overall heat flux is increased,
thus becomes a smaller fraction of the total. The effect
of the second phase is predicted to disappear at values
of wall superheat above that given by

36T,,, - T, = -
%g

% (16)

where T, is the bulk liquid temperature remote from
the vapor film. Experimental results generally confirm
the analytic predictions. For acetone-cyclohexanol mix-
tures with a relative volatility of up to 80, the simple
Bromley relationship [Eq. 2.7.2(36)] yields heat fluxes
as much as 30% too low. The contribution from radiation
evaluated from Eq. 2.7.2(44) must also be included.

0 la7 YOO 1
MASS FRACTION OF MORE VOLATILE COMPONENT IN LlOUlO  (x1 OR IN VAPOR (y)

Figure 5 Detkition  of terms for Yue and Weber minimum heat flux correlation. From Yue and Weber [ 191.
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Nomenclature for Section 2.7.7 appears at the end of Section 2.7.8.
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2.7 BOILING AND EVAPORATION 2.7.8-l

2.7.8
Boiling of binary

and multicomponent mixtures:
Forced convection boiling

J. G. Collier

n The published literature on forced convection
vaporization of mixtures is very limited. One of the
earliest published studies is that of McAdams  et al.
PI > who in 1940 carried out experiments using a
four-pass horizontal-tube evaporator heated by steam.
Each pass had three separate steam jackets to allow the
local heat flux to be measured. The fluid was a
benzene-oil mixture. Bulk fluid temperatures were
found to increase throughout the saturated boiling
length as the liquid became richer in oil. Thus, some of
the heat transferred to the liquid was retained in the
form of sensible heat to maintain the fluid at
saturation conditions and was not available for
evaporation. Average boiling heat transfer coefficients
were calculated for each pass where boiling occurred
in all three jackets. At a given vapor mass quality, the
coefficient decreased as the oil content of the feed
increased.

A number of workers [2, 3] have studied the
performance of complete reboilers, but such studies
cannot provide information on the local conditions in
the evaporating stream.

A. Saturated nucleate boiling

Saturated nucleate boiling will be influenced by the
addition of a second component in the same
qualitative manner as nucleate pool boiling (Sec.
2.7.7). The well-known Chen correlation (see Sec.
2.7.3) is formed by adding together a nucleate boiling
(cx,~)  and a convective heat transfer (a,) contribution.
The nucleate boiling contribution may be modified in
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the manner proposed by Stephan and Kijrner  [4] for
pool boiling and then becomes

(1)

where ? is the mole fraction of the more volatile
component B in the liquid phase, y is the mole
fraction in the vapor phase,  &A and oB are the
nucleate pool boiling coefficients for the pure
components A and B at the same heat flux, and S is
the �suppression factor� introduced by Chen to allow
for temperature gradient effects.

The convective heat transfer coefficient (Y,  may be
computed from the mixture physical properties in the
manner for a pure fluid. However, this term also may
be influenced by the second component, particularly at
low qualities where bubbly flow occurs. The stripping
of the more volatile component into the bubble cavity
leaves around each bubble a shell of more viscous,
nonvolatile liquid. This tends to inhibit bubbie
coalescence because of the increased time needed for
drainage of the fii between colliding bubbles. The
consequence usually is the formation of a foam that is
stable to higher void fractions than is normal for pure
liquids. In bubbly flow any increase in the convective
heat transfer results primarily from the increased liquid
velocity as a consequence of the increased liquid-vapor
volumetric flow:

“tp 1
0.8

-= -
% ( >1 - eg

where es is the void fraction.

(2)
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2.7.8-2 2.7 BOILING AND EVAPORATION / 2.7.8 Forced Convection Boiling

The presence of vapor may also induce turbulence
in an otherwise laminar liquid flow but, in any case,
the increase over the single-phase heat transfer
coefficient predicted by Eq. (2) is relatively small
(<2).  In some instances, the two-phase convective heat
transfer coefficient (otp) may turn out to be lower
than the single-phase value (cQ). This is because the
correct fluid properties for the calculation of ap in Eq.
(2) are those of the more viscous, nonvolatile liquid
surrounding the bubble cavity. The composition in this
liquid may be estimated using the concept of Cd, the
vaporized mass  diffusion fraction, introduced by van
Stralen and discussed in Sec. 2.7.6.

B. Two-phase forced convection region

Farther up the evaporator tube, annular flow is formed
and this flow pattern will occupy most of the channel
length. The liquid is displaced to the heating wall and
it is necessary to evaluate mass transfer effects, first
within the liquid fdrn and subsequently within the
vapor core. Shock [5] has considered these effects in
some detail.

Consider first the liquid film, Fig. 1. If the molar
concentration of component A is represented by ?,
then the conservation equation in the liquid film is
given by

u .!z+u
x ax

E+u
y aY

z=,
z a z

(

a2z I a2F I a2z
eff ax2 ay2 az2 )

(3)

There is no net convection in the x and y directions,
and assuming that the concentration profile in the y
direction is fully developed,

aF 6 a2c
uz z = eff g

( >

(4)

This equation must be integrated using an expression
for the mass diffusivity heff:

For a laminar film, aeff = 6, and

(5)

(6)

Define a mean bulk molar concentration ZA at any
location z such that

1 m
FA = T

V /
u,; dy

0

(7)

MOLE  FRACTION  IN VAPOR  v
OF COMPONENT A

MOLE  FRACTION  IN LIQUID ;
OF COMPONENT A

z

IL
x

Y

Figure 1 Mass transfer from a thin liquid fihn. Data from Shock
[Sl.

where P is the volumetric flow rate per unit wetted
perimeter :

J

m
p= uz du (8)

0

Also,

. azA
Vx=-Ji

where Ji is the molar flux at the interface:

az azA  Ji
aZ=aZ-F

Substituting for Z/�/az in Eq. (4) leads to

a2z Jiuz-=--
ay2 Vti

(9)

(10)

(11)
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2.7 BOILING AND EVAPORATION / 2.7.8 Forced Convection Boiling 2.7.8-3

or

aF Ji ’7Zj=-vs /
u, dv

0

(12)

Define a molar mass transfer coefficient kp:

(13)

1. For a laminar falling film, the Sherwood
number is given by

kQm 70
She = 6 = 17

or, combining it with the relevant expression for film
thickness to give an explicit relationship for the mass
transfer coefficient ky,

(15)

By analogy with the situation for heat transfer, it
seems probable that the actual mass transfer coefficient
will be higher than that given by Eq. (15) because of
the presence of waves.

2. For a lam&r  film with constant shear stress
across the film  (as in upward annular flow at high
interfacial shear), the Sherwood number is given by

ShQ=Fz5

or, combining it with the relevant expression for film
thickness to give an explicit relationship for the mass
transfer coefficient kQ,

(17)

where ri is the interfacial shear stress. If the analogy
with the heat transfer situation applies, mass transfer
coefficients in practice may be lower than estimated
from Eq. (17) by about 30%.

3. Turbulence within the liquid film will enhance
the mass transfer coefficient for a given film thickness.
Equation (5) applies, where E, is the eddy mass
diffusivity. Expressions for turbulent mass transfer in
liquid films can be developed by an analogous
procedure to that used to establish the hydrodynamic
and heat transfer characteristics of the film. Shock [5]
assumed that E, for use in Eq. (5) was identical to the
eddy viscosity E and that the expression given by
Deissler for E could be used to establish the

relationship between a dimensionless concentration c�
and a dimensionless distance y+. C� is defined as

where u* is the friction velocity (= d($&$  Mass
transfer coefficients were deduced from the dimension-
less concentration profne evaluated at the appropriate
value of the dimensionless film thickness yr. The molar
mass transfer coefficient kp is defined as

Ji u*kQ=-----=--
?A - Fi Ci

(19)

where Ci is the bulk value of C� evaluated from the
profiles of C�  and y+. A liquid fdm Sherwood number
can also be defined as

SC yf
Shy  = T = -

G

For the case of constant shear stress across the film,
Shock [5] has produced tables of Shy against film
Reynolds number Rep with Schmidt number (SC) as
parameter. The following equation fits the results of
Shock acceptably well:

She = 5 - 0.11 SC + 0.01 Rep SC (20)

C. Simplified treatment for binary and
multicomponent evaporation

Consider a simple single-pass evaporator heated by a
fluid stream in counter-current flow. The subscripts h
and e stand for the heating and evaporating streams,
respectively:

(21)

In Eq. (21)  A is the effective heat exchange area per
unit length (perimeter), allowing for any secondary
surface that may be present, U is the overall heat
transfer coefficient, and Th and T, are, respectively,
the local temperature of the heating stream and the
equilibrium (bubble-point) temperature of the evapo-
rating stream.

If the local values of the enthalpies hh and h, are
known, then the temperatures T+, and Te are also
known, together with the mass fraction vaporized (xe).
This, together with the flow rates, provides sufficient
information to calculate the overall coefficient L! Thus
Eq. (21) can be progressively integrated along the
evaporator starting from known conditions at the
evaporator inlet (z = 0).

Define r as the flow rate per unit perimeter,
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2.7.8-4 2.7 BOILING AND EVAPORATION / 2.7.8 Forced Convection Boiling

(22)

Likewise, the product U(Th  - T,) represents the heat
flux (4,) passing through the wall separating the two
streams:

4w* = U(T, - Te)

Substituting Eqs. (22) and (23) into Eq. (21),

(23)

Gw dz = re dh, (24)

Consider Fig. 2, which shows a section of an
evaporator heated by a fluid stream in counter-current
flow separated from the vaporizing stream by a wall.
The heating stream is flowing downward and the
evaporating stream upward. It is assumed that the flow
pattern on the evaporating side is annular flow and
that the evaporating liquid is displaced to the wall as a
thin liquid film.

Consider the situation at a position z from the
evaporator inlet and over a length dz. There is a
change of evaporating fluid bubble-point temperature
over this length so that

dh, = (1 - x,)dT,cpe  + x,dT,c,,  + dx,Ah, (25)

Now the heat flux through the vapor-liquid interface qi
is less than (iw by the amount of the flux absorbed in
heating the liquid flow r,(l -x,) through dT,.
Therefore,

H E A T I N G E V A P O R A T I N G
S T R E A M WALL ST R,E A M

I I

Figure 2 Evaporation of a multicomponent fluid in annular
flow.
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(ji = 4, - re(l  - xc?)  2 CpQ

Of course, in pure single-component vaporization (or
condensation),  iw z 4i because there is no axial
temperature gradient of any consequence.

The interfacial heat flux ii is, in turn, made up of
two terms, an evaporation flux 4~ at the interface and
a sensible heat flux & required to heat the vapor
phase through dT,.

D. Interfacial mass transfer during evaporation
of binary and multicomponent mixtures

At the interface, mass transfer and heat transfer
processes occur in parallel, and the resistances to mass
and heat transfer must be considered together. To
induce these parallel mass and heat transfer processes,
there must be parallel concentration and temperature
driving forces from the interface to the bulk vapor
phase.  Shock [5] has shown that mass transfer
resistances in the liquid phase are negligible by
comparison, and therefore it is assumed that the
resistance to heat and mass transfer occurs in the vapor
phase across a boundary layer of thickness 60.

It is necessary to define some of the variables
commonly used in this type of analysis:

The molar concentration Zi of component i is
given by

&p’
i Mi

where pi is the density of component i and Mi is its
molecular weight.

The total molar concentration of the mixture is
given by

The mole fiaction  in the liquid Zi or the vapor yi
is defined by

The molar J%X fli is the number of moles of
component i passing normally through unit area in unit
time.

T h e  d i f f u s i v e  m o l a r  jlux Ji is the flux of
component i relative to the mixture total molar flux ri.

The mixture total molar flux ri is defined as

n

fi=

c

rii

i=l

khing  Corporation
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2.7 BOILING AND EVAPORATION / 2.7.8 Forced Convection Boiling 2.7 .8-S

Thus the basic transport equation for the molar flux of
component i from the interface is

rii = fi?k + Ji (27)

where yie is the mole fraction of component i in the
bulk vapor.

These equations were first set down by Colburn
and Drew [6] in 1937 for a binary system and have
recently been reiterated by Price and Bell [7].

The diffusive molar jlux Ji can be evaluated from

Ji = ki, e&T - TieI (74

where ki,eff  is an effective mass transfer coefficient.
The sensible heat flux & from the interface to the
vapor core is the sum of the sensible heat flux due to
the bulk flow of the vapor from the interface and the
heat conducted through the boundary layer:

tg=(T-TT,*) 2 tiiZpi+Og$ (29)
i=l

By integrating this equation from 6 = 0, T = T,* to
6 =6,,, T= T, gives

(jg z a
1 - ewa

CQ,(T$  - T,) = CY;(  T,* - T,) (30)

where

1 n .Ua=-
1ag i=l

nicpi

The evaporative heat flux required to form the mixture
molar vapor flux ri is

Qv = riA& (31)

where A& is the mixture molar latent heat of
vaporization. Thus, the interfacial heat flux is given by

4i=dg +ciV

a=-
1 -e-a

ccg(T$  - Te) + ri Ax, (32)

In general, the solution of such sets of equations
is complicated by the fact that the conditions at the
interface are not known and must be guessed. An
iteration is then necessary to achieve a solution.

A simplifying assumption is to say that for
situations where the thickness of the mass transfer and
heat transfer boundary layers in the vapor phase are
equal,

then the resistance to heat transfer and the resistance
to mass transfer will also be about equal. Thus, if we
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evaluate the resistance to the transfer of the sensible
heat component Gg in Eq. (30), then it is argued that
there will be sufficient mass transfer driving force to
provide 4, as well. Thus the overall heat transfer
coefficient on the evaporating side will be described by
the equation

Twe - Te = (Twe - T*) + (T* - Te)

Now, if 4i r 4, [but see Eq. (26)],  then the overall
local evaporating side coefficient QI,  can be given by

4w-= 4w+%
%? afe &;I

(34)

where afe is the coefficient for the liquid film and c~k
is the �modified� single-phase vapor heat transfer
coefficient [defined by Eq. (30)]. Dividing both sides
of Eq. (34) by (iw gives

(35)

The term (ig/(iw was denoted Z by Bell and Ghaley
[8] and is given by

q&rT = z = x, 2 cpg
4w

This term is easily computed from the known phase
equilibrium information, and the approximation can be
used for both binary and multicomponent systems.
Although the liquid-vapor interface is rough, it is
recommended that the smooth-tube value of CY~  be
used in Eq. (30) to ensure adequate mass transfer
driving force.

The more rigorous approach given earlier [Eq.
(32)]  is strictly correct only for binary mixtures and
can be solved using the methods described by Price
and Bell [7]. The extension of these methods to
multicomponent systems, primarily in relation to
condensation (see Sec. 2.6.5), is being pursued by
Standart  a n d  c o - w o r k e r s  [9-121, a l t h o u g h  t h e
interactions between the diffusive fluxes of the various
components makes the solution complex. Krishna and
Standart  [IO] have pointed out that Eq. (28) is
incorrect for multicomponent evaporation. The correct
relationship is

n
Ji =

c
kii(y;-Fj’je)  (i= l,...,n) (37)

j=l

Methods of calculating the matrix kij  of mass transfer
coefficients have been discussed by Krishna and
Standart  [ 10, 121.  The energy balance becomes

ii = f-p [We* - Te)l + 2 rii Az,i (38)
i= 1
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Table 1 Experimental studies of DNB for binary mixtures

Experimental ranges

Reference

Tolubinskiy and Matoriu [ 131

Andrews e t al. [ 161

Sterman et al. [ 141

Naboichenko et al. [ 171

Came [18]

critical
Pressure, Subcooling, Velocity, heat flux,

Fluids Geometry bar �C m/s MW/m�

Ethanol-water Tube
Acetone-water 4 mm ID 3 . 3 - 1 3 . 2  1 0 - l  1 0 2.5-10  2-13
Ethanol-benzene 60 mm long
Ethylene glycol-water
Acetone-toluene Annulus 1 2 0 - 5 0 1.09-4.36 l-4.5
Benzene-toluene 6.35 mm ID

2.09 mm OD
76 mm long

Monoisopropyl- Annulus
diphenyl-benzene 10 mm ID 2 25-70 4-12 l-4.5

1 6 m m O D
110 mm long

Monoisopropyl- AM~~US
diphenyl-benzene 6 mm ID 2.94-16.37 25-125 4-8 l-6

10 mm OD
80 mm long

Benzene-toluene Internally
Acetonetoluene heated annulus 2.05 20-80 2.18-4.36 0.5-3.0

6.35 mm ID
19.05 mm OD
76.2 mm long

By using vapor-liquid equilibrium data, Eqs. (27) and
(37) can be solved to provide Tz and tit. The heat
balance relationships Eqs. (30) and (38) are then used
to calculate the bubble point at some point farther
down the evaporator. The vapor-phase composition is
calculated from

1 d&i--= *
A dz ni

from which the vapor-phase mole fractions yie are
readily calculated. No comparisons have been published
between this method and the more simplified method
given earlier for the case of multicomponent evapo-
ration. Some comparisons are, however, available for the
analogous condensation situation and have been given by
Price and Bell [7] and by Krishna and Standart  [lo] .

E. Critical heat flux in forced
convection boiling

The  c r i t i ca l  hea t  f lux  (CHF)  for  b inary  and
multicomponent mixtures in forced convection boiling
is best considered in terms of the separate mechanisms
of departure from nucleate boiling (DNB), which
occurs under subcooled and low-quality conditions,
and dryout, which occurs at higher vapor qualities (see
Sec. 2.7.3D).

(a) Departure from nucleate boiling

Data for the critical heat flux of binary organic
mix tures  fo r  subcooled  and  sa tu ra ted  fo rced
convection boiling have been given by a number of
workers (Table 1).  Maxima in the CHF-versus-
composition curves, corresponding to maximum values
of IF --%I,  are seen in these results also (Fig. 3),

y - x (‘1.1

;gqqqq u=Sm,s

21 I I I I I
0 20 LO 60 80 100

BENZENE
x (‘I.)

ETHANOL

Figure 3 Critical heat flux for forced convection boiling of
benzene-ethanol mixtures. From Tolubinskiy and Matorin [ 131.
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2.7 BOILING AND EVAPORATION / 2.7.8 Forced Convection Boiling 2.7.8-7

although not so marked as for the pool boiling case
(see Sec. 2.7.7). The CHF for the binary mixture
increases with both increased velocity and increased
subcooling in a similar manner to that for pure liquids.
The value of the critical heat flux for a binary mixture
(I,--,~ may be expressed by analogy of the treatment
by Stephan and Kijrner for pool boiling heat transfer
as the sum of two terms: (icr,l, the ideal value of the
critical heat flux evaluated from the values of Gcr for
the two pure components A and B calculated at the
same pressure, velocity, and subcooling as the mixture;
and (i,..,~, an additional heat flux that allows for the
enhancement in CHF brought about by mass transfer
effects, etc.:

4er,m = Cicr,l + &r,E = 4,*,x1  + x) (39)

where

(40)

Tolubinsky and Matorin [13] and Sterman et al. [ 141
found that x in Eq. (39) could be expressed as a
function

X-,tlPil&jA~ T6at,?*;sat,,) (41)
The Reynolds number (ritD/7)~)~  is based on the
properties of the less volatile component, since this
component becomes concentrated at the heated
surface.

Tolubinsk iy  and  Mator in  [13] suggest the
following expression for x:

(42)

This expression correlated CHF data for ethanol-water,
acetone-water, ethanol-benzene, and water-ethylene
glycol mixtures within *20%.  For mixtures forming an
azeotrope, Tolubinskiy and Matorin recommend that
Tsat, m be set equal to Tsat,B  a t  the  azeo t rop ic
composition, so that icr,m = 4,..,1. This recommenda-
tion is confirmed by examination of the results for
benzene-ethanol mixtures shown in Fig. 3.

In the experiments of Sterman et al. [14], the
values of x varied from 0 to 0.8 and an alternative
expression for x was given:

(b) Dryout

For higher vapor qualities, associated with the annular
flow pattern, dryout is likely to be determined by the
point at which the flow rate of the liquid film on the
heated surface approaches zero. No experimental data
or theoretical models have been published relating to
dryout i n  b i n a r y or multicomponent mixtures.
However, it is possible to recommend the method
proposed by Hewitt and his co-workers (see Sec.
2.7.3D).  On the evidence of Shock [5], it is apparent
that the flow rates within the liquid film and of
entrained liquid within the vapor core are dictated
primarily by hydrodynamic effects and that mass
transfer effects on the distribution of the phases will
be small. In carrying out the step-by-step integration of
the equations given in Sec. 2.7.3D,  it is recommended
that equilibrium be assumed between the liquid and
vapor at each axial location. If it is considered
important, the small departures from the equilibrium
situation can be introduced using the equations given
by Shock [5]. Breakdown of the liquid film into
rivulets may occur somewhat earlier than for a pure
liquid because of surface tension and temperature
gradient effects. Figure 4 shows that the �minimum
wetting rate� for a water-n-propanol mixture is a
strong function of the composition (Norman and Binns
[151X

0 20 ‘0 60 SO loo-
COMPOSlTlON  OF LIO”,O  OUT OF

BOTTOM OF COLUMN
( M O L E ‘1. ” PROP*NOLl

-MINIMUM WE T T I N G R A T E  DATA
- - - S U R F A C E  T E N S I O N  OATA
+-+ VA P O R - L I Q U I D  EPUlLlSRlUM  DATA

Figure4 Minimum wetting ra tes  for  water-n-propanol
mixtures. From Norman and Binns [ 151.
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A

A*
AP

B

B*
b

C

Cl > c2

cdrag
G

Csf

CO

c

5J
D
D*
&

De
Dh
d
E
Eb
F

N O M E N C L A T U R E  F O R  S E C T I O N S  2 . 7 . 1 - 2 . 7 . 8

parameter defined by Eq. 2.7.1(14); constant;
parameter in Eqs. 2.7.3(46) and 2.7.3(47); flow
area, m2
parameter defined by Eq. 2.7.2(12)
dimensionless group I= w~2) [~/&(PQ -
Pg>13�2  (1 - &/Pal 1
parameter defined by Eq. 2.7.1(14); parameter
given by Eqs. 2.7.2(27)-2.7.2(29); parameter in
Eqs. 2.7.3(46) and 2.7.3(47)
boiling number (= Q/rizah,)
constant (= 5 for bubbles in an infinite sea;
= 7r/7 for bubbles adjacent to a surface)
concentration of droplets, kg/m3 ; parameter in
Eqs. 2.7.3(46) and 2.7.3(47); constant in Eq.
2.7.4(6)

constants in Eqs. 2.7.2(l)  and 2.7.2(2)
drag coefficient
Stefan-Boltzman constant, 5 .6697  X  lo-*
W/m2  K4
arbitrary constant in Eq. 2.7.2(7) taking account
of liquid/surface effect
dimensionless number [= (1 - x/x)��  (PI/
PQ)0'51
concentration of species, kg/m3
heat capacity, J/kg K
tube diameter, m
dimensionless diameter in Eq. 2.7.3(65)
diameter of the tube bundle, m; bubble depar-
ture diameter, m
hydraulic equivalent diameter, m
heated equivalent diameter, m
droplet diameter, m; coil diameter, m
entrainment rate, kg/m�  s
Eotviis  number [= g&p - @f/o]
Chen factor given by Eq. 2.7.3(30); ratio of
critical heat flux under uniform heating condi-
tions to that under nonuniform heating condi-
tions; ventilation factor in Eq. 2.7.3(84)

F1-F4 functions of system pressure given in Table
2.7.3(5)

F-(p)  function of reduced pressure pr
Fr Froude number (= riz2  /pag,D)
f bubble frequency, s-r ; Fanning friction factor

Gd vaporized mass diffusion fraction [= (x0 -x)/
0, -XII

Gr* modified Grashof number [= z3g,p,(p,  - pQ)/

$1
g Gibbs free energy, J/kg
isI acceleration due to gravity, m/s2
h specific enthalpy, J/kg

ah� latent heat of vaporization, J/kg
Ah; modified latent heat of vaporization, J/kg
I induced convection de parameter (= pQLu/q$)

J
Ja
Ja*
i
K

k
kQ
L
L’
Le
M

ii
if
m

rh

kd
N

Ni
Nu
Nu*

n

nl-n5

P
Pe
Pe*

PI

P
Pr*
&
Q
4
‘*4

R

z

R’
R

molar flux of specific component, kmol/m2 s
Jakob number (=  pp~~pAT/p~&,)

modified Jakob number (= &c,QTs,t/p,Ah,)
volumetric flux, m/s
constant in Eq. 2.7.2(17); empirical constant in
Eq. 2.7.4( 1); equilibrium ratio
constant defined by Eq. 2.7.3(81)
self diffusion coefficient, m2 /s
dimensionless group {= p/ [g, o(pQ  - pg)] 1�2}
dimensionless group {= (pgAh,)2/JcpgTs,t Pa
k&Q - &)I 1’2)
Boltzman constant, kg m2 /s2 K
mass transfer coefficient, m/s
heater size, m
nondimensional heater size in Eq. 2.7.2(22)
Lewis number (= K/6)
fiip TOsity parameter [= pQd'4/q~1'4

mElecu&  weight, kg/km01
mass flow rate, kg/s
mass of one molecule, kg; index; film thickness,
m
mass velocity, kg/m2 s; mass flux of molecules,
kg/m2 s
deposition rate for droplets, kg/m2 s
number of moles; total number of tubes in a tube
bundle; number of molecules per unit volume,
mm3 ; number of droplets passing through unit
area per unit time, me2 s-l ; dimensionless
n u m b e r  {= t~~u/si)  [d&&Q -P&I  1’2)
number of jets
Nusselt number {= ~D/XQ [ Tsat - T&Z),]  )
modified Nusselt number {= (a/he)  [u/g,(pQ  -
Pg)l 1’2I
number of vapor embryos of critical size formed
per unit volume, rnw3 ; exponent
constants in Eq. 2.7.2(9) [see Table 2.7.2(2)]
parachor; tube pitch, m
Peclet number (= rizD~p~/h~)
modified Peclet number I= (~/KQ@&)

[d&tpQ  -@I 1�2)
Prandtl number (= cpq/X)
partial pressure, N/m2 ; pressure, N/m2
reference reduced pressure, 0.0294
pressure difference, N/m2
total amount of heat, J; total power, W
heat flux, W/m2
modified heat flux in Eq. 2.7.3(65)
radius of bubble cavity, m; radius of cylinder of
heater, m
gas constant, 831 4 J/km01 K
dimensionless bubble radius in Eq. 2.7.1(14)
rate of bubble growth, m/s
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2.7 BOILING AND EVAPORATION / 2.7.8 Forced Convection Boiling 2.7.8-9

R’ dimensionless heater radius
Re Reynolds number (= tiD/$
r index; radius of bend or coil, m

c rl, r2 radii of curvature of an interface, m
r*
s
SC
Sh
St
s
T
T*
AT
t
t+

critical size of vapor nucleus, m
Chen suppression factor given by Eq. 2.7.3(31)
Schmidt number (= v/6)
Sherwood number (= kQm/F)
Stanton number {= cj/rizcP  p [T,,  - T&z jB] }
index
temperature, K,�C
dew point of vapor mixture, K, �C
temperature difference, �C
time, s
dimensionless bubble growth period in Eq.
2.7.1(14)

t�w
.?l
UC.3
L
V

dimensionless bubble waiting period
velocity, m/s
free-stream velocity, m/s
volumetric flow rate per unit parameter, m2 /s
critical velocity given by Eq. 2.7.4(l), m/s; spe-
cific volume, m3 /kg

We
X

xtt
X

x�
2
Y

Y

Weber number (= 2Rp&,lo)
parameter defined by Eq. 2.7.3(8)
Martinelh parameter [= (&Q/&,)�~]
thermodynamic vapor quality
�true� vapor mass fraction
mole fraction in liquid phase
parameter defined below Eq. 2.7.3(75)
distance away from heating surface, m

yb, Y, distance from wall to bubble tip, m
mole fraction in vapor phase
parameter used by Bell and Ghaly, Eq. 2.7.8(36)
distance up heated surface, m
thickness of thermal diffusion shell, m
thickness of mass diffusion shell, m
relative volatility; heat transfer coefficient,
W/m2  �C
mass transfer coefficient, m/s; contact angle
measured through liquid, deg
mass flow rate per unit parameter, kg/m s
parameter defined below Eq. 2.7.3(66), m2/N
thickness of liquid film, m; diffusivity, m�/s;
thickness of boundary layer, m
surface roughness, m; emissivity of surface
void fraction
dynamic viscosity, kg/m s
parameter defined by Eq. 2.7.7(l)
angle to horizontal, deg; tube layout angle, deg;
subcooling factor [= (T,,, - Tg)/(T,,,  - Tsat)]
thermal diffusivity, m2/s
parameter defined by Eq. 2.7.7(3)
thermal conductivity, W/m K

&,, & instability wavelength, m
kinematic viscosity, m2/s
constant; ratio of heat flux on a rod to maximum
in rod cluster
density, kg/m3
surface tension, N/m
shear stress, N/m2
dimensionless tube density factor, Eq. 2.7.5(20)
Martinelli  parameter { [dp/dz),,/(dp/dz)p]  I�}
dimensionless physical property factor, Eq.
2.7.5(21); constant in Eq. 2.7.2(5)
parameter used in Eq. 2.7.3(76); modeling
parameter in Eq. 2.7.3(67); included angle of
cavity, deg
parameter in Eq. 2.7.3(53), m-l

Subscripts

A, B
a
B
b
c
c”
cr
d
E
e
eff

ev

z
g
h
I
i
le
Ef
Q
!zo
max
min
n
nb
0

onb
R
r
ref
sat
scb
sub
tb

components A, B
noncondensable gas
point B
bubble
convection; mouth of cavity; critical point
point c�
critical point; critical heat flux
droplet
equilibrium; excess
evaporating
effective
experimental
flat plate
liquid film
gas or vapor
heated; heating
ideal
inside; interface; inlet
liquid entrained 4
liquid film
liquid
total flow assumed liquid
maximum
minimun
fully developed nucleate boiling
nucleate boiling
outside
onset of nucleate boiling
rod
reduced (reference to critical point); radiation
reference
saturation
subcooled boiling
subcooled
transition boiling
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2.7.8-10

tp two-phaseW Wall
x, y, z coordinates
z Zuber
Co away from surface

2.7 BOILING AND EVAPORATION / 2.7.8 Forced Convection Boiling

Superscripts

average property
molar quantity

0 vapor pressure of pure component
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2.7 BOILING AND EVAPORATION 2.7.9-l

2.7.9
Augmentation of boiling

and evaporation

Arthur E. Bergles

H Selected passive and active augmentation tech-
niques have been shown to be effective for pool
boiling and flow boiling [l-4].  Most techniques apply
to nucleate boiling; however, some techniques are
applicable to transition and ffirn boiling.

A. Pool boiling

The strong influence of surface treatment on nucleate
pool boiling, including the effect of ageing, has been
discussed in Sec. 2.7.2. Numerous types of surface
treatment and structuring have been utilized to
intentionally reduce the wall-minus-saturation tempera-
ture difference AT,. Although it is possible to improve
nucleate boiling by minor changes in surface finishing
procedures [5], special procedures are most effective.
For water, the placement of small nonwetting spots
(Teflon or epoxy), either splattered on the surface or
placed in pits, reduces AT, at constant 4 by a factor
of 3-4 [6]. This comparison, as well as others in this
section, is based on heat flux evaluated for the surface
area of the plain tube.

With nonwetting fluids (refrigerants, cryogens,
organics, alkali liquid metals), doubly reentrant cavities
are required to ensure vapor trapping. These can be
produced by machining and/or forming [7-lo].  A
magnified view of the Hitachi Thermoexel-E formed
surface is shown in Fig. 1. It is possible to minimize
AT, by selecting the optimum pore or groove size for
the fluid conditions of interest. An alternative
technique involves coating the surface with a porous
metallic layer by poor welding [ll] , sintering or
brazing [12,  131  (Fig. 2), electrolytic deposition [14],

flame spraying [13, 1.51, or metallic coating of a foam
substrate [16].  Most examples referred to represent
processes that have been patented and, in some cases,
commercialized.

Superheat reductions of up to a factor of 10 have
been reported with various machined or coated
surfaces. It should be noted that the mechanism of
vaporization is different for these surfaces than for
normal cavity boiling. Here, the liquid flows to the
interior, where thin film evaporation occurs over a
large surface area; the vapor is then ejected by
�bubbling� [17,  181.  Typical data are given in Fig. 3.
It should be emphasized, however, that the boiling
performance is very sensitive to surface geometry and
fluid condition, and that measurements at very low
temperature difference are subject to considerable
uncertainty.

Limited evidence indicates that the critical or
burnout heat flux iC with structured surfaces is usually
as high as or higher than that with plain surfaces [12].
In general, these surfaces should be used with clean
fluids, as concentrations of impurities or corrosion
products in the pores will reduce the augmentation.
When used with tube bundles, it may be advisable to
use the augmented tubes only in the lower rows, as the
upper tubes have such high velocities that the
augmented surfaces are not effective.

Low-fin tubes with external, circumferential fins
are produced by many manufacturers for heating of
organics. Local (Y and 4, are frequently lower than for
plain tubes; however, this is more than compensated
by the area increase [19, 201.  Boiling curves are
usually different for tube bundles than for single tubes
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2.7.9-2 2.7 BOILING AND EVAPORATION / 2.7.9 Augmentation

Tunnel

(a)

(b) +�mmti

Figure 1 Magnified view of the Hitachi Thermoexcel-E surface.
(a) Enlarged sketch. (b) Crosssectional view of tunnels. (c) Plan
view of pores. From Nakayama et al. [ 9 1.

because of differences in circulation [19].  Large fins
properly shaped or insulated promote large heat
dissipation rates if the base temperature is in the film
boiling range [21].

Additional passive augmentation techniques are
discussed in [l-4].  Although the use of displaced �egg
crate� structures, wicking,  or trace additives can be
very effective in reducing AT, or elevating ic, the
practical applications of these techniques are quite
limited.

0 1983 Hemisphere 1
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Figure 2 Sintered metallic layer, Linde High Flux surface.

Active augmentation techniques include heated
surface rotation, surface wiping, surface vibration, fluid
vibration, electrostatic fields, and suction at the heated
surface [l-4] . Although active techniques are effective
in reducing AT, and/or increasing ic, the practical
applications are very limited, largely because of the
difficulty of reliably providing the mechanical or
electrical effect. Perhaps the major contribution of the
many studies in this area is the information that is
available to predict changes in pool boiling when these
effects occur naturally in heat transfer equipment.

Compound augmentation, which involves two or
more techniques applied simultaneously, has also been
studied. The addition of surface roughness to the
evaporator side of a rotating evaporator-condenser
increased the overall coefficient by 10% [22].

b-
a-
6.

4.

2,

,3.
1

Refregerant  11

I I I II
I 2 4 6 a 10

AT,, “C

Figure 3 Nucleate pool boiling for smooth and structured
surfaces. From Nakayama et al. [ 91.
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2 .7  BOILING AND EVAPORATION / 2.7.9 Augmentation 2.7.9-3

B. Boiling within tubes

In accordance with the general observation that surface
finish has less effect on flow boiling than on pool
boiling, the various surface treatments mentioned
above have relatively little influence on boiling within
tubes. A prime consideration, of course, is that it is
difficult to modify internal surfaces. Porous boiling
surfaces do not improve high-flux, subcooled flow
boiling; however, the annoying boiling curve hysteresis
with refrigerants is eliminated [23].  Various types of
rough surfaces increase subcooled 4, by only 10%

1241.
A variety of surface modifications have been

proposed to improve forced convection evaporation of
water and other power cycle fluids: dual-diameter
tubes, slotted helical inserts, helical ribs, machined
protuberances, and coiled wire inserts [ 1 ] . Most
configurations are effective in increasing vaporization
(Y,  (i,.,  and postdryout (Y. Few techniques are in
commercial service because of manufacturing difficulty
and fouling or corrosion potential. Notable exceptions
are spirally indented tubes, which increase (Y for
vaporization of R12 by up to 200% [25],  and
internally ribbed tubes, which suppress pseudo-film
boiling with supercritical water, thereby permitting
operation at higher 4 than is possible with smooth
tubes [26].

Tubes with integral internal fins are available for
refrigerant evaporators. Heat transfer rates can be
increased by several hundred percent over the
smooth-tube values [27,  281,  as illustrated by the data
given in Fig. 4. �Enhanced� heat transfer surfaces are
widely used for vertical-tube evaporators. Although
distorted tubes (e.g., doubly fluted and spirally
corrugated) have been developed primarily for
augmentation of condensation on the outside wall,
heat transfer coefficients for the evaporating brine on
the inside of the tube are also increased [29]. In

2&B c D:159mm

2l.C  @ D=lLlmm
5 mdal splines

22 0 D=lL.7mm
32 fins,0.635 mm  high
3C5mm  prtch

25 0 D:lLTlmm
32 fins, 0.635mm  high
152 mm  patch

30 0 D=12.7mm
30 fms, OWBmm  hgh

101
20 100 1wO

m,  kg/m�s

Twisted tapes are quite popular because of their
simplicity and adaptability to existing heat exchange
equipment. They are ideal for hotspot  applications,
since a short tape can cure the thermal problem while
having little effect on the overall pressure drop. Boiling
curves for subcooled boiling with twisted tapes are
similar to those with empty tubes 1361;  however, iC
can be increased by up to 100% [37],  as shown in Fig.
5. The critical heat fluxes for swirl flow are
approximately twice those for straight flow at the
same test section pumping power.

Figure 4 Heat transfer coefficient for internally finned tubes. Loose-fitting tape inserts have been used in
From Kubanek and Miletti [ 281. down-flow vertical-tube evaporators for seawater
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Figure 5 Influence of twisted-tape inserts on critical heat flux
for subcooled boiling of water. From GambiU et al. [ 371.

falling-film evaporation, (Y can be increased by a factor
of more than 10 by use of internally finned tubes

[301*
By modifying the spacer configuration or the

shroud, (iC can be increased for nuclear fuel element
rod clusters [31,  321.  Strict nuclear codes usually
prohibit use of such devices in actual reactors.

A variety of devices have, been proposed to
augment flow boiling by imparting a swirling of
secondary motion to the flow. Inlet vortex generators
of the spiral ramp or tangential slot variety have been
used to accommodate very large heat fluxes for
subcooled flow boiling of water. One of the highest
fluxes on record, iC = 1.73 X 10�  W/m*, has been
obtained with this technique [33].  Inlet swirl is
effective in increasing Go for subcooled boiling of
water in a tube [34] or in an annulus (inner tube
heated) [35].
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2.7.9-4 2.7 BOILING  AND  EVAPORATION  / 2.7.9 Augmentation

desalination [38].  These inserts are also effective for
once-through cryogenic vaporizers [39]  or steam
generators [40, 411,  since all regimes are benefically
affected. Coiled-tube vapor generators have advantages
in terms of packing and generally higher heat transfer
performance. The augmentation of boiling is very
sensitive to geometrical and flow conditions [42,  431.
Modest improvements in (Y (circumferential average) for
forced convection vaporization are obtained, with the
improvement increasing as coil diameter is decreased.
In the subcooled region, tic is lower than for a
comparable straight tube; however, tic or X, is usually
substantially higher than the straight-tube value at
outlet qualities of 0.2 and higher. The postdryout CY  is
also increased.

Trace additives are not particularly effective in
subcooled nucleate boiling; AT, is reduced with some
additives, but increased for others [ 1 ] . On the other

hand, the overall (Y was doubled when a surfactant was
added to seawater evaporating in vertical tubes (up
flow) [44].

Active techniques are difficult to apply to boiling
with tubes. The effects of tube vibration [45] or flow
pulsation [l] are small. Electric fields also improve
boiling heat transfer; for example, increases in ic of
more than 100% have been reported. However, the
additional equipment complications and potential
electrical hazard tend to rule out application of this
technique [ 1 ] .

Little work has been done to develop
thermohydraulic performance evaluation criteria for
boiling heat transfer. An index for subcooled boiling is
developed in [46] ; the volumetric heat transfer rate
accommodation for the channel is compared with the
pumping power per unit volume.

Nomenclature for Section 2.7.9 appears at the beginning of Part 2.
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2.8 GAS-SOLID SYSTEMS 2.8.1-1

2.8.1
Stagnant packed beds

R. Bauer

n In industry, gas-solid systems are used as dryers,
coolers, heaters, absorbers, chemical reactors, and so
on. Since most of these processes are associated with
energy transfers, there are heat fluxes and temperature
profiles that must be known for design purposes.

Usually, the heat exchange takes place through an
adjacent wall. The heat transfer between this wall and
the gas-solid system, as well as within the gas-solid
system itself, is a process consisting of different com-
ponents according to various operating conditions.
The simplest case is when both the solid phase and the
gas phase are motionless (stagnant packed bed). By this
means, the heat passes through gas and solid paths to
the interior of the packing. In the second case the gas
is flowing through the interspaces of the packing in
parallel with the wall while the solid phase is motion-
less (packed bed with gas flow through). Because of this
flow through the interspaces an improvement of the
heat transfer in the packing is achieved. In the third
case the gas phase as well as the solid phase is in mo-
tion because of stirring or vibration in the packing
(agitated bed) or by impulse exchange between the
flowing gas and the particles (fluidized bed). There
is an additional improvement in the heat transfer occur-
ring in the solid phase because of the motion of the
particles.

Heat fluxes and temperature profiles in such gas-
solid systems are obtained by solving the appropriate
energy balance equations, which account for the various
modes of energy transport.

0 1983 Hemisphere I

A. Description of heat transfer situation

In packed beds the exact mathematical description
of heat transfer is quite a complex problem. For this
reason, simplified conditions are necessary to solve the
problems with acceptable accuracy in an appropriate
amount of time.

In order to describe heat transfer in gas-solid sys-
tems by an adequate model, the following conditions are
generally assumed:

1. The heterogeneous gas-solid system is considered
as a quasihomogeneous continuum with an effective
thermal conductivity. By this means, there are no
temperature differences between the solid and the
gas phase.

2. The heat transfer occurring in the packing is
disarranged at the adjacent wall and is subdivided into
two parts. One part is the region near the wall surface
with a thickness of about one particle diameter with the
heat transfer described using a wall heat transfer coeffi-
cient. The second part is the remaining central core
of the packing with the conditions described in 1 above.

B. Equation governing the two-dimensional
temperature field T+r, t j

In the following, we shall determine the temperature
field in a fixed gas-solid system without gas flow. For
example, let us consider the nonsteady heating of a
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2.8.1-2 2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed Beds

tubular packed bed through its cylindrical wall (see
Fig. 1).

The equation governing the heat balance at a cylin-
drical sector of the packed bed with thickness dr under
the assumption of bed homogeneity and constant physi-
cal properties (see Fig. 2) may be written in cylindrical
coordinates as

1 W-4,+-----=
r ar tu - $)P,C,  + I1/PCpl g (1)

where 4, = radial heat flux at position r
J/ = bed porosity

ps,p = density of solid phase and gas phase, respec-
tively

cm cp = heat capacity of solid phase and gas phase,
respectively

With Fourier�s law of heat conduction in homogen-
eous bodies,

and the fact that momentary changes of gas enthalpy
are neglected compared with that of the solid, the above
equation leads to

(3)

h, in this equation is the so-called effective thermal
conductivity of the stagnant gas-solid system.

The initial conditions are

t=cl: T= TA (4)

and the boundary conditions are

,,D_.
2’ T = T, = const (5)

CENTRAL CORE

r V$ALL  RANGE

Figure 1 Nonsteady heating of a tubular fixed bed without gas
flow.

D-
A \

-I I
-~[II-JI)P~c~++Pc~]  $2~ rdr L

I

Figure 2 Heat balance on a cylindrical sector of the fixed bed
with thickness dr.

In order to account for the heat transfer at the wall,
the following boundary condition is introduced:

DI=-1
2

-A dT
so d r  D,z = amax (To - Tw)

with To - T,,, as a fictitious temperature rise. In this
equation amaX is the so-called wall heat transfer coeffi-
cient of the stagnant gas-solid system.

The analytic solution of Eq. (3) is discussed in [l] .

C. Heat transfer parameter of interest

(a) Effective thermal conductivity A, of
stagnant packed beds

The theoretical and experimental evaluation of the
effective thermal conductivity X, of packed beds with
a stagnant gas has a long history with a steady refine-
ment of the theoretical and experimental work. Modern
theories provide equations for X, in terms of system
properties and geometry.

Probably one of the most refined theories is that
of Hengst [2]. As early as 1933, Hengst introduced a
method for calculating h, by arranging spherical par-
ticles in a model so that the direction of heat flow
passes through the centers of two contiguous spheres.
The effective thermal conductivity of this arrange-
ment can be determined mathematically by assuming
differential thermal conductivities above the basis
surface of the cell. A simplifying assumption of this
model is the existence of parallel heat flux lines. The
er ror  in t roduced  by  th i s  assumpt ion  as  wel l  as  the  one

of an arbitrary particle shape is compensated by Zehner
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2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed Beds 2.8.1-3

[3] by means of a variable contour of the model par-
ticle. In 1977 Bauer [4] extended this model to describe
beds of nonspherical particles such as cylinders and
Raschig rings as well as packed beds with different
particle size distributions.

According to the Zehner-Bauer model illustrated
in Fig. 3, one portion of the heat is transferred only
through the fluid phase with the relative torus 1 -
dm by molecular conduction as well as by radia-
tion. The other portion passes through both the fluid
and the solid phases; its surface fraction is m.
This separation is necessary in order to describe effec-
tive coefficients of diffusion in packings under non-
flow conditions. It is further assumed that the solid-
solid contact of the adjacent particles has a finite area.
The fraction dw is therefore divided into a surface
fraction cp for heat transfer through contact and the
remaining surface fraction 1 -CJ for transfer through
the two particle halves that are separated by a wedge
of the fluid.

The conductive and radiative heat transfer as well
as the Smoluchowski effect (pressure effect), which
depends in each case on the size of this fluid wedge,
are included by substituting the equivalent thermal
conductivities Xz, X,, and AD in summing up the
individual local thermal conductivities. Finally, the
calculation for the total cell yields the following equa-
tion for the prediction of &, :

hw
x = (l-4=3

1
(J/ - I;+ X/AD ++

J (7a)
where

i;F, 2-=-
h P

CONTACT
SURFACE
FRACTION

-OXIDE LAYER

c

Figure 3 Model for precalculation of effective thermal conduc-
twlty h,, according to [4].

0 1983 Hemisphere I

@,*/A  + AR /h)@/b)

x In B[l + (X/X, - 1)(X,*/h  + X,/X)]

with

O�b)

Equation (7b) is not defined for p = 0. In the limit
the analysis leads to

’

2 B3 - 1

?(B - I)[1 + (hR/h)(h/h:)l
+(B+ 1 )

(74

In Eq. (7), X is the thermal conductivity of the gas
phase in an infinitely expanded space.

Az is a mean thermal conductivity of the solid
phase. For nonmetallic particles Az is equal to the
thermal conductivity 1, of the particles. In the case of
metallic particles covered with an oxide layer of thick-
ness so, and thermal conductivity X0,, one obtains

(8)

with

Sax is
Bi=A,,d
Generally the ratio s,,/h,, is not known and must be
determined experimentally.

2 in Eq. (9) is the average diameter of an arbitrary
particle the reciprocal of which,

1 aoi

a = i=, n dV,ic- (10)

is to be formed by summing up all particle sizes i with
mass fractions ADi divided by the volume-equivalent
sphere diameter dv,i. Thereby, hollow spaces in the
particles such as in Raschig rings are disregarded. In the
case of a monodisperse packed bed, z is of course equal
to the sphere diameter d.

blishing  Corporation
1

wA

-. ._.�. -. _. _ ..- ..-I- . .._ --.. -- - ., ,.__. -.~--- .._.



2.8.1-4 2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed Beds

hR is the equivalent thermal conductivity for the
energy transfer by radiation as already suggested by
Damkiihler .

(11)

with C, = 5.775 W/m2  K4, the Stefan-Boltzmann con-
stant for a blackbody, E the emission ratio, and T the
absolute temperature of the packing.

XR is the effective radiation length that character-
izes the distance between the particle surfaces of any
packing and is calculated by

1
c

aoi-ZZ
XR Rdv i__

i=1,n “-

R is a shape factor taking into account that the
apparent shape of the particle with respect to radiative
energy exchange may be different from its geometric
one and must be determined from experiments.

hD is the equivalent thermal conductivity between
the surfaces of the solid phase due to the Smoluchowski
effect. Therefore, in such gaps the normal movement
of the gas molecules is so inhibited at the boundary
surface that there is an additional heat transfer resistance
in this system. Since this resistance is directly propor-
tional to the mean free path length of the gas, the
smaller the distance between the solid surfaces, the more
important this resistance becomes. In a region around
the point of contact of the particles in a packing, the
distance between the surfaces of these particles is always
on the order of magnitude of this mean free path length.
As the heat transfer in the gas is related to the tempera-
ture of the solid surfaces, the result is an equivalent
thermal conductivity XD of the gas,

(13)

Here, xg is the effective gas path that characterizes
the size of the space between the particles with respect
to the heat conduction in a rarefied gas and is calculated
from

1 aoi-=
Xn c-Ddvi

(14)
-

i=l,n .’

D is a shape factor taking into account that the
apparent shape of the particles with respect to Knudsen
diffusion may be different from the geometric one.
D is determined from experiments.

y in Eq. (13) is the accommodation coefficient
and u the mean free path length of the gas molecules.
Since u is inversely proportional to the gas pressure,

T PII
u=uoE3~ (15)

with u. the mean free path length at temperature
To = 273.15 K and pressure p. = 1.01 X 10�  N/m�,
the effective thermal conductivity X, of the complete
system becomes a function of the gas pressure. Also,
under the normalized conditions, uo is a function of
the molecule diameter 17, m:

uo = 8.4 X 1O-27

v2

The quantity B in Eq. (7) is a deformation parame-
ter by which the real shape of the particles is replaced
by an artificial one so that the streamlines of the heat
flux remain parallel throughout the packing.

B follows from

B =  C  y ‘“‘9(1 + 3E,)
( )

with $ the mean porosity of a packing and C a shape
factor with respect to particle heat conduction. C has
to be determined from experiment.

$I in Eq. (17) describes the influence of the number
of contact points, which changes with the particle size
distribution because the majority of the conducted
heat is transported in the vicinity of these contact
points. It is the standard deviation relative to the mean
value of the numerical distribution, also called the
coefficient of variation:

0.5

t-1  = (18)

In the case of monodisperse packings, g1 becomes zero.
The quantity cp in Eq. (7) describes the additional

heat transfer through the solid path between contiguous
particles:

23~;
cp=

1 + 22pp
(19)

In this equation pi is the relative contact area of the
solid path,

pi= df

0

2

(20)

where dk is the diameter of the contact area. Since this
area fraction is a function of many still indeterminable,
limiting quantities, such as the elasticity of the material,
external mechanical stress, surface state, and so on,
pi can only be found experimentally.

In conclusion, effective thermal conductivity ratios
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2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed Beds 2.8.1-5

X,/X calculated from Eq. (7)-(20) for some special
cases are plotted in Fig. 4; they can be used to estimate
the most important limiting quantities.

In the following figures the basis equations to
calculate effective thermal conductivities X, are com-
pared with experimental results from packings consist-
ing of spheres, cylinders, hollow cylinders, and broken
solids of equal and unequal size. The different shape
factors C, R, and D as derived from experiments are
compiled in Table 1.

For example, in Figs. 5-8, according to Bauer [4],
and Figs. 9-12, according to Yagi and Kunii [5],  mea-
surements are presented to show the influence of ther-
mal conduction and radiation in different packings.

The measurements in Fig. 5 show quite clearly that
the radiation fraction of thermal conductivity &, is
very dependent on the conduction transfer of heat in
the solid phase. Thus, with steel tubes, which are good
conductors, the increase of X, due to radiation is clearly
stronger than in the case of ceramic, which is a poor
conductor.

In Fig. 6 the dominant influence of the particle size

I

SPHERkAL  PACKING I

I I
IO’ I02 I03 104 I05

THERMAL CONDUCTIVITY RATIO h;/ h

Figure 4 Calculated effective thermal conductivity ratios &,/h
for packings of uniformly sized spheres according to Eq. (7).

distribution on the conductive heat transfer can be seen
clearly. As the diameter ratio dl/dz of the spherical
fractions involved increases, there is an increase in the
number of points of contact and a consequent increase
in the conduction fraction of 1,. Moreover, the number
of contact points changes with the composition AD1
of the mixture so that in each case a maximum value
is attained.

Recently published comprehensive experimental
results of Imura and Takegoshi [6] as well as data
from Swift [7] and Kling [8] are shown in Figs. 13-23
to test the theory concerning the influence of pressure.
These are especially applicable to the design of the im-
portant powder insulations.

If the measured effective thermal conductivities &,
are plotted as a function of the pressure p in logarith-
mic coordinates, they will show a typical S-shaped curve
(see Fig. 13). The constant value at very low pressures
is explained by the fraction of conduction through
surface contact that can be determined by varying pi
until the measured value agrees with the theoretical.

The value pi = 3.5 X 10m4  thus obtained should
be independent of the gas content, since at very low
pressures the effective thermal conductivity rests prac-
tically exclusively on these bridges of solid material.
As shown in Figs. 14-18, the experimental values for
several gases in spherical ceramic packings with special
attention to the different particle sizes as well as size
distributions are reproduced equivocally.

To calculate heat transfer accurately in packings
with metallic particles at high pressures, it is some-
times necessary to take into account that a poorly
conducting oxide layer inhibits heat transfer. In each
case, the resistance of such an oxide layer can be well
described by so, /h,, = 0.15 X 10-3/W/m2  K (see Figs.
19 and 20).

In contrast, measurements with perfectly clean
metal spheres are given in Figs. 21-23.

The unsatisfactory aspect of different contact
surface fractions pz found for the various packings is
not at all surprising since they depend on many limit-
ing quantities that cannot be determined in advance.
The mechanical compression of the particles resulting
from the packing process, bed height, and thermal
expansion of the particles may be one of the dominant
variables.

Some properties of the packings used in the figures
above are listed in Table 2.

(b) Heat transfer coefficient q,,,, from walls
to stagnant packed beds

When solving the differential equation (3)  the heat
transfer between the wall and the packing has to be
taken into consideration as a boundary condition of
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2.8.1-6 2.8 GAS-SOLID  SYSTEMS  / 2.8.1 Stagnant Packed Beds

Table 1 Shape  factors  C, R, D, and volume equivalent sphere  diameter  dv,i for calculating the
effective thermal conductivity  As0 of various packings

Form c R D dV,i

Sphere with diameter d 1.25 1 1 d

Cylinder with diameter d, length 1 2.5 1 1 d

Hollow cylinder with outer diameter d, inner . 7.
diameter di, length I 2.5 1 +

10
; 1 1 d

Binary sphere mixture with diameters d I , d, and 1.25 1 1 d,,d,
mass fraction

M, (mass of sphere 1)
AD, =

M (total mass)

Broken particle size distribution with mass fraction 1.4 1 1 3 6Mi

Mi (mass of size fraction i> J-
- -
n ZP&!

ADi=
M (total mass)

z number of particles in size fraction i

the so-called third part. This is necessary to give prefer- formulation have been derived by Schltinder  [9] for
ence to the fact that heat transfer with respect to spherical packings. He analyzed the heat conduction in
short contact times (i.e., less than 0.1 s) is quite differ- the gaseous gap between the wall and the adjacent
ent from that at moderate and long contact times sphere with the assumption that there is only solid point
(i.e., greater than 1 s). When the contact time ap- contact. Adding now the necessary aspect of contact
proaches zero, the heat transfer tends toward a finite area and the influence of oxide layer resistance (recall
and maximum value contrary to that experienced in
a real homogeneous body.

The physical arguments with their mathematical

Sec. C), we get

50

ri
.
5:
x LO
0
i=
d

t5 30
I=
2
4
8 20

z
W

E

k
ICI

W

0

k-o.’ 1 N ITROGEN-CERAMIC 1

LOO 600 800 1000 LOO  6

NITROGEN-STEEL

G-1

TEMPERATURE T, K

Figure 5 Influence of temperature T on effective thermal conductivity ratio &,/A for packings of uniformly sized hollow
cylinders at normal pressure according to [4] and Eq. (7). Various inner-to-outer diameter ratios di/d.
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2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed Beds 2.8.1-7

BINARYMIXTURES OF SPHERES
/ 3o t NITROGEN- CERAMIC ,L

I
d, = 3.25 mm I

5: Tz 320 K

MASS FRACTION AD\

Figure 6 Effective thermal conductivity ratio h,/h for pack-
ings of binary mixtures of ceramic spheres as a function of the
mass fraction AD, at normal pressure according to [4] and Eq.
(7). Various diameter ratios d, /d, .

with

@lb)

A,* and cp have to be calculated from Eqs. (8) and (19),
respectively. The first term in Eq. (21 b) represents the

c 30-
0

2
GRANULAR DISTRIBUTIONS
NITROGEN- BROKEN

0
SOLIDS ( Fe3 OL)

2 25.. Tz320  K l

CY

E

W 0 02 0.4 0.6 0.8
DISTRBUTION  PARAMETER t,

Figure 7 Influence of distribution parameter [r on effective
thermal conductivity ratio h,,/h for packings of granular distri-
butions of broken solids (Fe,O,)  at normal pressure according
to [4] and Eq. (7).

0 1983 Hemisphere I blishing  Corporation

BINARY MIXTURES OF SPHERES
NITROGEN  -CERAMIC

d, = 9.6mm , dz  = 3.25 mm

I
k

0.2 0.L 0.6 0.8 I.0
MASS FRACTION ADI

Figure 8 Effective thermal conductivity ratio &.,/A for pack-
ings of binary mixtures of ceramic spheres as a function of the
mass fraction aD, at normal pressure according to [4] and
Eq. (7). Various temperatures.

SPHERICAL PACKING

TEMPERATURE T,OC

Figure 9 Influence of temperature T on effective thermal con-
ductivity ratio &o/h of uniformly sized spheres at normal pres-
sure according to [5] and Eq. (7).
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01
0 200 400 600 800 1000

TEMPERATURE T , OC

Figure 10 Influence of temperature T on effective thermal
conductivity ratio &o/h of uniformly sized cylinders at normal
pressure according to [S] and Eq. (7).

molecular heat conduction in a rarefied gas, whereas
the second accounts for the radiation between wall
and packing.

In detail, h is the thermal conductivity of the gas,
d is the diameter of the sphere, u is the mean free path
of the gas molecules and may be derived from Eq. (15),
y is the accommodation coefficient, e is the radiation
emissivity, and Tm is the absolute average temperature
between the wall and the first particle layer.

x AIR -PORCELAIN

0
i=
$ 2 0

0 200 400 600 800 IO60

TEMPERATURE T, OC

Figure 11 Influence of temperature 7� on effective thermal con-
ductivity ratio &o/h of uniformly sized hollow cylinders at nor-
mal pressure according to [S] and Eq. (7).
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Figure 12 Influence of temperature T on effective thermal con-
ductivity ratio ?&A for packings of broken solids at normal
pressure according to [5] and Eq. (7). Various mean diameters.

CERAMIC -NITROGEN

Y d = 0.05  mm

t lo-* I

Y 10-I

! !

100 IO� 102 103 IO�  105 I06

P R E S S U R E  p, N/m2

Figure 13 Influence of contact area fraction pi on effective
thermal conductivity ratio &,/A of uniformly sized spheres at
different gas pressures p and room temperature according to [6]
and Eq. (7).

11~~~~1

kl IO’ I00 IO’ 102  I03 lob  105  IOC

PRESSlJRE  p,  N/m*

Figure 14 Effective thermal conductivity ratio &,/A of uni-
formly sized spheres at different gas (Freon 12) pressures p
and room temperature according to [6] and Eq. (7). Various
diameters.
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2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed Beds 2.8.1-9

SPHERICAL PACKING
NITROGEN-CERAMIC

3
PRESSURE p, N/m2

Figure 15 Effective thermal conductivity ratio &o/h of uni-
formly sized spheres at different gas (nitrogen) pressures p
and room temperature according to [6] and Eq. (7). Various
diameters.

PRESSURE p, N/m2

Figure 16 Effective thermal conductivity ratios h,,/h of
uniformly sized spheres at different gas (helium) pressures p
and room temperature according to [6] and Eq. (7). Various
diameters.

0 HELIUM  -CERAMIC
. NITROGEN  /

I I I o/I m FREON-12 1
I
k 10-I

d,=2Omm , d2=02mm
, p,1 z3.5 IO  L

E
IL 10-I  IO0 IO� I02 103 IOL IO5 IO6

Y PRESSURE p, N/m*

Figure 17 Influence of the gas thermal conductivity on effec-
tive thermal conductivity ratio h,/h for a binary mixture of
spheres at various pressures p and room temperature according
to [6] and Eq. (7).

o 1983 Hemisph eF

o HELIUM  -CERAMIC
0 NITROGEN
0 FREON-12

dl=20mm  , dzz0.2  mm

PRESSURE p, N/m2

Figure 18 Influence of the gas thermal conductivity on effec-
tive thermal conductivity ratio hso/h for a binary mixture of
spheres at various pressures p and room temperature according
to [6] and Eq. (7).

Q, NITROGEN

o FREON-12

d: 1.8mm  p2 =0.6 IO-�

i K I

PRESSURE p, Nrm2

Figure  19  Effective thermal conductivity ratio &o/h of
oxidized metal spheres of different filling gases at various pres-
suresp and room temperature according to [6] and Eq. (7).

; o.;ow
W 3 10-2

PRESSURE p, N/m2

Figure  20  Ef fec t ive  thermal  conduc t iv i ty  ra t io  A,& of
oxidized metal spheres of different tilling gases at various pres-
sures p and room temperature according to [6] and Eq. (7).

bli&ing  Corporation
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[ ;m ;~~~;;;~,,6.,o.~
102  103  IOL 105 106 I07

PRESSURE p, N/m*

Figure 21 Effective thermal conductivity ratio &/k of non-
oxidized spheres for different filling gases at various pressures
p and room temperature according to [8] and Eq. (7).

Finally, Wunschmann [lo] has confirmed the
validity of Eq. (21) by nonsteady-state heat transfer
experiments as described in Sec. D.

D. Equation governing  the one-dimensional
temperature field Tft j

It is usual and sufficient according to most industrial
practices to obtain an answer about the average tempera-
ture F-(t+ of the packing (see Fig. 1) with the help
of overall heat transfer coefficients. By this means
the average temperature Tftj, the so-called integral
caloric mean temperature, is defined by

0
8
e

lb
a

G
0 HELIUM -URANIUM

7+--t

8 METHANE
,He 0 NITROGEN

0 ARGON
d=O.l9mm  pz=0.2~10w�8 YI I . .

I
1 IO� lo2  103 104 KS 106

PRESSURE p, N/m2

Figure 22 Effective thermal conductivity ratio ksO/k of non-
oxidized spheres for different filling gases at various pressures
p and room temperature according to [7] and Eq. (7).

~0~~~~~
100 IO� Kl2 103 104 105 I06

PRESSURE p, N/m2

Figure 23 Effective thermal conductivity ratio h,,/h of non-
oxidized spheres for different filling gases at various pressures
p and room temperature according to [7] and Eq. (7).

Then the equation for the heat balance of the whole
cylindrical packed bed becomes

(23)

with 0 the overall heat rate through the walI  and Vthe
total volume of the packing. With Newton�s law of heat
transfer,

&w = WW(~-w  - Tw)

the above equation leads to

(24)

A is the wall surface according to the heat rate &tj
and Uftj is the momentary overall heat transfer co-
efficient between the wall and the whole packing.

The integration of Eq. (25) with the help of the
time-dependent overall heat transfer coefficient

uo+tj =$
/

r

f-W+ dt (26)
0

results in

(27)
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2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed  Beds

Table 2 Properties of the packings.  Comparison of calculations  and experimental  results

soxl~ox 001
Author Solid Gas E X 103/W/m*  K p;X 10’ nm 7

2.8.1-11

p,bar  T,“C

Bauer [4] Styropor
Foam glass
Glass
Ceramic
Steatit
Steel

(oxidized)
Steel

(nonoxidized)
Copper

(oxidized)
Copper

(nonoxidized)
Imura and Takegoshi [6] Ceramic

N, 0.93 0 3.5 61.8 0.9 1

61.8 0.9 1
61.8 0.9 1
61.8 0.9 1

61.8 0.9 1

61.8 0.9 1

61.8 0.9 1

126 .3  0 .4
6 1 . 8  0 . 9
3 1 . 5  1 . 0

126 .3  0 .4
6 1 . 8  0 . 9
3 1 . 5  1 . 0

126 .3  0 .4
6 1 . 8  0 . 9
3 1 . 5  1 . 0

126 .3  0 .4
5 7 . 4  0 . 8
6 1 . 8  0 . 9
71 .8  0 .95

126 .3  0 .4
6 1 . 8  0 . 9
71 .8  0 .95

112.0 0.15
5 7 . 4  0 . 8
6 4 . 0  0 . 9
64.0 0.9 1

64.0 0.9 1
64.0 0.9 1

N2
N*
N*

0.85 0
0.78 0
0.85 0.15

0.3 0

0.78 0.15

0.2 0

3.5
3.5
1.5

1.5

2.0

2.0

N*

N*

N2

He

N2
CF, Cl,
He

N,
CF, Cl,
He

N*
CF, Cl,
He

CH,
N2
Ar
He

N2
Ar

HZ
CH,
Air
Air

0.9 0 3.5 30

30

30

25

Steel
(oxidized) 0.85 0.15 0.6

Copper
(oxidized) 0.78 0.15 11.7

Swift [7] Uranium
(nonoxidized) 0.1 0 0.2

Zirconium
(nonoxidized) 25

33

0.1 0 0.1

Kling [8] Steel
(nonoxidized) 0.1 0 1.6

0.8 0.15 1.5

0.93 0 3.5
0.93 0 3.5

Yagi and Kunii [5] Steel
(oxidized)

Porcelain
Cement clinker

Air
Air

the time-dependent course of the average temperature
T+t j in a packing.

The consequent comparison of Eq. (27) with the
exact solution of Eq. (3) gives values for the unknown
overall heat transfer parameter Uo+t j. Still with regard
to practical design, the following manner of approach
yields a sufficiently good approximation.

First, the heat transfer resistance of the central
core of the packing as well as the heat transfer resistance
between the wall and the packing are connected in
series:

1. Short-time solution

with the integral value

2. Long-time solution and integral value

1 1 1-___
Uo = %a, + %&t~ (28) a,,+tj  = ol,,mftj = k K = const

In this relationship the heat transfer coefficient ol, of
the central core is the suited superposition of two
asymptotic solutions:

Superposition of 1. and 2. leads to

(32)

0 1983 Hemisphere. Publishing Corporation



2.8.1-12 2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed Beds

Table  3 Values  cf K [see Eq. (31)] for several shapes  of
the packing wall

Plate Cylinder Sphere

4

k7r’

Thickness

5.78 fll’

Diameter

Values of K are listed in Table 3 for several shapes
of packing wall.

Figure 24 shows that with increasing contact
time t, the momentary heat transfer coefficient U&j
[see Eq. (24)]  follows Eq. (21) at the beginning, then
Eq. (29), and finally Eq. (31). In addition, the limiting
value for very short contact time is independent of
the thermal properties of the solid but strongly depen-
dent on the particle diameter. However, in the range of
Eq. (29) at longer contact times, the reverse behavior
is valid: The heat transfer coefficient depends strongly
on the thermal properties of the solid but slightly on the
diameter of the particles.

Wunschmann [lo]  has confirmed the validity of
Eq. (21) by nonsteady-state heat transfer experiments.
A packed bed resting on a plate was heated from below
for a certain time t. Figures 25-27 show the experi-
mental result. The parameter is the gas (air) pressure.
On the left U&j according to Eq. (21) and on the
right according to Eq. (29) is indicated. During the

2 LOG. TIME t

Figure 24 Asymptotic overall heat transfer coefficients describ-
ing nonsteady heat transfer in stagnant packings.

experiments no fully developed temperature profiles
were obtained, so Eq. (3 1) is not reached.

E. The heat quantity Q

The total heat rate Q transferred from time zero to
time tl is

(33)

With the total heat balance on the packing

SPHERICAL PACKING p, N/m2

AIR-GLASS v IO1 105
Y 0 I33 IO‘

“E
1.01 I05- - - - - - - - d=3,lmm  ,p,�=IO-�

_ -L3L!!P---
A I33 I03

5

0 133 I02
0 133 IO�

5
1.33  103 T I33----_---

A 013

0 --Lu_!!Y---

L

8

6

b=l
I 33 IO�-------- _

a

P

z
IO� .

Y

I.33
------- 1

0.13
-~-~�T-~7-7-+~

--------

-.--A-A~=-*-A--A-~A~A-

IO0 IO� 102 IO3
CONTACT TIME t,s

Figure 25 Overall heat transfer coefficients obtained by [lo] from nonsteady heat transfer experiments at room tempera-
ture and various gas (air) pressures p. Packing with uniformly sized glass spheres.
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-E!l-@-  _ - -
1.33 IO�- - -_----

1.33 103__------

I 102

CONTACT TIME t, s

SPHERICAL PACKWiG
AIR-POLYSTYRENE

d:l05mm,p,f=l5 10.�

p, N/d

v 101  I05

A 0 1.3313.3 IO�  IO3
0 1.33 102
0 1.33 IO�
. 1.33
A 0.13

Figure 26 Overall heat transfer coefficients obtained by [lo] from nonsteady heat transfer experiments at room tempera-
ture and various gas (air) pressures p. Packing with uniformly sized polystyrene spheres.

introduced in Eq. (27),  this leads to

WI-, = Uottl-)A  ATmtl

with

(35)
AT,,, =

TA - %I +

ln[(T,t  - Tw)/@4tl  3 - T,)l

the so-called logarithmic mean temperature difference.

SPHERICAL PACKING ?.N�rn

AIR-BRONZE lowdlzed  ) v 101 I05
d=O.SLmm, p; 1.33 IO�= IO-� 0

A 1.33 lo3
0 133 I02
l 133 IO�

IO"

CONTACT TIME t ,s

Figure 27 Overall heat transfer coefficients obtained by [IO] from nonsteady heat transfer experiments at room tempera-
ture and various gas (air) pressures p. Packing with uniformly sized bronze spheres.
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2 . 8 . 1 - 1 4 2.8 GAS-SOLID SYSTEMS / 2.8.1 Stagnant Packed Beds

N O M E N C L A T U R E  F O R  S E C T I O N  2 . 8 . 1

A wall surface area

cp? cs heat capacity of gas and solid phases, respectively

cs Stefan-Boltzmann constant
D tube diameter
d sphere diameter

dV,i volume equivalent sphere diameter
d/c diameter of contact area
aoi mass fractions
P pressure
4 heat flux
Q heat quantity
42 overall heat rate
r cylindrical coordinate
Sox thickness of oxide layer
t time
T absolute temperature

fJt instantaneous overall heat transfer coefficient
UO overall heat transfer coefficient

total volume of packing
heat transfer coefficient from wall to stagnant
packed bed
effective heat transfer coefficient of stagnant
packed bed
accommodation coefficient
emissivity
molecule diameter
thermal conductivity of gas and solid phases,
respectively
effective thermal conductivity of stagnant
packed bed
thermal conductivity of oxide layer
density of gas and solid phases, respectively
relative contact area
mean free path length of gas molecules
surface fraction
bed porosity

R E F E R E N C E S  F O R  S E C T I O N  2 . 8 . 1
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2.8 GAS-SOLID SYSTEMS 2.8.2-1

2.8.2
Packed beds with a gas flowing

through

R. Bauer

A. Description of heat transfer situation

The importance of packed beds in a large variety of
engineering endeavors is widely appreciated. A frequent
and important area of use is flow-through packings of
nonadiabatic catalytic reactors in the chemical industry.

Basically, such systems consist of a cylindrical tube
packed with catalyst particles through which the react-
ing fluid passes. The heat of reaction is removed by the
cooling medium in the outer shell surroanding the cyl-
inder. One of the questions associated with the design
of such reactors is the temperature rise that can be
tolerated due to undesirable secondary and follow-up
reactions as well as the thermal destruction of the cata-
lyst particles.

The associated question of the maximum diameter
of the reactor tube that will allow dissipation of the
heat generated without exceeding the prescribed tem-
perature level can be answered only from a knowledge
of the heat transfer characteristic of such packed beds.

B. Equation governing the two-dimensional
temperature field T+r, z j

If a fluid is flowing through a packing, in a strict sense,
there is always a difference between the temperature
of the solid and the temperature of the fluid. In most
cases, however, particularly for chemical reactors, it
is advantageous to ignore the temperature difference
between the fluid and the solid and take both as ap-
proximately equal. As in Sec. 2.8.1, the packed bed
can be taken as a quasihomogeneous medium with

effective conductivities. Furthermore, the effective
conductivities for the radial and axial transport of heat
are expected to be different.

In the vicinity of the wall the radial thermal resis-
tance increases drastically. Because of this, and remem-
bering the results of Sec. 2.8.1, the whole packing is
subdivided into a central core and the wall region (see
Fig. 1).

To describe the temperature field in such a flow-
through tubular packing, the differential heat balance
has to be carried out on a volume element of the pack-
ing (see Fig. 2). With the assumption that the tube wall

t--D----+
CENTRAL CORE

WALL RANGE

I i 1 ,T(r,z)

I t Cl
m.

1st

Figure 1 Stationary heat transfer situation in a tubular fiied
bed with a gas flowing through.
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2.8.2-2 2.8 GAS-SOLID SYSTEMS / 2.8.2 Packed Beds with a Gas Flowing Through

Figure 2 Heat balance on a differential torus of a tubular fixed
bed.

is uniformly heated or cooled, rotary symmetric condi-
tions are expected.

The summary of the different heat fluxes in Fig. 2
may be written in the form

4, l%=. dT- - - -
dz r ar rnOCP  x (1)

where (iz, Gr = axial and radial heat flux
rizo = superficial mass flux
cp = heat capacity of gas

In most applications the effective axial conduction is
negligible compared with the enthalpy transport by the
flow.

With Fourier�s law of heat conduction in a homo-
geneous medium according to radial heat flux

4, =-Ad5

the above equation leads to

(3)

A in this equation is the effective radial thermal con-
ductivity of packings with gas flow.

The boundary conditions are

z = 0: T= TA (4)

Dp-r-1
2 T = T,,, = const (5)

To account for the changed heat transfer conditions at
the wall, a separate thermal resistance existing at the
wall is postulated:

Dr=-1
2

-I\dT
dr D/2

= GO-O - Tw)

with To - T,,, as a fictitious temperature rise. In Eq. (6),
(Y, is the so-called wall heat transfer coefficient of pack-
ings with a fluid flowing through.

In connection with the analytic solution of Eq. (3),
attention is called to [l] .

C. Heat transfer parameters of interest

(a) Effective radial thermal conductivity A
of packed beds with a gas flowing through

From detailed analysis of experimental results, Yagi and
Kunii [2] proposed a model in which heat was trans-
ferred simultaneously by two independent mechanisms.
Accordingly, the effective radial thermal conductivity
A, made dimensionless with the molecular thermal
conductivity h of the gas flow, yields

A bu %?
-=h+hh

with X, the effective thermal conductivity of the stag-
nant -bed (see Sec. 2.8.1C)  according to the combined
conduction and radiation exchange processes, and with
& a transport coefficient due to the convective lateral
mixing of the gas flow.

According to Eq. (7), the contribution of h, will
be small if the lateral mixing of the flow and the flow
velocity respectively are sufficiently large, the usual
case in industrial performance. Under these limitations,
S&hinder  [3] has proposed a model (see Fig. 3) in
which the flow separates from the particles and com-
plete mixing occurs in the voids. He derived

h Pe,-=-
h K

with

Z

/
I

\

-FLUID FLOW

.PARTICLE

I t

X

Figure 3 Flow pattern in a flow-through fixed bed according to
Schliinder [ 3 ] .
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2.8 GAS-SOLID SYSTEMS / 2.8.2 Packed Beds with a Gas Flowing Through 2.8.2-3

mOcp
Pe, = ~xp

the P&let number formed with the so-called mixing
length xF, which is of the magnitude of the particle
diameter.

Bauer [4] has extended this model by taking into
consideration the influence of particle form, size, and
size distribution along the mixing length XF.  Replacing
the complicated overall turbulent flow in a packing by
appropriate superposition of individual subflows, he
derived

XF = c AJlj
j= 1,m

i

(10)

with the individual mixing lengths of the subflows

xF,i = Fzd~,i (11)

where i�i is a shape factor that must be determined
experimentally for the various particle forms. The
equivalent dimensions dF,i in Eq. (11) correspond to

1. The volume equivalent sphere diameter d v,i  for
a subflow around the particle

2. The double projected length d,,i of a through-
flow channel (e.g., the hollow space of Raschig rings)
for a subflow through the particle

The constant K in Eq. (8) has the value 8 for an infinite
packed bed. For a finite packed bed, Schhinder [3]
recommended

(12)

which gives best agreement with experimental results
(see Fig. 4). zis calculated from Eq. 2.8.1(10).

Predictions of effective radial thermal conductivities
based on the above concept agree very well with experi-
mental results with packings consisting of spheres, cylin-
ders, hollow cylinders, and broken solids of equal and
unequal size (see Figs. 5-l 0).

The shape factors Fi derived from experiments are
compiled in Table 1.

Figure 5 shows data for A versus Pe for packed beds
of styrene, ceramic, steel, and copper spheres of 10 mm
diameter at moderate temperatures. The fluid was nitro-
gen. The full lines represent Eq. (7). Linear increase of
effective thermal conductivity with increase of flow rate
was observed in all the measurements, which confirms
the separation and additive overlapping of two inde-
pendent fractions in Eq. (7).

Figure 6 shows the influence of the temperature up
to 1 000 K both of poor and good conducting material.
The solid lines represent the calculation. To show the
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II 8 SPHERICAL PACKING
I

I
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DIAMETER RATIO D/d

Figure 4 Constant K as a function of bed-to-particle diameter
ratio according to Bauer [4] and Eq. (12). Packings of uniformly
sized spheres.

/200, I I I 1f
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SPHERICAL  PACKING
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Figure 5 Effective radial thermal conductivity ratio of uni-
formly sized spheres of different material versus Pe, at normal
pressure and room temperature according to Bauer (41 and
Eq. (7). Pe, = 0: h&h according to Eq. 2.8.1(7).
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�1 I / I
L OV.

0 m 560 7io Kio 0 25.0  5w 7%

PECLET  NUMBER  Pex

Figure 6 Influence of temperature Ton effective radial thermal
conductivity A/h of good and poor conducting uniformly sized
spheres versus Pe, at normal pressure and room temperature
according to Bauer [4] and Eq. (7). Pe, = 0: &,/A according
to Eq. 2.8.1(7). Dashed lines calculated neglecting radiation heat
transfer for T= 1 000 K.

influence of radiation, the dashed lines are calculated
neglecting heat transfer by radiation for T = 1 000 K.

In Figs. 7 and 8 the mixing lengths for cylinders
and hollow cylinders are plotted against geometric
variables of these particles. Since good mixing is usually
a very desirable characteristic that reduces undesirable
temperature gradients in the packed bed, the advantage
of the hollow cylinders over solid cylinders and spheres
lies not only in the increased surface area, the reduced
amount of material, and the drop in gas flow pressure,
but also sometimes in a very great improvement of the
mixing effect. For example, for the long, thin-walled
tubules (d/l = 0.25; di/d = 0.8), there is an improvement
in mixing of around 1 000% and an increase in surface

OOd. .

DIAMETER-TO-LENGTH RATIO d/l

Figure 7 Mixing length xF for packings of uniformly sized
cylinders at different diameter-to-length ratios d/l according to
Bauer [4] and Eq. (10).

H O L L O W  C Y L I N D R I C A L  w
PACKING
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�I
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0 0.2 0.4 0.6 0.8 1.0
DIAMETER RATIO dild

Figure 8 Mixing length xF for packings of uniformly sized
hollow cylinders at different inner-to-outer diameter ratios di/d
according to Bauer [4] and Eq. (10). Various diameter-to-length
ratio d/l.

area of about 50%/m3 of packing in comparison with
spheres of the same nominal diameter d.

The mixing lengths of binary mixtures of spheres,
made dimensionless with the sphere diameter dl of the
larger fraction, are plotted in Fig. 9 as a function of the
mass fraction a0, of this larger sphere fraction. In each
case the particles with the smaller diameter have the
greatest influence on the effective mixing length. In
other words, the mixing effect is considerably poorer
than might have been expected according to the arith-
metically weighted mean (see curve a). For comparison,
the mean diameter of the volumeequivalent sphere is
also shown (see curve b); it has been proposed as the
determining mixing length in the earlier literature.

The mixing lengths XF for different continuous
particle size distributions, made dimensionless with the
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l

BINARY MIXTURES OF SPHERES
CERAMIC
d2: 3.25 mm
d,,mm 6.0 9.6 20.0

n A l

MASS FRACTION ADI

Figure 9 Effective mixing length XF for packings of binary
mixtures of spheres at various mass fractions AD, according to
Bauer [4] and Eq. (10).  Various diameter ratiosd, /d,.

mean particle size d 1, z of these distributions, are plotted
in Fig. 10 as a function of the coefficient of variation
tr [see Eq. 2.8.1(18)],  a parameter used here to repre-
sent mathematically the scope of experiments. The mean
particle size d,,, , theoretically derived from Eq. (lo),
is also called the arithmetically weighted mean of the
surface area distribution, which includes the mean
equivalent particle dimensions dv,i of the fractionated
distribution.

Since all of the shape factors Fi found for subflows
around the different shaped particles are of the same
order of magnitude, it can be assumed that the value
found for broken solids is generally applicable for pack-
ings with any irregularly shaped solid particles.

(b) Heat transfer coefficient (Y, from walls
to packed beds with a gas flowing through

For predicting wall heat transfer coefficients (Y,,  a
model has to be developed that is analogous to that

outlined for the effective radial thermal conductivity.
A c c o r d i n g l y ,  t h e r e  a r e  t w o  i n d e p e n d e n t  h e a t  f l u x e s .
As in the central core of the packing, there is a heat
flux through the fluid and a solid phase on the one
hand. On the other, there is a flux only through the
fluid phase, that is, through the laminar boundary
layer at the wall:

ffWXW (ymaxxw Qwgxw

Nuw=X=- -h +x (13)

with cr,,, found by applying Eq. 2.8.1(21) and x, a
particle dimension with regard to the particle shape.

Similar calculations to those for flow over plates
with a dependence on the P&let number have to be
expected, especially for the second term on the right-
hand side of Eq. (13).

Now, wall heat transfer coefficients in tubular
reactors with a fluid passing through can be determined
by analyzing overall heat transfer coefficients (see Sec.
D). Recently Hennecke [S] has evaluated about 5 000
data points collected from 14 authors who have deter-
mined overall heat transfer coefficients. Assuming plug
flow, he obtained wall heat transfer coefficients depend-
ing not only on the P&let number but also on the ratio
of tube diameter D to length L as shown in Fig. 11.

Accordingly, some of the Nu, data not only tend

. 1.2

-d

I 0.8.
s
a

- 0 0.1 0.2 0.3 0.L 0.5 0.6 6.7

DISTRIBUTION PARAMETER 5,

Figure 10 Effect of range and form of distribution of con-
tinuous granulations on effective mixing length XF according to
Bauer (41 and Eq. (IO).
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Table 1 Shape  factors  F for calculating the effective thermal conductivity  A of various  packings

Form XF F

Sphere with diameter d, length 1 Fd 1.15

Cylinder with diameter d, length 1 F,d

Hollow cylinder with outer diame-
ter d, inner diameter d, length 1 ArL,F,d (l--aJ/l)Fl  fl

Binary sphere mixture with diame- 1
ters d, , d, and mass fraction W,/Fd,N- m,/Fd,)

AD, =
M, (mass of sphere 1)

M (total mass)

Broken particle size distribution
with mass fraction

ADi=
Mi (mass of size fraction i)

M (total mass)

1.75

1.75

2.8

1.15

1.4

z = number of particles in size
fraction i

O.-

17
lO[

I

I02

PECLET NUMBER Pe

Figure. 11 Wall heat transfer coefficients Nu, = q&/A versus P&let  number Pe = ti,cpd/A  obtained by evaluation of
overall heat transfer coefficients in tubular packed beds according to Hennecke [5]. D = tube diameter, L = tube length.
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2.8 GAS-SOLID SYSTEMS / 2.8.2 Packed Beds with a Gas Flowing Through 2.8.2-7

toward infinity but also turn out to be negative. For
long tubes the wall heat transfer coefficients are still
lower by orders of magnitude than those for short
tubes. This effect is still not really understood. It may
be that this is due to a bypass effect as described in
Sec. 2.5.4. However, this is an assumption and is still
subject to a reliable calculatior.  method.

D. Equation governing the one-dimensional
temperature field T+z j-

It is sufficient in many technical applications to cal-
culate the average temperature field F+z j in the tubular
packing (see Fig. 1) with the help of overall heat transfer
coefficients. In the case of chemical reactions, however,
the reaction velocity calculated will be too low even if
this average temperature is properly described. This fault
is all the more important when large radial temperature
profiles are present.

The equation governing the heat balance
cylindrical disk of the packing with the thickness dz may
be written in the form

with do the individual overall heat flux through the wall
of length dz.

With Newton�s law of heat transfer,

do = U&z jA(F+z  j - T,) dz

the above equation leads to

(15)

U,(z)  is the local overall heat transfer coefficient be-
tween the wall and the whole packing.

The integration with the help of the overall heat
transfer coefficient,

U=l
Z

’ U,+zjdz

Jo

results in

T+z j - T,
TA -T, =exP(-&g$yj

(17)

(18)

the average temperature field T+z j in the tubular
packing.

According to the overall heat transfer coefficient U,
the heat transfer resistance of the central core of the
packing crs will be connected in series:

1 -�+L
u-ar, cl, (19)

with CY,,,  according to Eq. (13) and ol, from superposi-
tion of the short-time and long-time solutions in good
approximation :

(20)

with A the effective radial thermal conductivity apply-
ing Eq. (7) and K from Table 2.8 .1(3).

E. The heat rate Q

The total heat rate 0 transferred through the whole
wall surface of the reactor is

0 =
J

L d&zj (21)
0

With the total heat balance on the flow-through packing,

0 = riz,c,(T,  - 74-L  j) (22)

introduced in Eq. (52),  this leads to

& = UA A T , (23)

with the logarithmic mean temperature difference

AT, =
T, -@Lj

ln 10�~  - T,)/(FtLj - T,)l
(24)

F. Equations governing the temperature field
T,+r, z j of the solid phase and T,+r, z j
of the gas phase

In the rare cases of fast-changing temperature profiles
in the packing, such as in regenerators, as well as fast
reactions with a great amount of heat production,
one has to distinguish between the temperature of
the solid phase and of the gas phase. These tempera-
ture profiles are obtained if an adequate model for the
energy transport both in the solid as well as in the gas
phase can be predicted and if the parameters in this
model are available. In this situation, the following
coupled energy balance seems to be suitable:

Solid phase :

(25)

with the boundary condition

,,E.
2 � ~maxG’-‘os - Tw) (26)
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Gas phase :

= -ka*(Tg  - T,) (27)

with the boundary condition

r2:
2

-A dTg
g dr D/2

= %gvog  - Tw) (28)

The procurement for the evaluation of the transport
parameters of this heterogeneous model can be derived
by subdividing the parameters of the homogeneous
model in such a way that the static part is joined to the
solid phase and the fluid dynamic part is joined to the
gas phase. One obtains

(29)

with h& according to Eq. 2.8.1(76), and

(30)

with X,/h according to Eq. (8).
k in Eqs. (25) and (27) is the heat transfer coeffi-

cient connected with the difference of the mean gas
temperature Tg and the mean solid temperature T,,
which can be calculated from Sec. 2.5.4. a* is the ac-
companying specific surface area.

A satisfying theoretical model to calculate the wall
heat transfer coefficient LY,,,~  in Eq. (28) according
to Eq. (13) does not exist at the present time. This
is the motivation of further investigation.

A
a *

CP
D
d

dv,i
fm
k

L
m0
4
i,
c z
T

NOMENCLATURE FOR SECTION 2.8.2

wall surface area
specific surface area
heat capacity of gas phase
diameter of cylindrical wall
sphere diameter
volume equivalent sphere diameter
mass fractions
heat transfer coefficient between gas and solid
phases
total length of packing
superficial mass flux
heat flux
heat rate
coordinates
absolute temperature

uz local overall heat transfer coefficient
(I overall heat transfer coefficient
or,,, heat transfer coefficient from wall to stagnant

packed bed

ffW
heat transfer coefficient from wall to flow-
through packing

h thermal conductivity of gas phase
Ag, effective thermal conductivity of stagnant

packed bed
A effective radial thermal conductivity of flow-

through packing
A,, As effective radial thermal conductivity of the solid

and gas phases respectively

cp surface fraction
IL bed porosity
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2.8 GAS-SOLID SYSTEMS 2.8.3-l

2.8.3
Packed and agitated beds

E. Muchowski

A. Heat transfer to packed  beds

(a) The wall heat transfer coefficient CY~

Gas-phase molecular heat conduction between the
granules of a packed bed strongly controls the heat
transfer in the packed bed as well as the heat transfer
from the walls to the bed. Thus, the effective thermal
conductivity of a granular bed is orders of magnitude
smaller than the conductivity of the solid granules,
especially when the bed is at a reduced pressure. When
heat is transferred from the walls to a packed bed of
granules, a wall resistance appears that depends strongly
on the transport properties of the gas phase. In addi-
tion, heat will be exchanged by radiation and contact
area conduction.

All the transport phenomena mentioned above
may be considered to be independent of one another.
Therefore the total heat transfer coefficient CY,  at the
wall is given by

ffw = ag + ffc + cr,

where g = molecular gas conduction
c = contact area conduction
r = radiation

Now

(1)

4,
CYw=----

Tw - Ts

is the ratio of the heat flux 4, to the driving force
T, - T, at the wall (see Fig. 1). The wall resistance
and the temperature drop are directly proportional.

Figure 1 Temperature distribution and heat fluxes near the
wall.

This simplified concept is also valid for the case of
contact area conduction resistance as demonstrated
by Muchowski [l] . Thus, in the case of transient heat
transfer from a wall to a packed bed, the overall heat
transfer coefficient is limited by the wall resistance
when the time approaches zero.

I. The contribution  of molecular gas conduction  to (Ye

For spherical particles oar can be calculated by Schliin-
der�s [2] formula

ag=%[(Kr+ 1)ln (I +&j--q

where

2A2--Y
b=---

R Y

(3)
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2.8.3-2 2.8 GAS-SOLID SYSTEMS / 2.8.3 Packed and Agitated Beds

is the modified Knudsen number, A is the mean free
path of the gas molecules, R is the radius of the par-
ticles, and y is the accommodation coefficient. Equation
(3) is based on the fact that the pressure-dependent
mean free path of the gas molecules exceeds the gap
between the particles and the wah in the neighborhood
of the contact zone. In that zone, the conductivity of
the gas becomes pressure dependent (see Fig. 2). A can
be evaluated from the Sutherland formula,

A+P, Tj =
fLplp

1 + T,fT

where A,P is a constant for each specific gas and TV
is the Sutherland constant. Values of A-P, T,, Xg, and
y are listed in Table 1 for a range of gases; the kinetic
data were taken from Diels and Jaeckel [3].

The accommodation coefficient y is a function of
both the molecular weight and the temperature (see
Sec. 2.8.2). Heat transfer coefficients versus pressure
are plotted for air in Fig. 3. Obviously the wall heat
transfer coefficient decreases considerably with decreas-
ing pressure. Thus the gas heat transfer in the gap
between the wall and the particle is much greater than
the contributions by radiation and contact conduction
at atmospheric pressure.

II. Heat transfer at the wall by radiation

The contribution of radiation to the heat transfer from
the wall to the packed bed can be expressed by a radia-
tion heat transfer coefficient,

(6)

where cs = 5.76 W/m2  is the modified Stefan-Boltzmann
constant, E is the absorption ratio, and T,,, is the mean
temperature at the surface. For granules that are rough,

100 1

Figure 2 Local heat transfer coefficient a(r)  and thermal con-
ductivity h(r) for a sphere of 200 pm diameter at 1 bar gas
pressure.

Table 1 Mean free path A,, Sutherland  temperature
T,, thermal conductivity  hg, and accommodation  coeffi-
cient 7 for various  gases  at room temperature

Gas

He

H*
Air

Hz0
co2
C,H,OH

A,P x lo3
m Pa

21.35
14.09

8.49
12.67
7.6
6.15

T,,, K Q,W/m  K Y

19 0.148 0.4
76 0.189 0.146

116 0.026 0.9
600 0.023 1 0.82
273 0.016 0.95
525 0.015 0.95

as found in practice, the value E = 0.9 is in good agree-
ment with the experimental findings. Thus CY, = 5.2
W/m2  K at room temperature and (Y, = 78 W/m2  K at
450°C.

III. The contact area resistance

The contribution (Y,  of the contact area conduction to
the wall heat transfer coefficient is strongly dependent
on the material, the geometry of the granules, and the
structure of the particle surface. oC is negligible for
poorly conducting granules. Values of (IL, between 30
and 5.5 W/m2  K have been measured by Muchowski [l]
for bronze spheres of 0.1-1.0 mm diameter. Oxidation
of the metal surfaces will decrease the or, values.

(b) Overall heat transfer coefficient
for transient heat transfer to packed beds

The overall heat transfer coefficient from walls to
packed beds is defined by

IO5  , I I I I I

i

=
s 100

1
J

10� IO4 IO3 IO� IO� IO� 10-l

Pressure p [Pa]

Figure 3 Wall heat transfer coefficient cx,,, = cyg + c+ for air
versus pressure for various particle diameters.
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2.8 GAS-SOLID SYSTEMS / 2.8.3 Packed and Agitated Beds 2.8.3-3

where T is the mean temperature of the bulk. It satisfies
the equation

-=L+!-1
o!ov %v %

(8)

as the outer and inner heat transfer resistances are in
series. (pi is the inner heat transfer coefficient and can
be calculated by applying Fourier�s theory of heat
conduction and depends on the boundary conditions.
See [4]. For constant wall temperature the instan-
taneous transfer coefficient is given by

and for constant heat flux

(10)

happ is the steady-state apparent heat conductivity of
the packed bed (see Sec. 2.8.2), ~~~~  the apparent
thermal diffusivity of the porous packing, and

Fo = Kapp 4 (11)s
is the Fourier number formed with the bed height s.
Equations (9) and (10) are valid only if the tempera-
ture field has not reached the edge of the bulk mate-
rial, for example, for Fo < 0.1.

For large Fourier numbers the long-time solution
of the heat conduction equation for a flat plate leads to

for constant wall temperature and to

3AaPP(y. = -I s (13)

in the case of constant heat flux.
The overall heat transfer coefficient is limited by

three asymptotic curves. For very short times the inner
heat transfer resistance can be neglected. Then the over-
all heat transfer coefficient is equal to the wall heat
transfer coefficient (Y,. For long times (Y,, becomes
constant [Eqs. (12) and (13)]. In the interval between,
(Y,, is time dependent and follows Eqs. (9) and (10)
(see Fig. 4).

0 1983 Hemisphere F

/-Eq 1101

Eq.

Eq.

Fourier number Fo
Figure 4 Instantaneous overall heat transfer coefficient 01
versus Fo for transient heat transfer from walls to packed beds.
Solid lines: T, = const (standard condition); dotted lines:
flux 4, = const.

B. Heat transfer to moving and agitated beds

(a) Heat transfer to a moving bed

The particle flow in a duct is assumed to have a uniform
velocity profile, that is, u = const; see Fig. 5. Each par-
ticle has a velocity u when it is in contact with the
heated wall in the area 0 <x <L. The wall is of a
uniform temperature T,,,. In the steady state, the mean
heat transfer coefficient from the wall to the particle
flow is given by

(14)

where

is the time that the particle flow is in contact with the
heated wall. The local heat transfer coefficient aov+tj

i i

Figure 5 Temperature profiles for heat transfer into a moving
bed. The driving potential T, - T,(z = 0) decreases with in-
creasing contact time, caused by the time-dependent inner heat
resistance. The outer heat transfer coefficient is represented by
a gap.
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2.8.3-4 2.8 GAS-SOLID SYSTEMS / 2.8.3 Packed and Agitated Beds

can be obtained from Eqs. (8) and (9). Integration of
Eq. (14) leads to

(16)

where the Biot number is defined by

Bi = F
sPP

(17)

and

K t

F”=F

The expression (16) is valid for Fo < 0.1. Figure 6 shows
that good agreement was obtained between the predic-
tions of Eq. (16) and the experimental values deter-
mined by Ernst [5].

(b) Heat transfer to agitated beds

As reported in Sec. A, the overall heat transfer coeffi-
cient in a packed bed decreases with increasing particle
contact time at the wall. This is because of the drop in
the temperature gradient at the wall. Periodic displace-
ment of the particles from the heated surface into the
bulk of the bed by agitation will maintain a steeper
temperature gradient at the wall and thus improve the
heat transfer. See Fig. 7.

The more frequently the particles are removed
from the heated surface by the stirrer blades or other
means, the greater is the improvement in the heat
transfer. If there is a gap between the wall and blades,.

IOL

CC IO+
88

IO” 10-2  IO“ IO0 IO’ IO2 IO3

I 0 Time t lsl

Figure 6 Mean overall transfer coefficient to a moving bed of
sand particles. 0 Experimental values reported by Ernst [5].

!
0 0.2 04 0.6 0.6 1.0

Temperatures in arbitrary units

Figure 7 Decrease of the driving potential T,- T(z = 0).
Removal of heated particles from the wall after every t, seconds
leads to a periodic renewal of the driving force.

an additional heat transfer resistance will appear due to
the unagitated region of particles in the zone between
the blades and the surface. Figure 8 shows measured
heat transfer coefficients versus time from walls to
stirred beds at various pressures obtained by Wunsch-
mann and S&hinder  [6]. After an initial period the
value of (Y approaches a constant. The asymptotic (Y
values increase with increasing stirrer speed.

A model describing the ideal stirred bed starts from
the fully developed periodic mixing at each element of
the heated wall as the stirrer blade passes it. Between
successive passages of the stirrer, the particles rest on
the plate. The mean contact time of the particles at the
wall is then

ts = (fn)-� (19)
where f is the stirrer frequency and II is the number of
stirrer blades near the surface.

In the steady state the fi values can be obtained as
the mean CY  numbers for a packed bed during the con-
tact time ts (see Fig. 9). When the Fourier number
[Eq. (18)]  is established with t, from Eq. (19), the d
values of the ideal stirred bed can be calculated from
Eq. (16).

A comparison of ti versus Fo, for ideal and real
stirred beds is shown in Fig. 10. The observed C% values
are smaller than the calculated ones, and the discrep-
ancy is larger when a gap exists between the stirrer and
the wall.

(c) The heat transfer in rotating drums

Lehmberg [7] observed that the particle movement in
a rotating drum is caused by the friction stresses be-
tween the particles and the wall. The particles move on
cyclic paths as shown in Fig. 11. In the case of no
particle slip at the wall, the particle velocity at the
wall is equal to the drum velocity. The contact time
of the particles is then
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103, I

-I I
I
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I
IO� I lOOI ' I

IO0 2 5 IO� 2 5 IO2 2 5 103 IO0 2 5 IO� 2 5 IO2 2
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(6) id)

Fiaure 8 Experimental data for heat transfer coefficients from horizontal walls to stirred beds versus time. From Wunsch-

2.8.3-S

2 2
i

In�._
2 5 2 5IO0 2 5 IO� I02 IO�

Time  t [sl

(Cl

mann and Schltinder [6]. The solid lines are fitted curves.

cp
ts = 2?rf v-9

where cp is the angle of filling and f is the rotational
frequency of the drum. On applying this model, which
only approximates the actual case, d values can be ob-
tained from Eq. (16). Figure 12 compares experimental
d values with calculated d numbers from the model

aw oc \a ___ __-- ---- ----
1 z-Y!.x!

c t

Figure 9 Schematic representation of how the periodic particle
renewal affects steady state ol values for the ideal stirred bed.
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above. The calculated ti values are twice the measured
values.

(d) The heat transfer to vibrated beds

Particle movement in a vibrated bed is rather compli-
cated. Particles of diameter 0.5 mm and more move
circularly in a vibrated vessel, whereas particles of
0.1 mm diameter and less are agitated turbulently under
the influence of vibration. Figure 13 shows how the
friction stresses between the particles and the vertical
walls of a vibrated vessel cause the circular movement.
Heat transfer coefficients can be calculated when the
particle velocity is known. For a detailed description,
see [8]. The heat transfer from the bottom of a vibrated
vessel to granular materials implies an additional heat
transfer resistance. It is related to the periodic gap be-
tween  the bottom and the bulk. The gap arises under

vibration conditions where the acceleration exceeds
the gravitational acceleration. Figure 14 shows experi-
mentally obtained heat transfer coefficients versus
acceleration for vibrated glass spheres at 1 bar and
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1
%alculated
idea l  s t i r red  bed  \

-
y Ocexperimenthl
- s t i r r e r  w i t h  brushG

exoerimental
stirr’er  w i t h  g a p
s = 3.7 m m

R e c i p r o c a l  c o n t a c t  t i m e  -L [$]
ts

Figure 10 Comparison between measured and calculated &
numbers for a stirred bed.

0.13 mbar pressure. In Fig. 15b the C? values of Fig. 15a
(glass spheres of 0.1 mm diameter at 1 .O bar) are plotted
against the frequency of vibration. After a steep increase
with increasing frequency the d values reach a maximum
in all cases at about 42 Hz.

Figure 11 Schematic representation of particle movement in a
rotating drum: (1) slope zone; (2) bulk material; (3) drum wall;
+9  angle of filling.
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Figure 12 Comparison between calculated Or  numbers for the
ideal rotating drum (lines) and experimentally obtained ol values
(symbols).

If the heated wall in the vibrated vessel is vertical,
no gap arises between the granules and the wall. That
encourages heat transfer. Figure 16 shows experimen-
tally determined & values from vertical heaters to vi-
brated glass spheres obtained from [9].

Figure 13 Schematic representation of how the frictional
stresses between the particles and the vertical walls of a vibrated
vessel influence the particle movement at various distances from
the walls. Lower curves: Position versus time diagrams of differ-
ent zones during sinusoidal movement of the vessel (section of a
vibration period).
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Figure 14 Heat transfer coefficients between the base of a vibrated vessel and a bed of glass spheres versus acceleration
The lines represent calculated Or numbers following the circular flow model derived by Muchowski [8].
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Figure 15 Experimentally obtained heat transfer coefficients & from the bottom of a vibrated vessel to glass spheres
(~2 = 0.1 mm). In (a) (Y is plotted against the vibrational acceleration, whereas in (b) the 6 numbers are plotted against the
vibrational frequency.
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Figure 16 Heat transfer coefficients versus acceleration from a vertical heater to a vibrated bed of spheres. The lines repre-
sent calculated (Y numbers after the circular flow model derived by Muchowski [8]. Symbols: Experimentally obtained Or
numbers from Gutmann  [9].
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2.8 GAS-SOLID SYSTEMS 2.8.4-l

2.8.4
Fluidized beds

J. S. M. Botterill

A. Introduction

The general behavior of fluidized systems is outlined
in Sec. 2.2.6 and described in detail elsewhere, for
example, by Botterill [I], Davidson and Harrison [2],
Kunii and Levenspiel [3] , and Zabrodsky [4] . Particles
in the fluidized condition are supported by the drag
force exerted on them by fluid flowing upward through
the bed. Gas-fluidized systems are characterized by the
vigorous mixing generated within the bulk of the bed
by the rising gas �bubbles.� The volume flow rate of
bubbles approximately equals that of the gas in excess
of the flow necessary to bring the bed to the fluidized
condition, i.e., over the minimum fluidizing velocity
umf. With fine powders of lower-density material (mean
diameter 20-100 pm and density <l 400 kg/m3), there
is a region of stable bed expansion with increase in
fluidizing gas flow rate before bubbling begins (Geldart
group A [5]).  With larger, denser particles, bubbling
occurs as soon as the minimum fluidizing velocity is
exceeded.

Fluidization requires the expenditure of power
for fluidization. The pressure drop across the bed equals
its weight per unit area, and this can be excessive with
deep beds, although its relative importance reduces as
the static operating pressure increases. Operating condi-
tions are obviously limited to within the range of gas
flows over which the bed may be fluidized. If the gas
throughput is too low, segregation may occur with beds
of wider particle size distribution, and the bed will
defluidize if the flow rate is below that for minimum
fluidization. Conversely, if the gas flow rate is too high,
there will be excessive carryover of material from the

bed. This depends on particle size and the physical
properties of the fluid and solid [l-4].  Such considera-
tions influence the choices to be made in design.

Because of the large area of particle surface ex-
posed within a fluidized bed (1 m3 of lOO+m-diameter
particles has a surface area >30 000 m*), fluid-to-
particle heat transfer is rarely a limiting factor, although
gas-solid contact is far from uniform throughout the
bed. Primarily, it is the heat capacity of the particles
and their circulation within the bed that are responsible
for the good thermal properties of the gas fluidized bed
[ 1 ] . At atmospheric pressure, the volumetric heat
capacity of the solids is of the order of 1 000 times that
of the gas. The particle mixing produces isothermal
conditions within the bulk of the bed. The very wide
range of possible bed behavior causes a problem. In
particular, the fluidization behavior of small-scale beds
can be very different from that of larger beds, so that
small-scale tests can be quite misleading (see, for
example, the study reported by de Groot [6]).  This
comes about because bubbles are constrained in size
by the scale of the equipment in beds of small diameter
but can grow very much larger in large-scale equipment
according to the characteristic of the bed material.
Thus, with finer, less dense powders, the maximum
stable bubble size is less than with coarser, denser
powders. Large bubbles rise correspondingly faster
through the bed than do smaller ones. Accordingly,
there is much variation in the overall bed expansion
because of varying bubble volume hold-up and the
rate of solids circulation will also be affected. The situa-
tion is further complicated by the varying degree of the
continuous phase expansion as operating temperature
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2.8.4-2 2.8 GAS-SOLID  SYSTEMS  / 2.8.4  Fluidized  Beds

and hence the fluidizing gas viscosity change [7]. Irn-
mersion of heat transfer surfaces within the bed also
affects the bubbling behavior and can have different
effects according to operating circumstances [l-4]  .
Therefore, caution must be exercised in using the
published correlations.

To a first approximation, the heat transfer co-
efficient CY  between an immersed surface and a gas-
fluidized bed can be thought to consist of three additive
components:

1. The particle convective component c+, which
is dependent on heat transfer through particle exchange
between the bulk of the bed and the region adjacent to
the heat transfer surface

2. The interphase gas convective component CY,,,,,
by which heat transfer between particle and surface
is augmented by interphase gas convective heat transfer

3. The radiant component of heat transfer c&d.

Thus:

a =
(YPC + %onv

Approximate 40~m-+lmm >800 pm
range of-f and at higher
significance static pressure

+ %d
Higher temperature

(>l 000 K) and (1)
differences

(a) Particle convective component fxppc

Particles in the bulk of the bed exchange heat with the
fluidizing gas and, by conduction through the gas, with
each other. They usually stay within the bulk of the
bed long enough to come to the same temperature as
their neighbors. Then, while at the bulk bed tempera-
ture, some are swept into close proximity to the heat
transfer surface by the bubble-induced circulation
patterns occurring within the bed. Heat flows from the
particles to the surface by conduction through the gas;
this is the limiting stage in this mechanism. When the
particles first arrive close to the heat transfer surface,
there is a high local temperature gradient and heat
consequently transfers rapidly. The longer the particles
reside close to the transfer surface, the closer the surface
and local bed temperatures become. Thus the highest
mean transfer coefficients will be obtained under those
conditions that generate rapid exchange of material
between the vicinity of the transfer surface and the bulk
of the bed, that is, with low particle residence times
adjacent to the transfer surface. With fine powders
(d, < 20 pm), bed circulation is inhibited by inter-
particle forces. The strong inverse dependence of coefti-
cient on particle size between -80 pm and 1 mm (Fig.
1) is a consequence of the decrease in relative area across

0.1 1 10
PARTICLE DIAMETER d,.  mm

Figure 1 General effect of mean particle diameter on bed/
surface heat transfer coefficient.

which the heat can flow through a short gas conduction
path between the surface and adjacent particle. It is
not until particle size and/or static operating pressure
are sufficiently increased for the fluidizing gas flow con-
ditions to enter the transitional or turbulent flow
regime that significant interphase convective transfer
occurs through the gas [Sec. A(b)] and the bed-to-
surface heat transfer increases with further increase
in particle size.

The bed-to-surface coefficient increases from that
for the unrestrained packed bed condition with increase
in gas velocity beyond the point of minimum fluidiza-
tion because the bed becomes mobile under the in-
fluence of the bubble flow (Fig. 2). At higher gas flow
rates, a maximum is reached, and the coefficient then
decreases with further increase in�gas flow rate because
of the blanketing effect of the increasing bubble flow
across the transfer surface. This maximum occurs at
velocities closer to the minimum fluidization velocity
as particle size increases. With fine powders of Geldart�s

150vm shot 0.93MN/m2r
Figure 2 Effect of gas flow rate on bed/surface heat transfer
coefficient.
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2.8 GAS-SOLID SYSTEMS / 2.8.4 Fluidized Beds 2.8.4-3

group A [5] , for which there is stable bed expansion as
the gas velocity is first increased beyond the point of
minimum fluidization, there is an additional minor peak
in the rising portion of the curve when particles begin
to circulate by diffusive mixing (Khan et al. [S]). The
coefficient then decreases with further bed expansion
until the minimum bubbling velocity is exceeded when
the bed collapses back and the bubble-generated par-
ticle circulation develops.

(b) Interphase gas convective component ar,,,,

Until the gas flow condition through the continuous
phase becomes turbulent or at least enters the transi-
tional regime, the interphase heat transfer by convec-
tion through the gas is of only secondary importance
compared with that transported by the particle convec-
tive mechanism. The threshold for significance of this
component is therefore dependent on mean particle
diameter (>800 m) and static operating pressure (see
Fig. I). However, with beds of very large mean par-
ticle diameter where the maximum particle size may
be several millimeters, the effect of the finer tails in a
wide particle size distribution may be dominant because
of their influence on the gas flow condition. In effect,
larger fractions can be fluidized in the fluid constituted
by the fluidized tines and mean particle size then ceases
to have importance between systems where the tail
fractions are similar (Golan et al. [9]).

(c) Radiative component c$&

The estimation of the radiative component presents the
most difficulty. Radiation tends to transfer some heat
at the expense of the particle convective mode, and this
effect is greater with bigger particles because the heat
transfer surface receives radiant energy from the whole
of the particle�s surface visible to it. Relatively less heat

Table 1 Measured effective emissivities�

flows by conduction from the particle to the transfer
surface through the short gas conduction path close to
the point of contact [l] . Although the particles used in
high-temperature beds are likely to be of a refractory
nature and therefore to be of low emissivity, the effec-
tive emissivities of particles in bulk in the bed as seen
from the bed surface will differ from that of an indi-
vidual isolated particle. Pikashov et al. [lo]  reported
the measured emissivities Table I, which Makhorin
et al. [l I] later suggested, after improving their tech-
nique, were probably lo-20%  too low.

Even allowing for the variation in emissivity with
temperature that Makhorin et al. measured [I I] , in
practical situations there also remains the influence of
an immersed heat transfer surface on the bed tempera-
ture directly adjacent to it. Thus, the presence of a
cooler surface, for example, modifies the local bed
temperature, consequently reducing the local radiant
heat flux. Baskakov et al. [12] have attempted to deal
with this on the basis of bulk bed temperature in terms
of an effective emissivity e,f. This decreases as the
temperature difference between the bed and surface
increases (Fig. 3). The effective emissivity also decreases
with increase in absolute bed temperature.

Apart from increasing with increase in temperature,
the radiant heat transfer component, as noted above,
also increases relative to the particle convective com-
ponent as the mean particle diameter increases [12]  .
In contrast to lower-temperature systems, maximum
heat transfer coefficients are to be expected under those
conditions of higher gas flow when the bed is bubbling
vigorously. In effect, this opens up the bed so that the
heat transfer surface can see deeper into the bed where
there has been less influence of the transfer surface on
local bed temperature and the interior of the bed is
behaving more like a blackbody radiator. A reasonable
effective emissivity eer between a surface and bed under
ordinary circumstances is -0.7.

Material of bed d,, mm

Gas velocity

x %?lf

Bulk bed
temperature, K

Emissivity
of particle

Effective bed
emissivity

Molten magnesite compound
of MgO and SiO,  (irregularly
shaped particles)

River sand (rounded particles)

Chamotte (irregularly shaped
particles)

Zirconium dioxide ZrO,
(rounded particles)

Corundum Al, 0, (rounded
particles)

=From  Pikashov et al. [lo].

l - l . 5 1.2-3.0 175-1475 0.95
l - l . 5 1.2-3.0 115-l  315 0.60 0.85

l - l . 5 1.2-3.0 725-1  31.5 0.60 0.80

0.25-l 1.2-4.0 875-l 425 0.23 0.59

1.5-2 1.2-3.0 1 0 7 5 - l  125 0.21 0.59
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Figure 3 Variation in effective emissivity with the temperature
of transfer surface and bed. From Baskakov et al. [ 121.

B. Predictive formulas

(a) Condition for maximum bed-to-surface heat
transfer coefficient

The fluidizing gas velocity for maximum bed-to-surface
heat transfer coefficient is a function of mean particle
size. It is best expressed in terms of a factor times the
minimum fluidizing gas flow rate umf, and the factor
decreases as the mean particle diameter increases. Be-
cause of the difficulty in allowing for particle shape
and its effect on bed voidage in particular, correlations
for the prediction of minimum fluidizing velocity
[l-4] are unreliable. Consequently, it is better to
measure the minimum fluidization velocity directly,
but this is not always feasible at high operating tempera-
tures and pressures. Under these circumstances, the
interpolation form of the correlation given by Goroshko
et al. [13] is recommended. It has, for example, been
found to allow satisfactorily for the effect of the change
in gas viscosity and density with temperature [7],
provided that the value for the voidage at minimum
fluidization Emf is the value that fits the correlation
under ambient temperature conditions when umf can be
readily determined. The recommended formula is

Remf =
Ar

150[(1 -EmfYE&l  + d(~ .75/ELf)  Ar
(2)

Difficulties still remain in using this, however, when the
range of physical properties falls consistently within
the transitional flow regime, because the correlation is
very sensitive to voidage.  Apart from the effect of
sphericity on voidage,  it being smaller for closely sized
spherical particles than for angular ones, voidage also
tends to be reduced as particle mean size increases.
Whereas 0.4 is often cited as the approximate voidage

of a packed bed of closely sized, spherical particles,
that of a loosely packed bed corresponding to the state
at minimum fluidization may readily be 25% higher
with angular particles. The voidage also increases with
increase in operating temperature whilst the fluidiz-
ing gas flow condition remains laminar [7] , so that this
highly sensitive factor, Em,-,  is a complicated variable.

Developing from the Goroshko correlation and
making assumptions about bed voidage,  Todes [14]
offers the following correlation for the prediction of
the Reynolds number, Reopt,  for the gas flow condi-
tions giving maximum bed-to-surface heat transfer
coefficient:

Re
Ar

o p t  = 18 + 5.22* (3)

This is compared with some experimental results de-
rived over a range of conditions with static operating
pressure up to 10 atm (Denloye and Botterill [ 15 ] )
in Fig. 4. Agreement is comparatively good for larger
particles where the fluidizing velocity for maximum
bed-to-surface heat transfer is close to that for mini-
mum fluidization, but the correlation is not to be
recommended for use with powders of mean diameter
<400 pm where there is increasing difference between
these two velocities.

(b) Maximum bed/surface coefficient, CY~
dominant (d, = 80-800 pm)

The design of the distributor and any internals will
obviously have a strong influence on the solids convec-
tion patterns within the bed [l-4]  , and the work re-
ported by de Groot [6], referred to above, illustrates
the pronounced change in bed behavior that can occur
with change in scale of the equipment. Thus the pub-
lished correlations reflect the solids circulation patterns
obtained within the experimental beds used. These
beds have mostly been of small scale, with stable,

1000
t

100 I
xa0iT

1

TODES  CORRELATION

1
Y03

I I , 1
lo4 lo Ar IO6 lo7

Figure 4 Illustration of the fit between correlation by Todes
[ 141 for optimum gas flow rate and experimental results.
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definite circulation patterns; bubbles tend to rise in
a stream up the center of the bed and with a return
flow of solids close to the containing wall. Neverthe-
less, an approximate correlation has been given by
Zabrodsky [4], which can be recommended for the
prediction of maximum bed-to-surface heat transfer
coefficients omitting the radiation component and
for powders for which there is negligible stable bed
expansion falling in the size range -80-800 /-UII
(Geldart�s group B powders [S]  ). This has the form

amax = 35.8p,o.2A;.6d,-o.36 (4)

the constant being consistent with the use of SI units.
This correlation predicts the increase in heat transfer
coefficient resulting from a change in gas thermal
conductivity as the operating temperature is increased
until, beyond 6OO�C,  radiant heat transfer becomes
increasingly significant. One might expect to obtain
values of 70% of this maximum under reasonable oper-
ating conditions. If the continuous phase is capable
of a degree of stable expansion, the number of par-
ticles adjacent to a unit area of the heat transfer surface
will be reduced with consequent reduction in the par-
ticle convective component of the heat transfer coeffi-
cient (Botterill [l]).  For the case of smaller, less dense
powders falling within Geldart�s group A, Khan et al.
[8] give the correlation

Numax = 0.157 Ar0.475 2<Ar<70 (5)

but this has not been tested over a range of operating
temperatures.

Many fundamental models of the basically particle
convective heat transfer process have been proposed
(see Botterill [l] ), but these cannot generally be applied
for predictive purposes because the condition and ther-
mal properties of the bed directly adjacent to the heat
transfer surface are not known.

(c) Maximum bed/surface coefficient, %onv
dominant (d, > 800 pm and at higher static
pressures)

Taking the bed-to-surface heat transfer coefficient at
the point of fluidization to be a measure of the inter-
phase gas convective component, (Y,,,, (there is n o
particle convective component when the bed is in the
quiescent condition), Denloye and Botterill [15]  cor-
related their results covering a range of conditions in-
cluding static pressures up to 10 atm by the following
dimensional equation (Fig. 5) (dimension is m-1�2):

a d�/?
con�  s

h?
= 0.86 Ar”.39 lo3 < Ar < 2 x lo6 (6)

The corresponding maximum particle convective com-

0 1983 Hemisphere I lblishing  Corporation

PonW +,max (assuming the two components to be
additive) was correlated against the Archimedes number
by the following dimensionless equation:

qx, mad4
= 0.843 Ar0.15 (7)

As noted above [Sec. A(b)], if there is a wide -size
distribution the fines may damp out the turbulence
in the fluidizing gas, thus reducing the gas convective
component. Evidence for this is apparent in the results
reported by Golan et al. [9] .

Baskakov and Suprun [16] earlier estimated the
magnitude of the interphase gas convective component
by analogy with mass transfer. Their correlation gives
similar predictions at atmospheric pressure, but there
is an increasing discrepancy as the static pressure is
increased (Fig. 5).

(d) Radiative component of bed/surface heat
transfer, o(,,d

For rule-of-thumb estimates, the radiative component
can be estimated using absolute temperatures and an
adaptation of the Stefan-Boltzmann equation in the
form

5.67 X ~O-*E#�;,~  - TzWface)
%d =

rbed - Tsurface
(8)

where T&d is the absolute temperature of the bulk of
the bed and e,. is a reduced emissivity to take into
account both the different emissive properties of the
surface and bed and the effect of the surface on the
temperature of the bed directly adjacent to the transfer
surface. As discussed in Sec. A(c), a reasonable value
for e,r under ordinary circumstances is -0.7 (see Fig. 3),
but E, may be readily reduced to as low as 0.1 with a
shiny metal transfer tube surface.

Broughton [17]  gives a correlation for the maxi-
mum bed-to-surface heat transfer coefficient between

Figure 5 Correlation of quiescent bed (interphase gas convec-
tive component) heat transfer coefficients. Identified lines 1, 2,
and 3 are predictions of Baskakov Suprun correlation [ 161  for
160 pm copper, 590 pm sand, and 2 370 pm sand in air, respec-
tively. Other symbols as in Fig. 4.
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a hot bed of alumina and a water-cooled probe in the
form

Numax (9)

C. Immersed tubes

Available heat transfer surface can be increased by the
immersion of tubes within the bed, but higher fluidizing
gas pumping power costs is the penalty to be paid for
deeper beds, so this must be borne in mind when consid-
ering the tube arrangement. The presence of immersed
surfaces will affect the local fluidization conditions
and, in turn, will affect the local particle convective
component of heat transfer. Thus, when horizontal
tubes are immersed within a bed, for example, although
much heat transfer surface is exposed to the cross
flow of solids, which is advantageous from the point
of view of heat transfer, a stagnant layer of defluid-
ized particles will build up on the top of the tube and
bubbles may tend to shroud the downward-facing
surface. When tubes are mounted on a staggered array
there is greater tendency for the rising bubbles to dis-
place the stagnant solids periodically. Although very
close spacing seriously affects the particle circulation,
McLaren  and Williams [18] found that heat transfer
coefficients determined in low-temperature tests do not
decrease dramatically as the narrowest gap between
tubes is progressively reduced. They found a decrease
in the coefficient of the order of 25% as the gap was
reduced from about 300 mm down to 15 mm in tests
with beds of ash of wide size distribution and mean par-
ticle size -450 m but including small fractions of
particles greater than 1.7 mm diameter. Vertical arrays
may enhance slugging in deep beds, although the use
of vertical inserts has also been advocated as a means
of controlling bubble growth and so preventing slugging.
Because of the influence of the tubes on bed behavior,
beds with such inserts will be less sensitive to the overall
effects of changing scale (see Sec. A).

Saxena et al. [19]  review very fully the published
results and correlations for all types and configurations
of immersed tubes. It is doubtful, however, if greater
inaccuracy would be incurred using estimates based
on the simple equations (4) or (6) and (7) as appro-
priate and (8) if radiant transfer is significant. These
should be reliable within +20%.

In practice, it is prudent to carry out tests on a
model of as large a scale as possible. Preferably, when
concerned with a multiunit system, this should be a
full-sized �unit cell� of the proposed system, that is,
incorporating all the features of one full-scale com-
plete unit of the proposed design. This would be the

area of bed fed from one fuel distribution point in the
design of a combustor, for example.

Most usually, the limiting coefficient will be on
the inside of the tube, but the use of extended sur-
faces has been advocated in situations where this is
not so (e.g., with liquid metal coolants flowing through
the tubes). Another application of finned tubes has
been in the construction of highly efficient, shallow
bed heat exchangers for the recovery of waste heat
from exhaust gases [20].  In this latter application,
the regions between the fins behave as separate, dilute
beds, and bubbles remain restricted in size by the
closeness of the fin spacing, which may be as little as
3-5 mm or 15-20 times the particle diameter. In such
units, bed expansion can be as high as 400% while
still obtaining high bed-to-surface heat transfer coeffi-
cients because of the very short particle residence
times obtaining at the heat transfer surface. Based on
the outside area of the tube, obtainable coefficients
are as high as 4 kW/m� K. Because the particles in the
bed present a very high transfer surface area to the gas,
very good heat recovery from the gas can be achieved
and it is only necessary to use shallow beds. Such units
can thus operate without the pressure drop penalty
that is an inherent disadvantage of deeper fluid bed
systems. Typically, a unit can be operated with an
overall pressure drop as low as 50 mm water gauge
using the suction from an exhaust fan to draw the hot
fluidizing gases through the bed. Maximum bed-to-
surface coefficients based on total area have been cor-
related by Pillai [2 I] :

( )

0.82

Numax = 0.36 Ar0.22  $ (10)

when operating at temperatures where radiant heat
transfer is significant.

Although generally disadvantageous, positioning
horizontal tubes close to the distributor can sometimes
be advantageous. Thus, gas jetting or bubble develop-
ment at the distributor may enhance particle exchange
at the tubes and hence the particle convective com-
ponent cypC. Alternatively, however, there may be de-
fluidized zones close to the distributor or gas blanket-
ing, if it occurs, will have a deleterious effect. Gas
jetting could also give rise to increased erosion damage
to the tubes and attrition damage to the particles. In
heat recovery operations, the temperature difference
between gas and transfer surface will be highest close
to the distributor whereas, with a combustor or other
exothermic reactor, the difference will be lowest in that
entry region. Hence an advantage could be expected
from the heat transfer point of view in the former
rather than the latter instance.
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In applications where it is required to remove more
or less heat from a bed that is being used as a heat
source, the generally high bed-to-surface transfer coeffi-
cient may well pose problems when the heat demand
is small. One way to overcome this is to make provision
for operating with more or less of the heat transfer sur-
face immersed within the bed. This can be done by

varying the fluidizing gas flow rate and thereby the
degree of overall bed expansion. However, there is again
the danger of increased attrition damage to the particles
and erosion damage to the tubes as the bed is operated
in a less expanded state with some tubes exposed to the
spray of particles from bursting bubbles as the tubes
become exposed above the surface of the bed,

NOMENCLATURE FOR SECTION 2.8.4

Ar Archimedes number [gdz (ps - pg)pg/pi ]

cs heat capacity of particle, J/kg K

4 surface/volume mean particle diameter, m
E mf bed voidage at condition of minimum fluidiza-

tion
Numax Nusselt number for maximum bed-to-surface

heat transfer, (ol,,,d,&)

Re,f Reynolds number for minimum fluidization,
(dsumpghg)

Re opt Reynolds number for maximum bed-to-surface
heat transfer, (dsumaxpg/pg)

T absolute temperature, K
umax gas velocity for maximum bed-to-surface heat

transfer, m/s

Umf minimum fluidization gas velocity, m/s
a! bed-to-surface heat transfer coefficient, W/m2 K

a!cOnv interphase gas convective component of bed-to-
surface heat transfer, W/m2 K

(ymax  maximum bed-to-surface heat transfer coeffi-
cient, W/m2  K

(YPC particle convective component of bed-to-surface
heat transfer coefficient, W/m2 K

opc,max maximum particle convective component of
bed-to-surface heat transfer coefficient, W/m2  K

%ad radiative component of bed-to-surface heat trans-
fer coefficient, W/m2  K

f e f effective bed emissivity

% reduced emissivity

A, gas thermal conductivity, W/m K

b! viscosity of gas, N s/m2

pg density of gas, kg/m3

PS density of particle, kg/m3
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2.9 HEAT TRANSFER BY RADIATION 2.9.1-1

2.9.1
Introduction

D. K. Edwards

A. Radiation heat transfer in thermal design

When does one consider radiation heat transfer, and
when does one not? One does not consider radiation
inside of a fluid that is highly opaque to the source
spectrum. In a fluid such as water, the radiation is
merely a contributor to what we know as thermal
conductivity. Similarly, one does not consider radiation
inside a fluid that is perfectly transparent to the source
spectrum. If there is no physical mechanism by which
the fluid can absorb energy from radiation passing
through it, then it follows from thermodynamics that
it cannot emit radiation either, and it cannot be either
heated or cooled by radiation. Such a fluid is said to be
diathermanous. The walls surrounding such a fluid,
however, may exchange heat radiation, �but only if they
are not isothermal. Thus one does not ordinarily con-
sider radiation within the passages of a heat exchanger
containing oil, water, or air. The first two are opaque.
The last is diathermanous.

When two walls at different temperatures are in
view of each other or one wall is in view of a participat-
ing medium (one neither opaque nor diathermanous),
the radiation heat flux (W/m�)  tends to be high when
AC,T4  is high, where C, is the Stefan-Boltzmann con-
stant, 5.669 7 X 10e8  W/m�  K4. When AT is small
compared to the absolute temperature level, AC,p can
be written 4C,T$ AT, where T,,, is the mean tempera-

F i g u r e s  2.9.1(1-3),  2.9.2(1-3),  2.9.3(1-lo),  2.9.4(1-3),
2.9.5(1, 2), 2.9.6(1-4),  2.9.7(1, 2), a n d  2.9.8(1-3)  a r e  f r o m
D. K. Edwards, Radiation Heat Transfer Notes, Hemisphere,
Washington, D.C., 1981.

ture level. At 300 K, the value for 4C,T&  is slightly over
6 W/m2 K, on the same order as a naturalconvection
heat transfer coefficient. At T,,, = 2 000 K, the value
is nearly 300 times greater. From such a value, 1 800
W/m2  K, one can see why radiation contributes to film-
boiling heat transfer. Radiation is important when tem-
peratures are high, distances are large (because convec-
tive heat transfer coefficients go as passage size D as
D-1’5  for turbulent flow or D-’ for laminar flow), or
under vacuum conditions when convective heat transfer
coefficients are low because of the low fluid density.

-
B. Thermodynamic surfaces and surface systems

The thermal designer needs to know surface heat fluxes
adjacent to the interface between phases. When one
phase is highly opaque and the other is not, the opaque
surface system concept is used. Figure 1 depicts a sur-
face system. The s surface lies just outside the highly
opaque phase; the u surface lies just within it. The m

Y
A

qs

I s
I--- - - - - - - I 1
p-s -e--B

1 Qu
-- -em--

f
Qm

Highly  opaque
wall material 2

Figure 1 The s, U, and m thermodynamic boundaries for a SUI-
face system.
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2.9.1-2 2.9 HEAT TRANSFER BY RADIATION / 2.9.1 Introduction

surface lies sufficiently below the phase interface so that
(1) no radiation crossing the s and u surfaces is trans-
mitted to the 1y1 surface. and (2) the radiation flux
crossing the m surface is given by the radiation-diffusion
equation and is included with the conduction. For no
flow through the surfaces and negligible transient heat
storage in the mass between the m and u surfaces, one
has

4s = 4u = 4tn = -k2 ‘2
. m

where 4 denotes heat flux (W/m2).  In the more trans-
parent medium,

dT,
4s =-h-l  x + qr

r s (2)

where q,. is the net radiant flux across the s surface in
medium 1. Note that there is no need to define a radia-
tion heat flux in the opaque medium 2.

C. Radiant intensity and flux

The radiant intensity describes the directional distribu-
tion of the radiant flux at an s surface. The radiant flux
itself may be separated into two parts, an outgoing flux
q+ away from medium 2 and an incoming flux q- toward
medium 2. Other symbols used for the radiosity q’ are
J and B, and for the irradiation q-, G, or H The net
flux is

qr=q=q+-q- (3)

The outward flux per unit solid angle is the in-
tensity Z+. Solid angle is defined by area dA, on a sphere
of radius R ,

&Ed&
R2 (4)

In polar-azimuthal coordinates, illustrated in Fig. 2, dA,
isRdBRsinl?d$,sothat

N o r m a l
Ray R

Trace of R

Figure 2 Polar angle 0 and azimuthal angle 0.

/
/

/
/

Y 4 R
/ z

/

s,@

/
/

,
/

�Y /
/

/ True view of R
/

/
(third angle projection)

,
/

,
x ,

End v iew
of  cy l inder

Figure 3 Base angle y and axial angle p.

d2L?=sined13d@ (5)

The unitless solid angle is attributed units of steradians,
just as a plane angle is said to be measured in radians.
The flux per unit solid angle I�  is power per unit area
per unit solid angle, W/m2 sr, but the normal of the
area is understood to be in the direction ofI�.  The con-
tribution of I�  d2 a to the flux across the s surface is

d2q+=Z+cos8d2f2 (6)

Similarly,

d’q- =I- cos 0 d2R (7)

Combining Eqs. (5) and (6),

In

q+ =

//

7712

Z+@, @j cos 0 sin 0 de d$ (8)
0 0

Similarly,

2n

q- =
//

7712

I-@, @ j cos e sin e de d@ (9)
0 0

When Z�@,  4 j is independent of direction, the radia-
tion is said to be diffuse. For diffuse radiation,

q+ = ITI’ z++f+e3e (10)

q- = 7Tz- z-#jye,$j (11)

For heat exchangers where long cylindrical tubes
are often employed, Fig. 3 shows base-axial angular
coordinates. In these coordinates dA, = R d/3 R cos /I dy
and

d2L? = cosfldfldy (12)

cos e = cos p cos y (13)

d2q’ = I’ cos’ /3 d/l cos y dy (14)
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+n/2

I /
+n/2

9= Z'Q3,yjcos2  pdpcos ydy
7=-n/2 fl=-n/2

(15)

For example, what is the irradiation on the closest
element of wall parallel to an infinitely long, 2.5-cm-
diameter rod 10 cm away? The rod radiates diffusely
1 850 W/m. If the intensity of the surrounds is negligible
compared to that of the rod, Eq. (15) gives

+y1q- =I-
I /

+n/2

cos2 /3 d/3  cos y d-y

-71 -n/2

=Z-(2siny,)t

2 sin =
2.5

yr 10

�- 1850=
;(0.025)(1)

L25L2944W,m2
rr 10 2

D. Blackbody radiation

A cavity surrounded by an isothermal wall of tempera-
ture T is filed with radiation in thermodynamic equi-
librium with the wall. Such a cavity is called a hohlraum.
If one makes a small hole through the cavity wall, the
equilibrium is disturbed only slightly. The radiation
observed escaping from the hohlraum is blackbody
radiation. The word �black� is used because the hohl-
raum absorbs all radiation entering the hole in the wall
and reflects none, so it appears black when it is cold.
The intensity of radiation Zg leaving the hohlraum is
isotropic; blackbody radiation is diffuse. Stefan�s law
relates the blackbody intensity and radiosity to the
fourth power of the temperature,

q; = nZ; = CST4 (16)

where the Stefan-Boltzmann constant C, is

C, = 5.669 7 X IO-* W/m2  K4

The radiation packets emitted by the random ther-
mal agitations of electrically charged particles in the
hohlraum walls travel at the speed of light c as a collaps-
ing electric field builds up a magnetic field that in turn
collapses to build up an electric field further along the
path of propagation. The energy E, frequency vf, wave
number v, and wavelength h are interrelated through the
Einstein photoelectric law,

E=hc,  =hcv=kf h (17)

where h is Planck�s constant and c is the velocity of
light,

0 1983 Hemisphere 1 blishing  Corporation

h = 6.625 6 X lo+ J s c = 2.997 925 X 10s m/s

The relations among wave number v, frequency vf, and
wavelength h are

In dimensional terms,

lo4
r(cm-l>=AOlm) h(pm)= 104

v (cm-� )

1 (pm) = 10e6  (m) = 1 O4 (A) [25.4  @m) = 10e3 (in)]

Very-high-energy photons may be described in terms of
their energy in electron volts,

E(eV)=E

Spectral intensity and spectral flux are, respectively,
intensity and flux per unit band width of the spectrum:

dzb
zbv = x

dzb
Ibh = dh

q+bv  dv = q+bh dh dX=:dv

&A = V24L” 4;x = +?;a”

d3q’ =Z; cosed’ildv

(21)

(2-4

(23)

I’= d-Z;dv=  l-Z;dh (24)

Planck�s law gives the spectral distribution of black-
body radiation as

zbv =
2hc2 v3 2hc2h-’

ehcvlkT  _ 1 ‘bh = ehcAkT _ 1

2nhc2  v3
q+bv  = ehcvlkT  _ 1

2.rrhc2h-’
q+bh  = ehclMT _ 1 (26)

where k is Boltzmann�s constant, the gas constant di-
vided by Avogadro�s number,

k = 1.380 54 X lo-= J/K

The first and second radiation constants are

cl = 2nhc2  = 3.741 5 X lo-l6 J m2/s
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hc
c2 =-=1.4388X  10e2  mK

k

= 1.4388cmK=  14388pmK

The Stefan-Boltzmann constant is given by

4; =
2?rhc2v3  & = C T4

ehcu/kT _ 1 s

(-J, = 2nk4
/

- t3 dS _ 2.rr5k4
h3c2

0
e5 - 1 15h3c2

(27)

Two convenient limits are the Rayleigh-Jeans limit (large

T/v)>

ehcv/kT _ 1 I h&v  _hc
- k T  ?&T

and the Wien limit (small T/v),

ehWkT - 1 G ehcvFT (29)

In the Rayleigh-Jeans limit, q+bh  goes as T. In the Wien
limit, q+bh  goes as eeC2bT, like an Arrhenius chemical
reaction rate. As the temperature increases, more black-
body radiation is radiated at every wavelength or wave
number, but relatively, more in the short wavelengths
and less in the long wavelengths.

E. Fractional functions

The fraction of the total blackbody radiosity between
wavelengths 0 and h is called the fractional function of
the first kind or the external fractionf,:

f&AT+ = 5 J
- t3 4 c2
-e5 - 1 5=^,r (30)

Wien�s displacement law is that dq+bfA,  T-)/ah = 0
occurs at a fixed value of AT,

34;-=()
a x

at XT= c2-= 2898pmK
4.965

This value of XT corresponds to a value off, = 0.25. But
the value has no special sanctity, for on a wave-number
basis,

a(Z;,-=(-J
av

a t AT= c2-= 5 1OOpmK
2.821

A fractional function of the second kind or the in-
ternal fraction fi is defined by

Table 1 Values of AT at specified values of the external
and internal fractions of blackbody radiation

f Af 2 Af WL cm K (hT)i,  cm K

0.002 5 0.005 0.005 0.123 0 0.107 3
0.007 5 0.005 0.010 0.139 5 0.120 9
0.012 5 0.005 0.015 0.145 5 0.129 1
0.017 5 0.005 0.02 0.157 3 0.135 2
0.025 0.01 0.03 0.166 2 0.142 3
0.035 0.01 0.04 0.176 2 0.150 1
0.045 0.01 0.05 0.184 8 0.156 5
0.055 0.01 0.06 0.192 2 0.162 5
0.07 0.02 0.08 0.202 0.170 1
0.09 0.02 0.10 0.214 0.179 1
0.11 0.02 0.12 0.225 0.187 4
0.13 0.02 0.14 0.235 0.194 9
0.15 0.02 0.16 0.245 0.202
0.17 0.02 0.18 0.254 0.209
0.19 0.02 0.20 0.263 0.216
0.21 0.02 0.22 0.272 0.222
0.23 0.02 0.24 0.281 0.229
0.25 0.02 0.26 0.290 0.235
0.27 0.02 0.28 0.299 0.242
0.29 0.02 0.30 0.308 0.248
0.31 0.02 0.32 0.317 0.255
0.33 0.02 0.34 0.326 0.261
0.35 0.02 0.36 0.335 0.268
0.37 0.02 0.38 0.344 0.275
0.39 0.02 0.40 0.353 0.281
0.41 0.02 0.42 0.363 0.288
0.43 0.02 0.44 0.373 0.295
0.45 0.02 0.46 0.384 0.303
0.47 0.02 0.48 0.394 0.310
0.49 0.02 0.50 0.405 0.318
0.51 0.02 0.52 0.416 0.326
0.53 0.02 0.54 0.428 0.334
0.55 0.02 0.56 0.440 0.342
0.57 0.02 0.58 0.453 0.351
0.59 0.02 0.60 0.467 0.361
0.61 0.02 0.62 0.482 0.371
0.63 0.02 0.64 0.497 0.382
0.65 0.02 0.66 0.513 0.393
0.67 0.02 0.68 0.531 0.405
0.69 0.02 0.70 0.550 0.417
0.71 0.02 0.72 0.570 0.430
0.73 0.02 0.74 0.593 0.446
0.75 0.02 0.76 0.616 0.462
0.77 0.02 0.78 0.642 0.479
0.79 0.02 0.80 0.671 0.498
0.81 0.02 0.82 0.704 0.521
0.83 0.02 0.84 0.741 0.546
0.85 0.02 0.86 0.783 0.574
0.87 0.02 0.88 0.825 0.609
0.89 0.02 0.90 0.899 0.653
0.91 0.02 0.92 0.982 0.690
0.93 0.02 0.94 1.090 0.774
0.945 0.01 0.95 1.200 0.846
0.955 0.01 0.96 1.298 0.909
0.965 0.01 0.97 1.433 0.997
0.975 0.01 0.98 1.63 1.123
0.982 5 0.005 0.985 1.87 1.28
0.987 5 0.005 0.990 2.22 1.43
0.992 5 0.005 0.995 2.56 1.70
0.997 5 0.005 1.000 7.34 2.49
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A a&k T+ dX
aT (31)

Table 1 gives XT values for various values of fe or ft.
Also shown are Af values for numerical integration
based on the trapezoidal rule. Table 2 gives h values
for a few nonblackbody-radiation sources.

For example, consider material being dried by a
nearly black electric heater element 10 cm away that is
2.5 cm in diameter and radiates 1 850 W/m. The material
absorbs 95% of the irradiation with wavelengths longer
than 2.7 pm, but only 30% of that with shorter wave-
lengths. What is the absorbed flux? Recall that in the

previous example with the same geometry we found
q- = 2 944 W/m�.  From Stefan�s law,

c,P = q; = ---&

1 l/4

T = = 803 K
7 X lo-�)

Accordingly, AT = (2.7 pm)(803 K) = 2 168 pm K and
f, A 0.095. Thus the absorbed flux orq-  is

al- = [(0.095)(0.30) + (0.905)(0.95)] 2 944

= 2615 W/m2

Table  2 Values of wavelength  at specified  values of the external fraction

Wavelength h, pm

f Af z Af

0.01 0.02 0.02
0.03 0.02 0.04
0.05 0.02 0.06
0.08 0.04 0.10
0.15 0.10 0.20
0.25 0.10 0.30
0.35 0.10 0.40
0.45 0.10 0.50
0.55 0.10 0.60
0.65 0.10 0.70
0.75 0.10 0.80
0.85 0.10 0.90
0.92 0.04 0.94
0.95 0.02 0.96
6.97 0.02 0.98
0.99 0.02 1.00

Extraterrestrial Terrestrial 2 900 K tungsten 2 900 K tungsten
sun sun (flat) (coiled, P/D = 2)

0.29 0.35 0.44 0.45
0.33 0.39 0.54 0.55
0.36 0.41 0.58 0.59
0.39 0.44 0.65 0.66
0.45 0.48 0.75 0.76
0.52 0.55 0.88 0.90
0.59 0.62 1.01 1.03
0.68 0.68 1.15 1.17
0.79 0.76 1.30 1.32
0.93 0.84 1.48 1.51
1.11 1.04 1.73 1.78
1.43 1.27 2.15 2.21
1.87 1.64 2.71 2.80
2.23 1.84 3.19 3.30
2.70 2.15 3.73 3.89
3.93 3.10 5.34 5.50

Nomenclature for Section 2.9.1 appears at the end of Section 2.9.8.
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2.9 HEAT TRANSFER BY RADIATION 2.9.2-l

2.9.2
Surface radiaXharacteristics

D. K. Edwards

A. Introduction to surface characteristics

To the thermal designer, surface radiation characteristics
are numbers that must be entered into a computer in
order to get answers to the questions put to the com-
puter about the size, orientation, or spacing of elements;
material selection; and so forth. The designer hopes
that values of these characteristics can be found in a
handbook or data compilation. At times, however, the
handbook leaves the designer unsatisfied. It lists no value
for a given material or such a large range of values that
the designer realizes that a test measurement is in order.
Thereupon it becomes apparent that many different
kinds of tests can be conducted; many different numbers
can be obtained. Which test or set of tests is to be run?
How is a single number to be extracted from the test
results? What do the numbers that are listed in the
handbook mean? Are they really applicable?

It is apparent that two categories of radiation
characteristics must be distinguished: (1) model charac-
teristics used to model surface behavior in a computer
program or calculation scheme, and (2) real characteris-
tics that describe how the surface really does behave.
This section begins with a review of real characteristics
and their measurements, reviews the electromagnetic
theory of reflection, and concludes by examining the
use of surface characteristics in thermal design.

The nomenclature used for surface radiation charac-
teristics varies considerably in the literature. One ques-
tion that often occurs is the meaning of an �ivity�
ending versus an �ante�  ending. Worthing, of the U.S.
National Bureau of Standards, at one time suggested
using �ivity� for an intrinsic property of a pure, per-

o 1983 Hemisphere I blishing  Corporation

fectly polished and annealed specimen, and �ante�
for surfaces having roughness, surface oxide layers, or
other nonideal features. Various workers have followed
the suggestion at one time or another, and others have
not. The �ivity� ending used here has no special mean-
ing and may be regarded as interchangeable with the
�ante�  ending.

B. Absorption and emission characteristics

Briefly put, the absorptivity of a surface system is a
property value between zero and unity that defines
what fraction of the irradiation is absorbed. The emis-
sivity is a similar property value between zero and unity
that defines what fraction of the blackbody radiosity
is actually emitted by a surface system. What are these
property values functions of? They clearly depend on
the type of surface system, the material it is made of,
and its structure as determined by heat treatment, cold
work, oxide film thickness, roughness, and so forth.
If the structure is in a stable configuration (by no means
always the case), one regards the properties as functions
of its thermodynamic state, fixed by its temperature
T,. Moreover, the properties depend on the nature of
the thermal radiation in question, specifically its direc-
tion and wavelength, and at times its state of polariza-
tion is a concern.

Accordingly, one distinguishes between directional
and directionally averaged values, and spectral and spec-
trally averaged values. The word �hemispherical� is re-
served for values directionally averaged over the entire
2n steradian hemisphere of solid angle above a surface,
and the word �total� is reserved for values spectrally
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averaged over the total spectrum, that is, encompassing
all wavelengths or wave numbers from zero to infinity.
This distinction is by no means universal; one encounters
the term �total� being used in the sense of a totality of
directions (i.e., in place of hemispherical) as well as in
the sense of a totality of wavelengths.

Let cwfe, $, X, T, j denote the spectral +A j, direc-
tional @, $ j absorptivity of a surface system at tem-
perature T, for unpolarized irradiation. Let e@, @, h,
T, j denote the spectral directional emissivity. Then the
net flux leaving surface s is

- CY@, $, h, T, jr,-@, $J, h j] cos 0 sin e de &J dX

(1)

Wave number Y and wavelength X are interchangeable in
this and the subsequent relations.

The principle of detailed balancing requires that at
thermodynamic equilibrium there be no net energy
transfer between two surfaces at the same temperature,
not just in aggregate, but in detail for each direction
and wave number. When the surroundings are a hohl-
raum at temperature T,, then Ii is Ibh@,  T, j in Eq.
(l), and the principle of detailed balancing requires

+,A A, Ts+ = ate, $9 A, 7�s)

This relation is called Kirchhoff’s  law.

(2)

Even when the environment, say, a hohlraum at
temperature T, not equal to T,, is not in equilibrium
with the surface, our assumption that the surface system
remains in a thermodynamic equilibrium microstate
characterized by temperature T, is sufficient to keep
Eq. (2) in force. One may be able to imagine or even
contrive to have a nonequilibrium surface state. In such
a case Kirchhoff s law would be inoperative.

Let the environment be a hohlraum at temperature
T,. Then Ii@), @, X j is rbh+A  Te j, and Eq. (1) be-
comes, with Kirchhoff s law,

= ~TH~WGT: - ~TH~TSP  TeW,C! (3)

This expression defines the total hemispherical emissiv-
ity and total hemispherical absorptivity, respectively.
These properties are spectrally and directionally aver-
aged. One can, of course, separate the two averaging
steps into a hemispherical averaging one denoted by
subscript H,
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QHth, Ts+ = ’

//

n/2

71
0 0

X a@, 4, A, T, j cos 0 sin 0 de d$ (4)

and a total spectral averaging denoted by subscript T,

(5)

ff~~tTs>  Te+ = - ffHt)l  Ts+nzbhth,  Te+ dA

(6)

Equation 2.9.1(30) shows that

Accordingly, Eqs. (5) and (6) can be written as

/

1

ETH~Ts+  = ffHtk  7’s+ dfeW’s+ (7)
0

/

1

~TH tTm Te?-  = aHt%  Ts+ dfeW.2 (8)
0

Some have made the observation that as Te ap-
proaches T,, cuT&T,,  T, j approaches ETH+T~ j. But
this observation is without meaning. When T, approaches
T,, Eq. (3) may be written as

= ETCH  tTs+%T,3  (Ts - Tel

where the internal total (hemispherical) emissivity is

(9)

Comparison with Eq. 2.9.1(3  1) shows that

‘TiH =

/

1

aHfh, Ts+ @NJ,+ (10)

0

Now the observation can be made that internal total

lishing corporation
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emissivity eTiHfT,  j and internal  total  absorptivity
aTiNfTs  j are indistinguishable.

Note that Kirchhoffs law as referred to here is
understood to be the meaningful Eq. (2) and not the
vacuous statement that ETH+T~ j = CXTH+T~, Te = T, j.

As a concrete example of the use of Eqs. (7),
(8), and (lo), assume that a graph of (Y&-X j is available
for a given material and a value of T,. For example,
stainless steel at 300 K has a graph of a&X j that can
be approximated by o&&h j i 0.44h-1�2  for the range
1 m < X < 100 w. Suppose that we want the external
hemispherical emissivity at 300 K, the internal total
hemispherical emissivity at 300 K, and the total hemi-
spherical absorptivity for a 1 000 K blackbody source.
Table 1 is constructed from Table 2.9.1(l)  and the
given olH+X j data. The results are eTH = 0.120, eTiH =
0.135, and (YTH = 0.219.

C. Measurement of absorption and emission
characteristics

As can be seen from the foregoing, one can measure
spectral or total and/or directional or hemispherical
absorptivity or emissivity, and the total quantities can
be internal total or external total values.

When one desires spectral values at high values of
T,, one usually measures spectral directional emissivity
by placing a heated specimen in a low-temperature hohl-
raum and comparing the intensity Zi of the specimen
with ZbX from a reference cavity emitter at close to the
same temperature T,. When one desires spectral values
at moderate or low values of T,,  one usually makes a
determination of spectral directional reflectivity p@,
4, X Ts j (as discussed in Sec. D) and by subtraction
obtains (for an opaque specimen)

+3,&x,  Tj=~tf�,~,~, Tj= 1 -Ptf�,@,X  Tj
(11)

For a transparent specimen, reflectivity and transmis-
sivity can be determined and absorptivity found by
subtraction from unity.

For spectral measurements a filter, prism, grating
spectrometer, or interferometer is used. The instrument
usually views the specimen within a narrow solid angle
about 0 and @ to yield directional quantities, but it is
possible to use a hemispherical or masked cylindrical
specimen to obtain a hemispherical measurement
directly.

For total emissivity measurements one can use
a total radiometer having a detector that responds
to the total radiant heating effect upon it. One can
view a flat or hemispherical specimen, or one can make
a calorimetric determination by heating a specimen
suspended within a low-temperature evacuated hohl-

raum. Calorimetric measurements of absorptivity can
be similarly made by irradiating such a specimen with
h&h-temperature blackbody radiation.

One should note that a laboratory emissivity deter-
mination corresponds exactly to neither the (external)
total emissivity defined by Eq. (5) or (7) nor to the
internal total emissivity defined by Eq. (9) or (10)
when the temperature of the specimen environment
T, is neither far removed from nor very close to the
specimen temperature T,.  The laboratory observation
is usually one of

OlOH t Ts, Te +

Only when T, is very small compared to T, does Eq.
(12) approximate Eq. (5); only when T, is close to
T, does it approximate Eq. (9). For this reason, and for
other reasons to be made clear in subsequent sections,
spectral data are desirable in addition to (or even instead
of) total observations.

D. Reflection and transmission characteristics

One often wants to know what fraction of the irradia-
tion q- becomes a contribution to the radiosity q+ on
one side or the other of a wall. That fraction pertaining
to the irradiated side is termed the reflectivity, and that
pertaining to the other side is the transmissivity. Clearly
these fractions will be properties of the wall material
and structure and its thermodynamic state and also the
spectral and directional distribution of the irradiation.
The terms �spectral� and �total� apply to the reflec-
tivity and transmissivity in the same sense as to the ab-
sorptivity. The terms �directional� and �hemispherical�
also apply as before. Accordingly, the spectral direc-
tional reflectivity is defined as the reflected portion of
the surface radiosity qi as a fraction of the spectral
irradiation I- cos- Aa-,

Spectral directional transmissivity r@-,  @-,  & T, j is
similarly defined, with an additional caveat that the en-
tire wall be near a state of thermodynamic equilibrium
characterized by temperature T,. The idea of an m
surface as shown in Fig. 2.9.1(l)  must be abandoned for
a transmitting wall. No provision has been made in these
definitions for phosphorescence or fluorescence.

Note that these directional characteristics carry
no information about the directional distribution of the
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Table 1 Sample  calculation  of total emissivity and absorptivity

Fractional
function
increment AT,,  cm K

External total
emissivity at 300 K _

A, I.rm “H o%r  Afe XT,,  cm K

Internal total
emissivity at 300 K

h, km ffH “H Afi

Total absorptivity
for 1 000 K source

AT,, cm K h,fJm  ffH OrH Afe

0.005 0.123 0 4.10 0.217 0.001 1 0.107 3 3.58 0.233 0.001 2 0.123 0 1.23 0.397 0.002 0
0.005 0.139 5 4.65 0.204 0.001 0 0.120 9 4.03 0.219 0.001 1 0.139 5 1.40 0.373 0.001 9
0.005 0.149 5 4.98 0.197 0.001 0 0.129 1 4.30 0.212 0.001 1 0.149 5 1.50 0.360 0.001 8
0.005 0.157 3 5.24 0.192 0.001 0 0.135 2 4.5 1 0.207 0.001 0 0.157 3 1.57 0.35 1 0.001 8
0.01 0.166 2 5.54 0.187 0.001 9 0.142 3 4.74 0.202 0.002 0 0.166 2 1.66 0.341 0.003 4
0.01 0.176 2 5.87 0.182 0.001 8 0.150 1 5.00 0.197 0.002 0 0.176 2 1.76 0.332 0.003 3
0.01 0.184 8 6.16 0.177 0.001 8 0.156 5 5.22 0.193 0.001 9 0.184 8 1.85 0.323 0.003 2
0.01 0.192 2 6.41 0.174 0.001 7 0.162 5 5.42 0.189 0.001 9 0.192 2 1.92 0.317 0.003 2
0.02 0.202 6.73 0.170 0.003 4 0.170 1 5.67 0.185 0.003 7 0.202 2.02 0.310 0.006 2
0.02 0.214 7.13 0.165 0.003 3 0.179 1 5.97 0.180 0.003 6 0.214 2.14 0.301 0.006 0
0.02 0.225 7.50 0.161 0.003 2 0.187 4 6.25 0.176 0.003 5 0.225 2.25 0.293 0.005 9
0.02 0.235 7.83 0.157 0.003 1 0.194 9 6.50 0.173 0.003 5 0.235 2.35 0.287 0.005 7
0.02 0.245 8.17 0.154 0.003 1 0.202 6.73 0.170 0.003 4 0.245 2.45 0.281 0.005 6
0.02 0.254 8.47 0.151 0.003 0 0.209 6.97 0.167 0.003 3 0.254 2.54 0.276 0.005 5
0.02 0.263 8.77 0.149 0.003 0 0.216 7.20 0.164 0.003 3 0.263 2.63 0.271 0.005 4
0.02 0.272 9.07 0.146 0.002 9 0.222 7.40 0.162 0.003 2 0.272 2.72 0.267 0.005 3
0.02 0.28 1 9.37 0.144 0.002 9 0.229 7.63 0.159 0.003 2 0.281 2.81 0.262 0.005 2
0.02 0.290 9.67 0.142 0.002 8 0.235 7.83 0.157 0.003 1 0.290 2.90 0.258 0.005 2
0.02 0.299 9.97 0.139 0.002 8 0.242 8.07 0.155 0.003 1 0.299 2.99 0.255 0.005 1
0.02 0.308 10.3 0.137 0.002 7 0.248 8.27 0.153 0.003 1 0.308 3.08 0.25 1 0.005 0
0.02 0.317 10.6 0.135 0.002 7 0.255 8.50 0.151 0.003 0 0.317 3.17 0.247 0.004 9
0.02 0.326 10.9 0.134 0.002 7 0.261 8.70 0.149 0.003 0 0.326 3.26 0.244 0.004 9
0.02 0.335 11.2 0.132 0.002 6 0.268 8.93 0.147 0.002 9 0.335 3.35 0.240 0.004 8
0.02 0.344 11.5 0.130 0.002 6 0.275 9.17 0.145 0.002 9 0.344 3.44 0.237 0.004 7
0.02 0.353 11.8 0.128 0.002 6 0.281 9.37 0.144 0.002 9 0.353 3.53 0.234 0.004 7
0.02 0.363 12.1 0.127 0.002 5 0.288 9.60 0.142 0.002 8 0.363 3.63 0.231 0.004 6
0.02 0.373 12.4 0.125 0.002 5 0.295 9.83 0.140 0.002 8 0.373 3.73 0.228 0.004 6
0.02 0.384 12.8 0.123 0.002 5 0.303 10.1 0.138 0.002 8 0.384 3.84 0.225 0.004 5
0.02 0.394 13.1 0.121 0.002 4 0.310 10.3 0.137 0.002 7 0.394 3.94 0.222 0.004 4



0.02 0.405 13.5 0.120 0.002 4 0.318 10.6 0.135 0.002 7 0.405 4.05 0.219 0.004 4
0.02 0.416 13.9 0.118 0.002 4 0.326 10.9 0.134 0.002 7 0.416 4.16 0.216 0.004 3
0.02 0.428 14.3 0.117 0.002 3 0.334 11.1 0.132 0.002 6 0.428 4.28 0.213 0.004 3
0.02 0.440 14.7 0.115 0.002 3 0.342 11.4 0.130 0.002 6 0.440 4.40 0.210 0.004 2
0.02 0.453 15.1 0.113 0.002 3 0.351 11.7 0.129 0.002 6 0.453 4.53 0.207 0.004 1
0.02 0.467 15.7 0.112 0.002 2 0.361 12.0 0.127 0.002 5 0.467 4.67 0.204 0.004 1
0.02 0.482 16.1 0.110 0.002 2 0.371 12.4 0.125 0.002 5 0.482 4.82 0.200 0.004 0
0.02 0.497 16.6 0.108 0.002 2 0.382 12.7 0.123 0.002 5 0.497 4.97 0.197 0.003 9
0.02 0.513 17.1 0.106 0.002 1 0.393 13.1 0.122 0.002 4 0.513 5.13 0.194 0.003 9
0.02 0.531 17.7 0.105 0.002 1 0.405 13.5 0.120 0.002 4 0.531 5.31 0.191 0.003 8
0.02 0.550 18.3 0.103 0.002 1 0.417 13.9 0.118 0.002 4 0.550 5.50 0.188 0.003 8
0.02 0.570 19.0 0.101 0.002 0 0.430 14.3 0.116 0.002 3 0.570 5.70 0.184 0.003 7
0.02 0.593 19.8 0.099 0.002 0 0.446 14.9 0.114 0.002 3 0.593 5.93 0.181 0.003 6
0.02 0.6 16 20.5 0.097 0.001 9 0.462 15.4 0.112 0.002 2 0.616 6.16 0.177 0.003 5
0.02 0.642 21.4 0.095 0.001 9 0.479 16.0 0.110 0.002 2 0.642 6.42 0.174 0.003 5
0.02 0.671 22.4 0.093 0.001 9 0.498 16.6 0.108 0.002 2 0.671 6.71 0.170 0.003 4
0.02 0.704 23.5 0.091 0.001 8 0.521 17.4 0.106 0.002 1 0.704 7.04 0.166 0.003 3
0.02 0.741 24.7 0.089 0.001 8 0.546 18.2 0.103 0.002 1 0.741 7.41 0.162 0.003 2
0.02 0.783 26.1 0.086 0.001 7 0.574 19.1 0.101 0.002 0 0.783 7.83 0.157 0.003 1
0.02 0.825 27.5 0.084 0.001 7 0.609 20.3 0.098 0.002 0 0.825 8.25 0.153 0.003 1
0.02 0.899 30.0 0.080 0.001 6 0.653 21.8 0.094 0.001 9 0.899 8.99 0.147 0.002 9
0.02 0.982 32.7 0.077 0.001 5 0.690 23.0 0.092 0.001 8 0.982 9.82 0.140 0.002 8
0.02 1.090 36.3 0.073 0.001 5 0.774 25.8 0.087 0.001 7 1.090 10.9 0.133 0.002 7
0.01 1.200 40.0 0.070 0.000 7 0.846 28.2 0.083 0.000 8 1.200 12.0 0.127 0.001 3
0.01 1.298 43.3 0.067 0.000 7 0.909 30.3 0.080 0.000 8 1.298 13.0 0.122 0.001 2
0.01 1.433 47.8 0.064 0.000 6 0.997 33.2 0.076 0.000 8 1.433 14.3 0.116 0.001 2
0.01 1.63 54.3 0.060 0.000 6 1.123 37.4 0.072 0.000 7 1.63 16.3 0.109 0.001 1
0.005 1.87 62.3 0.056 0.000 3 1.28 42.7 0.067 0.000 3 1.87 18.7 0.102 0.000 5
0.005 2.22 74.0 0.05 1 0.000 3 1.43 47.7 0.064 0.000 3 2.22 22.2 0.093 0.000 5
0.005 2.56 85.3 0.048 0.000 2 1.70 56.7 0.059 0.000 3 2.56 25.6 0.087 0.000 4
0.005 7.34 245 .O 0.028 0.000 1 2.49 83.0 0.048 0.000 2 7.34 73.4 0.05 1 0.000 3

0.120 0.135 0.219
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reflected and transmitted portions of the irradiation.
If one wants to know not just the reflected portion of
the radiosity ~7; but its intensity Zi, one requires a
characteristic that varies not just with direction of
incidence 8-, $J-, but also with direction of emergence
8�,  4�.  For a perfectly diffuse surface qiA is nZ&,
of course. Accordingly, a spectral bidirectional reflec-
tivity may be defined as

~l;zfe+,  G+, v
=z-fe-,~-,Xj~~~e-~r (14)

This quantity finds its main application in thermal en-
gineering in the design of instruments for property de-
termination and in the understanding of the operation
of such instruments. It is also of use in problems of
thermometry and remote sensing via heat radiation.

If one considers the radiant transfer from, say, a
black surface at temperature T1 to another black one
at temperature T2 via reflection from a nonblack surface
at T, and the transfer from 2 to 1 via the same route,
and if one then lets TX  approach T2 and invokes the
principle of detailed balancing, one is led to the Helm-
holtz reciprocity principle,

PBhfe1dh,e2,~2,Xt  Tsj=PBhte2,~2,el,~l,h,  w
(15)

The reciprocity principle has important consequences
in instrument design and application and is a constraint
on builders of mathematical models for bidirectional
reflection behavior of surfaces.

One understands by perfectly diffuse reflection the
situation where (as a limiting ideal) the bidirectional
reflectivity is independent of direction. For a perfectly
diffuse surface there is no distinction among hemispheri-
cal, directional, or bidirectional reflectivity. The same
numerical value applies to all three characteristics. One
understands by imperfectly diffuse reflection the situa-
tion where the bidirectional reflectivity defined accord-
ing to Eq. (14) is finite even in the limit as Aa- goes to
zero. In such a case it is clear from Eqs. (13) and (14)
and Eq. 2.9.1(g) that the directional reflectivity is

P*@-,wbT,+=L
2n

n
//

n/2

0 0

X pBhfe+,  @+, 8 -, (I-, X, T, j c o s  6’ sin e+ d e +  d$+

(16)

and the hemispherical reflectivity is
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ti

PHhfk Ts+ = +

2n

//

a/2

0 0

x PA+e-, #-, h, T, j cos  e-  sin e-  de- dip- (17)

xpBA+e+,~+,e-,~-,h,rSj~O~e-sine-de-d~-

X cos  0’ sin 0+df3+  d@+ (18)

Specular reflection gives rise to a reflected intensity
that lies entirely within a solid angle Aan�  about emer-
gent direction 8+, r$�  equal to the solid angle ALY about
incident direction 8-, $-, where 8�  = 0-, and C#J�  = $- +
71 [measuring both $�  and $- from the same reference
x axis as shown in Fig. 2.9 .1(2)] . The reflected intensity
Zi is a fraction of the incident I- fixed by the specular
reflectivity,

Psce-,~-,x,T,j=z~
h

(19)

This definition corresponds exactly to Eq. (13) because
of the equality in cos 8�  AL! and cos fI- Aa-. Equation
(17) for the hemispherical reflectivity applies as well.

E. Measurement of reflection and transmission
characteristics

A few of the considerations involved in measuring re-
flection and transmission characteristics are described
briefly to give the thermal designer some appreciation
for the types of measurements usually employed.

One common consideration is the ability to dis-
tinguish reflected or transmitted radiation from emitted
radiation. It may be that Zb+h, T, j is so low by rea-
son of a low temperature T, that it is negligible com-
pared to the incident or reflected intensities. If it is
not, it may be possible to tag the incident radiation
by chopping. The irradiation I- cos 0- AR- is inter-
rupted or modulated in a steady periodic manner, and
the signal from the detector is processed to record only
the radiation in phase with the irradiation. In this
way the thermal emission, which is steady by virtue of
the thermal capacity of the specimen, is rejected. The
phasing of the source chopper and detection equip-
ment must of course be correct so that the signal re-
corded is independent of sample temperature, as may
be verified by increasing sample temperature with the
irradiation shuttered off and observing no change in
the zero signal.

In making measurements of directional reflectivity
and/or transmittivity, one finds that it is often much

biishing  Corporation
7
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2.9 HEAT TRANSFER BY RADIATION / 2.9.2 Surface Radiation Characteristics 2.9.2-7

easier to provide uniform irradiation (Z- independent
of 8-, $-) than to achieve uniform detection (I�  cos 8�
dC2+  detected equally well independent of direction).
One then makes use of the Helmholtz reciprocity prin-
ciple to interchange the plus- and minus-superscripted
angles in Eq. (16) with the result that Zih@+, $�,  hj
is observed and compared to the uniform Zi. The ob-
served quantity (which may be called the hemispherical-
directional reflectivity, following Birkebak and Eckert
[27])  is identical to the directional (or hemispherical-
directional) quantity defined by Eq. (13). This fact is
the basis for the heated cavity reflectometer [12-151,
the reciprocal-mode 2n-steradian  mirror reflectometer
[ 18-231, and the reciprocal-mode integrating sphere
[8-lo].

For example, in the heated cavity reflectometer
[12,  151, a water- or gas-cooled specimen is exposed to
a 1 000 K cavity. The irradiation consequently has a
uniform intensity ZbhtTc  j, where T, is the cavity
temperature, except for the small solid angle subtended
by the view port. See Fig. 1. The small view port permits
the intensity from the specimen to be viewed within a
small solid angle AL? about direction 0, $. The signal
I�,  when the detector views the sample less the signal
I�,  when the detector views a cavity at the sample tem-
perature is determined. It is done by having a chopper
with a highly reflecting specular blade and directing the
reflected line of sight from the detector into a cavity
at the sample temperature T,. When the sample is re-
placed by a platinum fin at the main cavity temperature
T,, the intensity difference ZbhfTc j - Z,,+T, j gives
rise to signal I�,  - I�,  . Accordingly,

vs - vo 1:~ - zbtxtTs+-=
VT - vo htTc+ -zbxfTs+

Water- or gas-cooled
specimen in rotatable
holder

Isothermal hot wall

t intensi ty
to detector

Figure 1 Heated cavity reflectometer.

Figure 2 Reciprocal-mode integrating sphere. Note that the
source and entrance port are shown rotated 90� from the end
and displaced downward for clarity.

The result is

When a perfectly specular specimen is oriented with
0 = 0�, the exit port is viewed. If this port leads to an
enclosure at temperature T,, a signal of zero is received
for V, -- V,. When a perfectly diffuse specimen is
turned toward the exit port by setting 0 = 0, no dif-
ference is detected. The exit port view factor is changed
by the change in cos 8, which is nearly unity whether
0 is zero or a small angle from zero. Thus the small
change in the irradiation on a diffuse specimen is not
detected.

In the reciprocal-mode 2n-steradian-mirror  reflec-
tometer  [18-231  , the specimen is uniformly irradiated
from a cavity (or any continuous-spectrum source) via
a mirror. In the reciprocal-mode integrating sphere [8-
10] , the diffuse irradiation is provided by a highly re-
flecting diffuse sphere wall that is uniformly irradiated.
Interreflections in the sphere serve to smooth out
irregularities in the initial irradiation on the sphere wall.
In these instruments, source-side chopping is readily
achieved, as shown in Fig. 2.

F. Electromagnetic theory and the Fresnel
relations

In the classical limit a stream of photons forms a con-
tinuous electromagnetic wave with electric field strength
E and magnetic field strength H (boldface denotes a
vector quantity). Maxwell�s equations and the so-called
constitutive relations for an isotropic medium govern
these quantities. Electromagnetic theory offers a de-
scription of the specular reflection from a smooth
interface or for a number of such interfaces forming
surface films.

The Maxwell equations and constitutive relations
[34] are

0 1983 Hemisphere Publishing Corporationr 1KDiL A
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aD
VXH=j+z

V.D=p, (23)

V-B=0 (24)

j = a,E (25)

D = E,E (26)

B=pmH (27)

where B is the magnetic induction, j is the electric cur-
rent density, D is the electric induction, pe is the electric
charge density, ue is the electrical conductivity, ee is
the electric permittivity, and pm is the magnetic permea-
bility. The velocity of light in vacuum (denoted by sub-
script 0) is

1c; = -
EOPO (28)

Let E and H be the real parts of periodic variations,

EQ, y, z, t j = 6&x, y, zjeiwrf (29)

H+x, y, z, t j = &&x,  y, zjeeiw�f (30)

where the super - denotes a complex quantity, and

27rco
w=-----, (31)

A0

Electric neutrality requires that

Pe = 0 (32)

Accordingly, Eqs. (21)-(27)  give a time-independent
set of equations,

VX E=-iop,ji (33)

VXG=(o,+iwe,)i (34)

v-E=0 (35)

v*ci=o (36)

This set of equations is reduced by tak$g the curl
of Eq. (33) and using Eq. (34) to eliminate H.

V X V X i = -iwpm (a, + ioe,)E

vxvxi=w2p,~eE
(37)

where

ia,
‘E, = E, - y--

By virtue of the identity

v x  VXE=V(V*  i)-V2i

and with Eq. (35), one obtains

v2 E = -02p,  Q (39)

Let the lengths be made dimensionless by w/co,
and denote a dimensionless quantity with subscript d.
Then Eq. (39) becomes

y$ = --nyi (40)

where n�  is the complex index of refraction,

Pmny= - Fe
()O

- = (n - ik)2
PO co (41)

The quantity n is called the refractive index and the
quantity k the absorptive index. Collectively they are
referred to as the optical constants of the medium. They
are in general dependent on wavelength or frequency
of the radiation. Note that, in vacuum, IZ = 1 and 
A material with a zero value of k 
value of Us,  hence a dielectric.

The governing equation for i admits a solution
periodic in space. Consider a wave in the first quadrant

ai ai-=
axd

-i& -=o

aYd

i = &i(Wt-&d-8zd) (42)

Equation (40) requires that

;2 .+g2 +2 (43)

Accordingly, parameter g is introduced, where

li = ii sin i? g=Ficosz (44)

The result is that the governing electromagnetic equa-
tions admit a solution in the form of a wave,

E = difAe- i(W  t-6 sin i Xd -n�  COS i Z&f (45)

The magnetic field H follows from Eqs. (30) and (34).
To tie this development into our notion of radiant

intensity and flux, the power per unit area in direction
of unit vector r is

mr=$x fi*+i*x ii>=+ If&X ii*j (46)

where the super * denotes a complex conjugate; that is,
if?=x+iy,then?*=x-iy.

To determine the reflectivity of an interface, it is
necessary to know the boundary conditions required
to be satisfied at an interface. They are continuity of
tangential components, continuity of magnetic flux,
and conservation of electric charge. Let the interface
have normal N, and let subscripts 1 and 2 denote either
side :

NX@,-&)=O (47)
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NX (ii2 -i&)=0 (48)
N* (ii, -ii,)=0 (49)

N*(~2-j-l)=-$[N*(D”2 -fidl (50)

Now consider an approaching wave with ampli-
tude A (see Fig. 3) traveling in vacuum (medium 0)
and encountering an interface over medium 1. The
vector x is resolved into components parallel to the
plane of incidence (defined by the approaching ray
r and surface normal N) and perpendicular to the plane
of incidence. Subscripts p and s (from the German
parallel and-senkrecht) are used. A reflected ray with
amplitude R and a transmitted one with amplitude T
are imagined to exist with parameters 0; and Br , re-
spectively. The six requirements represented by Eqs.
(47)-(50) lead to six required conditions. Two are re-
ferred to as Snell�s law:

no sin B. = no  sin 19;  = n�r  sin gr (51)

cos eo = - cos e; (52)

The other four lead to the Fresnel relations (subject to
the additional assumption that p1 = po).

E
Tgoel  = s=

zl cOseo -no cos i?,

AP ii1 cos e. + no  cos 5,

“r,
?p,o-1 =;i=

2no cos e.

P
ii1 cos e. + no cos F,

E
7s,o-, = “=

no cos e. -ii1 cos &

-4, no cos e. + Zl cos if,

(53)

(54)

(55)

AP

M e d i u m  0h00

z

Figure 3 Approaching, transmitted, and reflected waves at an
interface.

0 1983 Hemisphere I blishing  Corporation

E
?,,,-, =;i=

2no cos e.

(56)
s no  cos e. + Cl cos F,

If a subsequent interface is encountered, another set of
relations is obtained by replacing 0 with 1 and 1 with 2
in the subscripts. The quantity no becomes n�r  , and

cos do becomes cos e�l  , in this replacement.
From Eq. (46), one determines that the irradiation

in the approaching wave is

I- dR r = (1; i- I;) diI2r (57)

z; COS e. da = Izo
POCO

cos e. A;

z; COS e. da = no- cos e. A,Z
POCO (59)

The power per unit area in the reflected wave is 1;)
where similarly,

zl; = z;z,p  + I& (60)

Reflectivities pp and ps may be defined as follows:

zi,p (no/rLIocoNOs  eb lE,&T  _ _
p,=I-= = rp rp* (6la)

P (no/~oco)  cos eo Ap2

@lb)

where the subscripts 0 and 1 have been omitted for
simplicity in notation. Similarly, the transmitted to inci-
dent power may be found:

(62a)

(62b)

Note the difference in the cos e�  and cos e�*  terms.
Since the interface itself is infinitesimally thick,

it has no absorptivity, and rp = 1 -pp and r, = 1 -pS.
However, if the medium 1 is absorbing and infinite in
extent, the transmitted radiation is eventually absorbed
within the medium; rp and rs of the interface become
op and CV~  of the surface system.

Edwards [2] developed the Fresnel coefficients
70-2  > etc., for a surface film made of two interfaces,
the O-l and l-2 interfaces a distance F, apart. By
repeated application of the formula, Toen may be con-
structed by an embedding technique. One begins by ob-
taining the O-l and l-2 Fresnel coefficients and com-
bines them to obtain the O-2. Then the O-2 values
replace O-l, and 2-3 values replace l-2 values in the
formula to yield O-3 quantities and so on. The formulas
for ?p,o-2  and Yp,,,-, are

. _-. .__ ..-.. -. _ ..-. . ..-. __- I- . I__.^. __.- . --.-.m--*Cfl-I-  - ^i.._- . . .-  ̂ -.----
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co-2 = Fp o-1 +
mi ~P,O-I  rp,l-2  tp,l-o

- _ (63a)

(63b)
where

iii2-e
1-

-i4nG, cos  8, 6 1 lh, (64)

The relations for the s-polarized radiation are obtained
by replacing p with s in the subscripts above. Reflectivi-
ties pp and ps for the O-2 system are obtained by put-
ting Eq. (63a) and the corresponding s relation into
Eqs. (61a) and (61b).

An important effect is interference. When 6r /ho
is one value, the reflectivity pP will be a maximum. Ex-
cellent mirrors can be made by building up a stack of
thin films with appropriate optical properties n and k
and thicknesses 6. When S/X0  is another value, the
reflectivity will be a minimum. High absorptivity or
emissivity surfaces can be made in this way. Absorbing
surfaces for solar heat collectors and antireflection
coatings for glass are so made.

When the surface film is very thick compared to the
wavelength, minor variations in thickness and in wave-
length result in high and low values of reflectivity due
to the interference phenomenon. The engineer should
use the appropriate average value obtained by averaging
pP and ps over wavelength or thickness, as shown in [2] .

G. Some useful approximations

A number of useful relations can be derived from the
foregoing relations when values of optical constants
are approximated. For some dielectrics and some semi-
conductors the refractive index n may be reasonably
approximated as a constant over an appreciable portion
of the spectrum, and the absorptive index k is small.
Furthermore, for normal incidence cos B. is 1 and
sin o. is zero. Equations (61a) and (6lb),  together
with Eqs. (53) and (55) reduce to merely

2

p&l  =  0  j  = p&3  =  0  j  =

( >

+ (65)

When k is small, the thickness of the surface system
must be sufficiently great to make it opaque. In this
case the absorptivity and hence the emissivity is

4n+9=0j=i--p(e=o)=(~+~)~

This relation shows that the absorptivity is unity when
n = 1 and falls with increasing n.

For unpolarized incident radiation (to be explained
more fully in Sec. H), ZP = I, = Z/2, and

Pte+ = 3 bpw + P,tw (67)

4-e = i we+ + de+1 (68)

Equation (4) may be used to obtain the hemispherical
absorptance from the directional values fixed by Eqs.
(68), (61a) and (61b), (53) and (55), and (51). Figure
4, from Dunkle [36], shows a plot of olH/o(O  = 0) for
a dielectric.

Figure 4 also shows the ratio for electrical conduc-
tors with parameter k/n. Here the approximation is
made that cos 0 r G 1, because n and k are large in Eq.
(5 1). The equations reduce to

p,cw
( n  c o s  e. - i)2 t k2  COS’  o.

cn  c o s  e. + 112  t k2  ~082  e.

(69)

de+ h
(cos e. -n)” + k2

( C O S  B. t n)” + k2

For normal incidence,

(70)

(71)

0+e=oj= 4n
(n + 1)� + k2

(72)

It is clear how these relations may be used together
with Eq. (4) to find the curves in the figure.

The Hagen-Rubens  relation is a crude approxima-
tion suitable for some metal alloys. It relates electrical
resistivity r, to optical constants n and k [35]  .

(73)

When this relation is substituted into Eq. (72) and
n 3 1, one obtains

a,(-e=o,h,T,;t=t=  f$
( >

l/2

I I I t 1 1

0 0 . 2 0 . 4 0 . 6 0 . 6

NORMAL EMISSIVITY,  Et8 = 0)

(74)

Figure 4 Ratio of hemispherical to normal emissivity as a func-
tion of normal emissivity and k/n. From Dunkle [ 361.
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The temperature dependency comes about through its
effect on r,. Often r, increases directly with the abso-
lute temperature, with the result that

aAge = O,h,T,j=C :
0

l/2

(75)

where

c =
2r,+To j “’[ 115To (76)

If one now finds the total absorptivity for environ-
mental temperature T,, one finds

/

1

c&t? = 0, T,,T,j = CT,'12 A-‘12 df,+XT,  $
0

/

1

a&9 = O,T,,T,j = CT,'2T,'/2 u-l"  df&uj
0

(77)

where f,+u j is the external fractional function. The
definite integral is simply a constant (times e),

1

A,= u-l�2 df,+u j = -!---
&Te)1�2

where

f,fA,T,j~O.49 X,T,~4050wK

Therefore

+qe  = 0, T,, T, j = A,C(T,T,)~‘~

(79)

(80)

eTi+e = o,T,~=A~cT, (82)

where

/

1

Ai= U-~'~  dfi@j= 1

0

(hjTs)"'
(83)

f&T,jk 0.49 hiTsA 180pmK (84)

These results can be restated in words to emphasize
their meaning. The total emissivity of a bare (i.e., not
heavily oxidized) metal alloy increases directly with
absolute temperature. The internal total emissivity of
a bare metal alloy is approximately one-eighth greater
than its external total emissivity. The total absorptivity
of a bare metal alloy can be found from its total emis-
sivity by taking the emissivity at the environmental
temperature T, and multiplying by (Ts/Te)1’2.  The total
absorptivity or emissivity can be estimated from a spec-

0 1983 Hemisphere 1
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tral curve by taking the spectral value at a wavelength
where the appropriate fractional function is 49%.

All these results apply to the normal (0, = 0)
total emissivity and absorptivity, but Fig. 4 can be
used to correct approximately to hemispherical values
using k/n = 1 (the curve applies strictly to the spectral
values and only approximately to total values).

As has been said, the Hagen-Rubens  formula works
well only for high-resistivity metals, usually metal alloys.
A so-called two-electron model was derived for low-
resistivity metals [38]  . This model yielded

cq,+e=O,h,T,j=Af

where

f

and

(86)

(87)

038)

BtTs+ = Bo - CC + h:)AtTs+
A0 , X,, C = constants

(89)

Table 2 shows parameters for nickel and platinum
[2, 37, 381,  and Table 3 shows values for a number
of other metals when T, A 300 K. In view of Eqs.
(77) and (82)  the total absorptivity and emissivity
values can be obtained approximately from the spectral
formula Eq. (85) merely by using a mean wavelength
X, for absorptivity with surrounds at temperature T,
and h, for emissivity at temperature T,.

~Tte=O,T,,T,j~~a,te=O,h,,T,j

e&Y = O,T,j-ah@ = O,X,,T,j

ETi+e = o,T,j~:cw,~e = O,Xi,T,j

(90)

(91)

(92)  .

Table  2 Temperature dependence of spectral  absorp-
tivity  and emissivity  for nickel and platinum

(300 K < T < 1 400 K)
Parameter

(1.5 Mm < h < 25 pm)

Nickel Platinum

0.029 0.034
1.158 pm2 0.577 pm�
3.3 pm1 0.0
306 K 306 K
1.7 0.94
5.0 pm 7.0 pm
1.5 pm 1.7 pm

lblisbing  Corporation
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Table 3 Spectral absorptivity parameters for metals at room temperature

Metal A B C h 11

Aluminum foil 0.016 5 0.23 8.9 14
Cadmium, 99.99%,  rolled plate 0.054 2.15 3.2 9
Chromium, polished electroplate 0.076 1.58 3.9 3
Columbium, 99.99%,  rolled plate 0.15 0.29 - 0 1
Copper, 99.99%,  polished 0.018 0.077 3.2 45
Gold, 99.99%,  polished 0.020 0.056 1.4 45
Indium, 99.99%,  scraped 0.060 0.24 1.3 6
Inconel X, rolled plate 0.44 0.036 - 0 1
Lead, 99.99%,  scraped 0.16 0.39 1.1 4
Manganese, 99.99%,  polished 0.19 4.8 11 8
Molybdenum, 99.99% 0.033 0.36 - 0 7
Nickel, 99.99%,  polished 0.029 0.83 2.4 5
Platinum, 99.99%,  cold rolled 0.038 0.42 - 0 4
Rhodium, polished electroplate 0.06 1.27 10 6
Silver, polished electroplate 0.011 0.16 11 70
Stainless steel, 303, lapped -0.71 - 0 - 0 0 . 1 2 5
Tin, 99.99%,  rolled plate 0.052 0.56 0.8 7
Titanium, polished electroplate 0.13 2.9 8.3 12
Titanium, 99%,  lapped 0.09 6.5 15 12
Tungsten, 99.99%,  lapped 0.05 0.49 0.3 3
Vanadium, 99.99%,  rolled plate 0.17 0.66 0.93 1
Zinc, 99.9% 0.036 0.26 - 0 8
Zirconium, 99.99%,  rolled plate 0.64 4 35 1

where

hiTsA 180mK

H. Polarization

The radiant heating of a wall as determined by its ab-
sorptivity is seen to be not merely a property of the wall
but also the state of polarization of the incident radia-
tion. The engineer can often ignore,.polarization  and
still achieve acceptable accuracy in practical situations
where the directions of polarization are scrambled in the
interreflection process. For example, it was found
[41-42] that the transmission of square and circular
specular-walled passages could be reasonably well calcu-
lated ignoring polarization, but not for the parallel slot.
In instruments, such as the integrating-sphere and
heated-cavity reflectometers described earlier, polariza-
tion in the instrument optics may be a significant source
of error, for angles of incidence considerably off normal.

In Sec. 2.9.4C, a Monte Carlo ray-tracing technique

is described. If such a computer program is used for
radiant heat transfer calculations, one can almost as
easily account for polarization as ignore it, thus avoid-
ing having to assess the error in ignoring it. To carry
out the ray-tracing calculation, it is necessary for the
computer to calculate the fraction of radiation absorbed
at a surface from a beam of radiation already polarized

by previous reflections or transmissions. The properties
of the surface will be calculated from the Fresnel coeffi-
cients FP, and ?s:s, . The subscript 2 denotes the set of
p and s directions defined by the ray (unit vector r
directed toward the surface) and the surface normal
(vector n).

n X (-r)
‘* = In X rl p2=szXr

However, the polarization of the beam is known in
terms of the pl, s1 directions defined by the plane
of incidence of the previous surface. To find IP, and
Is2, it is necessary to resolve the electric vector ex-
pressed in the p1 and s1 coordinates into the pZ and
s2 coordinates. With the magnetic vector then fixed
from Eq. (34), Eq. (46) gives ZPZ and Is,. It is found
that, in general, insufficient information about the elec-
tric field vector is carried by IP, and IS1 . Additional
information is needed regarding the temporally and
spectrally smoothed averages of the sine and cosine
of the phase relation between the p1 and s1 compo-
nents of the electric vector. Hence two more quantities,
such as the third and fourth Stokes coefficients, must be
introduced.

Consider an approaching wave as described by
Eq. (42),  where coordinate x is in the p1 direction,
y is in the s1 direction, and z is along the direction of
propagation. Equations (33) and (46) show that the
total intensity I is given by
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(94)

Hence, let

In general, there can be an instantaneous phase differ-
ence between EP and i?# or zP and zs, and they can
have different instantaneous magnitudes,

zp, = jyfp, ,J% zs, zz j& ps1 Wb)

We thus identify ZP, and Zs, as follows:

I = zp, + zs, Zp, = &, 2&) Zs, = &,z;) (96)

where the brackets 0 denote temporal and spectral
smoothing.

Let p2 and s2 be directions twisted from the pr ,
sr directions by angle /3.

cosB=p*  *p1 sinfl=p,  as1 (97)
Then

= ((~0s /3 Zp, + sin /3 Z8, )(cos  fl Zp*, + sin /3 Z,*1))

= ~0s�  /3Zp, + sin*  PI,,

+ sin /3 cos /I3 eP, 2; + .@, zs, )

The quantity needed to find ZP, in addition to ZP1 and
Zs, is the third Stokes coefficient,

zu, =(zplzs*,  +z&zs,)=2d?Qz~) (98)

The fourth Stokes coefficient is

z�l  = G.(.zp*,  &, -&&)=  2dzPlZ,*l, (99)

The twist transformation of the set of ZP,, Zs,, ZU, , Zv,
into ZPz , Z, , Z,,z, Z�,  is compactly represented as matrix
multiplication:

ZZ
PIPI

cos* pcos* p sin*  flsin*  fl sin /3 cos flsin /3 cos fl 00
ZZ% =% = sin* psin* p cos2 pcos2 p -sinpcosp  0-sinpcosp  0
ZZ4u. - 2- 2 sinsin flfl coscos /3/3 22 sinsin /3/3 coscos pp cos*cos* /3/3 -- sinsin �� /3/3 00
Z�2 0 00 00 11

Because of the random nature of blackbody
radiation, one has (M,) = CM& and (cos  +S, - 6, j) =
(sin +S, -- 6i j) = 0. Thus for blackbody radiation,
epzp*) = GJ,*> and C?,Z,*>  = (z,Zp*)  = 0; that is,

Z
zb

b,P = zb,s  = -2 Ib,u = Ib,u = o (101)

A column vector caries the requisite information:

(102)

(103)

Finding the intensity Z can be represented by multiply-
ing by a row matrix, designated with a super t (for
�transpose�):

IEV = I1 1 0 01 (104)

I= IEl� l IZI (105)

With the intensity matrix components known in
terms of the principal p2, s2 coordinates, the Fresnel
coefficients can be used to find the intensity matrix
of the reflected ray. Let a prime on the subscript denote
the reflected ray and drop the double subscript 2 to
simplify the notation. Then

zp � = Fp.zp .z$ = Fs.zs (106)

Hence

= &+Fp7;  jr, - ggTpF~ jZ”

Similarly, the Z,, and I,, quantities can be found. The
column matrix for the reflected intensity is thus

IP’ PPP 0 0 0 zp

Zs'= OP,O 0 1s

*
44, 0 0

Puu Pm 1,
I", 0 0 Pvu Pw 1"

(107)

where

PPP
- -*= rp rp - -*

pa = r,r,

The fraction of the incident energy reflected is then

El’ ’ IPI * VI Ia’ * IPI * WI

p = IElf - III = IEI’ ’ (XI
(109)
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2.9.2-l 4 2.9 HEAT TRANSFER BY RADIATION / 2.9.2 Surface Radiation Characteristics

and the fraction absorbed is 1 - p. It is these fractions
that are needed for a ray-tracing calculation.

The state of polarization of the leaving ray is con-
tained in the column matrix IX�]:

IfI IPI * I-v
IX�j = IE�I l II�/  = lEfl * lpl l 1⌧1

(110)

The p�-s�  coordinates and the direction of the reflected
ray are also needed. The emergent ray r�  maintains its
component tangent to the surface in the plane of inci-
dence and reverses its component normal to the surface:

r� = - (r l n)n + [r * (n X s)] (n X s) (111)

s�  = s (112)

p�  = s�  X r� (113)

With this information the ray-tracing procedure of
Sec. 2.9.4C  can continue to the next wall encounter.
Drop the prime on r�,  take the normal to the next wall
n, and use Eq. (93) to find the new p2-s2  directions.
Taking p’-s’ to be pl-sl  , one finds the twist angle
fi from Eq. (97) and transforms IX�]  to (X]  using Eq.
(100). Then the reflectivity can be found from Eq.
(109), and the ray tracing can be continued by using
Eqs. (11 0)-(113) and repeating the entire process.

As stated at the outset of this section, the designer
can often ignore polarization except for special circum-
stances where several interreflections occur with little
or no fl twist or where instruments have polarizing
optics. In Sec. I, material selection where polarization
is not a significant factor is discussed briefly. In the
whole of Sec. 2.9.3, where the surfaces are assumed
to be perfectly diffuse, and are thus depolarizing by
definition, polarization is not a concern. The phe-
nomenon impacts Sec. 2.9.4, where radiant interchange
in the presence of specular surfaces is treated. Polariza-
tion is also an important feature in scattering from

g ,.,-,[  Flatabsyrberr Flatrey

0 4 0 4

Wavelength  h (pm)

Figure 5 Surface finishes often used in thermal design [43].
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Figure6 Spectral directional reflectance (0 + 0) for a black,
white, and clear paint. (a) Reflectance of Cat-a-lac epoxy black
paint on aluminum substrate. (b) Reflectance of PV-100 silicone-
alkyd white paint on aluminum substrate. (c) Reflectance of
Laminar X-500 polyurethane clear film on aluminum substrate.
From Edwards and Hall [46].

0 1983 Hemisphere Publishing  Corporation



2.9 HEAT TRANSFER BY RADIATION / 2.9.2 Surface Radiation Characteristics 2.9.2-15
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Figure 7 Spectral directional reflectance (0 c 0) of two black oxidized metals. (a) Near-normal spectral reflectance of oxi-
dized Inconel X. (b) Near-normal spectral reflectance of oxidized stainless steel. Note change of wavelength scale at 1 and
at 7 pm. From Edwards and Roddick [45].

clouds of particles, one that aids in inferring particle
sizes.

I. Thermal radiation characteristics
in thermal design

The designer generally wants either to promote or sup-
press thermal radiation in a given spectral region. The
spectral requirements are sometimes different in dif-
ferent spectral regions. If the spectral regions are clas-
sified crudely as long wavelengths and short wavelengths,
there  a re  four  combina t ions  of  sur face  proper t ies ,  one

of which will be often chosen as the main surface
finish. Occasionally one of the others will be used in
a striped or chessboard pattern to balance the design
requirements. The four basic finishes are illustrated in
Fig. 5. The flat black absorber is achieved with black
paint, black glass enamel, and heavy black oxide or
dyed anodized coatings, as shown in Figs. 6a, 7, and
8. It is used where high emissivity is desired in the

long wavelengths and high solar absorptivity in the
short wavelengths is no handicap. The flat reflector
is achieved with bare metals and leafing aluminum
paint. The metal is at times applied by electroplat-
ing or vacuum evaporation. If high specularity is re-
quired, a glossy enamel or plastic subcoating may be
applied first. For high-temperature applications or cor-
rosive environments, layers to act as barriers to foreign
metal and oxygen diffusion may be employed as under
and/or over coats. Aluminum foil and aluminized
plastic film are used for low temperatures. The flat
reflector provides a low emissivity and high reflectivity
for both long and short wavelengths. Because the char-
acteristics are the same in the long and short wave-
lengths, both the flat absorber and flat reflector are
said to be nonselective.

The selective black solar absorber has a high ab-
sorptivity in the short wavelengths and simultaneously
a low emissivity in the long wavelengths. A metal sur-
face with semiconductor coating, particularly a thin
one with a gradient in the index of refraction, serves.
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Figure 8 Spectral directional reflectance (0 A 0) of hard and soft anodized aluminum. (a) Near-normal spectral reflectance
of hard-anodized aluminum. (b) Near-normal spectral reflectance of soft-anodized aluminum. Note change of wavelength
scale at 1 and at 7pm. From Edwards and Roddick  [45].

Thin copper or nickel or chrome oxide layers formed
by chemical dip or electrochemical finishing are used
on copper plated steel, as shown in Fig. 9. Spray-on
and baked finishes can be applied to aluminum, and
vacuum-deposited films are used. Such surfaces are
used for solar heat collectors or to maintain warm
temperatures for space vehicles exploring the outer
reaches of the solar system.

The solar reflector has a high reflectivity in the

short wavelengths and a high emissivity in the long
wavelengths. White paint, clear lacquered aluminum,
and soft-anodized aluminum, second-surface mirrors,
flame or plasma sprayed ceramic coatings, ceramics,
and fired enamels are examples in Figs. 6b, c, 8b, 10,
and 11. The finish is used to emit unwanted heat and
simultaneously reflect unwanted solar energy. The tops
of vehicles and structures and instrument cases ex-
posed to solar heating are often painted white.
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2.9 HEAT TRANSFER BY RADIATION / 2.9.2 Surface Radiation Characteristics 2.9.2-17

Figure 9 Spectral directional reflectance (0 L 0) of some selective black surfaces. (a) Spectral reflectance of Tabor selec-
tive blacks on copper. (b) Spectral reflectance of Tabor selective blacks on zinc. Note change of wavelength scale at 1 and
at 7 pm. From Edwards [50].
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Figure 10 Spectral directional reflectance (0 i 0) of two second-surface mirrors. (a) Near-normal spectral reflectance of
glass on evaporated aluminum. (b) Near-normal spectral reflectance of glass on evaporated silver. Note change of wave-
length scale at 1 and at 7 pm. From Edwards and Roddick [45].
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Figure 11 Spectral directional reflectance (~9 i 0) of alumina and silica ceramics. (0) Near-normal spectral reflectance of
flame-sprayed alumina. (b) Near-normal spectral reflectance of fused silica. Note change of wavelength scale at 1 and at
7 pm. From Edwards and Roddick [45].

Nomenclature for Section 2.9.2 appears at the end of Section 2.9.8.
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2.9 HEAT TRANSFER BY RADIATION 2.9.3-l

2.9.3
Radiation transfer

between perfectly diffuse surfaces

D. K. Edwards

A. Shape factors

Recall Eq. 2.9.1(22), which should be remembered as
being the most important one in Sec. 2.9.1:

d3q’ =I,’ costld2adu (1)

The equation holds for either the radiosity q+ or the
irradiation q-, hence the + notation. This fact has an
important result for the shape factor: The shape factor
has two equally valid and equally important meanings.
(1) The shape factor Ft-i is the fraction of the radiated
power leaving diffuse surface i that is intercepted by
surface j. (2) The shape factor Ft-j  is the fractional
weight to be given the radiosity of diffuse surface j
in summing up the irradiation upon surface i, or, put
another way, it is the fraction of the surrounds of
surface i taken up by surface j.

In what immediately follows, the equations will
be written without v or h subscripts to denote a spec-
tral quantity, but inspection of Eqs. 2.9.1(22) and
2.9.1(23) shows that the same expression holds for
either spectral or total quantities.

Consider the first meaning of the shape factor.
The power leaving differential surface i is the radiosity
times the area,

d4Q;=d2Atd2qf=d2AJ~+~~Btd2fi

But for a diffuse surface, Z; = qi/n  [Eq. 2.9.1(10)].
The power intercepted by finite surface j is then

cos 8td2Sl
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whereas all the power leaving diffuse surface i is

//

277
d2Qtmi=d2Atq;b ~0~8id~fi=d~Atqf

Cli-j=O

Hence the fraction of all the power radiated by diffuse,
differential surface i and intercepted by surface j is

There are a number of devices described in the litera-
ture+ that permit the integral to be obtained graphically
or numerically.

The above form of the shape factor definition is
particularly convenient when the limits of integration
are simple. When the normal to differential surface i
coincides with the axis of an axisymmetric surface (such
as a disk or sphere), polar-azimuthal angles are used and

277
Ft+=i

//

Ornax
cos e sin e de d@ = sin�  emax

0 0

(3)

When the normal to differential surface i is perpendicu-
lar to infinite cylinder j (circular or not), base-axial
angles are used and

t&e, for example, R. Farrell,  Determination of Confiiura-
tion Factors of Irregular Shape, J. Heat Transfer, vol. 98, pp.
311-313, 1976.
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Fi-i=i
Yz
Il

+n/2

cos’ fi dfi cos y dy
-fz -77/z

= + (sin y2 - sin -rr) (4)

Introduction of the definition ofd2Q,  Eq. 2.9.1(4),
into Eq. (2) gives

Fi-i=  $JY cos e i cos ei
d2Ai

Ai
Riz_i

If area Ai is not infinitesimal, one wants the average
shape factor for the finite area. Hence

Fi-i=$
i

C~S et cos e,

d2Ai  d2AI (5)7TRfmi

This form of the shape factor definition is general.
An important feature of Eq. (5) is shape factor

reciprocity,

AiFi-i = AiFi-i (6)

which follows from the symmetry in the double integral.
Furthermore, it is clear from the definition that

N

c
Fi-i = 1

j= 1
(7)

The second meaning of the shape factor can be ar-
rived at by writing Eq. (1)-after integration over v or
with v subscripts-in the form

d2q;  = Ii- cos Bid2Ll

But I,.-  is I,: inside of solid angle aii when the fluid is
diathermanous. Accordingly,

With the very same definition of the shape factor Fi-i
appearing in Eq. (2) for differential Ai, or in Eq. (5)
for finite Ai, one can write

N

4,: =
1

+-i-j
j= 1

(8)

Collections of shape factors for elementary geome-
tries have been compiled in a number of works, includ-
ing [ 1-4, 71, and a number of computer programs have
been written, including [5, 61. In this era of computing
machines and programmable calculators, the older
graphic representations assume less importance, and
those closed-form solutions available, once awkward
to use in the past era of mathematical tables and slide

rules, are now easily used. Table 1 lists three of the
more important ones.

As an example, consider an inert gas-filled furnace
with floor 4 by 4 m and ceiling 2 m high. Number the
floor 1, the side walls 2, 3, 4, and 5, and the top 6.
Sighting into the furnace with a radiometer or pyrome-
ter allows one to observe directly the radiosities of the
walls qf , qi, and so on. The radiometer may be cali-
brated to indicate an apparent temperature Tl,ap =
(4; KY4 9 in which case q; = CJ�:,,,  , but that is no
matter. The following results are observed after many
sightings are averaged:

i Ti,ap  9 K qf, W/m2

1 500 3 544
2 1500 287 000
3 1200 117 600
4 1 200 117 600
5 1 200 117 600
6 1 000 56 700

What is the net radiant heat flux into the floor?
The net flux into the floor is denoted -4, to be

consistent with the sign convention to be followed
later. It is, obviously,

71 =4; -4:

The quantity qf is known; the irradiation q; is needed.
It is given by Eq. (8):

q; = qfF,-,  + q;F,m2  + q;F1m3  + q;F,-, + q;F,-,

+ q&C.,

All that is needed are the shape factors Fi-j.  Because
no solid angle-cosine product is subtended by surface 1
itself from any point on surface 1, F,-, is clearly zero;
the surface cannot �see� itself. Table 1 gives one relation
for Fi-i where j = 2, 3, 4, or 5, and another for Fle6.
For the former,

where X = 414 = 1 and Y = 214 = 112. For the latter,

= 0.415 25

where X = 412  = 2 and Y = 412 = 2. As a check, we
note that Eq. (7) is satisfied.

F1wl  + F1-, +. . . F,.m, = 4(0.146 19) + 0.415 25

= 1.00
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2.9 HEAT TRANSFER BY RADIATION / 2.9.3 Radiative Transfer between Perfectly Diffuse Surfaces 2.9.3-3

Table 1 Closed-form expressions of selected shape factors

Geometry Expression

1. Opposite rectangles
+x*)(1 + Y*) X

a I +x* + Y2
+xvcFtan-�  ___

v7T-F

Y+ YdG7  tan-� ~
m

-Xtan-�  X - Y  t a n - � Y1
2. Adjacent rectangles

b

X = a/c
Y=b/c

+ Y* In
YZ(1  +x* + YZ) 1(1 + Y2)(X2 + Y*)

3. Parallel, coaxial circles
1 2 2F1-*  =1(X- x2 - 4 Y  z  )

It was not necessary in view of Eq. (7) to have calculated
F 1-2 from the formula in the table; from the value
of F,-, , the equation, and the symmetry in the prob-
lem, the result could have been obtained; but the check
helps guard against errors. To complete the example,

q; = (0.146 19)(287  000) + (3)(0.146 19)(117  600)

+ (0.415 25)(56  700) = 117 070 W/m2

-ql = 117 070 -3 540 = 113 500 W/m*

-0, = -q,A, = (113 500)(16) = 1 816 kW

The example shows the utility of the shape factor as a
weighting factor in Eq. (8) and illustrates the use of
Table 1 and Eq. (7).

The value of the relations shown in Table 1 is
greatly increased by consideration of shape factor alge-
bra. Denote AiFi-i in Eqs. (5) and (6) as

Gi-j  = Gi-i  -AiFi_i  =
cos Bi cos ei
-

7TRi’-i

X d*Aid*Ai (9)

Suppose that area Ai consists of two subareas Ak and
Al. Let the subscript (k + I) denote the total surface j,
and let Ki-i  denote the shape factor kernel,

Ki-i =
cos ei cos ei

nR:-i

Then

Gi-(k+l)  =/..(/I Ki-k d2Ak  +

Ai Ak

X d2Ai  = Gi-k + Gi-l (10)

This relation makes it possible to find Al F,-, , illus-
trated in Fig. 1. A programmable calculator having a
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2.9.3-4 2.9 HEAT  TRANSFER BY RADIATION  / 2.9.3 Radiative Transfer between Perfectly  Diffuse Surfaces

G1-3 = Gl-(2+3) -G1-2
G4-3 = G4-2 - G4-1

(G5-2  - G5-I)

Figure 1 Simple cases of shape factor algebra.

routine to find Gi-k can easily be used to find Gi-(k+l)
and Gi-k and then by subtraction Gi-l.

Figure 2 shows a somewhat more involved situa-
tion. One must recognize from symmetry that GIN, =
G4-*;  then the rest is easy. The fact that G1+ equals
G4-*  is obvious for the opposed rectangles shown.
That Gi-s equals Gda2 for adjacent unequal rectangles

/ /
Y Y

Opposite planes Adjacent  p lanes

Area Number Notation:

Gl-3 = f [q*+,)-(,+,)  - G,-4 - G,-3 1

x-y-z Limit Notation:

-G(%,,Y,,Z,  -zj+1
where for opposite rectangles, Table 1, item 1,

G(‘)fc, a, b) = abF,-,  4X, Y) x=; Y=;

and for adjacent rectangles, Table 1, item 2,

G(‘)fb, a, c) = acF, -z +X, Y j XC; Y+

Figure 2 Shape factor algebra for offset rectangles with shared
2 limit.

is not so obvious. However, one way to proceed to
show the relation is to divide the rectangles into n
equal strips, numbered from left to right, so that the
right-hand edge of the mth strip nearly coincides with
the line dividing large area, 1 from large area 2. In the
limit as n becomes large; the coincidence becomes
exact. Starting with an adjacent pair of equal strips and
successively adding others allows one to prove a lemma
that

GI-[z’+s’+...+k’]  -- G[2+3+...+k]-1’

where the unprimed numbers here refer to the small
strips in one plane and the primed ones to the other.
With the aid of this lemma, the theorem

G[ 1+2+ . . .+m] -[(m+l)‘+  . . .+n’l

=G[(m+l)+...+n]-[1’+2’+...+m’]

is proved by adding Gl -I~‘+  . ..+dl to G2 -[3’+...+d],

cancelling the G,-,� and G,l-, terms and continuing
the addition until the mth term is included.

Figure 3 shows two cases of more general interest.
Shape factors between long parallel surfaces such as

nuclear fuel rods or boiler tubes are easily obtained via
Hottel�s string rule [3]. The rule is that the shape factor
from (circular or noncircular) cylinder 1 of length L + 00
and perimeter Pl to parallel (circular or noncircular)
cylinder 2 of length L + m is the sum of the lengths of
diagonal strings Dl and D2 minus the lateral strings
L 1 and L 2 divided by 2Pl ,

F1-, =
D1 +Dz -L1 -L2

21

The diagonals and laterals are measured in the plane of
the cross section as shown in Fig. 4. The diagonals are
the crossed strings between the extremities of the two
surfaces, and the laterals are the uncrossed ones. The
strings are understood to be pulled tight, and may lie
along the surface of the body as necessary. For example,
if surface 1 is the whole cylinder ABCDEA’ and surface
2 is the half cylinder HIJF, then the extremities of 1
are understood to be A and A’ and those of surface 2
are F and H. The diagonals are ABCIH and A’EDJF,
and the laterals ABF and A’EH. The perimeter Pl is
ABCDEA’, and P2 is HIJF.

B. Radiosity-irradiation formulations

The example in Sec. A illustrating the use of shape fac-
tors took values of radiosity to be known from direct
measurements. If it is not possible or convenient to
make such measurements, or if one wants a model to
investigate the results of design changes, it is possible
to calculate the radiosity, provided that the wall tem-
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(a) Opposite planes

/
Y

G 1-7 =G(5)f~,,~,,~I,~J,~1,zz,Zsj

= G(~)~X,,y~,y,,Z~,zz,z,~-~(4)fX,~Y,~Y2~ZlrZ~.Z3~

G(4)f~,,y1,yI,z,,z2,~~~=G(3)~~,~Y~~Y~.z~~z~~

-G(“)tx,,Y,,Y,,z,,z,j

G(3)f~1,y1,yz,~,,z2j=t[G(2)t~,~Y~.Z~.Zzj

-G(2)tx,,Y,,  ZIP z2+

-G(‘)+x,,Y,  --YIP zls zz+l

G(~)+x,,  yl, zl, z2 + = See Fig. 2

2
(6) Adjacent planes

YZ
f �

Y

G ,e2 =G(5)t~,,~2�Y,,Yl,Z1,Z~.Z3j

=G(~)fx,�x*�Y~.Y~~z*~z,~

-G(4)f~I,~Z,Y,,Yl,Z~,Z?j

G(~)fX,,X*,y1,y2�ZI,Z2~=G(3)fX~~Y,~Y2,Z1~Z2~

-G(3)f~I,~1.~z,~,,z2j

c@)+x,, yl, y,, zl, z* j = G(z)tx,.  Y*, ZIP  z2 +

-G(2)tx,,~I,z,,zz+

G(2)~~,,y,,~,,~zj=SceFig.2

Figure 3 Shape factor algebra for rectangles in opposite and adjacent planes.

perature or heat flux (or a relation between them) is
known. In what follows, the Y or X subscripts continue
to be left off for convenience, with the understanding
that the equations hold not only for spectral values
in general, but also for total values when the radiation
characteristics are approximated as gray. The surfaces
are assumed to be perfectly diffuse and opaque.

The engineering radiation transfer problem is
formulated for an enclosure of IZ discrete surfaces; if
necessary, an imaginary black surface at ambient tem-
perature is used to complete the enclosure, when the
surroundings outside the otherwise incomplete en-
closure constitute a hohlraum at the ambient tempera-
ture. In some cases (notably the hollow sphere, the
hollow cylinder, or infinite parallel plates), a useful
exact formulation is achieved by passing from the dis-
crete (and therefore approximate) surface representa-
tion with sums of finite terms to a continuous represen-

F

E %
H

Figure 4 The string rule diagonals and laterals.

tation with integrals of differential terms. One could
commence with the exact integral formulation and pass
to the finite one. To be brief, we commence with and
confine ourselves to the discrete surface case.

The relations necessary to formulate the enclosure
problem are few in number. First is simply the net
outward flux relation Eq. 2.9.1(3), here rewritten for
the ith surface :

qi=q;-qj- (12)

Second is the definition of radiosity for a diffuse opaque
surface, the sum of emitted plus reflected radiation,

qf = EiBi  + plqz’ (13)

where Bi is used to stand for q+b+T&  = &+rij  to
simplify notation. Finally, there is the introduction of
the shape factor through Eq. (8):

n
qzy  =

c
Fi-iqi

j= 1
(14)

Of course, with these three equations one has a few
auxiliary relations. For the near-equilibrium-state,
opaque surface there holds:

pi = 1 - (ILi = 1 - Ei

The shape factor relations also are pertinent:

AiFi-i = AiFi-i

(15)

(16)
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2.9.3-6 2.9 HEAT TRANSFER BY RADIATION / 2.9.3 Radiative Transfer between Perfectly Diffuse Surfaces

n
c Fimi  = 1
i=l

Whereas only three equations, Eqs. (12)-(14),  de-
scribe the enclosure problem, there are more that can
be derived from them. Chief among these are those
relating the heat flux to the other quantities. From
Eqs. (12), (13), and (15) one has

qi = Ei(Bi  -47) (18)

q,: = Bi - 3
Ei

4i=

qf= Bi - z
0

qi (21)

From Eqs. (12), (14) and (17), one has

n n

qi zqf- ‘-
. .

c
Fi-/qi =

2 Fi-i(qT  - 4;) (22)
j= 1 i= 1

Returning to the original Eqs. (12)-(  14),  we see
that there are n values of i for each of the three equa-
tions, or 3n equations in all. There are 3n unknowns,
n values each of the heat flux qi, radiosity qf, and ir-
radiation qf. Inspection of the equations shows that
only one, Eq. (14), involves n terms; the others relate
only to the three quantities for each i. Hence one may
easily reduce the 3n equations in 3n unknowns to a
set of n equations in n unknowns. One has the choice
of formulating in q?, qf, or conceivably, some linear
combination of them.

If one formulates in qr, one substitutes Eq. (13)
into the right-hand side of Eq. (14) to obtain

t (Si,i  -piFi-i)qi  = 2 Fi-ieiBi
j= 1 j= 1

where 6iJ is the delta function,

1 j=i
6. .=

GJ 0 jti

(23)

(24)

If one formulates in q;, one substitutes Eq. (13) into
the left-hand side of Eq. (14) to obtain

n
c (Si,i - piFi-j)qi  = EiBi (25)j= 1
If one formulates in qi, one substitutes Eqs. (19) and
(21) into Eq. (14) to obtain

0 1983 Hemisphere E

Multiplying by Ai, rearranging, and taking the heat flows
Qi = Aiqi  instead of the heat fluxes qi as the unknown
quantities gives

How one proceeds with the mechanics of obtain-
ing a solution depends on one�s goals. If one wants
merely a set of heat flows for one particular problem,
one might simply use Eqs. (13) and (14) as they stand
in an iterative numerical calculation. One might begin
by assuming that the irradiation is zero (or that it is
Z EiAiBi/L:  EiiAj  from the exact solution for surfaces on
the inside of a sphere), then calculate a set of radiosities
qf from Eq. (13), then calculate a set of irradiations
q? from Eq. (14) and then repeat until the solutions
converge. Then Eq. (18) or (20) can be used to find the
heat fluxes ql, and those can be multiplied by area to
give Qj.

More often, one wants not merely a set of heat
flows for one particular set of temperatures, but a set
of parameters that describe the system behavior for
any set of temperatures. The system parameters are
the transfer factors Si-i, where

AiEFi-i(Bi  -Bi)
j= 1

(27)

An important property of the transfer factor is

AiSi-i  = Ai $i-i (28)

That the heat flows are linearly related to the black-
body radiosity differences, as indicated by Eq. (27),
derives from the linearity of the governing equations.
The linearity permits one, if it is convenient, to use the
powerful superposition principle. One may think of
AitYi-i  as the heat flow into surface j (i.e., --di)  when
Bi is set equal to unity and all other Bi are set equal
to zero. This concept, for example, shows that one
could evaluate Aisi+  numerically via the iterative pro-
cedure described after Eq. (26). It follows from this
concept that

n
c Ai Si-j  = EiAi (29)
i= 1

Comparison of Eq. (26) with pi = 0 and ei = 1 with
Eq. (27) shows that the transfer factor and shape factor

blishing  Corporation
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2.9 HEAT TRANSFER BY RADIATION / 2.9.3 Radiative Transfer between Perfectly Diffuse Surfaces 2.9.3-7

are identical when all the walls are black. When all the
walls are black, radiation is emitted by a hot surface i
at the full blackbody rate, and only that radiation
emitted directly toward surface j is transferred to it.
When the walls are not black, the emitted flux at i is
only EiBi, and surface j does not absorb all of the irradia-
tion received on it, but radiation from i is reflected by
other surfaces, and some of this radiation impinges on
j. In general, the transfer factor 5i-j is increased by
increasing ei and ei (which one can regard as the emis-
sivity and absorptivity, respectively) and by lowering
ek (hence increasing pk) of all other surfaces k # i or j.

Matrix inversion and multiplication with the aid of
a high-speed, large-storage-capacity computer is the
means usually employed to obtain the set of transfer
factors. Any of the three equations, Eqs. (23), (25), or
(26), may be used. For example, Eq. (23) can be written
in matrix form as

Imi,jll4,‘I  = IFi,jllbjl

where lm,

Imi,jl =

i,j 1 denotes a matrix,

ml,, ml,, . . . ml,n

m2,1 m2,2  . . . m2,n

m,,l mn,2.1. mn,r I

and an element is, according to Eq. (23)

mi,j = 6i.j -pjFi-j

An element of matrix IFi,jl  is the shape factor

Fij=Fi-j

Matrices lqlFl  and lbil  are column matrices:

lq/r =

Ibjl-  .

4;

4;

4n

ElBl

e2B2

(30)

(31)

(32)

(33)

(34)

(35)

The rule for matrix multiplication is as follows: If

0 1983 Hemisphere I blishing  Corporation

matrix lci,il  is the product of two matrices lUi,kl
Ibk,jl,

ICi,jI  = Iai,kIIbk,jI (36)

then an element of matrix lci,jl is

n
Ci,j  =

2
ai, kbk,j (37)

k = l

Standard computer routines exist for obtaining
lMi,jl, the inverse of lmr,jl, SO that one can obtain

1471 = lMi,kIIFk,jl  ’ lbjl (38)

Now the superposition principle is useful. If the only
value of Bj not equal to zero is Bk = 1, then

q,‘=Mj,,F,-kEk  +Mi,zFz-kEk  +. . e +N,nFn-kek

But we understand Ejqr�  to be Ti-k under this circum-
stance. Accordingly,

‘i-k =eiek(&fi,~F~,k  +Mi,ZFZ,k +. . . +Mi,nFn,k)

(39)

We see that each element of the transfer factor matrix
lTi,kl is found by taking the corresponding element
from the matrix product,

Ipi,kl = IMi,jIIFj,kI

and IIdtiplying it by eiek,

(40)

Tj-k = ejEkPj,k (41)

Alternatively, one may invert the matrix defined
by Eq. (25). Equation (20) then indicates that the
transfer factors are inverse matrix elements multiplied
by eiek/Pj. Although this result is obtained more di-
rectly, it is not useful for pi = 0. Instead of using Eq.
(20), one could use Eq. (22) to avoid the difficulty
posed by pi = 0, but at the expense of somewhat more
complexity.

The matrix inversion technique is needed only when
IZ is large, say, 4 or more. For fewer surfaces, a simpler
means of solution, and one that conveys a great deal
more physical insight to aid the designer in exercising
creativity, is the network method described in the next
section. Nevertheless, a matrix example with n = 2 is
presented. Consider a cubical enclosure with one face
being surface 1 at a known temperature and with known
emissivity er and the other five faces together being
surface 2 with emissivity e2. Suppose that er = ~2 =
OS, and A I = 1 m2. To two decimal places, F,-, =
0.80, and F,-, = 0.20. The matrix (mi,iI  is, from Eq.

(321,

-. _-__-_-_ - _.-. .-.� I_ -._.. . . . I�..^_ --. ..��_- .-~- - . . ..-.. *  .-... -. ..I
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The inverse matrix is

: 0.60 l 0.50
0.55 0.55

IMi,j I =
I 0.10 I 1.00

0.55 0.55

The matrix IPi,kl  is, from Eq. (40),

12 10- -
11 11

o 1 2 20- -
11 11

IPi,k 1 = * =
2 20 1 4 4 18- - - - - -
11 11 5 5 11 11

The (sj-kl matrix is, from Eq. (41),

1 5
2211

!5j-k!=
1 9- -

11 22

Asacheck,weobservethatAr~,-2  =5/11 =A252-1  =
5/l 1, satisfying Eq. (28). As a further check, Eq. (29)
is verified:

A232-1 fA252-2 - 11
-L+4g+E2*2

If the surfaces are gray and T1 = 1 500 K and T2 =
1 000 K, then, from Eq. (27),

d, =&h-,GG’-CJ,“)

= $5.669 7 X 10-8)(1  5004 - 1 0004)

= 104.7 kW

C. Refractory surfaces

A perfectly insulated or adiabatic surface is said to be
a refractory. For such a surface,

qj = 0 (42)

and hence, from Eq. (12),

q,z-  = q; (43)

and from Eqs. (12), (13), and (15),

Bi = qi = qf (44)

Note that these relations hold regardless of the value of
surface emissivity. The refractory surface can be equally
well thought of as a perfect reflector or a perfect ab-
sorber and reradiator . This statement is made, of course,
subject to the assumptions of perfectly diffuse sur-
faces. Furthermore, if the surface is nongray,  it is not

adiabatic on a spectral basis even though it may be on
a total basis.

If surface k is a refractory surface, the kth column
of matrix lmi,J has elements according to Eqs. (14) and
(43) :

mi,k=  i k6. -Fi,k (45)

and

bk = 0 (46)

These changes can be incorporated into Eqs. (38) and
(41). However, Eq. (41) applies only to the nonrefrac-
tory surfaces; for a refractory surface, i = k, Sk-j  is
zero.

If surfaces i and j are not refractories, then, if
surface is made a refractory, the transfer factor 
is increased, because the refractory acts as a perfect
reflector. As discussed previously, a reflecting surface

faces present in the enclosure.

D. The radiation network

The facts that heat is conserved (just like electrical
charge) and that radiant heat flows are proportional to
differences in radiosity (just like electrical current being
proportional to voltage differences) mean that an elec-
trical analog to the radiation heat transfer problem can
be constructed [14,  IS].
the n surfaces. These 12 surfaces are regarded as n
The heat flows at each node sum to zero. The heat flow
in m
duction is Qi,  This heat flow must equal the heat flow
out s control surface.

Equation (22) states that the heat flow out across

&qjAi= n
c

AiFi-i(qi  - 4;)
j= 1

It is apparent from the equation that radiosity q; is to
be considered the voltage or potential at the ith node,
and this potential drives heat flows into the other nodes
at potentials qi through internodal conductances  AiFi-i,
that is, through internodal resistances,

1
Ri-i = AiFimi

The relation between surface heat flux and radio&y
is given by Eq. (20). Multiplying by area Ai to obtain
heat flow gives

0 1983 Hemisphere Publishing Corporation



2.9 HEAT TRANSFER BY RADIATION  / 2.9.3  Radiative  Transfer  between Perfectly Diffuse Surfaces 2.9.3-9

This equation tells us to regard the heat flow into node
i as driven by blackbody radiosity Bi through surface
resistance Ri,

and against the node potential qf.
Figure 5 shows the circuit connections for a single

node i. To construct a radiation network for an en-
closure, one places the requisite number (n) of nodes
on a diagram and draws all interconnections of the
Rimj  form. One then draws the surface resistances of the
form Ri and the requisite potentials Bi. Figure 6 shows a
network for n = 3.

If n = 2, or if 12 = 3 but the surface represented
by node i = 3 is a refractory so that it is open circuit,
the network is readily reduced to a single equivalent
resistance between potentials Br and Bz. That equiva-
lent resistance is (l/A, 5,-,).  The meaning of the trans-
fer factor is very clear in this context. In reducing the
simple series-parallel network, the rules simply are two:
(1) Resistances in series add. (2) Conductances in
parallel add (conductance is the reciprocal of resistance).

For n = 3, the delta-wye and wye-delta transforma-
tions may be used to find the transfer factors. Figure 7
shows the transformations.

For example, consider a cubical enclosure with
surface 1 the floor at 500 K, surface 2 a side at 1 500 K,
and surface 3 the remaining three sides and top at
1 000 K. All surfaces are gray, with an emissivity of
0.50. Area A, is taken to be 1 m2, and to two decimal
places F,-, = 0.2, F,-, = 0.8, Fze3  = 0.8. Figure 2
shows the radiation network. There is found

RI-, = &2j = 5.0

R,-, =R2-3 =&q= 1.25

R, =R2 =&f$=  1.0

Figure 5 Radiation network connections for node i. Figure 7 The delta-wye and wye-delta transformations.

Figure 6 The radiation network for n = 3.

R3 = &$$ = 0.25

Following a delta-wye transformation, a wye network is
found to exist with each leg of the wye consisting of
the surface resistance in series with the resistance found
from the transformation. These are added to obtain

R - R1,tot - Z,tot = 1 .OO + 0.85 = 1.83

R J,tot = 0.25 + 0.208 ?; = 0.458 3

Then a wye-delta transformation is made to obtain the
transfer factors (in units of m2)

A 151-2  = 0.090 9 A, LT,-~ = 0.363 6

A2s2-3  = 0.363 6

The heat flows are then found with Eq. (47):

i)l =Als,-,(Bl -Bz)+A,5,-3(B1  -Bs)

= 0.090 9(3  540 - 287 000)

+ 0.363 6(3  540 --56 700) = -45.1 kW

6 =Az%-I(&  -BI)+~%-s(&  -&I

= 0.090 9(287  000 - 3 500)

+ 0.363 6(287  000 - 56 700) = fl09.5  kW

3 3 3

1 1 1

R1 = Rl-2Rl-3
R;y2 =

Ri’ R;’

RI-2 + R23 + RI-3 R;’ + R;’ -I- R;’
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= 0.363 6 (57 600 - 3 500)

+ 0.363 6(56  700 - 287 000) = -64.4 kW

The radiation network offers the designer a way of
conceptualizing the radiation transfer process that is not
afforded by the radiosity-irradiation formulation fol-
lowed by matrix inversion. When the designer views the
network representation, he or she is given a grasp of how
important various physical quantities such as surface
emissivity are. For this reason the designer is urged to
draw a network, perhaps with oversimplification to keep
n small, to help visualize the transfer problem, even
when the matrix inversion algorithm may be employed
to obtain numerical values.

E. Selected working relations

With the radiation network as a working tool, it is an
easy matter to obtain several useful results. Those re-
viewed are as follows:

1. A source and a sink
a. General case
b. One surface not concave
c. Parallel walls
d. Concentric tubes
e. Effective emissivity of a rough surface

2. A source, a sink, and a refractory
a. General case
b. Source and sink not concave
c. Tube bank over a refractory

3. Radiation shields
a. General case
b. Flat shields
c. Concentric cylindrical shields
d. Concentric spherical shields

The results here are subject to the assumptions of per-
fectly diffuse surfaces and uniform radiosity. This latter
assumption is exact for some geometries (parallel walls,
concentric tubes), but only a rough approximation for
others, such as short passages. Long passages, where
the approximation of uniform radiosity is clearly inap-
plicable, are reviewed briefly in the next section.

(a) A source and a sink

The general case of a single source and single sink form-
ing a complete enclosure is represented by a simple series
radiation network having merely a potential B, , a sur-
face resistance RI = (1 - el)/eIAI,  a shape factor re-
sistance RI-, = I/AIF,-,  , a second surface resistance
R2 = (1 - eZ)/e2AZ,  and potential B2. Accordingly,

BI -B2

= [(l - EI )I0 I 1 + W41F1-2) + I(1 - ~2Ik2A2  3

(51)

Al s,-2

= [Cl  - e~)lM,  I + dh-2) + (1 - ~2)/~2A21
(52)

If one surface is not concave (denote it as number
l), then it cannot �see� itself; so F,-, = 0 and F,-, =
1. Equation (52) can be rearranged in the form

Ai51-2 = (l,el)  + (A,,&l,e,)  - 1)1

For infinite parallel plates, in addition A1 = AZ, giving

Al 5r-a = (l/El)  + (l/es)  - 1

For infinite concentric tubes, a length L has area Al =
lrDl  L , where D1 is understood to be the outside diame-
ter of the inner tube, and A2 = 7rD2L,  where D2 is the
inside diameter of the outer tube. Equation (53) gives

A1 51-2  = (I/

rrDIL

fl ) + (DI/D2)[(&)  - l]

Equation (53) can be rearranged in the form of

61
s1-2 = 1 + (qA1/e2A2)(1  -e2) (56)

Whenever e,A,(l  - e2) is small compared to e2A2,
the transfer factor reduces to simply the emissivity of
the small or nonblack surface. This limit shows simply
that a large space 2 can be regarded as a hohlraum, that
is, as a black body. The presence of a sufficiently small
object within it does not alter the blackbody irradia-
tion that falls on a surface that sees only the hohlraum
Wall.

Consider a rough surface 1 within a large space 2.
The surface roughness is gross compared to the wave-
lengths of concern. The large space is effectively a black
body. If the surrounds are black and at isothermal tem-
perature T2, the area A2 is of no concern; as shown by
Eq. (56), the area A2  disappears when e2 = 1. It is con-
venient to consider A2 wrapped closely over the en-
velope of the surface roughness heights. The area A2
is then the projected area of the surface. If the rough-
ness heights are small compared to the radius of curva-
ture of the mean surface, area A2 can be regarded as
flat, and surface Al,  because of its roughness, is con-
cave. Accordingly, it is F,-, that is to be set to unity
in Eq. (52), after substituting A2F2-,  for AI F,-, ,
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and e2 is set equal to 1. The result is

A131-2  =A232-1  = [(l-e&,]  + l/As

-42

= &/-wK1/~1)  - 11 +i

The quantity 5,-r is the effective emittance of
the rough surface. It is defined so that the transfer
factor A, 3rm2 is A2e,~  when the surface is within a
hohlraum. We have

eerf=  (a,,&)&,) - 11 + 1 (57)

As the surface becomes smooth, and A r approaches A2,
the effective emittance becomes e1 . As Al becomes
large compared to AZ, the effective emittance goes to
unity. The analysis is exact only for surface roughnesses
formed by indentations that are segments of a sphere,
because of the assumption of uniform radiosity, and is
otherwise approximate. However, the qualitative result
is true; the effective emissivity of a rough surface is
bounded by er and unity and tends to increase with
increasing A 1 /A2 .

Occasionally a thermal designer who is unfamiliar
with the fundamentals of radiation heat transfer will
decide to improve a radiator or heat exchanger by in-
creasing Al in some novel manner to increase greatly
A, �3rw2,  even though subject to a fixed projected area
A2. But A,5,-, = A2 5,-r and s2-r  is bounded by
emissivity e2, which equals unity at most. If A2 is the
projected area of rough surface Al, there is no way to
make A, 51-2  exceed AZ, that is, to make E,E exceed
unity.

(b) A source, a sink, and a refractory

The radiation network for a three-surface enclosure is
shown in Fig. 6. If surface 3 is a refractory, no heat
crosses the m surface, and this fact is represented by
removing the current source shown as battery B3.
Node 3 is free floating, and resistance R3 is of no con-
cern, because no heat flow (current) flows through it.
The equivalent conductance A, 5,-,  is given simply by

A, 51-2 = l/W, +R2 + l/[WR1-2)  + ll(R~

+R2-3111

= l/W -EI)/EIA~  + (1 -e2)/~2A2

+ l/L41F1-2  + 1/(1/-4,~1-2

+ G42~2-,)II

This equation is clearly of the form

A151-2

= [(l -eI)/eIA1]  + [(l -i),ezAz]  + l/A, 51-2,b
(59)

where sr-a,b is the transfer factor accounting for the
refractory when surfaces 1 and 2 are black,

A, ‘31-2,b  = A1F1-2  +
(1,A1F1-3):  U,AzF2-3)  (60)

Equation (59) is true whenever areas Al and A2 can be
assumed reasonably to have uniform radiosities, whether
the refractory does or not. This point bears upon the
long passages considered in the next section.

One often needs to know additionally B3, in order
to specify a refractory material suitable for the tempera-
ture T3. One can proceed by finding the potentials
~7; and 4;) and the branch current e1-aw2.  With refer-
ence to Fig. 6 (B3 open),

0, =A, 3,~,@I  --B2)

4; =BI -&RI
d =B2 + &R2

(614

(6lb)

(61~)

(614

(6le)

& = 4; 41-3-24-3 (61f-l

When surfaces Al and AZ are not concave, the sim-
plification results that, since F,-, = 0 and F,-, = 0,

F,-, = 1 -F,-, F2e3 = 1 -F,-, = 1 -;$Flm2

Thus only the one shape factor F,-,  need be evaluated.
For example, consider a cubical enclosure 1 m on a

side having one facet being a source at T1 = 1 500 K,
the floor a sink at T2 = 500 K, and the remaining three
walls and ceiling refractory at unknown temperature
T3. Suppose that the surfaces are gray, and e1 = e2 =
0.5. What is the heat flow and the temperature of the
refractory? To two-decimal-place accuracy, Fle2  = 0.2,
so F,-, = F2-, = 0.8. From Eq. (60)

51-2,b  = 0.2 + c1,o.8j  : c1,o.8j  = 0.60

Of the 80% of the radiation leaving 1 and striking 3,
half is reradiated back to 1 and the remainder to 2.
This half, 40%,  exceeds the direct radiation, 20%,  by a
factor of 2.

To continue, the result for si-,,b  is entered into
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Eq. (59) (with Al = A2 = 1 m2) to obtain

�-�  = [(l -0.5)/0.5]  + ,(: -0.5)/0.5]  + l/O.6

= 0.273

Heat flow d1 is found from Eq. (27):

0, =-02 =A$I-2(CsTf  -C,T,4)

= (0.273)(5.669 7 X IO-�)(l  5004 - 5004)

=(0.273)(287  000 -3 500)=  77.3 kW

To find B3, we need not use Eq. (61), because of the
symmetry in the network. From symmetry in this
example we see at once that

B3 =i(B1  +B2)=  145 300W/m2

114

= 1265 K

A tube or cylinder bank backed by a refractory wall
to act as a reflector-reradiator is a configuration often
used by the thermal design engineer. In one common
application the cylinders are electrical heaters in rod
form. In another, the tubes are filled with flowing fluid
to be heated. The tubes are exposed to a furnace en-
closure directly on one side. Consider the enclosure
to be a hohlraum, and replace it with an imaginary
black plane numbered 1. Number the tubes as 2 and the
refractory backup wall as 3, as shown in Fig. 8. The
distance center to center is the pitch P, and the tube
outsjde diameter is D. The tubes are separated to obtain
more uniform heating or cooling of them around their
periphery, that is, to make better use of the available
heat transfer area to gain a higher heat flow per unit
length of tube with specified temperature limits. If P
were made equal to D, the back half of the tubes would
not be utilized at all. It is desired to,.know the transfer
factor 52-1  as a function of r = P/D.

If the tubes have a high emissivity (as they usually
do) and if they are reasonably isothermal around their
circumference, or if r is not too close to unity, their
radiosity will be reasonably uniform, and they can be
adequately represented by the single node 2. Similarly,
if the refractory is spaced reasonably away from the

I//
‘qp +-Q 02

P-4
LB-------

I

Figure 8 A row of circular cylinders backed by a refractory
wall.
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tubes or if it is black and conducts laterally, it too can
be represented by a single node. Then Eq. (58) applies
directly. All that is necessary is to find the shape factors.

The string rule, Eq. (11) and Fig. 4, gives

(624
Shape factor algebra determines the rest:

F,-, -F,-3 =
1 -Fz-2

2

F~-~ =&-I =(;)Fw

F,-, = 1 -F,-, (6W

For example, if P = 3D(r = 3), then we have the
following values:

F,-, = 0.107 1 F,-, =F2e3 =0.4464

F,-, =0.467  5 FIT3 = 0.532 5

$-2,b =0.72

32-1,b  =0.68

The value F2-l,b = 0.68 is 115% greater than the value
l/n when the tubes are touching (r = l), because the
backs and sides of the tubes are better utilized. In the
limit as r goes to infinity, 5 2-1,  b goes to unity, giving a
2 14% increase over the l/n value.

The normalized radiosity of the refractory can be
obtained via Eq. (61), using values B1 = 1 and B2 = 0.
The resulting value of radiosity is the irradiation on the
point on the tube nearest the refractory wall, and this
value can be compared with the value of unity pertain-
ing to the point farthest from the wall to show the
degree of uniformity in tube wall radiant heat flux.

The quantity sZel,b is easily calculated from Eqs.
(60) and (62) by hand. Figure 9 shows the behavior
versus r. To two decimal places,

Hottel and Sarofim [8] show additional results for
double rows of tubes in front of a refractory wall.

(c) Radiation shields

Radiation shields are used by the thermal designer in
various forms : aluminized plastic sheet, aluminum
foil-paper laminate, thin stainless steel sheet, ceramic
tubes, to name a few. The purpose is to reduce un-
wanted heat transfer. At high temperatures or under
vacuum conditions, conduction may be negligible
(Sec. 2.9.8 considers combined mode transfer). The
radiation shield then can be represented on a radiation
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a�0 .60

6
2 .50
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f 30

E .20
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�1 2 3 4 5 6 7 6 9 10

P I T C H - T O - D I A M E T E R  R A T I O ,  r

Figure 9 Tube-to-furnace transfer factor for single tube bank
over refractory wall.

network as a node with a free-floating radiosity B with
a surface resistance on either side. The radiation shield
is a two-sided refractory. Consider an array of N shields
of the same material between an inner black source area
Al and a black sink area AN+2.  As before, surface re-
sistances to account for nonblack source and sink can
be easily added as shown in Eq. (59). Between N shields
there are N - 1 spaces, each spacing having resistance

R
1 -et

s,n = -
EfAf?

+ 1 + - - - - -
1 -E6

A,,, Q%~+I
n=2toN (63)

where subscript i refers to the front (or outside) of the
smaller shield and b to the back (or inside) of the larger
one. In addition to N - 1 of these resistances, there is
the surface resistance of the back of the inner shield,
the shape factor resistance from the inner surface 1,
the surface resistance of the front of the outer shield
N + 1, and its shape factor resistance. Therefore,

AI sl-(N+2),b  = l/W/A,) + [(I - 5,>/5,4,,21

+ z:= 2 &,n + [Cl - ef)lffAf,N+l  1

+ UAf,,v+d (64)

For flat shields Al = A, ,n = A,,, . The areas cancel,
and

31-(~+2)~b  = N[(l/ff) + (:ie,) - l] + 1
(65)

In this case the transfer factor falls with l/N as N gets
large.

For concentric cylindrical shields with constant
front-to-front spacing s, thickness 6, and inner source or
sink radius r, , there holds

0 1983 Hemisphere I

A, =2nrlL (664

Af,n = 2?r(r, + ns)L

Ab,, = 27r(r, + ns - S)L

When s/r, is small, the summation can be approximated
with an integral, and the transfer factor falls as l/in N
as N gets large.

For concentric spherical shields the following
relations pertain :

Al = 4m: (674

Af,n = 47r(r,  + ns)’ W’b)

Ab,n = 4n(r, + ns - S)2 (67~)

When s/r1 is small, the summation in Eq. (64) can be
approximated as an integral, and as N gets large the addi-
tional shields produce no added benefit in reducing
the transfer factor.

For small s/r, the concept of radiation conductivity
can be used, and that conductivity can be combined
with simultaneous gaseous conduction as explained
in Sec. 2.9.8 to obtain an approximate simple closed-
form result more convenient than Eqs. (64) and (66)
or (67).

F. Diffuse-walled passages

The thermal designer may wish to assess the importance
or unimportance of axial radiation, for example, in a re-
generative heat exchanger used in a Brayton or Stirling
cycle engine or in a combustion air preheater. The leak-
age of heat radiation through a hole or crack penetrating
through thermal insulation is a common concern. In
what follows, shape factor algebra is used to formulate
the heat flux down a passage. When the side wall radios-
ity is known, as it is for a black-walled passage with
known temperature distribution, or when the side-wall
radiosity can be reasonably approximated, as for the
refractory-walled passage, the formulation is of direct
practical use. When the radiosity is unknown and cannot
be readily approximated, the problem is easily formu-
lated using the method illustrated here, and numerical
methods of solution can be employed. However, modern
practice is to use a direct Monte Carlo calculation. The
Monte Carlo technique is described in Sec. 2.9.4.

Consider a passage of length L in the form of a right
cylinder with arbitrary cross section. Denote the ends
as 1 and 2 and the side walls as 3. Let x run from end 2
toward 1. Consider an imaginary surface 4 located at
x = x0. The dimensionless irradiation upon the side of
the surface facing end 1 is given by Eq. (14) generalized
by passing from the sum to an integral.
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/

x=L

q4*-  = F4-lqT+ + df++xj
dF4-3

4x -x0> d(x -x01
X=X0

The shape factor F4-1  is of the same form as Fle2fL  j,
but the length in question is L - x0; that notation is
adopted. Shape factor algebra shows that

F4e3fx  -x0 j = 1 -F4e1fx  -x0 j

= 1 -F,-,fx  -x0 j

Accordingly, the equation may be written

X dc,fxo) (1 -FI-,4x-xo+>d(x--x01 (68)

The dimensionless radiosity, irradiation, and flux are
understood to be

di-4: *- 4qn*c =- ___
qf-4; q -q;-4:

(69)

Note that q;M ’1s unity and qz is zero, so that they
do not appear explicitly in Eq. (68) or Eq. (70) to
follow.

Let surface 5 be the back of surface 4, that is, the
side of the cross section at x =x0 facing end 2. Then the
irradiation upon 5 is given by an expression similar to
that for 4.

/

x=0
q5*- = d

q3*+  d(xo -x) (1 - FI-2  4x0 -x.)1
x=x0

X d(x, -x)

But the irradiation upon 5 is the radiosity of 4. The
net heat flux in the negative x direction is, from Eq.

(12)Y

/

x = L

q*fxo+  = FI-,fL--x03  +
d

“+ d(x -x0)
X=X0

X (1 -FIm2fx  -xo j)d(x -x0)

/

x=0
d-

“+ d(x, -x)
x=x0

X (1 -F,-,+x0  -xj)d(xo  -x) (70)

Equation (70) is the general expression for the
average heat flux at any location x0 for a diffuse-walled
passage having ends wrth uniform radiosity. Its utility
is made more clear by considering the special case when

q;+fx j = mx + b (71)

The reader recognizes this equation as the intercept-
slope representation of a straight-line side-wall radiosity
distribution.

Consider the first integral in Eq. (70); denote it as
11.Letu=x-x0.

I

L - x ,

I, = (mx+b+mu,-mx,)$
0

X (1 -F,-,fuj)du

=(b+mx,)(l-FF,_,fL-x,j)

/

L-x,

+F?l
d

y&l -F,-,fu+)du
0

Integrate the remaining integral by parts to obtain

I, =(b+mL)(l-F1-,fL-xoj)--(L-x0)

+ m(L -x,)SfL  -x0 j

where

SfL j =+
/

L

Fl-,+x3 dx (72)
0

When the same procedure is followed with the second
integral, Eqs. (70) and (71) yield

4*+x0 j = [l -(b +mL)]F,-,fL  -x,, j

+ bF,-24x0  j + m(L -x,,)SfL  -xo j

+ ~OSfXOj (73)

When one recalls that qf+ is unity, q$+  is zero,
qz+fO j = b, and qz+fL  j = b + mL, then the sym-
metry in the equation with respect to x0 and L -x0
may be appreciated.

The cross-sectional geometry fixes the relations
for Fle2  and S For the slot with height H = 1 (i.e.,
L is L/H = ~L/DH,  where DH is the hydraulic diame-
ter, and x = x/H  = 2x/DH);  the string rule shows that

F1m2fx  j = (1 +x2)1/2  -x (744

Sfx j = + [(l +x2)l�2  -x ]

+&lnfx+(l +x�)l�j (74b)

For the circle with diameter D (i.e., L = L/D and x =

x/D),

F,-,fxj=  1 +2x2  -2x(1  +x2)1/2

s+xj=  1+&1  +x3 -(l +x2)=]

(75)

(75b)
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For example, suppose that one wanted to estimate
the radiant heat flux into the passages of a 5-cm-long
regenerator core having approximately circular (Dh =
5 mm) passages of a highemissivity material. Suppose
that the inlet to the hot side of the regenerator is ap-
proximately a hohlraum at Tr = 600 K, and the outlet
is one at T2 = 350 K. The wall itself is TL = 575 K at
the inlet and To = 325 K at the outlet. It is agreed
approximate the radiosity distribution along the passage
wall as a straight line from C,T$  to C,Tl. The ne t
heat flux into a passage at its inlet (at x0 = L = 5 cm)
is desired.

As a first step, Eq. (73) is written for x0 = L:

q*+L j = 1 - (b + mL) + bF,-, fL j + mLSfL j

The values of b and mL are found from Eq. (69):

GT: -CsT,4 3254 -3504
b = q3*+t0’  = C 774  _ C

s 1
774 = 6004  _ 3504

s 2

= -0.034

rat = q3*++3 - 4:+w =
C,T; - C,T,4
c T4 _ c

s 1
T4

s 2

=5754  --xi4  =o857
6004  -3504 ’

b + mL = qz+tL j =
C,Tz  - C,T?” =5754  -3504

C,Tf - C,T; 6004  - 3504

=0.823

Then the values of F1-, and S are found for L = 5/0.5 =
10 from Eqs. (75a) and (75b), and q*(L) is found.

F,-,flOj = 0.002 5

St10 j = 0.064 2

q* = 1 - 0.823 - 0.034(0.002 5)

+ 0.857(0.064 2)= 0.232

The dimensional heat flux follows from Eq. (69):

q = (C,Tf - C,T;)q*

=(5.669  7 X lo-’)(6004 -3504)(0.232)

= 1 507 W/m2

When the side-wall radiosity is unknown but the
temperature or blackbody radiosity variation with x
is known, the problem can be formulated by passing
from the sum to the integral in Eq. (14) and using Eq.
(13) to eliminate q+ or q-. The resulting linear integral
equation can be solved numerically. Alternatively, the
side wall can be divided into a number of segments, and
Eq. (23) or (25) used and solved by matrix inversion as
described previously. Shape factor algebra allows all

0 1983 Hemisphere 1
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the shape factors to be expressed and calculated in terms
of differences of Fle2 fxi - x/j. However, as described
in the next section, a Monte Carlo algorithm is more
easily applied.

In the case of refractory side walls, the temperature
or blackbody radiosity variation with x is unknown. All
that is known is that q:fx j = q;fx j regardless of
side-wall emissivity. An equivalent statement is simply
that

&4*fxos=o
0

(76)

where q*fxo  j is given by Eq. (70). Note that when
conduction is absent, no boundary conditions can be
imposed. Again the side wall can be divided into a num-
ber of zones, the integrals approximated as sums, and
matrix inversion applied. Again Monte Carlo calculations
are easily programmed for computer execution. What
is desired in the end is q*, which is the 51-2,b  needed
for Eq. (59) to find the transfer factor 51-2.

An approximate closed-form expression for the
refractory-walled-passage transfer factor 5re2,b  can be
found by postulating q$+ to be a straight line passing
through l/2 at x = L/2. The unknown slope m is found,
following Hottel and Keller [16],  by requiring that
Eq. (73) give the same result for x0 = 0 and x0 = L/2
(also,xo  = L from symmetry). There is found

GtL j - WW�~
mL = (GfL j - F+L/2 j) + (SfL/2  j - SfL j) (77)

where

1 +F+Lj
GfL+=  2 FW = F,-,tL+ (78)

The value of the transfer factor is

51-2.b  = (1 -mL)GfLj = mLSfLj (79)

For the circle cross section, the notion of an extrapola-
tion length E is a good approximation; that is,

LmL&-
L + 2E E = 0.5 for circle

Note that if conduction from the hot source to the end
of the passage at x = L and from the end at x = 0 to
the cold sink is operative, E should be zero and ml, = 1.

Figure 10 shows values presented versus the length-
to-hydraulic-diameter ratio, because transfer factor is
independent of cross-sectional shape for small L/DH.
For small L, Eq. (60) or (79) indicates that

1 + F,-2
%-2,b = 2 asL+O

But shape factor algebra shows that
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F,-, = 1 -F,-, = 1 -A9F3-,
1

Area A3 is PL, where P is the perimeter of the passage
cross section. When L is small, F3-3  is small, so that

l--3-3 1
F3e1 = F,-, = 2 Gy

Accordingly, for small L, but regardless of cross section,
one has

PL L
51-2,b  A 1 -4A,= 1 -D;

1
G 1 + (L/DH) L/DH smal1

Figure 10 shows that the insensitivity of the transfer
factor persists even to values of L/DH  considerably
larger than unity.

For example, suppose that one wanted to know
the heat leak per meter (@W, through a 3.mm crack in
a 6cm-thick  insulation layer. Suppose that T, = 600 K
and T2 = 300 K. One finds the transfer factor from the
figure.

D =g=4wH 2H=Oe6cm
H P 2w=

L 6-=-=DH o.6 10 5r-2,b ~0.16

Figure 10 Transfer factor for diffuse-refractory-walled passages
[approximate values from Eq. (79) J .

Then one uses the definition of the transfer factor,
Eq. (27) to evaluate the heat flow.

i! qWH-=- = Hq = Hs~-~,~C~(T;  - T;)w w
= (0.006)(0.16)(5.669  7 X lo-�)(6004  - 3004)

=6.6 W/m

Values of 91-2,b are available in the literature
for a few other cross sections [19]  and for tapered
passages [ 181. Specular-walled passages and passages
modeled by the Torrance-Sparrow wall roughness model
are discussed in Sec. 2.9.4.

Nomenclature for Section 2.9.3 appears at the end of Section 2.9.8.
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2.9.4
Radiation transfer

between specular and imperfectly
diffuse surfaces

D. K. Edwards

A. Specular and imperfectly diffuse surfaces

The concept of a perfectly diffuse surface was an
artifice introduced to simplify formal mathematical
analysis of radiant transfer. The concept is widely used
in engineering design and analysis for its convenience,
and, surprisingly, the answers so obtained are found in
many instances to be remarkably close to the answers
found with more realistic analytical models. There are
situations-for example, in transmission through long
passages with specular side walls-where the assumption
of perfectly diffuse reflection will lead to serious error,
however. Thus the designer or analyst needs to be able
to carry out calculations when one or more surfaces
are not perfectly diffuse.

Perfectly diffuse reflection is where the bidirec-
tional reflectance is a constant independent of all four
angles, the two angles of incidence and the two of
emergence. The antithesis of perfectly diffuse reflec-
tion is specular reflection, where the bidirectional
reflectance is identically zero for all directions of
emergence except the specular angle where it has an
integrable singularity. Imperfectly diffuse is the term
usually used to denote that the bidirectional reflec-
tance is nonzero but not constant with angles of
emergence. Mixed specular diffuse reflection occurs
when there is a specular component, for example, from
the smooth surface of the binder of a glossy enamel
paint,. and a (perfectly or imperfectly) diffuse compo-
nent, for example, from the underlying particles of
pigment of such a glossy enamel.

0 1983 Hemisphere I

B. The mirror-image concept

The mirror-image concept was introduced formally into
thermal radiation transfer analysis by Eckert, Sparrow,
and co-workers [l, 21. The concept is useful primarily
when the enclosure in question contains only a few
plane specular surfaces arranged so that the number of
multiple specular reflections is either limited or forms
an easily summed chain. The concept is based on the
fact that a ray coming from an element of diffuse
surface i and reflected by mirror m to an element of
diffuse surface j can be regarded as an uninterrupted
straight line from i to the mirror image of j. Thus the
shape factor of Eq. 2.9.3(S) can be applied between
surface i and the mirror image of j in calculating the
transfer between i and j via m. The image of J�  as seen
in m is denoted j(m). The mirror-image shape factor is
then written Fi+cm,.

If another mirror n is present, the mirror image of
j as seen via m may also be viewed via n. Thus there is
a mirror image in n of the mirror image in m o f
surface j. Figure 1 illustrates the single- and multiple-
image concept. Use of the mirror-image concept
involves assuming that the specular reflectivity of the
mirrors does not vary with angle of incidence and thus
the absorptivity and emissivity do not either. Direc-
tional variations and polarization are neglected in using
the concept.

To modify the radiosity-irradiation formulation
developed in Sec. 2.9.3, one defines a mirror-image-
augmented shape factor

bIishing Corporation
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Figure 1 The mirror-image concept. (a) One mirror, m. (b) Two
mirrors, m and n.

F$j = Fi-i + Z:,ps,  mFi-i(m)

+ En Em P~,rzP~,rnFi-i(m,n)

+ zn ’ . . J&n Ps,~ . * * Ps,mFi-j(m, . . . n) (1)

Only the diffuse -portion of the radiosity of the mirrors
appears directly in the formulation. One has

4h, in = urn&,  + PD, m4i (2)

where PO,  ,,, and E, no longer sum to unity, but

PD,m=l-em-PS,m (3)

The irradiation is no longer given by Eq. 2.9.3(14),  but

by
N

4m =
- c

FS -j&, j (4)
j=l

Equations (2) and (4) are, as were Eqs. 2.9.3(13)
and 2.9.3(14), 2N equations in 2N unknowns, and Eq.
(2) can be used to reduce the set to N equations in N
unknowns by eliminating say qh,i, leaving

N_.

4m =
- c

F,Z -j(qB,-  + PD, jq?)

j=l

Equation (5) can be solved by matrix inversion or by
reiteration. In the latter case one may start with qf= 0
and use Eq. (5) to find a better set of values, and
repeat the process until the set of qlconverges.

Once Eq. (5) is solved, the net heat fluxes and
heat flows are found from Eq. 2.9.3(18),  which still
holds:

4m = Em@rn - 4;) (6)

Om = EmAm  (Bm - 4;) (7)

As before, the transfer factor St-j can be found by
setting Bi = 1 and Bj = 0 for J� # i. Then one column
of the Ai 5i-j matrix is - Qj.

C. The Monte Carlo algorithm

When the engineering designer or analyst wants to
consider directional variations, polarization, and other
complicating factors, the Monte Carlo algorithm is
perhaps the most generally applicable method, and one
that is rather easily used. The Monte Carlo technique
was applied to radiation heat transfer problems by
Howell and co-workers in a number of papers reviewed
in [7]. It is a simplified, computerized, statistical
sampling approach to ray tracing. According to electro-
magnetic theory, of the energy flux in an incident
wave, definite fractions are reflected, absorbed, and
perhaps transmitted in a wall encounter. The Monte
Carlo algorithm compares a random number to the
theoretical fractions and, based on the comparison,
assigns the whole incident flux to the reflected or
absorbed or transmitted wave. When the calculational
procedure is repeated a large number of times, the net
result is correct: Of the total flux of all the rays,
certain fractions are reflected, absorbed, and trans-
mitted. The heart of the Monte Carlo algorithm is to
avoid branching during a ray-tracing procedure. The
energy is not both reflected and transmitted; it is
either reflected or transmitted, .and the one result is
traced further. The Monte Carlo technique has the
great advantage of computing the 5 transfer factor
directly without any need to obtain shape factors
k3,91.

The elements of a Monte Carlo program are the
following:

1. Choosing a point of emission
2. Choosing a direction of emission
3. Tracing a ray to a wall and determining the

wall node number
4. Deciding whether the ray is absorbed, reflected,

or transmitted
5. Choosing a direction of reflection or trans-

mission
6. Scoring increments of transfer factor

Each will be briefly discussed.
Consider emitting surface i with Bi = 1 and all

Bj = 0, i # i. If N rays are imagined to leave i, all with
energy ei/N (where Ei is the hemispherical emissivity of
surface i), the sum of the energies of the rays absorbed
by surface i is the transfer factor si-j. If surface i has
a uniform temperature and finish, it is clear that an
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area-weighted average should be taken. Thus points of
origin on area Ai should be chosen randomly in such a
way that a large number of them will be uniformly
distributed over the surface. For a simple rectangle
located in the domain 0 <x <a and 0 <y =G b, one
simply chooses two random numbers between 0 and 1,
PI and Pz, and lets the point of origin be x = aPI,
y=bPz.

More generally, area Ai might be located between
y I (x) and y, fx j- in the domain xi < x < x2. Then
one of two stratagems may be employed. One is hard
to program but usually makes efficient use of the
computer, and the other is easy to program but often
makes inefficient use of the computer. Obviously the
one selected will depend on the cost and amount of
programming time versus the cost and amount of
computing time needed. The computationally efficient
stratagem is to compute a fractional function

/

x
02 4x+ - Y 14x+>  &

fAfXj = xi,

/x1 Dzfx+ -YI+x+)  dx

(8)

Then with two independent random numbers PI and
P

2 ,

x =x1 +filfPl j and Y =r1++

+ p202+x+ -Y1++> (9)

The simple-to-program method is simply to choose

x=x1 + (x2 -x1)p, and Y =Ymin

+ Omax - Ymin)Pz

If y, (x j <y < y2 fx j, then the point is used. If not,
then another pair of PI and P2 values is tried. It is
essential that both PI and P2 be discarded and two
new random values chosen.

Next one needs to choose a direction of origin.
Again two approaches are possible. A fractional func-
tion may be defined (we suppose that ~(0, @J  j = e@ j
to illustrate):

/

I9
e-Q3 j cos 0 sin 19 de

f, =
/

t,2
efe j c o s  e s i n  e de

0

Then with new random numbers PI and P2,

e =f;lfPlj += 27rp2

Alternatively, one can merely choose

e = sin-� fi C$ = 27-rP2

Here, because of the nature of blackbody radiation, a
uniform weighting in cos 0 da is taken, but the ray
for the direction in question is further weighted by
e&�,  @ )/ei.  If polarization is being considered, the ray
in addition to its weight ei/N or (eJN)  (e(0,  @ j/eJ is
assigned a four component vector; see Amar  and
Edwards [32] .

With the point of origin (x0, yo, zo) known and
the direction fixed, the straight-line ray can be repre-
sented as

x = x0 + Rr,

Y =YO +Rr,

z = z. + Rrz

where  r,, rr, and r, are the direction cosines; for
example, if the z axis and surface normal to i a re
parallel,

r, = sin e cos @ ru = sin e sin I$ r, = c o s  e

The intersection of the ray with the plane (or other
surface) of each of the other surfaces j can be found,
and the intersection tested to see whether it lies within
the surface limits. The intersection with the smallest
positive ray distance R is the first one hit.

The angle of incidence between the ray and the
normal to the wall n is found from

c o s  e = - n * r = - n,r, - n,rY - n,r,

and, when polarization is included, the new s and p
directions are found using Eq. 2.9.2(93). The vector
components of I are twisted into the new s and p
coordinates by the rotation matrix, Eq. 2.9.2(100)
with Eq. 2.9.2(97). For the angle of incidence and the
state of polarization, the directional absorptivity (Y and
reflectivity p are found.

Scorekeeping can be done in either of two ways.
One procedure is to record a fraction (Y of the energy
remaining in the ray before it struck the wall as having
added to the i-j transfer factor. The remaining energy
is assigned to the reflected ray. (When the reflected ray
energy falls below a chosen minimum threshold, all of
it may be assigned to a remainder.) Another procedure
is to generate a random number l? If it is less than or
equal to (Y,  the remaining energy is all absorbed. When
it is greater than (Y, the remaining energy is all
reflected.

If a further reflection is traced, the direction of
the reflected ray must be found. For specular reflec-
t i o n ,  E q s .  2.9.2(11  I), 2.9.2(112), a n d  2.9.2(113)
apply. For perfectly diffuse reflection, two new
random numbers are generated, and 0 with respect to
the normal n is sin-� fi and @ with respect to x is
27rP2.  For imperfectly diffuse reflection, 8 and 4 can
be found as just described, but the weighting of the
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ray must be divided by the directional reflectance and
multiplied by the bidirectional reflectance for the direc-
tions in question. Fractional functions could be used in-
stead, at some expense in analysis and programming time.

When the decided number of rays (usually 4 000
to 10 000) is traced, the totals scored in the j transfer
factor registers are normalized and printed, and
another i is selected.

Table 1 A sample  Monte Carlo program

A refractory wall is accommodated by causing
absorbed radiation to be reemitted, in the case of a
total calculation with nonselective surfaces.

Consider, for example, calculating by the Monte
Carlo technique the curve in Fig. 2.9.3(10) for the
perfectly diffuse, gray, refractory-walled, black-ended,
infinitely wide slot. A sample program in FORTRAN is
shown in Table 1.

C

11

100

200

102

103
201
101

12

PR@GRAM SLOT
SLOT COMPUTES SCRIPT F12 FOR A DIFFUSE REFRACTORY SLOT
COMMON  IX, PI
READ(5, 11) ZL
F@RMAT(F  10.5)
IX=529814367
PI=3.1415927
F12=0.
D@ 101 1=1,4000
Z@=O.
CALL RANDU(Y(P)
CALL DIRECT (1, RY, RZ)
CONTINUE
IF(RY.LT.0.)  G(P  T@ 102
IF(RY.EQ.0.)  G0 TQ 103
J=2
R=(l.-Y@)/RY
Z=Z@+R*RZ
Z@=Z
Y0=1.
CONTINUE
IF(Z.LT.0.)  G@ T@ 101
IF(Z.GT.ZL)  G0 T@ 201
CALL DIRECT(J,  RY, RZ)
G@ T0 100
J=3
R=-Y@/RY
Z=Z@+R*RZ
Z@=Z
Y@=O.
G0 T@ 200
IF(RZ.LE.0.)  G0 T0 101
F12=F12+1.
C@NTINUE
F12=F12/4000.
WRITE(6, 12) ZL,F12
F@RMAT(ZX,8HF@R  Z L =  ,Fl.2,2X,5HFl2= ,E12.5)
ST@P
END

SUBROUTINE DIRECT(J,RY,RZ)
COMMON  IX,PI
CALL RANDU(P)
S=SQRT(P)
C=SQRT(l.-P)
CALL RANDU(P)
PHI=2. *PI*P
IF(J.EQ.2) Gg, T0 200
IF(J.EQ.3) G0 T@ 300
RZ=C
RY=S*SIN(PHI)
RETURN
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Table 1 A sample Monte Carlo program (Continued)

2 0 0  R Y = - C
RZ=S*C@S(PHI)
RETURN

3 0 0  R Y = + C
RZ=S*C@S(PHI)
RETURN
END

SUBROUTINE RANDU(P)
C RANDU GENERATES RANDQM NUMBERS QN AN IBM360

C@MMBN  IX,PI
IY=IX*65539
IF(IY) 5,6,6

5 IY=IY+2147483847+1
6 P=IY

P=P* .4656613E-9
IX=IY
RETURN
END

D. Specular-walled passages

Ray tracing, with or without use of the Monte Carlo
algorithm, is easily executed for specular-walled
passages. Figure 2 shows calculated results from [13]
versus length-to-hydraulic-diameter ratio with parame-
ter pN, the normal reflectivity of the side wall. The
hydraulic diameter for the square is the side and for
the slot is twice the spacing. Full account was taken of
polarization and directional variations using absorptive
index k equal to refractive index n for PN of 0.50 and
greater and k = 0 for smaller PN. At small values of
L/D, that parameter governs independent of passage
cross section; hence the curves for the two cross
sections come together for equal values of PN.  How-
ever, because of polarization in the slot and extra
reflections in the square, the curves differ drastically
when L/D becomes large.

(a) Isothermal sides

The passage transmissivity 7 is directly useful when the
side walls are isothermal and the ends open into
hohlraums. Denoting the ends as 1 and 2, respectively,
and the sides as 3, one recognizes that T is the transfer
factor from 1 to 2, and l-7 is the transfer factor from
1 to 3 or 2 to 3. Hence,

0, = 7A(B1  -B2)  + (1 - 7)A(B,  -B3) (10)

03 = (1 - 7)/I& - B1 + B3 - B,) (11)

where A is the cross-sectional area. Again B is used to
stand for CsT4 in the case of gray walls or the Planck
function nIb-fh,  T) when spectral variations in proper-
ties are considered.

@ 1983 Hemisphere I lblishing  Corporation

When the ends are nonblack, a radiosity-irradiation
analysis is easily made (alternatively, delta-wye, wye-
delta transformations can be made).

4’2 = e2B2  + (1 - eZ)q; (12c)

q; = (1 - 7)& + 7q; (124

Solving for 47, substituting into q1 = elBl - e~q;,
and multiplying by A gives

0, = As1 e2(B1 - B2) + A51 e3(B1 - B3) (134

where

31-2 =
ElEZT

1 - ?(l - El)(l  - E2)

3
El(l =- 7)(1  + 7 - 7E2)

l - 3  = 1 - ?(I = Q)(l - EZ)
(13c)

Figure 2 Transmissivity for a passage with indicated cross
section and normal wail reflectivity having circular sides.

,. ” .-_ . ._,- ..-- _._. -_. _, ._-. ,._.-_ ;. -.-.. _- .-._ -. _I__~.-..- ,-- . . . . -I-

l--T--------



2.9.4-6 2.9 HEAT TRANSFER BY RADIATION / 2.9.4 Radiation Transfer between Specular and Diffuse Surfaces

The relations for 5,-i and 5, -s can be formed by
interchanging the 1 and 2 subscripts.

When the side walls are isothermal due to good
lateral conduction but are adiabatic as a whole and are
gray, one sets 0, in Eq. (11) equal to zero and solves
for BS. When the result is substituted into Eq. (lo),
the net heat flow from 1 into 2 is found:

0, -2 = A + (CJf - C,T,4)

(B3 = constant & = 0, gray walls)

(b) Noniso thermal sides

(14)

First consider the problem for a number of isothermal
segments on the sides. Circumferential variations are
assumed absent, or symmetry is assumed for the slot.
With black ends and specular sides, no reflected radia-
tion can reverse direction along the x axis of the
passage. Thus the transfer factor from end e to side
element si between Xi and Xi+r  is simply

AeS,-,i  = AsiSsi-e = A(Tfxi  - X,& - TfXi+l - X&)

(15)

where either side wall properties do not vary with
temperature or such variation was accounted for when
r-(x)  was computed. By placing imaginary end areas
Ad and A,~+I) at locations xi and Xi+1  and realizing
that the difference between Fsi-eu+r)  and S,i-ej is the
side-to-side transfer factor S,i-si, one finds that

A,yi�si-,yj  = AsjSsj-si  = A(~fxi - Xi+1 j + TfXi+l  - Xi)

- TfXi+l  - xj+l j - TfXi - x]+>

(16)

With the general end-to-end, end-to-side, and side-to-
side transfer factors known, any desired problem can
be readily formulated and solved.

The heat flow at end 1 at x = 0 is found from Eq.

m

+ Axi(rfXi j - T(Xi+l  j)(Bl - Bi) (17)

where x2 = L is the total length of the passage. In the
limit as Xi +r -xi goes to zero, the summation passes to
an integral so that

41 =%=r4Lj(BI  -B2)+
I

L

0

- 2 (B, - B(x j) dx (18)

Integration by parts presents a form in terms of r
instead of its derivative:

41 = @I - B+O j-1 - 7fL j(Bz - B+L j)

L dB- r z dx (19)

For example, if there is no temperature jump at
the ends, and a straight-line B gradient exists, one finds
from Eq. (19) simply

41 = 031  -&)Wj (20)

where

(21)

Values of ? may be extracted from the running
integrals of r presented in [13].

(c) Adiabatic sides

If the passage side walls neither conduct longitudinally
nor lose or gain heat out of their backs or by
convection from their surfaces and are gray, they are
said to be in radiative equilibrium. The side-wall black-
body radiosity B+x  j = C,Tfx j4 then takes a shape
such that

d‘lR -@+
7=0 (22)

w h e r e  4~ is the net heat flux in the positive x
direction at any x cross section. Generalizing Eq. (19)
to any position x gives

q*+xj = FfXB) = TfXj + TfL -xfaqL)
1 2

I

x

- TfXj@40)  - T+X - x’) $ dx’
0

(23)

where

a=

Bfx+ - B2

Bl  -B2

(24)

If a direct Monte Carlo solution is not available
(recall that an adiabatic surface is modeled by requir-
ing absorbed photons to be reemitted in the Monte
Carlo algorithm) but calculations of rfx j are avail-
able, one can employ the same approximate solution
by colocation  used in Sec. 2.9.3F by assuming that
@4x)  = Q. - (x/L) A@ and requiring q*(O j =
4*fL/2  j = q*-@ j. There is found
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1 + TfL) - 2r(L/2 j
A@ =  1  +  7-(L) - 2TfL/2)  + 2TfL/2  j- - 2TfL j

Figure 3 shows approximate values [ 13 ] found in
this manner. This figure may be compared with Fig.
2.9.3(10) for diffuse-refractory-walled passages. The
differences are striking. First, Fig. 2.9.3(10) does not
depend on side-wall reflectivity at all, because there is
no difference between diffusely reflected and diffusely
reemitted radiation. Figure 3 depends greatly on side-
wall reflectivity because reflected radiation continues
in the same x direction. If specular reflectivity is unity,
passage transfer factor is 100% regardless of length; the
passage becomes a light pipe. Another difference is the
sensitivity of the transfer factor to the passage cross
section. In Fig. 2.9.3(10) at L/D = 5, the slot transfer
factor is only about 30% greater than that for the
circle, whereas in Fig. 3, the difference for PN = 0.04
is nearly 50%. The difference arises from high specular
reflectivity at grazing angles and, in the slot, polariza-
tion to the s component for which the reflectivity is
still higher.

Recall that for a 3-mm gap in a 6-cm wall between
a space at 600 K and 300 K, a heat leak of 6.6 W/m
was found at the end of Sec. 2.9.3F for the diffuse
side wall. For a specular side wall with 36% normal
reflectivity (not atypical of an oxidized metal), Fig. 3
gives a transfer factor of 0.3, and the heat leak is 12.4
W/m.

E. Surface models

The long passage is a geometry for which the transfer
factors clearly depend significantly on the type of
reflection assumed, specular or diffuse. Other geome-
tries, such as the cubical specular-walled enclosure
treated in [S], are not so sensitive to the type of
surface reflection. The question of how to model the
reflection from a technical surface thus arises mainly in
concern with passage transfer factor or with similar
elongated configurations.

Two surface effects need to be clearly distin-
guished, the effect of surface geometry and the effect
of surface state. Bennett [ 151  suggested that differ-
ences in emissivity and absorptivity of metals associ-
ated with surface roughness were due to surface
damage rather than surface geometry. Rolling [16]
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Figure 3 Transfer for a passage with indicated cross section and
normal wall reflectivity having specular and adiabatic side walls.

used platinum, which is easily annealed without surface
oxidation, to show that the emissivity of rough but
annealed platinum was virtually the same as that of
smooth annealed platinum but quite different from
that of the roughened unannealed material.

Oxidation of a metal tends to create a thin film of
metal oxide dielectric or semiconductor on the surface
and can be modeled via the thin film optics reviewed
in Sec. 2.9.2F. However, the films created by oxidizing
a rough or polycrystalline metal are not necessarily
even in thickness and homogeneous in depth [17].

Although the surface geometry of metals appears
to have a small effect on emissivity and absorptivity
(apart from the change in the surface layer from
mechanical damage), the surface geometry clearly
affects the bidirectional reflection properties. Three
types of surface models for modeling bidirectional
reflectivity in radiative transfer calculations are briefly
reviewed in this section.

(a) Diffraction models

For roughness elements of small height relative to the
wavelength and slight slopes, Rice [ 181, Davies [ 191,
and Beckmann  and Spizzichino [20]  have proposed
models. For root-mean-square @MS)  roughness a, and
RMS slope o,/a  and an infinitely conducting metal, the
Beckmann equation gives the diffuse bidirectional
reflectance as

Pm-@+, @J+,  e-5 G-3 xj =
x2 (a/X)”

cos 8’ cos e-
BFewG (262)

where

B = 1 + cos 0+ cos 0- + sin 0�sin  0- cos f@+ - r$-  j
cos 8�  + cos e-

(26b)
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(2641
2

G = ; (cos e+ + cos e-)

,q) [sin2 13+  + sin2  8.
m=l

+  2  sin e+ sin e- cog  (#+ - $-)I
1

w4

The specular reflectance [2 1, 221 is

,de-, A+ = ew ((,,,,” ‘- >‘) (27)

Houchens and Hering  [22]  found that the Davies
relation failed to obey conservation of energy outside
of a narrow range of parameters. Beckmann�s result
above was better in that respect, giving a useful range
of a,/h = 0.01-0.20 and a/o,  = S-75.

It was noted (see [2] of Sec. 2.9.2) that the
slightly rough surfaces modeled by the Beckmann
equation could be regarded from an engineering point
of view as specular. The angles through which the
radiation is scattered go as X/na  and h/(na  cos t9-),
whereas the fraction scattered goes as 1 - exp
f- [(4no,  cos O-/a)“(a/A)“]  3. For surfaces with u, on
the order of 0.5 nm and slopes on the order 0.1 or
less, the quantity a is 2.5 pm or more. When a/A  is
large, the amount of reflected radiation diffused is
large, but the angle through which it is diffused is
small. When a/A  is small, the angle through which the
reflected radiation is diffused is large, but the amount
of diffusely reflected radiation is small. For heat
transfer purposes, such surfaces may be modeled as
specular.

(b) Geometric optics models

Torrance and Sparrow [23]  suggested a simple model
to represent the near-field reflection from a surface
with large roughness elements compared to the wave-
length of the irradiation. AI stztistical distribution of
facet slopes in the form e-�  (y was taken. Each facet
is one of a pair forming a symmetric V groove whose
azimuthal orientation is uniformly random, and the
upper edges of all V grooves are in the same plane.
The facets were taken to be perfectly specular to the
first reflection and perfectly diffuse to interreflections.
Edwards and Bertak [24] incorporated the Torrance-
Sparrow model into the Monte Carlo method. Look
and Love [25]  identified the sharp tops of the
Torrance-Sparrow model as a matter for concern and
suggested rounding them off by introducing another
parameter.

The Monte Carlo implementation of the Torrance-
Sparrow model is as follows: Each surface is parame-
terized by optical constants n and k of the facets and
a slope distribution angle o. = l/c. If one desires, one
can fix k = n and compute the hemispherical reflectiv-
ity of the rough surface and use a measured value of
that parameter to thus fix n and k for a given cre.
Edwards and Bertak [24]  suggested using additionally
a measured value of slot passage transmittance to fix
ok,,.  When, during the course of a Monte Carlo ray
tracing, a wall with futed optical constants and rough-
ness parameter CY,,  is encountered, three more random
numbers are taken from the random number generator.
O n e ,  call it PI, is used to fix (Y by a look-up-and-
interpolate table previously computed and stored ljust
as a given value of fractional function is used to fix a
wavelength in Table 2.9.1 (l)]  .

/

cl
e-aaIai sin a cos a da

PI= O

I
n/2

e-��lff~  sin OL cos 01 dcx
0

(28)

The second fures the azimuthal orientation of the V
groove,

p = 2lrP, (29)

and the third fixes the point of entry into the V
groove across its top. Then Monte Carlo ray tracing is
continued on a microscale, from facet to facet across
the groove, until the ray is absorbed or reflected away
from the plane of the V-groove upper edge. Upon
reflection out of the V-groove system, ray tracing
continues on the macro scale.

Amar  and Edwards [32]  suggested a few of the
obvious permutations. The grooves need not be con-
sidered symmetric. Once or,f,  is found, another ran-
dom number can generate qisht based on some
statistical distribution to simulate the grinding com-
pound or surface finishing tool. The angle 0 need not be
considered to be isotropic when grinding, machining,
or rolling introduces a preferred azimuthal orientation
of the roughness elements.

(cl Scattering bed models

A coat of paint may be modeled as a cloud of pigment
particles suspended in an atmosphere of paint resin or
a ceramic as a cloud of voids separated by solid
dielectric. Then methods such as those described in
Sec.  2.9.6H  or 2.9.7D  may be used to generate a
solution for the directional distribution of the radia-
tion scattered away from the surface. The simplest
model, used by Giovanelli [26], is for an infinitely
thick cloud in a medium of n = 1. Only a single
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Table 2 Chandrasekhar�s H function and its hemispherical average

Hfw,, I+

ws p = 0.05

0.2 1.016
0.4 1.034
0.6 1.055
0.8 1.082
0.9 1.100
0.95 1.112
0.975 1.120
1.000 1.137

0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

1.033 1.044 1.052 1.058 1.064 1.068 1.072 1.075 1.077
1.072 1.098 1.117 1.133 1.145 1.156 1.165 1.173 1.180
1.120 1.167 1.203 1.233 1.258 1.279 1.298 1.314 1.329
1.187 1.266 1.332 1.388 1.437 1.480 1.518 1.553 1.584
1.235 1.343 1.436 1.518 1.592 1.658 1.719 1.775 1.826
1.269 1.401 1.517 1.622 1.719 1.809 1.892 1.970 2.042
1.294 1.443 1.578 1.703 1.820 1.930 2.033 2.132 2.226
1.351 1.547 1.736 1.921 2.104 2.284 2.464 2.642 2.819

ff~f+

1.066
1.152
1.273
1.472
1.651
1.804
1.929
2.309

�From Chandrasekhar [ 27).

parameter occurs, w,, the albedo for single scatter. The
bidirectional reflectance is @ independent and given by

pB(e+,  e-j = 7 Hf%> +wJJm u+
u+lJ

where ws (a function of h and 2) is the albedo, and H
is given by Chandraskehar [27]  as shown in Table 2,
and

u = cos e� u = c0s e- (31)

The directional reflectance is given by

pfe- j- = i - (1 - GJ,)~�~H~w,,  u j (32)
The hemispherical reflectance is then

pHfe-j = 1 - (I - ws)1/2~H+d,j (33)

where the subscript denotes a hemispherical average as
in Eq. 2.9.2(4).

I
1

HH+s+  = h'fw,,vj2udv (34)
0

When the scattering medium is finite (as for a thin
coat of paint), additional parameters are the optical
constants of the substrate and the optical depth of the
bed as well as its albedo for single scatter. If the paint
resin has a refractive index different from unity, that
becomes another parameter. Finally, the resin surface
can be rough [29].  Clearly, a glossy enamel has a
smooth resin completely submerging the pigment par-
ticles, whereas a flat or matte paint does not.

F. Rough-walled passages

Table 3 shows results [32]  calculated using the
Torrance-Sparrow model and taking full account of

Table  3 Rough, isothermal-walled passage transmissivity and absorptivitfpb

Roughness
parameter
%, deg

Passage transmissivity 5,-, Passage absorptivity 5 1 _ 3

Cross sectionC L/DorL/H=  1 2 4 8 L/DorL/H=  1 2 4 8

0

10

20

40

Circle
Square
1 x 2

Circle
Square
1 x 2

Circle
Square
1 x 2

Circle
Square
1 x 2

0.922
0.921
0.941

0.85 1
0.847
0.880

0.745
0.740
0.792

0.626
0.622
0.681

0.860 0.760 0.620 0.078 0.140 0.240 0.380
0.862 0.761 0.624 0.079 0.138 0.239 0.376
0.891 0.810 0.683 0.059 0.109 0.190 0.317

0.752 0.594 0.390 0.090 0.168 0.297 0.483
0.736 0.581 0.374 0.093 0.180 0.305 0.499
0.780 0.65 3 0.457 0.069 0.138 0.245 0.416

0.588 0.399 0.208 0.098 0.186 0.329 0.479
0.589 0.385 0.170 0.101 0.195 0.334 0.518
0.652 0.477 0.251 0.076 0.151 0.273 0.448

0.423 0.227 0.083 0.117 0.222 0.362 0.437
0.436 0.228 0.068 0.120 0.217 0.351 0.494
0.511 0.309 0.122 0.091 0.176 0.302 0.440

�From Amar and Edwards [ 321.
bFacet  optical constants: n = k = 50, giving pi = 0.95.
�Cross sections are a circle of diameter D, a square of side D, and a rectangle of 2H by H. The hydraulic diameters are respectively D, D,

and 4Hf  3.
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polarization. For the passage cross sections and lengths,
whether one included polarization or not made essen-
tially no difference for the rough walls and less than
5% difference for the smooth walls. Using a fixed value
equal to the normal reflectivity in place of a direc-
tionally varying reflectivity gave rise to 10% errors.
Using a fixed value of facet reflectivity equal to the
hemispherical reflectivity was adequate for the rough
surfaces but for the smooth ones caused errors up to
16%. Since the slot was not among the cross sections
investigated, the results correlate quite well with the
length-to-hydraulic-diameter ratio for a given value of
o. . Interpreting calculated passage transmissitities using
the Torrance and Sparrow model to indicate specular-
ity according to the specular diffuse model (wherein
X8 of the reflection is specular and 1 -Xs is diffuse)
gave the following values [24]  :

The results suggest that even very rough surfaces
behave for heat transfer purposes in a significantly
specular manner. However, examination of Table 3
shows that passage transmittance is quite sensitive to
oo, so that complete specularity (CQ = 0) cannot be
assumed for very rough surfaces. The idea of using a
measured passage transmissivity to fix oc or XS can be
made the basis of a specularity- or roughness-measuring
instrument.

%, deg

0
10
20
40

XS

1.00
0.94
0.77
0.59

Nomenclature for Section 2.9.4 appears at the end of Section 2.9.8
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29.5
Gas radia~properties

D. K. Edwards

A. The equation of transfer

Up to this point, a diathermanous medium has been
assumed. In such a medium the radiant intensity 1 of a
stream of photons is unaffected by passage through the
medium. More generally, the photons and matter inter-
act. Three processes may be distinguished: (1) net
absorption (total absorption minus induced emission),
(2) spontaneous emission, and (3) scattering. The latter
can be broken down into scattering out of the beam
and scattering into the beam. The result is that in slant
path increment ds there is an incremental change in
intensity dl as pictured in Fig. 1. The equation giving
dI/ds  is named the equation of transfer.

The absorption, emission, and scattering properties
of matter are sometimes characterized by cross
sections. For example, visualize a spherical oil droplet
such as is sprayed into a combustion chamber. The
droplet of radius R has a total surface area of 47rR2,
but its projected area is nRz. The latter is said to be
the geometric cross section. If one examines the
shadow behind a droplet that is large compared to the
wavelength, one finds, due to diffraction, a shadow
area of 27rR2, but a bright halo contains half of the
radiant power missing due to the shadow, half of
I da 27rR*.  Whether the droplet is large or small, the
radiant power missing from the incident beam divided
by that incident on an area of rrR* is termed the
extinction efficiency Q,. Thus if one considers the
halo radiation as scattered, that is, caused to deviate in
direction, the extinction efficiency of a large particle is
2; but, if one considers the halo as undeviated, a more

o 1983 Hemisphere Pu

Absorb ing ,  emi t t ing ,
and/or scattering species

Figure 1 Change of intensity 2 along incremental path length
ds.

reasonable view for engineering power transfer calcula-
tions, then Q, is 1 for a large particle.

The power missing from the shadow may have
been absorbed, or it may have been scattered into
other directions. The fraction scattered into other
directions is called the albedo for single scatter 0,.
The fraction 1 -w, is sometimes called the particle
emissivity. Actually it would be better called the
particle absorptivity, but Kirchhoffs law is invoked.
The quantity w,Q,  is called the scattering efficiency
Q,, and (1 - w,>Q, is called the absorption efficiency
Qll*

Consider NV particles per unit volume in a gas.
Within volume A ds there are NV,4  ds particles, each
casting a shadow of Q,nR*. The length ds is so short
that none of the shadows overlap. Thus the fraction of
the radiant power taken out of a beam of cross section
A by the particles is the ratio of the shadow area to
the total area,

k, ds =
NvA  ds Qe?rR2

A
= QenR2Ny ds

The quantity k,(m-‘)  is called the extinction coefficient,

lishing corporatiorl

~4

I. . .-. . ._.^_._ -.. - - . -. ..-. ...” ,. -_.--” ___-.--__  .-_ _. “_^_,- v-v--- ---..-. *.-_”  -._ -



2.952 2.9 HEAT TRANSFER BY RADIATION  / 2.9.5  Gas Radiation  Properties

k, = QenR2Nv (1)

The absorption and scattering coefficients follow:

k, = (1 - w,)Q,I~R*N~  = QanR2NV (2)

k, = wSQenR2Nv  = Qs?rR2NV (3)

At times one prefers to think of the radiation-
matter interaction in terms of the mass of matter. The
density of the absorbing mass present in a sphere is

~a = $ nR3Psod�JV

3rrR2NV  = ___
‘Wolid

Pa

Thus Eqs. (l)-(3)  can be written (whether the matter
is in spherical form or not)

ke = KePa ka = KaPa ks = KsPa (5)

where K, is the mass extinction coefficient, K, is the
mass absorption coefficient, and K, is the mass scatter-
ing coefficient.

Although the concepts are presented here for
clarity in terms of a cloud of fuel droplets, they are
general and are applied equally well (with suitable Q�s)
to a cloud of gas molecules or soot particles, or other
absorbing species.

The first term of the equation of transfer is seen
to be simply - kJ = -(k,  + k&, the amount that
intensity I is reduced by absorption plus scattering.
The emission term is found via Kirchhoffs law for the
case of local thermodynamic equilibrium. If the
thermodynamic state of the particle or molecule can
be characterized by a temperature T, then the emission
is kaIb(v,  T). At complete thermodynamic equilibrium
when I = Ib, the loss of - k,I is offset exactly by the
gain + kaZb.  The equation of transfer for a nonscatter-
ing medium in local thermodynamic equilibrium is thus
simply

dI
ds-- - k,I + kaIb (ks = 0) (6)

Isotropic scattering is a mathematical concept akin
to perfectly diffuse reflection. When the scattering is
isotropic, the intensity of the radiation scattered by a
single particle is constant regardless of direction. Con-
sider a large opaque specular sphere with reflectivity
equal to w,, a constant independent of angle of
incidence. Consider Fig. 2. Radiation striking the
sphere at angle OS from its nose is turned through
angle 0 equal to 28,. The power intercepted is I dSt
cos 8 dA = I,-,dS&  cos OS sin OS R d&R de,, and a
fraction w, of this power is scattered in solid angle
dS2 = sin 0 de d$ = sin 26, 2 de, d@,. The intensity of
the scattered radiation is the scattered power per unit
projected area and per unit solid angle,

F o r w a r d

/

scattering

0 = 26, /

Inc ident I
radiat ion

L-l&L!

Figure 2 Scattering from a large opaque specular sphere.

Z
wJo da0  COS oS Sin oS R d& R do,

s c a t t e r e d  = rrR*  sin 28, 2 de, dq&

dao
=%J04n (7)

The value is found to be independent of angle 8,
or 8. For a cloud of particles of thickness ds in a beam
of cross-sectional area A, the scattering into the beam
is the product of fraction of the area A taken up by
particles k, ds times 1, d!ilo/4n.  Recognizing that ask,
is k, and integrating over all solid angles of incidence
gives the scattering-in source term needed to complete
the equation of transfer for isotropic scattering,

dZ
z-- - (ka  + k,)r + kaZb + G IdS2 (8)

If the scattering is anisotropic, for example, if in
the case of the-large opaque specular particle the
reflectivity w, is a function of angle es, the variation
with angle is accounted for by a �phase function� p
under the integral. For spherical particles, p is a
function merely of e(= ze,). In general, for non-
spherical particles lined up by, say, a magnetic field, p
would be a bidirectional function. When polarization is
included, p becomes a bidirectional 4 X 4 matrix and I
a four-element vector.

B. Measurement of gas radiation properties

The execution of a calculation in which an engineer
can have confidence is often difficult, because property
values are often unknown. In practical situations one is
often uncertain about even the composition of the
medium. For example, in a burner flame or rocket
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motor plume, how much soot is present? Even when
one thinks he knows, for example, how much ash is
present in a pulverized-coal-fired chamber, one may be
uncertain as to the size distribution. Ancient Greek-
type speculation, that is, calculations in the absence of
measurements, does little to supply reliable design
figures. What must nearly always be done is to measure
the properties needed or otherwise adjust the calcula-
tional model to physical reality.

The basic experimental technique used in measur-
ing gas radiation properties is sighting with a radiom-
eter through a length of gas into a cavity or other
reference target. The radiometer may be a total device
such as a thermopile or thermistor-bridge radiometer, a
low-resolution device such as a prism or variable-filter
spectrometer, or a high-resolution spectral device such
as a precision grating spectrometer or interferometer.
The gas may be contained in a cell having windows or
uncontained in an open jet. The windows in turn may
be either hot or cold. A hybrid gas containment is a
cell with open windows. Reviews of experimental
measurements are given by Hottel and Sarofim [4] and
Edwards [S] .

Figure 3 shows an experimental arrangement. A
low-resolution detector system at the bottom of the
figure is formed by an alkaline halide (NaCl, KBr) salt
crystal prism that disperses energy entering the
entrance slit into an �infrared rainbow.� The exit slit
picks off the infrared wavelength desired for detection
by a thermocouple. The radiation onto the thermo-
couple is composed of steady heat radiation from the
hohlraum formed by the monochromator housing and
a fluctuating portion coming through the exit slit. The
fluctuation is caused by �chopping,� interrupting the
beam 13 times per second with a rotating blade. When

LOWER M,RROR  SOX PRISM MONOCHROMATOR

Figure 3 Gas radiation apparatus. From [5].

-0 600  1 2 0 0 1 8 0 0  2 4 0 0  3 0 0 0 3 6 0 0 4 0 0 0 4 2 0 0
Wave number ,  cm-’

Figure 4 Low-resolution spectra. From [ 191.

it is desired to measure the transmissivity of the gas,
the source radiation is chopped at the top of the gas
cell so that emission by the gas arrives upon the
detector steadily. The steady irradiation of the detec-
tor gives rise to a steady heating which causes a DC
signal or �bias.� The fluctuating radiation gives rise to
an AC signal from the detector, and it is the AC
component that is amplified and recorded. Thus when
the top chopper is used, and the bottom one is off and
open, only the transmitted portion of the incident
radiation is detected. When the signal from transmitted
radiation is divided by the signal obtained with an
evacuated cell, the transmissivity is found. Subtraction
of the transmissivity from unity gives the experi-
mentally measured absorptivity shown in Fig. 4.

When it is desired to measure the emission from
the gas, the source at the top of .the figure is made
cold, the top chopper is off and open, and the bottom
chopper is used. Thus the signal received is
(1 - eWKL)Zb(Tg,  V) when the gas is isothermal. To
avoid having the cell windows (also alkaline halide salt
crystals) attacked by high temperature or corrosive
gases, the isothermal test cell pictured in the figure was
used. A heavy, inert and transparent gas supported the
test gas, which in turn was capped by a light, inert and
transparent gas (helium).

Experimentally it is found that monatomic gases
such as He, Ne, and Ar absorb only at wavelengths
considerably shorter than 1 pm and then in lines such
as those found in the solar spectrum. Much the same is
true of symmetric diatomic gases such as Nz and 02,
except that at very high pressures a �pressure-induced
dipole� is created from molecular collisions. Asym-
metric diatomic gases such as CO and NO and poly-
atomic gases such as CO2 and HZ0 are observed to
absorb strongly in certain wave number (or wave-
length) regions called �absorption bands,� as illustrated
in Fig. 4. The figure shows, for example, that CO2 has
bands at 15, 4.3, and 2.7 pm. At temperatures well
above 300 K, the 9.4- and 10.4qm bands apparent in
the figure in the vicinity of 1 000 cm-�  [recall that
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v (cm-�) = 104/h @m)J are strongly absorbing, but
not at 300 K. Such bands are called �hot bands.� At
high pressure,  say,  P >  5 atm, a 7.5j.m  pressure-
induced band appears for C02.

C. Qualitative remarks on the physics
of gas radiation

The quantum mechanical explanation of these observa-
tions is that the vibrational energy levels of the
molecules are quantized, and only photons with spec-
trally tuned energies corresponding to the difference in
energy levels can interact with the molecules. The
interaction can occur only when the mode of vibration
has an associated fluctuating electric dipole; hence the
lack of absorption by symmetric diatomic molecules.
Under high resolution the bands are seen to possess
lines; that is, the vibrational energy levels are �split.�
The splitting is due to quantized rotational energy
levels, and during absorption or emission vibrational
and rotational transitions occur simultaneously. The
lines become less intense but broader at high pressures,
because the rotational energy levels are perturbed by
molecular collisions. If the pressure is high enough, the
lines may overlap and not be observable. When pres-
sure increases have an observable effect, the low-
resolution absorptivity in Fig. 4 will increase some-
what .  More  read i ly  apparen t  i s  the  e f fec t  o f
temperature. As temperature is increased, the bands
become wider and less intense at their center. Under
high resolution, previously very weak lines are seen to
grow with increasing temperature, and the previously
strong lines become less intensely absorbing but
narrower, the latter effect due to a decreased collision
frequency, unless temperatures are so high that
Doppler broadening becomes evident froYn frequency
shifts brought about by molecular velocities toward
and away from the observer. If weak lines grow
between the strong ones, the lines may become over-
lapped even though the individual collision-broadened
lines are narrower.

Temperatures considerably higher than those
encountered in furnaces and combustion chambers
occur in arcs, in shock-heated gases ahead of hyper-
sonic vehicles such as planetary probes and returning
space vehicles, and in nuclear blasts. At these high
temperatures electronic energy-level transitions,
�bound-bound� transitions, give rise to lines for mon-
atomic gas and electronic band systems for polyatomic
gases. Photoionization, �bound-free� transitions occur
when the photons and thermal excitation are sufficient
to ionize the gas species. These transitions give rise to
continuum absorption as opposed to line or band
absorption because a photon may possess any energy
beyond the minimum required for ionization and still

interact with the atom or molecule. When the tempera-
tures are high enough to ionize the gases significantly,
colliding electrons may emit or absorb photons in
so-called free-free transitions or brehmstrahhrng.

The minimum energy requirement for photoioniza-
tion gives rise to an absorption edge such as that
evident in Fig. 5, from Chap. 1 of [9], for 101�
atoms/cm3 of nitrogen at a temperature of 10 eV (the
electron volt, a unit of energy, is used both to
designate temperature through E = kT,  1 eV = 11 600
K, and wave number through E = hcv, 1 eV = 8 066
cm-�). When a gas mixture contains a number of
species with different ionization energies, the absorp-
tion coefficient log-log plot versus wave number often
resembles a sawtooth curve. Notice that the edge is not
entirely sharp, due to the thermal distribution of
energy states in the high-temperature gas.

D. Spectral, band, and total property
definitions

The ideas of spectral and total properties present no
problems for continuum radiation; they are the same
as discussed previously for the case of surfaces. For
example, a cloud containing a distribution of particle
sizes gives rise to continuum radiation. By �con-
tinuum� is meant the fact that k, and k, and hence Z
vary slowly and smoothly with wavelength or wave
number. For example, the spectral mass absorption
coefficient for soot may be reasonably approximated
as

1o-3

1 1 0 1 0 0 1 0 0 0

Photon  energy  E = hcv, eV

Figure 5 High-energy absorption spectrum of dissociated nitro-
gen.N=atoms/cmJ,Tg=10eV.From[9].
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(9)

where n is on the order of 1. The spectral emissivity of
a beam L long in an isothermal cloud follows from
integrating the equation of transfer, Eq. (6), with Zb
constant. Introducing Eq. (5) and taking Z = 0 at s = 0
gives

Z = Zb(l - e+a�d) (10)

One sees that the spectral emissivity (and absorptivity)
is

q = 1 - e-PaK&

The total emissivity is then

(11)

I =-Zd?t 1

0
f= =

/
(1 - e+aKaL) df,fXTj (12)

-lb dh o

where f, is the external fractional function. With slow
and smooth spectral variation we have found [e.g., Eq.
2.9.2(79)]  that the total property can be approxi-
mated by the spectral property at f,fQ�j  & 0.49.
Hence a rough approximation (*7%) to Eq. (12) for
soot is

E & 1 - e-Pa&&n/&)-”

X,T=4050~mK ~~ = 5 600 m* /kg

n = 1.086 (13a)

A very good approximation (+l%) to Eq. (12) is
obtained using three-point Gaussian quadrature:

3

CA

c

Ui(l  - e -PaLK, &/~lwn
> (13b)

i=l

6 = 0.28 a2 = 0.44 a3 = 0.28

f,(X, Tj = 0.11 f&x, Tj = 0.50 f,(X,Tj = 0.89

X,T= 2260 hzT= 4 110 X3T = 8900 pm K

The three-point or three-wavelength approximation is
equivalent to three gray bands advocated by Hottel
[ 171,  the bands here having wavelength limits corre-
sponding toffhTj = 0,0.28,0.28  + 0.44 = 0.72,and 1.

In contrast to the case of a cloud with a distribu-
tion of particle sizes, a molecular gas absorbs and emits
in arrays of lines forming bands. The result is that the
absorption coefficient varies very rapidly with wave
number or wavelength, and the spectral absorption
coefficient is the sum of the contributions of all the
lines,

Kafb’) = EiK&Z’) (14)

o 1983 Hemisphere I blishing  Corporation

where each line has its own shape, intensity, and
location. For example, the Lorentz collision-broadened
line shape dictates that

K & j  =
&Yi

n[(v-Vi)*  +$I

The quantity Si (not to be confused with scattering
source intensity; unfortunately, the same symbols are
used in the more-or-less separate bodies of literature) is
the integrated intensity,

The quantity yi is called the line half-width, because

KifV - Vi = ri) = ~ KifV - Vi = 0 j (17)

Typical values of y at room temperature are on the
order of 10-l cm-�. The line spacings Vi - Vi-l  are on
the order of 10�  or 10�  cm-�. The result is that K,
may vary by several orders of magnitude over a few
wave numbers.

Usually the engineer or applied scientist prefers to
make calculations with a more smoothly varying func-
tion. Hence, the gas emissivity 1 - CPaKd  or trans-
missivity emPaKd is usually smoothed by averaging
over a few line spacings:

1

/

v-k Au/2

?=-

Au
e-Pa@  dv

v- Av/2

08)

Because of the smoothing, the result does not in
general obey the Beer-Lambert law; that is,

;i # e49aL

Instead it is necessary to prescribe an array of lines
and carry out the integration prescribed by Eq. (18).
The result for ? is called a narrow-band model. For
example, the Goody narrow-band model gives

T = exp
- (S/d&Y

1 + [W4-Wny/41
(19)

where X is the absorber-partial-density-path-length
product paL and (S/d) and 7) = n/d are narrow-band
parameters, the mean line-intensity-to-spacing ratio and
mean line-width-to-spacing ratio, respectively.

There are thus seen to be two �spectral� quanti-
ties, (1) the true spectral transmissivity 7, which does
obey the Lambert Beer law but which fluctuates so
rapidly with wave number that it is useless in practical
calculations; and (2) the spectrally smoothed trans-
missivity ?. The smoothed spectral emissivity 1 -? of
a gas thus varies with X in the peculiar way prescribed
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by Eq. (19). When X is very small, the emissivity
grows linearly with X. When X is somewhat larger, it
may grow as a. Finally, when X is very large, it

grows as 1 - e+P (according to this particular
narrow-band model). The line width varies with
collision frequency and hence pressure and composi-
tion; thus when emissivity varies with fi, there is a
fi dependency as well. At high pressure when ry/d
is large, the Beer-Lambert law does apply, with (S/4
playing the role of R,. The lines are said to be
overlapped.

A wide-band model prescribes how (S/&)  and n
vary with wave number. The model can either be
rational, that is, a quantum mechanical-based model, or
arbitrary. Among the former is the harmonic oscillator-
rigid rotator model, which prescribes, approximately,

1) = pp,

Among the latter are the Schack model,

(21)

“=($ (,--7y+--voi<q ( 2 2 )

and the exponential-tailed band model,

s s-= -
d 0

d exp f- 21~ - v0lbjo

1) = Pp, (24)

Equations (20) and (21) or (23) and (24) give a
reasonably accurate model for representing measure-
ments of gas properties, because they make provision
for both line and band structures. A wide-band model
is thus seen to depend on three parameters, the band
width parameter w, the line width parameter /3, and
the �integrated band intensity� cr (not to be confused
with absorptivity),

which sets the value of (S/4,.  The band origin v.
locates the band spectrally.

For CO2  bands, tik for the kth absorption band is
small. Even for H20 bands it is not unreasonable to
make the band approximation based on the idea that
the band origins are widely separated compared to the
band widths, that is, tik <Auk. The band approxima-
tion is thus

/

+-

(1 - empa�&)  d(v - vk) (26)
--m

The quantity with units of wave number is the band
absorption,

/

+-
Ak = (1 - eVPaKd) d(v - vk) (27)

--m

Ak = I (1 - 7) d(v - vk) (2%
J-C.2

When one introduces a wide-band model, one finds

-�b
-4: = ; = F+H, k, 77k) (29)

where rH, k is the �optical thickness at the band head�
(for an exponential-tailed band model):

(30)

Section E presents formulas, tabulated physical values,
and graphs for finding rH, k and �rjk  for combustion
gases H20, CO*, CO, NO, SO*, and the fuel CH4. The
values there are based on collision-broadened lines. At
very high temperatures and low pressure, Doppler
broadening would have to be considered for gases
(such as HF and HCl) with small values of line
width-to-spacing ratio.

The band absorption property is seen to be a
spectrally integrated property that is nevertheless not a
total property, because it is not integrated over the
total spectrum. Total emissivity and absorptivity are
defined on the basis of a total-spectrum integration.
Consider a gas at temperature Tg exposed to black-
body environment at  temperature T,. The total
emissivity is

es G
zkAkzbfVk,  rg+

C&VT
= &b,?& = &bkO/&  ( 3 2 )

where

bk = 7Tzb+k, Tg+ B+k, T,+

CSTg4 = CsT;
(33)
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Similarly, the total absorptivity is

/
=-=(I  - F)Ibfv,  T,) dv

0

ag =

I

(34)
OD~b+, T, j dv

0

(35)

Having a graph of calculated or experimentally
measured total emissivity eg, one often wishes to make
a quick estimate of total absorptivity. Approximate
rules for finding os from eg follow from Eqs. (32)
(33) and (35). The recipe is to find a scaled length L’,
look up the emissivity at the environmental tempera-
ture, and correct it back to the gas temperature:

q&T,,  Tg, PL, P,) G $
l/2

0
~gfW’L’,  PA- (36)

e

The rationale of finding eg at temperature T, is that
the VdUeS of bk(Te  j are correct. The correction of

(TgPe) �* is based on the fact that akfTg j varies as
T”* The recipe for L’ must account for the variationg *
of both rH,k and qk with temperature.  At high
temperature and pressure the lines are overlapped so
that the large VaheS of �nk  are no consequence. Thus
one wants

(37)

For the important fundamental bands, (Ilk is constant
in Tg; thus we obtain Penner�s rule:

T 312

Lr=L* f0
(7)k > l) (38)

g

At moderate temperatures and atmospheric pressure,
A$ depends on qkrH,k,  and vk goes approximately as
Tf* (300 < Tg < 1 200 K). Thus we obtain Hottel�s
rule:

(39)

Figures 6 and 7 present total emissivity charts for
gaseous CO2 and H20, respectively. The charts pertain
to a dilute mixture of the radiating species in a
mixture with nitrogen at a total pressure of one
atmosphere. Section E explains how the charts were
calculated and how to treat other values of total
pressure. In the range where Eq. (38) applies, there is
no pressure correction. In the range where Eq. (39)
applies, L*(T,/T,)  is multiplied by P,; that is,

0 1983 Hemisphere I
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Figure 6 Total emissivity of CO, gas. From [ 191.

Figure 7 Total emissivity of H, 0 gas. From [ 191,
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L’=L. 2 .p,
0 g

(40)

This equation and Eq. (39) with T, = Tg apply to the
emissivity as well. The dimensionless equivalent broad-
ening pressure P, is found from Eq. (57).

Section F deals briefly with gas mixtures.

E. Molecular gas radiation properties

Given a narrow-band model such as Eq. (19) and a
wide-band model such as Eqs. (23) (24), one needs
values of band width wk, line width-to-spacing parame-
ter Cjk, and band intensity ok or optical thickness
rH, k = (Y&c+ With these VdU’3  and Eqs. (19) and
(23), (24), one can find spectral properties or one can
find band absorption via Eqs. (27)-(29).  The determina-
tion of wk, flk, and ffk or rH, k and the specification of F
in Eq. (29) are now described.

Table 1 contains the necessary information. Shown
for each gas are the principal radiating bands such as
the 6.3~pm  Hz0 band. Each band is described by a set
of vibrational quantum number increments +-6 r , +_&a,
s,,.. such as 0, 1, 0 for the 6.3-w Ha0 band.
The number of vibrational degrees of freedom, m = 3
for HzO, and the wave number vi and statistical weight
gi associated with each is shown. A band with a single
nonzero positive value of 6i equal to unity is called a
fundamental band, and unless a symmetric vibration is
associated with it, is strong. The symmetric band, such
as the COe 1, 0, 0 has negligible intensity except at
high pressure, where it is said to have a pressure-
induced (collision-induced) dipole. Thus the symmetric
diatomic gases 02, Nz, Hz, etc., do not appear in the
table. A band with a single nonzero value of hj equal
to 2 or more is called an overtone and is weak, often
enough so to be neglected. A band with two or more
nonzero values of 6i is called a combination band, such
as the 9.4-w CO*  band.

The band spectral location is in the vicinity of the
sum of the k6iVi  products. The spectral location
recommended for calculation is shown in the table as
either a band center V, for an approximately sym-
metric band or as an upper limit V, for the 4.3-m
band, which has a �head� at approximately 2 410
cm-�. Numerical values are shown for pressure
parameters n and b and band absorption parameters
(~0,  PO , and QO.

The band width parameter wk for the kth absorp-
tion band is readily calculated from the values given in
the table. It is simply

T
l/2

ak=aO z0 (41)

where o. is related to the rotational constant B (half
of the line spacing d) by

wo = o.90r2 f;) (z&y (42)

where To = 100 K has been chosen for the table. Thus
for the 6.3+m Hz0 band at 1 000 K, w =  5 6 . 4
(1 000/100)1�2  = 178.4 cm-� . The quantity ok is the
value o. for a fundamental band, but in general for a
combination or overtone band,

(43)

where

hcvi  hc
u.=~ k= 14388pK1

and

9(T) =

lI~lZ~=u,,i[(Ui  + gi + 6i - I)!/(gi  - l)!ui!]e-Uiui

llrl E~=o [(Vi  + gf - l)!/(gi - I)!+!]  edUiui

(45)

i

0 when a positive sign is associated with 6i,

uO,i  = Or&i=0

6i when a negative sign is associated with 6i

(46)

Note that the values of 6i shown in the equations are
understood to be the absolute values unless preceded
by +; then the appropriate sign is to be associated with
hi.

The line width-to-spacing parameter /3 is given by

(47)

where

@+Tj  =

(Fig”=,  E&uo,i{ [(Ui + gi + 6i - l)!/Cpi - l)!Ui!] fZ-uiui)1�2)2

I& Z&UO,I�[(uj  + gj + tjj - l)!/(gi - I)!uJ  e-‘i”i

(48)

Notice that the 2.7-m Hz0 band is composed of
three superposed bands, in order of importance, the (0,
0, l), (1 , 0, 0), and (0,2,0) bands. For such a band it
is necessary to compute three values of oi and three
values of pi and then combine them:
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Table 1 Exponential wide-band-model parameter@

Vibrations
Pressure parameters Spectral location Band absorption parameters

Gas
Yky Bands b

�0 �Ul 00 9 WOl
cm- � 6,,6,,... n (T, = 100 K) cm-� cm-� cm-� /gm m-� p0 cm-�

(1)  H,O

(2) cqd

(3)CO

( 4 )  NO

(5)SO,

(6) W,

m=3
v, =3652
v2 = 1 59.5
vj =3156

g, = 1
g, = 1
g, = 1

m=3

�,  = 1 3 5 1
v2 =661
vj =2 3 9 6

g, =1
g, =2
57, = 1

m = l
�,  = 2 1 4 3

g, =I

m = l
v1 = 1876

g, =l
m =3
v, = 1 151
u2  =519

ug = 1361

g, = 1
g, = 1
g, = 1

m =4
v, =2914
v2 = 1 5 2 6

us = 3 0 2 0

v4 = 1 306
g, = 1
g, = 2
g, = 3
g, = 3

(1) Rotational

ww
(2)6.3  pm

OJ,O
( 3 ) 2.7 p m

0,2,0
~,Os-J
ml

( 4 ) 1.87 p m
O,l,l

( 5 ) 1 .38  pm
l,O,l

(1) 15 km

O,l,O
( 2 ) 10 .4  I.rrn

-l,O,l
(3)9.4 pm

0, -2,1C
(4)4.3 pm

O,O,l
( 5 ) 2 .7  Mm

1,091
( 6 ) 2.0 p m

u3J
(1) 4.7 pm

1
(2)2.35  pm

2
(1) 5.34 pm

1

(1) 19.27 I.trn

0,170
( 2 ) 8 . 6 8  pm

l,O,O
( 3 ) 7 . 3 5  pm

WV
(4)4.34  pm

uxo
(5)4.0  pm

1,&l
(1) 7.66 pm

W,O,l
( 2 ) 3 . 3 1  Mm

0,0,1,0
( 3 ) 2 . 3 7  pm

1,0,0,1
( 4 ) 1 .71  pm

1,1,0,1

1

0 . 7 1.3

0 . 8 1.3

0 . 8 1.3

0.8 1.3

0 . 6 5 1.3

0 . 6 5 1.3

0 . 8 1.1

0 . 8 1.0

0 . 6 5 1.0

0 . 7 1 . 2 8 519 4 . 2 2 0 . 0 5 2  9 1 3 3 . 0 8

0 . 7 1 . 2 8 1151 3 . 6 7 4 0 . 0 5 9 5 2 2 4 . 8 3

0 . 6 5 1 . 2 8 1 361 2 9 . 9 7 0 . 4 9 2  9 9 8 . 7 8

0 . 6 1 . 2 8 2 350 0 . 4 2 3 0 . 4 7 5  1 3 1 6 . 4 5

0 . 6 1.28 2 5 1 2 0 . 3 4 6 0 . 5 8 9  3 7 1 0 . 9 1

0.8 1.3 1310 2 8 . 0 0 . 0 8 6  9 8 2 1 . 0

0 . 8 1.3 3 0 2 0 4 6 . 0 0 . 0 6 9  7 3 5 6 . 0

0.8 1 . 3 4 2 2 0 2 . 9 0 . 3 5 4  2 9 6 0 . 0

0 . 8 1.3 5 861 0 . 4 2 0 . 6 8 5  9 8 4 5 . 0

8.6(T,lzyZ  + 0.5 1 4 0 10 400.0b 0 . 1 4 3  lib 57.lb

8.6(To/7y  + 0.5 1600 41.2 0 . 0 9 4  21 5 6 . 4

8.6(T,/Ty  + 0.5 3 1 6 0

8.6(T,lTy’  + 0.5 5  3 5 0

8.6(T,lTy  + 0.5 1 2 5 0

661

9 6 0

1 060

3 6 6 0

5  2 0 0

2 143

4  2 6 0

1876

0.19
2 . 3 0

2 2 . 4 0
3 . 0

2.5

0 . 0 7 3  6 1 6 0 . 0

0 . 0 8 1  6 9 4 3 . 1

0 . 1 1 6  2 8 3 2 . 0

1 9 . 0 0 . 0 6 1 5 7 1 2 . 7

2 . 4 1  x 1O-9 0 . 0 4 0  1 7 1 3 . 4

2 . 4 8  x lo-¶� 0 . 1 1 8  88' 10.1

2410 110.0 0 . 2 4 1  2 3 11.2

4 . 0 0 . 1 3 3  4 1 2 3 . 5

0 . 0 6 6 0 . 3 9 3  0 5 3 4 . 5

2 0 . 9 0 . 0 7 5  0 6 2 5 . 5

0 . 1 4 0 . 1 6 7  5 8 2 0 . 0

9 . 0 0.180 50 2 0 . 0

aFrom Edwards and Balakrishnan [ 151, with permission.
bFor the rotational band of H,O, afTj = 0~~ exp f- 5.O(T,,/T)��)  and pfTj- =P,(T/T,)-I’*.  Adapted from Modak (Factory

Mutual Res. Rep. OAOE6.8U  RC78-BT-19).
CBecause  of Fermi resonance between the v1 and 2v, levels, the \~r and Q functions for the 1 060 cm-� band are to be those of the

960 cm-�  band; i.e., use the set of 6�s for the 960-cm-�  band to get q and Q,  for either band.
dThe l,O,O  band of the linear CO, molecule appears only at high pressures when a dipole is induced by co&ions.
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(49)

Because the formulas for computing 9 and @ are
rather complex, convenient graphs giving TH,k and &
are presented in Figs. 8-11.

The equivalent broadening pressure P, is based on
a simplified kinetic theory of molecules with optical
collision diameters, D, for the absorbing species, and
Db for the broadening species taken here to be nitro-
gen. The line width y results from the natural lines
being shifted spectrally during molecular collisions and
is proportional to the collision frequency F, + Fab,
where

where

Dab = :@�a  + Db) (52)

Thus one expects that

where

l/2

(53)

(54)

(55)

On empirical grounds the expression is adjusted by
exponent n. Thus rl is written

q+ Pp,

where

(56)

(57)

where x is the mole fraction Pa/P.  Table 1 gives
recommended values of n and b for PO  = 1 atm. Note
the strong temperature dependence of b for the Hz0
moldcules.

With values of ?H,k and 7)k, one can find Ak* from
the four-region expressions as follows:

1. The linear region for small optical depth and
high pressure,

l0000
C O ,  A N D  C O

I 4 0 0 0 P,L=IATMMc
d2 200(
Y lOO(
dd .
1 400
c

x

d 100
u
c
0

200 P
40

20

19k560c  � � 1 � � �1000 1500 2000 2500
G A S  T E M P E R A T U R E ,  K

Figure 8 Optical depth at band head, CO and CO,. From [ 15 1.

Y
4.7rrm,  CO

i 0 . 0 4 ‘

300 500 1000 1500 2000 2500

GAS TEMPERATURE,  K

Figure 9 Line width parameter, CO and CO,. From [ 15 1.

v
P,L=  I ATM  M

300 500 1000 15co 2000 2500

GAS  TEMPERATURE, K

Figure 10 Optical depth at band head, H,O. From [ 151.

3
w 0.02 -
z
-. 0.01 I I 1 I I

300 500 1000 1500 2000 2500

GAS TEMPERATURE,  “K

Figure 11 Line width parameter, H, 0.
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TH,k G 1 TH,k G 7)k Ak* = rH,k (584

2. The square-root region for small to moderate
optical depth and low pressure,

qk
l?k G 1 A k* = (4r)kTH,  k)l’* - qk

W)

3. The log-root region for large optical depth and
low pressure,

(58~)

4. The log region for large optical depth and high
pressure,

When the approximate four-region expressions are com-
pared with exact numerical integration of Eq. (28),
they are found to be higher. However, the values in
Table 1 were found by correlating the approximate
four-region expressions to band absorption measure-
ments; thus use of the four-region expressions gives
results that agree (+15%)  with physical reality. If one
wants to employ Eq. (23) for approximate spectral
calculations, it is recommended to increase the value of
wk obtained from the table by 20%.

Even when one intends to use a total emissivity
chart, it is well to calculate rH,k and l)k of the two or
three most important bands in order to know whether
to apply Eq. (38) or (39) to obtain total absorptivity
and to know whether or not to apply the pressure
correction according to Eq. (40). Furthermore, one
needs to know where in Table 2.9.6(l)  to find the

Table 2 Band absorptions for a gas mixturea?  b

r e l a t i o n  b e t w e e n  b e a m  l e n g t h  a n d  g e o m e t r i c  m e a n

beam length as described in Sec. 2.9.6B.

F. Gas mixtures

For overlapping bands of the same species, the line
structure is similar, and one employs Eqs. (49) and
(50). For overlapping bands of different species, one
expects that there is no correlation in the line struc-
ture so that the product of the individual transmissivi-
ties, each given by Eq. (18), applies on a spectral basis.

~v,mix = II F�,i (i is the species) (59)

Ev,mix = %,mix = 1 - fv,mk (60)

If one wants to make a hand calculation and avoid
detailed spectral calculations, one uses a block calcula-
tion procedure as follows:

1. Determine for each band of each absorbing-
emitting species the band absorption Ai.

2. Assign to each band a band transmissivity Tg,i
based on

rH,i  dAT < 090
Tg,i=*-l .

Ai dTH,i
(61)

where AT comes from Eqs. (58a,  b, c, or d). If the
indicated transmissivity from Eq. (61) is greater than
0.90, the value 0.90 is used.

3. Find the band width:

Ai
AUi = ___

l - Tg,i
(62)

4. Following recommended center or upper-limit
locations, locate the bands.

Band Band
absorption transmissivity Band width Lower limit Upper limit

Species i gas Band j region ALi, cm-� Tg, Li AVi,j, c m - �  Voi,i, cm-� vu ii, cm-�I ,

1 H,O 1 Rotational 11.5 0.137 8 9 8 0 8 9 8
2 6 . 3  ,um 6 3 8 0 . 3 3 1 9 5 4 1 123 2011
3 2 . 1 pm 616 0 . 3 3 2 1012 3 254 4 266
4 1 . 8 7 pm 171 0 . 5 9 4 4 2 2 5  1 3 9 5 5 6 1
5 1.38 pm 131 0.610 3 3 6 1 0 8 2 1 4 1 8

2 c o , 1 15pm 2 0 5 0 . 2 3 2 2 6 6 5 3 4 8 0 0
2 10.4fim 10 0 . 9 0 100 910 1010
3 9 . 4  pm 10 0 . 9 0 100 1010 1110
4 4 . 3 pm 2 6 0 0 . 1 6 1 3 1 0 2 100 2 4 1 0
5 2 . 7  pm 2 2 0 0 . 4 0 0 3 6 6 3 4 7 1 3 843
6 1.9 pm 9 0 . 9 0 9 0 5 15.5 5 245

3 c o 1 4.7 I.crn 8 9 0 . 5 2 7 1 8 8 2 049 2 2 3 1
2 2 . 3 5 p m 3 0 . 9 0 3 4 4  2 4 3 4 211

=From  Edwards [ 191.
b0.18 H,O, 0.06 CO,, 0.03 CO, 0.73 N,,P = 1 atm, L = 3 m, Tg= 1400 K.
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2 . 9 . 5 - l  2 2.9 HEAT TRANSFER BY RADIATION / 2.9.5 Gas Radiation Properties

Table 3 Block calculation of total emissivity and absorptivitya*b

Block Lower Upper Block Fractional Block Fractional Block
number limit limit transmissivity function fraction function fraction
k “k “k+l 7n, k ff T&k+ Q. k Afk ff T&k% ‘$. k Afk

1 0 534 0.137 1.000
2 534 800 0.032 0.993
3 800 898 0.137 0.979
4 898 910 1.000 0.971
5 910 1110 0.900 0.970
6 1110 1 123 1.000 0.957
7 1 123 2 049 0.331 0.950
8 2 049 2 077 0.174 0.797
9 2 077 2 100 0.527 0.792

10 2 100 2 237 0.085 0.787
11 2 237 2 410 0.161 0.758
12 2 410 3 254 1.000 0.719
13 3 254 3 477 0.332 0.534
14 3 477 3 843 0.133 0.486
15 3 843 4 243 0.332 0.413
16 4 243 4 266 0.299 0.339
17 4 266 4 277 0.335 0.335
18 4 277 5 139 1.000 0.332
19 5 139 5 155 0.594 0.211
20 5 155 5 245 0.535 0.209
21 5 245 5 561 0.594 0.199
22 5 561 7 082 1.000 0.165
23 7 082 7 418 0.610 0.063
24 7418 - 1.000 0.050

0.006
0.014
0.007
0.000
0.001
0.000
0.102
0.004
0.002
0.027
0.033
0.000
0.032
0.063
0.049
0.003
0.002
0.000
0.001
0.005
0.014
0.000
0.005
0.000
0.370

1.000
0.985
0.961
0.948
0.946
0.920
0.909
0.676
0.668
0.662
0.623
0.575
0.357
0.309
0.242
0.182
0.179
0.177
0.090
0.089
0.083
0.064
0.016
0.012

0.013
0.023
0.011
0.000
0.003
0.000
0.156
0.007
0.003
0.036
0.040
0.000
0.032
0.058
0.040
0.002
0.001
0.000
0.000
0.003
0.008
0.000
0.002
0.000
0.438

�From Edwards [ 191.
b0.18H,0,0.06CO,,0.03CO,0.73N,,P=1atm,L=3m,Tg=1400K,T,=1  100K.

5. Order the band limits in ascending order of
wave number, starting with zero, and find the trans-
missivity in each block between limits. For the kth
block, the transmissivity is

T&k = n Tg,i (63) Es =

where the product is over all bands within the block
(the bands outside the block have a transmissivity of
1.0 within the block).

6. Use the blocked-out Tg,k as desired to calculate
total transfer factors or total absorptivity and emissiv-
ity. For example, for total emissivity,

(64a)Eg =

Note that the block procedure outlined here is
preferable to using Eq. (32) or (39,  even when a pure
species (with or without transparent broadener diluent
gas) is involved, when the absorption bands are wide.

Tables 2 and 3 show a sample block calculation.

Nomenclature for Section 2.9.5 appears at the end of Section 2.9.8.
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2.9 HEAT TRANSFER BY RADIATION 2.9.6-l

2.9.6
Radiation transfer

with an isothermal gas

D. K. Edwards

A. Heat transfer at a black wall

Often for design purposes a combustion chamber or
chemical reactor can be modeled as containing a well-
mixed gas, one with uniform temperature and composi-
tion, excluding the wall boundary layer. Suppose, for
now, that the boundary layer has a negligible effect. The
net spectral radiant heat flux across any plane can be
written

21T
4=
//

lrl2
(I�  -I-)  cos 8 sin 8 d0 & (1)

0 0
At a black wall,

and, from the solution to Eq. 2.9.5(6) with I = I,( T,,,)
at s = 0,

(3)

Here the term Ib(T,,,)  is the intensity of the wall across
the chamber a distance L-(8, @J) away, e-kaLfeY@+  is
the transmissivity of the gas, and 1 - e-kaLfe,O) is the
emissivity of the gas. The irradiation is seen to be made
up of two contributions, transmitted wall radiation and
emitted gas radiation. Substitution into Eq. (1) gives,
assuming that the wall is isothermal,

q=(B,-Bg)l  2n
n/2

71 //0 0
X (1 - eWkaLfeyb+) cos e sin e de & (4)

0 1983 Hemisphere 1
r

ttL

The heat flow is

X (1 - eekQL  fe,G+) cos e sin e de d@ &I,

which may be expressed as

i! = (Bw -B&w 5wg
where the wall-to-gas transfer factor is

(5)

x [i - eekaLfe,@+]  cos e sin e de d@dA,
(64

Because, from Eq. 2.9.1(4),

dC2 =
cos 0’ dAI,

L2

one can write equally well

(6b)
One finds that the transfer from a black isothermal wall
to an isothermal gas is the shape factor-weighted gas
emissivity along all possible paths from the wall through
the gas. Of course, Eq. (5) requires spectral integration.
For now we focus on the geometric aspects of the trans-
fer process.
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2.9.6-2 2.9 HEAT  TRANSFER BY RADIATION  / 2.9.6 Radiation Transfer with an Isothermal Gas

B. The mean-beam-length concept

In view of Eq. (6b),  it is natural to define a mean beam
length Lmb such that

5,g=(1 -ee- kaLmb,)F,,,-,,,  = 1 - e-kaL,b (7)

where for a complete enclosure F,,,-,p = 1. A strong
motivation in defining L&, is the expectation that an
engineering approximation for it will be easily found.

Consider, as a specific example, the situation for
the sphere as pictured in Fig. 1. There it is clear that
L+e, tp j = 2R  cos e. Thus, Eq. (7) reduces to

n / 2

(1 - e-kaLmb)sphere  =
/

(1 -e- 2kaR cod
)

0

x 2 cos e sin 8 d e (8)

The answer for kaLmb is seen to be a function of the
optical depth, say, across the diameter, k,D. It may be
written formally as

but the form of Eq. (8) shows the situation more physi-
cally. The possible paths are seen to range in length from
zero to one diameter. Clearly the mean beam length of
the sphere will be less than the diameter.

In the limit as absorption coefficient goes to zero,
that is, when the gas is optically thin, the approximation
can be made:

1 - edkaLmb  & kaLmb

1 - eskaL  + k,L

Then Eq. (8) with 1-1  = cos 8 reduces to
1

Lmbg,sphere = D
/

2p2 dp = $ D
0

(10)

The subscript g here denotes the geometric mean beam
length,

Lm b g  = lh Lmb (11)
ka’0

so called because the value of k, cancels out, and only
the geometry governs the value.

Absorbing/
emit t ing
particles or
molecules

Figure 1 Path length in a sphere.

If one tries the approximation

3wg- 1 -ee- kaLmb G 1 - e-kalmbg (12)

and compares it with exact calculation of Eq. (8), one
finds for the sphere that the approximate value of T,,,~ is
within 1% of the true value when uaLmbg is less than
0.25 and at worst is only 5.2% high. If one repeats the
comparison for the infinite cylinder and slab, one finds
that the accuracy is not as good, but if one uses Lmb +
o.9Lmbg when kaLmbg exceeds, say, 0.1, then the error
is less than 7%.

We see that an estimate of the geometric mean beam
length leads easily to an engineering estimate of the
transfer factor via Eq. (12). Thus it is of considerable
interest to know that Lmbg is very readily found for the
one-wall, one-gas enclosure. Recall that in finding a
transfer factor one can think of the source blackbody
radiosity, here Bg, as having the value unity and the sink,
here B,, as having the value zero. Using this concept
and combining Eqs. (5), (7), and (11) gives

L Q
mbg = fim ___

ka’0 4vkaBg

But we have found that for an optically thin sphere,

0 = 4rrR2Bg$Dka  = +R3kaBg

i)=4VkaBg V=$rR3

Any arbitrary volume of gas V, can be filled with
spheres with a spectrum of sizes as closely as desired.
Since the volumes sum to V,, the total power emitted
sums to

0 = 4VgkaBg

Substituting into the expression for Lmbg gives

L 4v,
mbg =-

A,

03)

(14)

Equation (14) states that the geometric mean beam
length is simply four times the gas volume divided by the
wall area totally enclosing it. With this easily calculated
value, the transfer factor is readily approximated via Eq.
(12), and the heat transfer is found from Eq. (5). Note
that for a long duct or tunnel, where A, = P,,,L and
V, = A,L, the geometric mean beam length is identical
to the hydraulic diameter 4A,/P,.

The mean-beam-length concept, derived here on a
spectral basis, can be put on a band or total basis. Inte-
grate Eq. (4) or (5) over the spectrum. If the band ap-
proximation is suitable, one obtains

i! = c @w,k -Bg,k)Aw~kA%PaLmb.k~

k
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2.9 HEAT  TRANSFER BY RADIATION  / 2.9.6  Radiation  Transfer with an Isothermal  Gas 2.9.6-3

where

x A,$fp,L) cos e sin 8 de d$ dA w

06)

In general, the exact value of the mean beam length is
different for each of the absorption bands, but, in prac-
tice, one may approximate L,,,b,k with L&s, or a frac-
tion of L&,&r appropriate to the most important band.
This fraction has been found for the exponential band
model with overlapped lines (n = Pp, > 1) for the
sphere, cylinder, and slab geometries as shown in Table
1. The table shows that for a strong band, Lmb =
o.%nb, will do nicely for the cylinder or sphere, but
for a slab, L,,,b = 0.8&,,.

C. Wall layer transmission

Section 2.9.7 deals with radiation transfer within a non-
isothermal gas. At a cold black wall exposed to hot
gases, the irradiation upon the wall is less when a cold
boundary layer exists, because not all increments of path
along an incident beam are at the high temperature.
Based on an analysis of thermally developing entrance
flow of an absorbing-emitting molecular gas in a parallel-
plate duct, Balakrishnan  and Edwards [9] proposed that
Eq. (15) be multiplied by a wall layer transmission fac-
tor TWL,k,

QO-X
- =
Aw

@w,k -Bg,k>WkAk*(PaLmb,k)7WL,k  (17)
k

Table 1 Mean beam length for the slab, cylinder,  and
sphere

Optical depth
at band head
(based on
plate spacing
or diameter)

Ratio of mean beam length
to geometric mean beam length

‘hnb&nb~

Slab Cylinder Sphere

0.00
0.01
0.02
0.05
0.10
0.20
0.50
1.0
2.0
5.0

10.0

1.00 1 .oo 1.00
0.99 1.00 1.00
0.98 1 .oo 1.00
0.96 1.00 1.00
0.95 1.00 1 .oo
0.93 1.00 1.00
0.88 0.98 0.99
0.86 0.95 0.98
0.84 0.93 0.91
0.83 0.91 0.94
0.83 0.90 0.92
0.83 0.89 0.91

where

‘WL = Re0.37.x [1-exp(-(&)�*6)-]  (18b)

where D is hydraulic diameter, Re is Reynolds number
based on hydraulic diameter, x is the length from the
beginning of the developing thermal boundary layer,
and rHjJ&  is the optical depth at the kth band head
based on the hydraulic diameter (identical to the geo-
metric mean beam length), akpaD/mk.  Note that Eq.
(17) is not for the local heat flux at a value of x, but the
average heat flux for the region between 0 and x.

D. Radiosity-irradiation formulation at an
isothermal-gas-filled-enclosure wall

On a true spectral basis, Eqs. (2) and (3) may be re-
placed with

I; = EiIbbf  Ti) + (1 - ei)ly (19)

1; = Ii+eMkaL  + Ib( Tg j(1 - eekaL) (20)

When these expressions are substituted into Eq. (1) and
a mean-beam-length concept is invoked, the flux is

41=4f-47 (21)

qf = EiBi  + (1 - ei)qi (22)

n.
(1; =

c
Fi-i [L7j+Tg, i-i + (1 - Tg, i-i)BgI (23)

j=l

where

1
Tg, i-j = e -kaLi-j = -

AiFi-i
e-kaL

X
COS 8i COS Bj

lrL2
dAi dAi (24)

The path L is the distance between differential areas
dAi and dAi, and Li-i is the mean beam length for the
finite areas Aj and Ai.

Oppenheim and Bevans  [7] derived expressions for
the geometric mean Li-i for adjacent and opposite rec-
tangles, and Dunkle [S] integrated the expressions and
provided numerical values. Table 2 gives the integrated
expressions, and Table 3 some numerical values. Dunkle
goes on to state that the Lg,  1 -a for a finite sphere of
radius R to a rectangle is the value for the point sphere
minus (2/3)Z?.  He also recommends approximating the
human form as a sphere with (2/3)R = 0.26 m. The
values of geometric mean beam length between areas i
and j, L,i-i is a close upper limit to the true mean beam
length Li-i.

0 1983 Hemisphere  Publishing  Corporation

---



2.9.6-4 2.9 HEAT TRANSFER BY RADIATION / 2.9.6 Radiation Transfer with an Isothermal Gas

Table 2 Closed-form expressions for geometric mean beam lengths between rectanglesa

Geometry Expression

1. Opposite rectangles
a 4

ZF,e2  = nxy
[

XYtan-’
XY

\/1+x2++
+xln x+d1+x2+y5

(x+diTT,diTF

Y+& +x2  + Y2

+ Y*n (Y+diTF)diTP
+m+m-&+xz+Y2-l 1

X = a/c

Y=bfc

2. Adjacent rectangles

X=a/c

Y=bfe

1ZFlm2  =m
1
3X�ln

(1 +m)vI57

X(1 +41 +x2  + P)

+3Y2,n  (l+m)m

Y(l +\/i +x2  + P)

+3x2(~l+x2+Y2-~FG-~)+3Y~(~l+x2+Y*

- &P-F7 - diT7) + (1 +x2)3/2  + (1 + Y2)J�2  + (X2 + Y2)J�2

-(l+x*+Y*)~�~+2X3+2Y3-1 1
z = L&l-2lc

�See  Table 2.9.3(l) for F,, kxpressions.

The rules of shape factor algebra, illustrated in Figs.
2.9.3(l)-2.9.3(3),  apply to geometric mean beam
lengths when G is understood to be

Gi-i = Gi-i  = L,i-iAiFi-i (25)

It is clear that Eqs. (22) and (23) are of the same
form as Eqs. 2.9.3(13)  and 2.9.3(14), and solution by
matrix inversion (or reiteration) may be accomplished
as explained in Sec. 2.9.3B.

E. The radiation network with a gas

Just as a network interpretation exists for Eqs. 2.9.3(12)-
2.9.3(14), so does one exist for Eqs. (21)-(23).  Since
Eqs. (21) and (22) are exactly Eqs. 2.9.3(12) and
2.9.3(13), Eqs. 2.9.3(49)  and 2.9.3(50) remain in force,
showing that each surface has a surface resistance as
depicted in Fig. 2.9.3(S). Equations 2.9.3(47) and
2.9.3(48) are based on Eqs. 2.9.3(12)  and 2.9.3(14), and
must be replaced by relations following from Eqs. (21)
and (23).

&=qiAi=  n
c

AiFi-i  Tg, i-i (qf - 4;)
j=l

nI.
+

c
A iFi-j  (1 - Tg, i-j)(qr - Bg) (26)

j=l

This relation shows (1) that the internodal resistances
Ri-i  become

0 1983 Hemisphere Pu
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1
Ri-i  = AiFi-iTg,i-j (27)

and (2) that for every internodal resistance Ri-i  (includ-
ing Ri-i), there is a node-to-gas-node resistance in
parallel. Since parallel conductances  add,

1 n-=
Ri-g 2

AiFi-i (1 - rg, i-i)
j=l

(28)

It is imperative that the Fi-i  contribution (if any) not be
overlooked. As an aid to the memory in this regard,
Oppenheim advocated drawing the otherwise useless
appendage Ri-i = l/AiFi-iTg,i-i  on the network as
shown in Fig. 2, which summarizes the rules for drawing
a radiation network. Figure 3 shows a complete network
for the case n = 2.

F. Some useful results

For a gas containing spray droplets or particles, the
spectral variation in absorption coefficient may often
be overlooked. A gas such as Hz 0 vapor with several
wide, weak bands may be similarly treated to a lower
level of approximation. For the particle-laden gas,
7g i-i is emkaLi-i  as given by Eq. (24), and es,i-i is 1 -
rg,i-i.  For the H2 0 vapor, eg,i-i is found from Fig.
2.9.5(7) using the mean beam length Li-i  and rg,i-i=
1 - ea,i-i. Using the radiation network, one can quickly
develop working relations for the following cases:
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2.9 HEAT  TRANSFER BY RADIATION  / 2.9.6 Radiation Transfer with an Isothermal Gas 2.9.6-5

1. A gaseous source and a sink
2. A gaseous source, a refractory, and a sink
3. A source, a sink, and an adiabatic gas
4. A source, a sink, a refractory, and an adiabatic

gas
5. A source, a sink, and a gaseous source or sink

As in Sec. 2.9.3E,  the results are subject to assumptions
of perfectly diffuse gray surfaces and, in addition, to
well-stirred gray gas. Note that when the gas is a source
or sink, it is presumably due to flow, perhaps with
chemical reaction or change of phase, so that the heat
flow from the gas & is provided (or taken up) by an
enthalpy change as follows:

I;l,cir,,i  - ig,o> = i)g (29)

Table 3 A short table of geometric mean beam lengths

where tig is the mas_s  flow rate of the gas mixture
through the enclosure, h,,i is the specific enthalpy of the
entering gas mixture including heats of formation or
combustion, and ig,O is the specific enthalpy of the
exiting gas mixture at temperature Tg. As an approxima-
tion, it is frequently possible to write Eq. (29) in the
form

kgcp,g(Tgf - Tg)  = bg (30)

where Tgf  is a fictitious gas temperature (not the
completion-limited adiabatic flame temperature, it is
emphasized) found from

Tgf =
r"fCp,fTf,i+  liZf  Ai + Ijz,cp,aTa

mg%,g
(31)

1. Opposite rectangles
a

2. Adjacent rectangles

b
2d90�

c
a 1

X=a/c

Y=bJc

X = aft

Y=bfc

Z=L,,-,lc

3. Point sphere to rectangles

C/ a X = aJc.
Y=b/c

Z=L*.,-ZIG

x=0 1.00 1.00 1 .os 1.23 1.27

0.1 1.00 1.06 1.23 1.27

1 1.11 1.30 1.35

10 1.62 1.75

2.00

\=a.1 1 0.2 1 1 2 10 20
\

x = 0.1 0.072 0.098 0.15 0.17 0.18 0.18

0.2 0.14 0.24 0.27 0.30 0.30

1 0.56 0.70 0.89 0.92

2 0.95 1.38 1.47

I I10 -

Z

I0 I I 1 1 ( 3.20 ( 3.96

Z

1 2 3

x=0 1.00 1.11 1.25 1.32

1 1.22 1.37 1.45

2 1.52 1.63

3 1.76
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/
j=l

Figure 2 Radiation network connections for node 1 with iso-
thermal gas g.

wkere  li?f is the fuel flow rate, cp,f is its specific heat,
Ah is the heat of reaction based on tif, ti, is the air
flow rate, cp,a is its specific heat, ljzg is the gas product
flow rate (fig = l;tf+ ha), and c~,~  is its specific heat.
The point is that, whereas in what follows we assume
that we know Tg and solve ior Qg, in fact we usually
do not know Tg but instead hg,i or Tgf and have to use
Eq. (29) or (30) together with Qg as a function of Tg to
solve for Tg.

A gaseous source and a sink model a combustion
chamber or reactor with a cooled wall. With F,,,-, = 1,
the network is simply a surface resistance and gas-to-wall
resistance. Hence

Qs A,
Aw3w-g =CJ -C,r’, = [(I -e,)/e,] + l/eg (32)

A gaseous source, a refractory, and a sink models a
direct-fired furnace. Figure 2 applies with battery B2
open circuit to make the refractory wall 2 radiatively
adiabatic :

A131-g  = l/{[U  -EI)/~IAII  + l/W&-,

+ I/@,-.2 +R,-,)I)

where

(334

1
- =AIF1-leg,l-l  +AlFl-zeg,,-2R1-g

1
R1-2  = AIF~-~~+~,~-~

1
- =AIF1-,Eg,m  + A2F2-2egg,2-2R2 -g

(334

Figure 3 Radiation network for n = 2 with isothermal gas g.

If one needs to know the temperature of the refractory,
one can solve for B2 as follows:

qf = B1 +
A,tyg(Bg-BIX1  -El)

flA1

Bg-4;
Ql-2-g  = Rlm2  +R2wg

(34a)

Wb)

B2 = q; = Bg - &,-gR,-g (34c)

(34d)

A source, a sink, and an adiabatic gas may model a
nuclear accident scenario where hot fuel rods radiate to
cold surface (spacers, carmister walls, etc.) through dry
stagnant steam. Figure 2 again applies, with battery Bg
open circuit to place the gas in radiative equilibrium.

Al 51-2  = I/{[(1  -e,)le,A,l + [l/R,-,+ l/(R,-g

+&-,)I -� + 10 -~2)/~2A21) (35)

where RI-,, Rleg, and R2+. are as shown in Eqs.
(33b-d).

A source, a sink, a refractory wall, and an adiabatic
gas may be used to evaluate the effect of a dusty or
otherwise absorbing atmosphere on the performance of an
electric or muffle furnace, for example. Figure 4 applies
with batteries B3 and Bg open circuit. Although the
network is more intricate, it remains a two-node one;
only B1 and B2 are connected. One proceeds to simplify
the network by converting the RIma, R2-3, Rsmg wye
into a delta by means of the wye-delta transformation
in Fig. 2.9.3(7). Denote the delta resistances R1-2,A,
RI-,A,  and R2-g,a. Then adding the conductances  in
parallel gives

=

83 I

R3
T

Wb)

lBgIT
Figure 4 Radiation network for n = 3 with isothermal gas g.
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2.9 HEAT TRANSFER BY RADIATION / 2.9.6 Radiation Transfer with an Isothermal Gas 2.9.6-7

~ -
Rz:~(~) = de8 + Rz:~.A (36~)

These resistances are entered into Eq. (35) to find the
desired transfer factor.

A source, a sink, and a gaseous source or sink may
model a direct-fired furnace where the refractory is
made nonadiabatic by convection, or a nuclear accident
scenario when spray cooling droplets are evaporating,
for example. Note that an additional truly adiabatic
surface may be included by using R1-2(3),  R1-g(3),  and
Rzegc3) given by Eqs. (36~c)  in place of Rle2, R1-g,
and Rz -g shown on Fig. 3. With or without the addition
of a truly adiabatic surface, the network is no longer a
simple two-node one, because three nodes are non-
adiabatic. One proceeds by converting the 1 - 2 -g
delta in Fig. 3 into a wye according to Fig. 2.9.3(7).
Denote the result as R,,Y,  R*,Y,  and R, y. Then the
resistances in series are added to give total values in each
branch of a larger wye:

R I(T)=% +R,,Y R~(T)=R~ +R,,Y

RgU-) = R, Y (37)

Finally, the wye is converted back to a delta according
to Fig. 2.9.3(7):

A131-2  =
R;f*)R;fT)

R;~T) +Rif~, +RRgfr)

R-1 R-1

Al 31-g =
l(T) g(T)

RifT) +R;(T, +Rif~,

R-1 R-1

A232-g  = 2(T)  g(T)
R;~T) +RifT, +RifT,

(38a)

(38b)

(38c)

G. Sample calculation

Suppose that a 6-m-diameter  furnace is fired by 0.15
kg/s of gaseous fuel having a lower heating value of
5 X 10� J/kg and 2.7 kg/s of air, both air and fuel
entering at 500 K. The load is at 900 K covered by slag
6 mm thick having a thermal conductivity of 2 W/mK
and an emissivity of 0.48. The refractory roof is 50 m2
in area. The furnace gas has a specific heat of 1 200
J/kgK and, for the calculated mean beam length and at
an estimated gas temperature, an emissivity eg = 0.25.
It is desired to calculate Tg, Tl , and the heat transfer
rate into the load.

If we neglect convection, we have case 2, a gaseous
source, a refractory, and a sink. We begin by calculating
A1 5 l-g from Eq. (33). The following values pertain
(assuming that eg, r -2 & eg,2  -2 ):

1 -ElRI z-z 1 -0.48

EIAI (0.48)(28.3)
= 3.83 X 10d2 mV2

R1e2 = A1F,:~g,,-2  = (28.3)&(0.75)

= 4.72 X 10e2  me2

1 1
R1-g  = A,Q+~  = (28.3)(0.25)

= 14.15 X 10d2 me2

1 1
R2-g = A2F24egg,2-1  +A2F2-2eg,2e2  = (50)(0.25)

= 8.00 X 10m2  mm2

A, 5reg = 1/[3.83 X 1O-2  + 1/{[1/(14.15  X lo-�)]

+ 1/[(4.72 + 8.00) X 10-2]}]  = 9.5 m2

Next, Eq. (30) is written for the heat balance on the gas:

hgcp,g(Tgf  - T,> = A I vg(C& - CJ�?  > (39)

where

ri~izc,,~  = (2.85)(1  200) = 3 420 W/K

Tgf= 500 +
0.15(5  x 10�) = 2 693 K

3420

A heat balance on the surface between the s and m inter-
faces is written for area Al :

A,3,-,(CsT,4  -C,Tf)=F(T, -To) (40)

where

~AI (2)(28.3) =9425W,K-=
F 6 X 1O-3

The two nonlinear equations must be solved simul-
taneously for Tg and Tl . In a hand calculation one
assumes an independent value @Jr for the heat transfer
rate,

dg-g-l  =Ahg(Csc  -Csr;�) (41)

enters it into the right-hand side of Eq. (39) and solves
for Tg and then into the left-hand side of Eq. (40) and
solves for Tl . The values of T, and T1 are used to find
a dependent value of @$ from Eq. (41). Correct values
of Qg-r  , T1, and Tg are obtained when @Jr = QF?r.
The following table completes the example :

&, W Tg, K T, > K g\, W

3 x lo6 1 816 1218 4 . 6 1 x 10�
4 x lo6 1523 1 324 1.24 x lo6

3 . 3 x lo6 1 7 2 8 1 2 5 0 3.49 x 106
3 . 3 4 x lo6 1716 1 254 3 . 3 4 x lo6

The answers are seen to be Qg-r  = 3.34 X lo6 W,
Tg = 1 716 K, and Tl = 1 254 K. Having calculated a
value of Tg, one should redetermine the value of eg and
repeat the calculation.

If we considered convective coupling, we would
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2.9.6-B 2.9 HEAT  TRANSFER BY RADIATION  / 2.9.6  Radiation  Transfer with an Isothermal Gas

have to use case 5, a source, a sink, and a gaseous source.
ThenArs1-s,Ar51-g,andA252-gwouldbefound,and
one would have three simultaneous nonlinear equations
to solve for Tl , T2, and T,:

hgcp,g&-Tg)=kW”  - TI) + kb(Tg - T2)

+ Al st-g(Csc - CJ?)

+A,sz-g(Cs~ -Cd�?) (42)

h2Az(Tg-T2)+A232-g(Cs~  -Csc>

=44151-2<Gfi -Cd-?) (43)

h,A,(Tg-T,)+A,S1-g(Cs~  -CJf)

+A,51-2(CSc  -C,Tf)=T(T,  -T,,) (44)

H. Monte Carlo solution

How is the working engineer going to solve a more
general radiation heat transfer problem than those five
cases enumerated in Sec. F? A general method easy to
grasp is the Monte Carlo one [lo, 1 l] . Suppose that the
temperature and composition field in the medium is
known well enough to fix the properties. Divide the
medium into M subvolumes and the surface into N areas.
If only the heat flows for the areas are required, one
need find only the transfer factor from area to area and
area to volume. If one needs to know the heat flows for
the volumes also, one will have to find the transfer fac-
tors from volume to volume as well. To find a transfer
factor, one imagines that only one source area or volume
i is turned on, Bi = 7�rIbi  = 1, and all the others are off.
Then in the Monte Carlo sense one chooses randomly a
source point and a direction of emission for the ray to
be traced. For a surface, the ray is weighted by its direc-
tional emissivity, and dA cos 8 da, as explained pre-
viously. For a volume of isotropic emitting material,
the weighting is k, dVdfl2; that is, the points chosen
within the volume should be uniformly distributed over
the volume, and the direction should be uniform in solid
angle. Thus, given two random numbers Pr and P2, the
direction with respect to an arbitrary polar-azimuthal
coordinate system would be

e = cos-l  (2P,  - 1)

$ = 2rP2

since da = sin 8 de d@ = -d(cos  0) d@.

(45)

(46)

The ray tracing proceeds as described in Sec. 2.9.4,
except that it is necessary to move along a ray in steps
of As instead of going the entire distance R from surface
to surface. The increment As is taken so that there are,
say, an integer number of steps across the jth volume
element being traversed. With each step As, the proba-
bility of absorption or scattering is compared to a ran-

dom number P. From Eq. 2.9.5(B),  this probability is
(1  -e-ke*s ). If P is greater than this probability, the
ray continues along its original direction unchanged.
If P is less than o,(l - ewkes),  the photon bundle is
scattered. If it is not transmitted or scattered, it is
absorbed. If the ray is scattered, a new direction is
chosen according to Eqs. (45) and (46) (the ray energy
is weighted by the phase function p if anisotropic
scattering is considered), and the ray tracing continues
until the requisite number of absorptions are scored.

Suppose that in a Monte Carlo calculation of
10 000 rays from surface i (weighted by, say, directional
emissivity divided by hemispherical emissivity), 3 000
were absorbed by surface or volume j. Call fii the frac-
tion 3 OOO/lO  000. Then the heat flow transfer factor is

Sii=Ai3ii=  EiAifii (47)

Suppose that, of 10 000 rays sent out from volume i,
2 000 were absorbed by surface or volume j. Call gij the
fraction 2 OOO/lO 000. The surface emission is weighted
by EiAi, because the emitted heat flux is EiBi, and the
emitted heat flow is the flux times the area. An equiva-
lent weighting is necessary for a volume.

Recall Eq. (13). The emitted radiation per unit
volume is

QV.emitted = &nitted = 4k Bv a gg
Thus the emission from the ith volume element is
4ka,, I I,.V.B. and of that emission a fraction gij is absorbed
by element j. Hence the heat flow transfer factor is

Sii = 4ka,iVigii (49)

We need not be concerned that in a large volume some
of the emitted radiation is scattered or reabsorbed. That
fact was accounted for in the Monte Carlo calculation
Of gii and gij.

The notation adopted here for Sij does not dis-
tinguish between a volume and a surface. After all, a
�surface� is a volume, the volume between the s and m
thermodynamic control surfaces (where k, is large).
Because a photon can traverse a path from i to j equally
well as from j to i, reciprocity holds,

Sij = Sji (50)
regardless of whether i and j are both surfaces, or one or
both are volumes.

With knowledge that the heat flow emitted by i and
absorbed by j is BiSii,  one can find the net heat flow
between i and j:

bii  = Sii(Bi  -Bi)

If temperatures Ti and Ti are equal SO that Bi = Bi, then
Qij = 0. The total heat flow out of element i is the sum

bi = 1 Sii(Bi-Bi)
i

(51)
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2.9 HEAT TRANSFER BY RADIATION / 2.9.6 Radiation Transfer with an Isothermal Gas 2 . 9 . 6 - 9

Note that the heat flux factor Sii  is of no consequence.
However, in addition to Eq. (51) a good check for a
Monte Carlo calculation is to sum Sii over all j, including
j = i. Since the sum of fii or gii over all j is unity, the
sum of Sij over all N surfaces and M volumes is

EiAi i=l,...,N

4ka,iVt i = n + l ,.‘., N + M  (52)

A zone method akin to the Monte Carlo method is
to subdivide the volume into M zones and the surface
into N subsurfaces just as for the Monte Carlo method,
but instead of computing the transfer factor directly,
the radio&y-irradiation problem is formulated. In the
absence of scattering, the procedure is relatively straight-
forward, but it is tedious if more than one gas volume
is involved, because shape factors involving gas trans-
mission must be computed. Indeed, one way of com-
puting such factors is to employ the Monte Carlo con-

cept, so it is difficult to see why the transfer factor
should not be computed directly via that algorithm.
With scattering, the volume-to-volume and volume-to-
surface shape factors are computed much as described
in the Monte Carlo method, but scattered rays need not
be traced, giving some computational advantage. One
considers only the straight-line paths and scores rays
either scattered or absorbed. The radiosity formulation
is then broadened to include the source function Si of
each of the M volumes as well as the radiosity qf of the
N surfaces. Just as the product of the shape factor Fi-i
and reflectivity pi gives the contribution to the radiosity
of surface i by the radiosity at surface j for transfer in
a diathennanous medium, so the products of the albedos
and computed factors, call them wiFEi*,  gives the con-
tribution to the source function at volume i by the
radiosity q,? (for a surface) or source function Si (for a
volume). Matrix inversion or iterative solution then gives
thesetofSi(i=l,M)andqf(i=m+l,M+N).

Nomenclature for Section 2.9.6 appears at the end of Section 2.9.8.

B I B L I O G R A P H Y  F O R  S E C T I O N  2 . 9 . 6

l%e engineering enclosure problem

1. Hottel, H. C., Radiant Heat Transmission, in Heat Pansmission, ed. W. H. McAdams,  3d ed, chap. 4, McGraw-Hill,  New York, 1954.
See also Hottel, H. C., and A. F. Sarofm, Radiative Transfer, McGraw-Hill, New York, 1967.

2. Oppenheim, A. K., The Engineering Radiation Problem-An Example of the Interaction Between Engineering and Mathematics,
Z. Angew. Math. Mech.,  vol. 36,~~. 81-93,1956.

3. Bevans, J. T., and Dunkle, R. V., Radiant Interchange Within an Enclosure, J. Heat Transfer,  vol. 82, pp. l-19,1960.
4. Edwards, D. K., Molecular Gas Band Radiation, Adv. Heat i’Yansfer,  vol. 12, pp. 115-193, 1976.
5. Becker, H. B., A Mathematical Solution for Gas-to-Surface Radiative Exchange Area for a Rectangular ParalIelepiped  Enclosure

Containing a Gray Medium,J.  Heat Transfer, vol. 99, pp. 203-211, 1977.
6. Nelson, D. A., Band Radiation Within Diffuse-Walled Enclosures, J. Heat Transfer, vol. 101, pp. 81-89,1979.

Mean beam lengths (see also [I, 41)

7. Oppenheim, A. K., and Bevans,  J. T., Geometric Factors for Radiant Heat Transfer Through an Absorbing Medium in Cartesian
Coordinates, J. Heat Dansfer,  vol. 82, pp. 360-368,196O.

8. Dunkle, R. V., Geometric Mean Beam Lengths for Radiant Heat Transfer Calculations, .I. Heat Dansfer,  vol. 86, pp. 75-80, 1964.

Wall luyer transmission

9. Balakrishnan, A., and Edwards, D. K., Molecular Gas Radiation in the Thermal Entrance Region of a Duct, J. Heat Dansfer, vol.
101, pp. 489-495,1979.

Monte Carlo

10. Howell,  J. R., and Perlmutter, M., Monte Carlo Solution of Thermal Transfer through Radiant Media Between Gray Walls, J. Heat
Transfer, vol. 86, pp. 116-122,1964.

11. Stockham, L. W., and Love, T. J., Radiative Heat Transfer from a Cylindrical Cloud of Particles, AIAA J., vol. 6, pp. 1 935-1940,
1968.

0 1983 Hemisphere Publishing Corporation

tml

- . ...I. .__...�  ̂ . -_. -_--_. -~-�. ^ -1�11-





2.9 HEAT TRANSFER BY RADIATION 2.9.7-l

2.9.7
Nonisothermal gas radiation

D. K. Edwards

A. Solution of the equation of transfer

Recall that Eq. 2.9.5(6) for the change of intensity
along slant path increment ds,

d’=-k I+k
ds a

Ia b (ks =O) (1)

had a solution for the homogeneous isotherma  gas given
by Eq. 2.9.6(3),

l=lOe-k~+lb(T,)(l  -emkas)  (Ib=const) (2)

Here edkas is seen to be the transmissivity of a path s
long, and 1 -ebkas  is the emissivity. When k, varies
with distance s, for example, if the composition varies,
one merely transforms from distance s to optical depth t,

/

s

t= k, ds
0

and obtains in place of Eq. (l),

(3)

L-I+1
dt b (4)

The transmissivity of the nonhomogeneous gas is accord-
ingly e-�, and the emissivity is 1 - e-�.  The transforma-
tion simply says that the radiation doesn�t care whether
the radiating species is dilutely distributed over a large
path or swept up into a short one. Meteorologists fre-
quently describe the amount of water vapor in a path
by giving the value of �precipital centimeters� of liquid
water (actuahy  the value of X = paL in grams per square
centimeter, since priq = 1 g/cm3). Of course, we know
that the collision broadening as measured by the effect

0 1983 Hemisphere 1 lblishing Corporation

of P, [recall Eq. 29.5(57)]  on k, would be affected if
a molecular gas were swept up �into a short path, but
one considers the value of P, as unchanged in transform-
ing from s to t.

When Tg and hence IbfTg j vary along the path,
one finds the solution to Eq. (4) in a formal mathemati-
cal manner by variation of parameters. However, the
engineer can picture the formal mathematical solution,
and easily remember how to construct it, from the
following physical considerations. Take an increment
of path ds’ at distance s� (optical depth t�) along the
path. According to Eq. (2) that element emits
ZbfT,(s�)fk,  ds’ because 1 - edf = dt’ = k, ds’ is the
emissivity of the increment. The, fraction transmitted
from optical depth t� to t is e-(�-�).  Thus the contribu-
tion from increment ds’ to the intensity at s is

dl = e-(‘-“)Zb  (t’) dt’

-/

s

s�
k, f s�  f ds�

=e Z&s )ka-fs’  j ds’

Summing (integrating) over all such increments and add-
ing on the transmitted beam Ioe-�  gives

-/

s s
kafs� f ds� kafs�  f ds�

Z=l,e 0

X I&‘)k,fs’j ds’ (5)

It should be noted that when radiators of different
temperatures are present, for example, particles of
various sizes, each size with a different temperature, one
simply sums the k,‘s to obtain the total k,, and replaces
I, with an effective value given by
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2 ka,iIATi$
I* = i=l

2 ka,i
i = l

(6)

When isotropic scattering is a consideration, Eq.
2.9.5(8) applies instead of Eq. 2.9.5(6). Let the mean
radiant intensity be S:

t r4=
S=’

47r /
Idf-2

0

Then Eq. 2.9.5(8) can be written

dI
-=-I+(1  -w,)lb +w,s
dte

where the optical depth for extinction is

(7)

/

S

t, = (k, + k,) ds’ (9)
0

and w, is the �albedo for single scatter,�

ks
OS = k,
The quantity 1 - ws is sometimes given a name such as
�particle emissivity.� Comparison of Eq. (8) with Eq.
(4) shows them to have the same form, where the
source function (1 - ws)Zb + o,S replaces Ib . Thus Eq.
(5) can be rewritten for nonzero  k, by replacing k, with
k, + k, and Ib with (1 - o,)Zb + w,S:

-/

S
(k,+  k,)  ds' (ka+ks)ds'

Z=Z,e . 0 +

X [(l - wsy, + o,S]  (k, + k,) ds’ (11)
Equation (5) for ws = 0 or Eq. (11) for w, # 0 con-

stitutes the formal mathematical solution to the equa-
tion of transfer for a nonhomogeneous and/or noniso-
thermal gas. The equation is seen to be directly useful
when the source function is known as a function of
position. For example, when one knows the temperature
and soot-concentration distributions in a burner flame,
one can find the radiant intensity emerging from the
flame (neglecting scattering) by using Eq. (5) and carry-
ing out the integrations numerically. Of course, if one
wants the net flux, one integrates I over cos 19 df2 as in
Eq. 2.9.6(l)  or 2.9.1(8), (9),

/

4n

J

277

qnet = Icos6 df-i  = (I+ --I-) cos 0 dR
0 0

(12)
and, if one wants the volumetric heat source, one inte-
grates I over di2 and subtracts the volume emission given
by Eq. 2.9.6(13):

J
477

b V, net absorbed = ka I da - 4nka Zb
0

= 4nka(S  - Zb) (13)

Often one wants not the intensity at the end of a
path but the intensity incident at s = 0. The distance
through the gas from s�  to s = 0 is then s�, and the trans-
mitted intensity is 1,e-�.  Hence Eq. (5) becomes

L
ka(s' f ds'

I-40  j =ZLe-/0
J

L- s

+ /
ka f s“ j ds"

e 0

0

X I&s’ jkafs’  j ds’ ( 1 4 )

Also, Eq. (14) is often in a more convenient form for
use when integration by parts is performed. Let u =
la+�)  and

-/

St St
kaf s" j ds" k,( s" j ds"

u=l-e e k, ds’

Then

J
L L L

u du = uulk -
J

vdu=uLvL  -
J

vdu
0 0 0

Hence

/
L

Z-40 j = Ib+O  j + (IL -IbL)e- 0

k, ds'

J
L _

+
/

s'

e 0
ka ds" dIb

3 ds'

0
(15)

If the backward intensity 1- is desired at a distance
s along the path, one simply replaces each zero in Eq.
(14) or Eq. (15) by s.

B. Geometric considerations

The equation of transfer and its solution are simple.
What complicates the subject of radiation heat transfer
are geometric complexities and spectral variations. We
defer considering spectral variations and consider some
geometric effects. One may classify a problem as one
dimensional when the source function varies with one
dimension only and multidimensional when it varies in
more than one dimension. In the former case, four
special geometries stand out: (1) the slab with variations
in the z direction only; (2) the sphere with variations in
r only; (3) the cylinder with variations in r only; and (4)
the cone with absorption coefficient varying with l/z,
where z is the distance from the apex, times a function
of angle from the axis, and temperature varies with angle
only. The slab may be applied to layers that are thin
compared to any radius of curvature; the sphere to some
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2.9 HEAT TRANSFER BY RADIATION / 2.9.7 Nonisothermal Gas Radiation 2 . 9 . 7 - 3

chemical reactors, fireballs, and stellar interiors; the
cylinder to pipes, combustion chambers, and cylindrical
plumes; and the cone, as an idealization, to conical
plumes and jets.

Even when a problem is one dimensional in source
function variation, the radiative transfer is three dimen-
sional in that rays in all directions contribute to the net
flux. The slab and sphere possess azimuthal symmetry so
that integration over solid angle reduces to integration
over polar angle 0 only, that is, ds2 = 2n sin 6 de. The
cylinder and cone require integration over both base
angle y and axial angle /I [recall Fig. 2.9.1(3)] .

Turning attention to the slab, one sees in Fig. 1 that
the length of a ray varies from one slab thickness to
infinity as angle 0 varies from zero to n/2. Rays of all
possible lengths between these limits contribute to the
heat transfer. One can obtain satisfactory numerical
answers by choosing a few discrete directions, attri-
buting to each a finite solid angle, and replacing the
integrals over solid angle with weighted summations.
Such approximations are referred to as �discrete ordi-
nates� or �multitlux�  approximations. However, exact
integral expressions can be employed for the simple
geometries.

For the slab one simply recognizes that slant path
length s is related to normal distance z by s = z/cos 8 as
shown in Fig. 1. For the cylinder the trigonometric law
of cosines is used to relate the change of radial distance
r to the increment of path length ds, and, for a given ray
and point of origin, s is double valued in r. For a ray
moving inward, one integrates from the radius at the
point of origin to r,,,t,,  and then from rmin to r,,, as illu-
strated in Fig. 1. Note that polar angle is appropriate for

The slab

~//////////////////////////////////

z, z� t 2 = z + s cos e------
1/ I’

2) -.?
e S s=---..-

z cos e

I
P /

The cy l inder

P = r�  + s3, - 2rsp cos y

sjj-2rcosysp+r2  -P =O

s* = s$ + (2’  -r)Z

(The quantity sP is the projection
of slant path s into the base plane.)

Figure 1 Relation of path length s to position.

the sphere, but base-axial angle coordinates are more
convenient for the cylinder and cone.

C. The slab geometry

Introducing Eqs. (5) and (14) for location s in Eq. (12)
gives rise to such terms as

/

n/2

e-kazfcose  cos e sin dfl
e=o

One customarily denotes cos 0 by ~1 or l/cos 8 by u.
Hence a special function,

/

1
,V&tj z e-ffPfd2  & = eeuf f (16)

0

is defined where, in the example given, t = k,z. The
exponential integral has properties from the definition
as follows:

d&W- - f

----E;(t)=-En-,ftj  E;ftj=+
dt

(17)

IE,(tjdt=-E,+,ftj (18)

En@+ =A E,ftj=l+ ast+O

(19)

y = 0.577 215 6.. .

En-(t) =: emt ast+w (t%-fin) (20)

A short table of exponential integrals is given in Table 1.
Rutting Eq. (5) for I+ (0 < 0 < rr/2) and its equiva-

lent for I- (n/2 < 0 f n) into Eq. (12) and identifying
the exponential integrals gives, for diffuse boundaries,

qft+ =&Wft+ -&&ftL -t+

/

t
+ E2 (t - t’jB(t’j2  dt’

0

/

fL
- E,ft’-tjB(t’j2dt’ (21)

f

Here 4; is the radiosity of wall at z = 0 (t = 0 in terms
of optical depth) and CJ~ is the radiosity (directed in the
negative z direction) of the wall at z = L (t = tL)  and B
is drib.  Inspection of the equation and consideration of
a differential slab of thickness dt’ shows that 2E3(t)  is
the hemispherical transmissivity for dif&se  radiation
through a slab of optical thickness t, and 1 - 2E3(t)
is the hemispherical absorptivity or (if the gas is iso-
thermal) emissivity. The quantity E2 (t - t’j is the
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2.9.7-4 2.9 HEAT  TRANSFER BY RADIATION  / 2.9.7  Nonisothermal  Gas Radiation

Table 1 Values of the first five exponential integrals

0 1.000 0 0.500 0 0.333 3 0.250 0
0.01 Lo379 0.949 7 0.490 3 0.3284 0.246 I
0.02 3.354 7 0.913 1 0.481 0 0.323 5 0.2434
0.03 2.959 1 0.881 7 0.472 0 0.318 8 0.240 2
0.04 2.6813 0.853 5 0.463 3 0.314 1 0.237 1
0.05 2.461 9 0.827 8 0.454 9 0.309 5 0.233 9
0.06 2.295 3 0.804 0 0.446 8 0.3Q5  0 0.230 9
0.08 2.026 9 0.761 0 0.431 1 0.296 2 0.224 9
0.10 1.8229 0.722 5 0.416 3 0.287 7 0.219 0
0.20 1.222 I 0.574 2 0.351 9 0.249 4 0.192 2
0.30 0.905 I 0.469 1 0.300 0 0.216 9 0.168 9
0.40 0.702 4 0.389 4 0.257 3 0.189 1 0.148 7
0.50 0.559 8 0.326 6 0.221 6 0.165 2 0.131 0
0.60 0.454 4 0.276 2 0.191 6 0.144 6 0.115 5
0.80 0.3106 0.200 9 0.144 3 0.111 3 0.090 1
1.00 0.219 4 0.148 5 0.1091 0.086 1 0.0705
2.00 0.048 9 0.037 5 0.030 1 0.025 0 0.021 3
3.00 0.013 0 0.010 6 0.008 9 0.007 7 0.006 7

transmis&ity  for a nondiffuse source, where I= Ibka  dz/
cos 8 from optical depth t�  to optical depth t. The
quantity 2 dt’ is the hemispherical emissivity of a slab
of differential optical thickness k, dz’. Recall that the
mean beam length for an optically thin slab of thickness
dz’ is 2 dz’; or, equivalently, the volume emission is
4k, dz’ B, of which half goes forward and half back-
wards.

Just as Eq. (5) or (14) is often put in a more con-
venient form by integration by parts, so is Eq. (21). Let
IJ = 1 - 2Es (t - t’) and u = B( t’) in the first integral
and u� = 1 - 2E3 f t’ - t j- and U�  = Bf t’j in the second
one. Then integration by parts gives

J
tL

X 2E3ftL  - tj + ‘%+lt--‘I+
0

(22)

Note that, if B(t�j  is discontinuous, the integral in Eq.
(22) is taken in the Stieltjes sense.

For example, consider a gas in a black flat plate
duct of total thickness L with uniform absorption coeff-
cient k, whose temperature varies in such a way that the
gas blackbody radiosity B rises linearly from the value
B, at each wall over boundary layer thickness 8nL to a
constant value of B, throughout the remainder of the
duct. Find the heat flux at the wall. With black walls and
no temperature jump at the wall, 4: -BfO j = 0 and
qf, - B(tL j = 0. Thus Eq. (22) at the wall becomes

/

tL -tBL

+ 2E3 ( t’j (0) dt’

tBL

tr.

+ 2E,ft'j  (+ y) dt’

JtL-tBL

-4(O) = echanne@g  - Bw 1 (23~)

1
%hannel  = -

[
�  (1 - 3-%4tBL+) - �@iftL  -tm+

tBL 3

--&‘ffL+)1 (23b)
where %hannel is called the effective channel emissivity.
One may easily insert some numbers; for example, if
Tg=1000K,T,,,=500K,L=10cm,~~~=1cm,and
k, = 100 m-l [independent of X over the spectrum of
concern as defined by Table 2.9.1(l)], the net radiant
flux at the wall is

-440 j = (5.67 X lo-*)(1  0004 - 5004)  loo(:,  ol)

X +-3E,(lj)--2(E,f9f
[

-E4(10  j) =(5.316X 104)(0.494  5)

= 2.628 X IO4 W/m*

The example was chosen not just to illustrate Eq.
(22) but also to give insight into a sometimes important
phenomenon, self-absorption. In the numerical example
the core of the gas between tBL = 1 and tL - tBL = 9
was essentially opaque. Thus the irradiation q- at the
edge of the boundary layer was the full B, = CSTi,  and
the radiosity at the wall C,r�,  was (0.5)4 = 0.062 5 of
the gas. Yet the net flux at the wall was only 0.494 5 of
the  d i f fe rence  be tween  C& and C,r�,,  not 1 -
0.062 5 = 0.937 5. In the boundary layer the irradiation
upon the wall was reduced by absorption exceeding
emission. For a fured value of 8,/L, one may increase
tL = k,L from zero to infmity. If GBL/L is zero, one
finds that the channel emissivity rises as 1 - 2E3 f tL j,
linearly at first as 2tL (since the geometric mean beam
length is 2) and then more slowly to a maximum value
of 1. When S,/L is nonzero,  one finds from Eq. (23b)
that the channel emissivity rises linearly at first, as
(2 - hBr./L)t~, then more slowly until a maximum is
reached, and then returns to zero, as 2/[3@BL/L)tL],  as
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2.9 HEAT  TRANSFER BY RADIATION  / 2.9.7  Nonisothermal Gas Radiation 2.9.7-5

tL goes to infmity. Qualitatively, the same effect occurs
in sooty flames from petroleum fires and in combustion
chambers; that is, as the size of the flame increases, the
radiant flux from it at first rises but then falls as the
cold boundary layer becomes absorbing.

D. Differential formulations

When the source function is known, as it is in a non-
scattering medium with known temperature profile, one
simply integrates the equation of transfer along a path to
obtain I, and integrates I over angles 0 and $I (if required)
or y and /3 to find the heat flux. The integrations can be
done numerically if necessary, or with the aid of special
functions such as the exponential integrals if they apply.
When the source function is unknown, as for the case of
appreciable scattering, or when radiative heating or
cooling affects the temperature given by the general
energy equation, one may be able to execute an iterative
solution based on estimating the source function, using
the solution to the equation of transfer to find I, and
improving the estimate of the source function by inte-
grating I over 4n steradians and repeating. Such a pro-
cedure is convergent for albedo less than one in a me-
dium of known temperature profile. Differential formu-
lation may be a more convenient alternative. Some of
the various differential methods are briefly described
here as they would be applied to the classic engineering
problem of predicting the radiant heat transfer through
a layer of porous or fibrous insulation.

The situation considered is a layer of insulation L
thick in radiative equilibrium. The material is imagined
to be an isotropic gray emitter-absorber-scatterer with
absorption coefficient k = k, + k,. Under conditions of
gray radiative equilibrium (dqR/dz  = 0), there is no
need to distinguish between isotropic scattering and
absorption-reradiation. The bounding walls are taken as
black. As for the adiabatic-walled passage, provision for
nonblack  surface emissivities can be made by adding
surface resistances (1 - el)/er and (1 - e2)/ez  to the
insulation resistance 1/5r  -2, b as shown in Eq. 2.9.3(59).
Optical depth t = kz is measured from one wall and
varies from 0 to tL = kL.

For comparison we can first derive the solution for
the optically thin medium tL < 1. For the optically thin
case the medium is isothermal, and the network solution
for a source, a sink, and an adiabatic gas applies with
r = e-2tL A 1 - 2tL and es = 1 - rs A 2tL, where the
flctor of 2 appears because the mean beam length is
2L. The result is

5 r-2=7g++es=1-tL as tL + 0 (24)

The network solution clearly breaks down as tL becomes
large, because the assumption of an isothermal medium
is then invalid.

0 1983 Hemisphere 1

(a) Radiation diffusion

At a wavelength where k, is large so that (1) l/k, is
short compared to any radius of curvature, (2) kazw  is
l a r g e ,  w h e r e  z, i s  t h e  d i s t a n c e  t o  a n y  w a l l ,  a n d  ( 3 )  t h e

quantity dB/dz  is constant over a few multiples of l/k,,
where z is length measured in the direction of the tern
perature gradient, and B is nZb of the medium at the
wavelength of concern; Eq. (22) shows that the spectral
radiant heat flux reduces to a simple expression in the
form of Fourier�s law of heat conduction. The terms
2E3 (tj and 2E3(tL  - tj go to zero because the
optical depths t and tL -t to the walls are large. The
term dB/dt’  = (l/k,) dB/dz’  is regarded as constant at
(l/k,) dB/dz  over the range in which 2E3 ( It - t’ I j
drops to zero, and the integration with respect to t� is
transformed to t - t� and t� - t. Since both t and tL - t
are large, the limits on the integrals are taken as effec-
tively 00. Then

4 W dT_ - -
3k, aT d z (25)

The quantity (4/3k,)(aB,/aT)  is a spectral radiation
conductivity. If large ka apphes  to the entire spectrum
of interest defined by temperature T and the internal
fraction in Table 2.9.1(l),  then one can integrate spec-
trally to obtain

q=-KR  $

where

(26)

(27)

The quantity KR, which is seen to be (16/3)CsT3  times
the internal fraction-weighted average of l/k,, is the
Rosseland radiation conductivity.

The above relation was derived for a nonscattering
medium. However, for a gray medium, isotropic scat-
tering, and radiative equilibrium, it is easy to see that the
albedo of single scatter is of no concern (just as the
emissivity of a perfectly diffuse gray refractory wall is
of no concern), and ka is replaced with the extinction
coefficient k, + k,. For nongray anisotropic scattering
the situation is not so simple, but an approximation is
to use a (1 - cos B)-weighted  average of the bidirectional
scattering coefficient in place of k,.
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2.9.7-6 2.9 HEAT TRANSFER BY RADIATION  / 2.9.7  Nonisothermal  Gas Radiation

For the slab of insulation under consideration, one
has merely

&C&)=0 qR =-y ;C,T” g

Recognizing that CsT3  dT = dB permits writing

subject to B = B1 at z = 0 ?tnd B = B2 at z = L, if an
�extrapolation length� is not applied. Obtaining the
general solution for B, using the boundary conditions to
solve for the constants, and finding qR = -(4/3k)dB/
dz = sl-,(B1  -B,) gives

4
51-2 = G as TV --+m w4

The solution clearly breaks down as tL goes to zero.
To improve the accuracy of the radiation diffusion

approximation, the notion of an extrapolation length is
sometimes applied. Writing Eq. (22) at the wall z = 0
and letting k become large gives qR = -(2/3k)  aB/az
versus -(4/3k)aBlaz  some distance from the wall.
Extrapolating the far-from-wall slope to the wall value
suggests imposing B, at distance 2/3k behind the wall.
In the present example L is replaced by L + 4/3k, giving

1
31 -?, A 1 + (3/4)t, tL s 1

This result is a good engineering approximation. How-
ever, it is not clear how to use the extrapolation length
concept m a combined radiation and conduction-
convection problem.

(b) Multiflux methods

The idea is simply to choose a few discrete directions
(sometimes called �discrete ordinates�) and use the
equation of transfer to give intensities in those directions
and then form approximate expressions for S and qR by
summing them (�finite quadrature�). For the slab of
insulation under consideration, the lowest level of this
approximation is the Schuster two-flux model, which is
equivalent to using a so-called substitute kernel, that is,
approximating E2 (t)  with eeat. The choice of direc-
tions is arbitrary. At the two-flux level, one might
choose the directions back and forth along the geo-
metric mean beam length (which would give correct
results as tL -+ 0) or a somewhat shorter slant path. At
the two-flux level we might number the two intensities
as Zr and I2 and the fluxes as q1 and q2. The net flux
would be approximated with

qR G,dl --?r& =ql -q2

and the source function with

At radiative equilibrium Zb = S, and the equation of
transfer for I1 and Z2 is

dZ1 &l
dt,=-‘1 +’ ,&,- = - 4 1  +t(41 +q21

d’2=-z +s 42
dt, ’ - = -q2 + + (41 + (12)

dh

We let tl = akz = at, t2 = -akz = - tl, and choose
a = 2, thus aligning Z, and Z2 along the geometric mean
beam length. The two-flux equations become

dql &z
x=q2 -41 =qR x=42 -41 =qR

subject to q1 = B1 at  t=Oandq2  =B2 att=tt.Solv-
ing the two equations simultaneously and imposing the
boundary conditions to solve for unknown constants
gives q1 and q2. Then the net flux is found. The result
for slM2 is

1
31-2=1+t

L

The result is seen to be correct as tL + 0, because the
geometric mean beam length was chosen, but compari-
son to Eq. (2&z) shows that it underpredicts by 25%
as tL --f 00.

If, say, six fluxes are used, the accuracy of the
multiflux method becomes quite acceptable for engi-
neering purposes. With the selection of 2n fluxes, one
must choose 2n directions and attribute to each direc-
tion a weighting coefficient al for the net flux and bi for
the source function (i = 1, n).

zn 2n

4’
c

wi S= bAi
c (30)

i = l i=l

A primitive selection is to use equally spaced values of
p2 (Jo = cos 0) over the interval 0 to + 1; that is,

( i -  l/2 1’2
/J,i= 1-n

>
lGi<n

~-(q-l)l’~  n+l<i<2n

Then, because cos ~9 da/n is dp2 and dW4n is dpl2,

n+l<i<2n (32)
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2.9 HEAT TRANSFER BY RADIATION / 2.9.7 Nonisothermal Gas Radiation 2.9.7-7

Other selection schemes have been examined; see, for
example, [8].

(c) Embedding

The embedding concept is used to formulate differential
equations for the bidirectional reflectivity and transmis-
sivity in conjunction with the use of discrete ordinates.
Consider the problem of finding the bidirectional reflec-
tivity and transmissivity of a layer of snow. The problem
is related to our layer of insulation because in the limit
as albedo for single scatter w, goes to unity, the scatter-
ing layer becomes the same as the scattering-reradiating
layer in radiative equilibrium. The layer then absorbs
nothing, and the hemispherical transmissivity becomes
one minus the hemispherical reflectivity. The hemis-
pherical transmissivity is thus identical to �~r-~,~  of a
layer in radiative equilibrium.

Formulating by embedding is accomplished by
imagining that the bidirectional properties of a slab of
optical depth t are known and then asking what change
would occur upon adding an infinitesimal layer dt. The
layer can be imagined as added to the top (the irradiated
side) or the bottom (the dark side). The procedure is
referred to as embedding from above or embedding
from below accordingly. Figure 2 shows the situation
for calculating the reflectivity by embedding from above.

Because dt is infinitesimal, only first-order terms are
retained. The figure shows all the first-order rays and the
zeroth-order one. The slab is irradiated by intensity I- in
solid angle dR- about angle 6 -. We want to know the
intensity I+ in direction 19+.  The five rays shown are all
parallel in the emergent direction of interest O+.  The first
was scattered directly into the O+ direction. The slant
path in that direction is dt/cos  O+, and the source
strength in the slab is w,Z-  dCL2-/4rr.  Hence

dZ; = 2 Z- dQ- .-&
cos e+

The second was scattered downward into some arbitrary
direction 0; and then bidirectionally reflected into the

I - dil- 1 2 3 4 5

d t

- I -

-T
/ \ t

Figure 2 Embedding from above, reflectivity.

desired angle 19�.  The second-order attenuation by the
thin slab dt is neglected. From the definition of the bi-
directional reflectivity, Eq. 2.9.2(14),

dZl= i p@+,  0;) dZ; cos 0; dRi

The downward scattered intensity dZ< is of the form of
Eq. (33) with the angle 0; replacing O+.  We integrate
over all possible 8; directions. Accordingly,

PW 0;) da2; 2 I- dS2-  dt (34)

where

dil; = 2n sin 0; de; = 271  d(cos  0;)

The third ray was transmitted through the added
layer dt, bidirectionally reflected into the desired angle
8�,  and transmitted again through dt. Upon each trans-
mission an attenuation occurs.

,;=(l---$& pfe+,e-j (1 -&)z-dir

Upon neglect of the dt2 term,

_l_icam e

1+ -cos e-)Idt (35)

This contribution is seen to contain the zeroth-order
term and a first-order one.

Rays 4 and 5 arise from bidirectional reflection of
the transmitted beam and subsequent scattering. For ray
4 the scattering is into the direction of interest 8�,  and
for ray 5 the scattering is downward at angle 0; fol-
lowed by bidirectional reflection into the desired direc-
tion f3+. Since first-order scattering occurs, the higher-
order attenuations are neglected. Integration over pos-
sible scattering angles is made.

dZ: = ;
/

p(e;, e-j- da2;z-  c0s e- da- 4na;oFet
277

(36)

dZ; = i

X;
/

PW, 0;) dai (37)
2n

Summing the five terms and dividing by (Z- cos O- dS1-/
n) gives p(B+, 8-j for thickness t + dt. Denoting cos O+
as u, cos tI- as u, cos 0: as u�, and cos 0; as u�;  sub-
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2.9.7-8 2.9 HEAT TRANSFER BY RADIATION / 2.9.7 Nonisothermal Gas Radiation

tracting  p fu, u, t j; dividing by dt; and taking the limit
as dt goes to zero gives

aP 44 u, tj
( /

1

at = w, k+ p fu, u’, tj du’
0 >

( /

1
1

x Tu+
pfu', u, t) du'

0 >

- ( ):+t P+J,u,t+
Choosing n discrete directions, say, those given by Eq.
(31), and understanding ai and bi to be as given by Eq.
(32) gives n2 simultaneous ordinary differential equa-
tions:

These are solved with a forward-marching Runge-Kutta
integration commencing with Pi,jfOj = 0 for a black
boundary. Once pi,j(tL j is found, the hemispherical
reflectance is

” n
PH+tL+ =

12
QiajPi,j4tL+ (40)

i=l j=l

andforo,= 1,

%-2,b  = 1 -PH+tL+

(d) *Other  differential methods

(41)

Various other approximate methods have been used to
analyze radiative transfer with scattering. In the classical
Milne Eddington approximation the equation of trans-
fer, Eq. (8) with dt, = k ds = k dz/p  = dt/p, is inte-
grated with respect to d!il  over 4n steradians and then
with respect to eos f3 dSl over the same interval. The two
integrations are the zeroth and first moment, respec-
tively. Hence the method is a �moment method.� The
approximation is made that

Thus two simultaneous equations are obtained in net
flux qR dnd source function S:

&R- = 4a(l - W,)(Zb - S)dt

dS 3--A--
dt 4rl  qR (44)

For the insulation problem proposed, radiative equili-
brium applies, and Ib = S so Eq. (43) becomes

dqR  o
-=

dt

The two equations can be solved at once to show qR is a
constant and S a linear function in t,

s=&, -&t

The two unknown constants qR and So must be found
from boundary conditions. At this point, as is charac-
teristic with approximate differential methods, the prob-
lem becomes somewhat complex. One returns to the
equation of transfer and solves for ZL and Z<, Eqs. (11)
and (14), respectively; and, knowing IO+  = B1/~ and
Ii = B2/a, finds S at t = 0 and t = tL by integrating
with respect to /.J; and equates them to Eq. (45), thus
obtaining two simultaneous equations in the two un-
knowns. Other moment methods have been explored
DOI.

E. Spectral considerations and scaling
approximations

We turn our attention now away from geometric (direc-
tional and spatial) considerations to consideration of
spectral variations. We have seen that the equation of
transfer is readily solved, for example, Eq. (5), on a true
spectral basis. The solution is useful as it stands when
one is dealing with a continuum source such as soot or
particulates.  But when the source is a molecular gas, the
spectral absorption coefficient k, may vary by several
orders of magnitude over the spectral region between
lines and over a band. In such a case, Eq. (5) or (14) is of
no practical use. Recall that one often has no knowledge
of k, but orily of narrow-band model parameters S/d
(line intensity-to-spacing ratio) and /3 (line width-to-
spacing ratio parameter), and in some cases no know-
ledge of those parameters but only of wide-band param-
eters (Yk (integrated band intensity), fik (line width-to-
spacing ratio parameter), and ok (band width param-
eter). Accordingly, one resorts to what is called �narrow-
band scaling� or �wide-band scaling� to arrive at working
relations.

(a) Narrow-band scaling: the Curtis-Godson
approximation

Consider the spectrally smoothed transmissitity  of a path
L of gas whose temperature, composition, and/or pres-
sure varies along L. From Eqs. (2), (3), and 2.9.5(18),
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2.9 HEAT TRANSFER BY RADIATION / 2.9.7 Nonisothermal Gas Radiation 2.9.7-9

(46)

where k, is given by a sum of Lorentz  lines according to
Eq. 2.9.5(15) and X is the path length-absorber gas
density product. For the homogeneous gas where k,
does not vary along the path, the smoothed transmis-
sivity Ys was given by an equation such as Eq. 2.9.5(19)
as a function of S/d and -y/d  or q = q/d, where S/d was
the spectral average of k, over the d interval. It is clear
that for the optically thin nonhomogeneous gas, where
k,L < 1 everywhere in the spectral range u-d/z to
v + d/2,

whereas the corresponding relation for the homogeneous
gas is

~g,homo  = 1 -

Hence, for the optically thin nonhomogeneous gas,

fg = fg,homc&  = &
where g is (S/d)X  for the homogeneous gas, and

‘j= l*($dX=($)X (47)

When the lines are strong, that is, optically thick
near v = Vi in Eq. 2.9.5(15), the transmissivity is low
there. Appreciable transmissivity is contributed only
when (v - v,, i)�  greatly exceeds y2. Under this condi-
tion, comparison of Eq. (46) for the nonhomogeneous
gas with that for the homogeneous gas suggests that

fg = f-&horn& = ?, (48)

f= lx($)($dX=(;)(,, (49)

The Curtis-Godson approximation is to assume that

fg A fg,homo+t  = g, t = &- (50)

In-terms of Eq. 2.9.5(19), the Curtis-Godson approxima-
tion is

-i
Fg + exp (1 + f’/~)“’ (51)

To obtain a working formula for nonisothermal gas
intensity, one spectrally smooths Eq. (5) or (14). Com-
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parison  of the spectrally smoothed Eq. (14) with Eq.
(46) shows that

L’= L
cos 8 (52)

Here it has been assumed that 1, is spectrally slowly
varying, which really restricts the development to low
reflecting boundaries. Integration by parts [or spectrally
smoothing Eq. (15)] gives

/

L ’

+ yg dbfS+ (53)
0

Now it is clear how to make a practical calculation
having narrow-band model data S/d and V=  q/d versus
v and-Tg. O_ne_marches along a line of sight computing
~and~,7g(~,S.jand.frgd1bfSjaSonegoes.Whenthe
end of the path is reached, the needed values are substi-
tuted into Eq. (53).

(b) Wide band scaling

Equation (53) can be put in the form

&(o j=zL -(IbfL+--IL)(l  -fg)

/

L ’

-
(1 - Tg> db+S+ (54)

0

Integration over all wave numbers and introduction of
the band approximation [recall Eqs. 2.9.5(26) and
2.9.6(15)] gives the total intensity incident upon the
wall:

-

z/

AkfS+ d~b+k, s+ (55)
k o

where the subscript T denotes a total quantity (IL,T =
C,Tt/n) and where Ak is the band absorption for the
nonisothermal gas. Use of Eq. (55) depends on being
able to calculate the band absorption Ak of a noniso-
thermal gas path.

A wide-band-scaling rule proposed by Edwards and
Morizumi [13] is to find .$i, g2, and & and compute
Z, cj, and 6, which are used in place of (Y, w, and ?J in
Eq. 2.9.5(58) to find band absorption A:

e&k= [Ct&dS=  k*@,dX=&X (56a)

lblishing Corporation
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/

s

/

h,k

t2,k = #,&$a  ds = ~k@l,k = &k&k
0 0

G6b)

J

s

/

t2,k

53,k = ?kwkakPadS= qkdt2,k
0 0

=?kfj2,k (564

In a test comparison with actual nonisothermal gas emis-
sion data, the wide-band-spacing rule gave good engineer-
ing accuracy [ 131  .

F. Molecular gas radiation in the slab

Consider now the problem of accounting for the com-
bined effects of spectral and directional variations in a
nonisothermal slab of molecular gas. One must integrate
over both the spectrum and the forward and backward
hemispheres to find the net radiant flux.

/- /

1

qR = [I,�~P+-G~P+I~w~P~~  (57)
v=o fi=o

Thus far only one or the other of the two integrations
has been considered, the hemispherical integration
yielding Eq. (22) and the spectral integration (at the
wall) yielding Eq. (5.5). Since the order of the integra-
tions is interchangeable, one can find the desired rela-
tion for qR by integrating either Eq. (22) spectrally or
Eq. (55) (generalized to an arbitrary location) hemis-
pherically. We choose the latter route because Eq. (55)
already incorporates the idea of wide-band scaling,
whereas Eq. (22) does not.

(a) No tation

To generalize Eq. (55) to an arbitrary location y mea-
sured from one wall, we must consider paths from y� to
y. Hence Eqs. (5&-c)  are written

h,k4Y,  Y� j =
/

Y

(YkPady"=~l,kfY)-~l,kfY')

Y'
(584

Y

g2,khd- =
/

WkakPa@"=t?,kfY)

Y'

-t2,kfd- (58b)

/

Y

r;3,kfd+= ~kwk(YkPadf=~3,kfY)

Y'

-t3,kfY'+ ww

The band absorption for a slant path inclined by angle 0
&= cos 0) between y� and y is then

where

(604

(bob)

(604

Recall that the band absorptance A$  for the
exponential-tailed band model is defined by Eqs. 2.9.5-
(19) 2.9.5(23),  and 2.9.5(24) as follows:

Ak*@k,'?k+=

where v* = (v - vk)/wk.  When �r&  is large, as it is at high
temperatures because of the behavior of Eqs. 2.9.5(47)
and 2.9.5(48), Eq. (61) reduces to

Recall also the discussion following Eq. 2.9.5(58); when
Eq. (62) is used, the values of wk from Table 2.9.5(l)
are to be increased by 20%.

(b) Forward and backward intensities

With y understood to go from 0 at one wall to L at the
other, Eq. (55) is generalized to location y by integrating
from y to L instead of from 0 to L. Subscript T for total
is dropped to simplify notation:

I;++ =zL + c &k,L -IL,k)Ak,pfLd+
k

L
- A&Y’,  Y+ 3 dy' (63)

Provision for the physically unreal idea of discontinmties
in Ib,k withy� is dropped.

The forward intensity follows from Eq. (63) upon
reversing the coordinate system from y to L - y.

z,+fY+  =I0 + 2 (zb,k,O -zO,k)Ak,ph  O+
k

Y

+ A/&Y, Y�+  $$ dy� (64)
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2.9 HEAT TRANSFER BY RADIATION / 2.9.7 Nonisothermal Gas Radiation 2.9.7-l 1

(c) SIab  band absorptance

Integration of (I�  -I-)  over /J converts the band absorp-
tion Ak to slab band absorption A,. The corresponding

d i m e n s i o n l e s s  q u a n t i t i e s  a r e  b a n d  a b s o r p t a n c e  AZ a n d

slab band absorptance A:.

(65b)

Substitution of Eq. (62) into Eq. (65b) gives the result

for large 7)k :

A:(tkj  = h-I tk + E1+tk j -!- �y + i -E3(fkj

7)k s 1 (66)

For diffuse walls, substitution of Eq. (64) minus Eq.
(63) for

/-
(I,�  - I,-) dv

0

into Eq. (57) then gives

I/
Y

+

k o
MY, Y�+  3 dy�

L

+ A&Y�,Y+  $ dy’

where the notation A&y, y� j has the meaning

A,+Y,Y�$  = &cAi%k,  ;ik+

with &j,, ?k, and Gk given by Eqs. (6Oa-c).

(d) The symmetrical black-walled slab

(67)

(68)

For black walls at identical temperatures, only the last
two terms of Eq. (67) remain. If in addition symmetry
exists in gas temperature about the center, y = 6 = L/2;
that is,

B&j = B&y�  j y�  = L -y� (69)
the integral from y to L is written from y to 6, 6 to
26 -y, and 26 -y to L = 26. Consider the integral
from 6 to 26 - y,

/

26 -y
A&Y�,  Y + $? dy’ =

6

-1
6

A,426 -y”, y j $ dy”
Y

Similarly,

/

26
AAY�,  Y + $4” =

26-y

/
Y- A,426 - y”, y j dBk dy”

dy ”
0

Thus Eq. (67) becomes

&f=-2 ’ [A&26-Y”,Y+
k

-A&y,  y” j] 3 dy”

/

6

+ [A,426  -Y�>Y+

Y

(70)

It remains to specify A,(26 - y”, y j, A&y, y” j,
and A&y”,  y j in terms of t integrals defined over the
half channel. With reference to Eq. (58) it is clear that
the integral from y to 26 - y� is the difference of inte-
grals from 0 to 6 and 0 toy plus the difference of 0 to S
and 0 to y�. Hence

ti,kf26 -Y”,Y)=2~i,k(8)--i,kfY)-Fi,k(Y”)

(714

W)

ti,kfY”tY)  = tf,kfY”% - &k(Y) (714

With this clarification, Eqs. (60) and (68) give the de-
sired terms.

(e) Channel emissivity

Consider a black-walled channel containing a gas with a
trapezoidal source profile B, rising linearly from B, over
distance sBL to a constant value Bs in the range ~BL <
y < L - 6sL and then decreasing symmetrically from
Bs back to B,. Assume that (T, - T,,,)/T,,, Q 1 so that
all of the B+ vk, Tfy jf vary withy in the trapezoidal
way proposed. Consistent with this assumption, we
consider ok, ok, and wk as independent of y, and we
take qk large. Accordingly,
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‘&=‘d,

�i&26  -y�,y  j = t&l -y* -y*�)

(724r)

(72b)

~khy’j  = tL,k@* -Y*‘)

where

(72~)

QkPaL
tL,k =-

wk

The wall heat flux is given by Eq. (70) at y = 0,
and with dBk/dy”  = (Bg - B,)/FBL in the 0 to ~BL
interval and zero elsewhere,

qR q-j j = - c Bg.k6;;w.L

k

/

6BL

X [-‘bftL,k(l  -Y*“>+
0

-A&+kY*“jl  dy”

Changing variables of integration from y� to y*�  to t;

4RfOj=-z
“J&g, k - Bw, d

k tBL,k

/

tBL,k

X (A:ftL,k  -t;:+
0

--A:($ j) dt;

The integrals require knowing

/

t

s*+tj  = A,*+t’j dt’
0

From Eq. (66) for large qk,

s*(tj=t(lnt+~-~>+(l  --E,ftj)

- (5 -he+)

Hence

qR@j=- c Wk@fVk, Tg3-  -B+% Tw+)
k

x C*+tL,k,  tBL,kj

where

c*+tL,  tBLj = & @*(tL  j -s*(tL  - tBL  j

-S*ftBLj)

(73)

(74)

(754

Vb)

Table 2 lists values of channel emissivity for various
pairs of tL and tBL.  For comparison there is shown Eq.
(23) for spectral radiation at the band head (or for a
gray band). For a fixed value of ~BL/L,  as one increases

tL from zero to infinity by increasing the density of
absorber pa, Eq. (75) indicates the heat flux rises mono-
tonically to an asymptotic limit, whereas Eq. (23) rises
to a maximum and then falls to zero. The difference in
total band behavior and spectral behavior arises from the
fact that the spectral flux at spectral locations in the tail
or wings of the band increases with increasing optical
depth and overcomes any decrease in spectral flux at the
band head. The spectral location of the maximum spec-
tral flux shifts farther and farther into the tail or wings
of the band as the optical depth is increased. Only when
the optical depth is enormous and adjacent bands over-
lap or the bands become so wide that B(v,  Tg j can no
longer be approximated by B(vk, T, j will a maximum
in total flux be reached with increasing density. Thus a
cold boundary layer does not completely shield the
wall from hot molecular gas radiation.

(f) Wall layer transmissivity

More insight into the effect of a cold boundary layer can
be gained -by defining a wall layer transmissivity. For a
single spectral wavelength,

%hannedBg,  center  - U
7wL = (1 - ~3ftL+)@g,,o~,,e  -B,)

(76)

With the assumed trapezoidal profile in B, the wall layer
transmissivity is

fchannelf tL 9 tBL j

‘lVL = (1 - m,+tLj)[l  - (tBL/tL)l

In contrast, for an entire exponential-tailed band,

c*+tL,  tBLj

TwL  = A,*GLjP  - (tBL/tL)l

(77)

(78)

Table 2 shows the rwL behaviors of Eq. (77) and
(78). The spect@ value at the band head drops rapidly
with increasing absorber density as tBL grows past
unity, whereas the integrated band value falls more
slowly as I/in f tL j instead of l/tBL.

One practical consequence of this behavior is that
if one scales up the size of a combustion chamber or
furnace under nonluminous combustion conditions, one
expects the radiant heat flux at the wall to increase
somewhat. Furthermore, regions of hot gas at distances
far removed from the wall can be radiatively cooled by
the cold wall because the optical depth in the band
wings is not great, and the increase of&j, in hot regions
is marked. In contrast, in highly sooty combustion con-
ditions the wall heat flux may decrease with scale-up in
size, and regions of flame remote from the wall cannot
�see� the wall and thus receive no radiative cooling.
This latter effect can lead to increased nitric oxide
pollutant formation.
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2.9 HEAT TRANSFER BY RADIATION / 2.9.7 Nonisothermal Gas Radiation 2.9.7-13

Table 2 Channel emissivity and wall layer transmissivity for an exponential-tailed gas band with overlapped lines

Optical depth at band head

Across
channel

tL

Across one
boundary
layer

tBL

Channel emissivity Wall layer transmissivity

Exponential Spectral value Exponential Spectral value
band at band head band at band head
c* Echannel TWL TWL,h

2 . 0 0.0
0.1
0 . 2
0 . 4
1.0

2 0 . 0 0.0
0.1
0 . 2
0 . 4
1.0
2 . 0
4 . 0

10.0

2 0 0 . 0 0.0
0.1
0 . 2
0 . 4
1.0
2 . 0
4 . 0

10.0
2 0 . 0
4 0 . 0

100.0

1.789 0 . 9 4 0 1.00 1.00
1.672 0 . 8 4 8 0 . 9 8 0 . 9 5
1.563 0 . 7 7 0 0 . 9 7 0 . 9 1

1.362 0 . 6 4 3 0 . 9 5 0 . 8 6
0 . 8 3 2 0 . 3 7 2 0 . 9 3 0 . 7 9

4 . 0 1 3 1 .ooo 1.00 1.00
3 . 9 7 7 0.913 0 . 9 8 0 . 9 2
3 . 8 9 1 0 . 8 3 9 0 . 9 6 0 . 8 5
3 . 7 3 6 0 . 7 2 1 0 . 9 4 0 . 1 4

3 . 3 6 6 0 . 4 9 4 0 . 8 7 0 . 5 2
2 . 9 2 4 0 . 3 0 8 0 . 8 0 0 . 3 4
2 . 3 3 5 0 . 1 6 1 0 . 1 2 0 . 2 1

1 . 3 2 0 0 . 0 6 7 0 . 6 5 0 . 1 3

6 . 3 7 6 1 .ooo 1.00 1.00
6 . 2 8 2 0.913 0 . 9 9 0 . 9 1
6 . 1 9 8 0 . 8 3 9 0 . 9 1 0 . 8 4
6 . 0 4 8 0 . 1 2 1 0 . 9 5 0 . 7 2
5 . 6 9 2 0 . 4 9 4 0 . 9 0 0.50
5 . 2 1 3 0 . 3 0 8 0 . 8 4 0 . 3 1
4 . 7 3 5 0 . 1 6 1 0 . 7 6 0 . 1 1
3 . 9 0 4 0 . 0 6 1 0 . 6 4 0 . 0 7
3 . 2 1 8 0 . 0 3 3 0 . 5 6 0.04
2 . 4 8 5 0 . 0 1 1 0 . 4 9 0 . 0 2
1 . 3 8 0 0 . 0 0 7 0 . 4 3 0.01

Nomenclature for Section 2.9.7 appears at the end of Section 2.9.8.
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2.9 HEAT TRANSFER BY RADIATION 2.9.8-l

2.9.8
Radiation acting with conduction

or convection

D. K. Edwards

A. Combined phenomena

Radiation heat fluxes are linear in blackbody radiosity
B on a spectral basis, and, when spectral property varia-
tions are not severe, this linearity carries over to the
total radiosity BT = CsT4. Conduction heat fluxes are
linear in heat flux potential @ = I K dT and are thus
linear in temperature T when thermal conductivity K is
constant. Convection is likewise linear in T when pro-
perty variations are secondary. The result is that a
linear problem in conduction or convection is generally
made into a nonlinear problem when radiation is added.
Closed-form analytical solutions are thus rare, and
numerical calculations are commonly required. Even
when a closed-form result is not derivable, putting the
nonlinear problem into dimensionless form may dis-
close that the number of parameters is sufficiently small
so that numerical calculation of general results can be
made.

In special circumstances linearization is an appro-
priate procedure. With the radiation linearized in T (or
more rarely the conduction or convection linearized in
B) a closed-form result may be obtainable, and such a
result, even if not directly useful, may convey insight to
sharpen design intuition. Even when a problem is
strongly nonlinear, quasilinearization will prove useful
in constructing a solution procedure.

In what follows, the simpler combined problems
are considered, ones for which a closed-form solution
exists or ones that are parameterized in a small number
of parameters. The linearization procedure and the
useful concepts of a radiation heat transfer coefficient
and equivalent environmental temperature are described.

B. Thermal network analysis

Consider the thermal analysis of a simple system in-
volving both radiation and convection. For example,
consider a small room whose exterior wall of 12 m* is
shaded singleglazed window and whose interior walls,
ceiling, and floor of 60 m* are roughly adiabatic. The
room contains heat sources of 1 kW, and the outside
air is 30°C. The room air is cooled to 22°C by supply
air at 12°C. It is agreed to calculate convective heat
transfer coefficients on all surfaces with the approxi-
mate relation h, = 1.3 AT�3  W/m*  �C.  Suppose that
the outside surface surrounds are infrared-black and are
solar heated to 5O�C,  the shape factor from the outside
of the window to the surrounds being 0.5 and the re-
mainder to the sky. The outside air is at 60% relative
humidity. The thermal designer wants to know how
much cold air must be supplied to the room, and what
energy savings there might be from installation of
doubleglazed window and/or insulated exterior wall.

The problem can be divided into three segments: (1)
radiation analysis of the exterior, (2) radiation analysis
of the interior, and (3) thermal analysis of the system.
These three segments illustrate a number of features of
elementary thermal system analysis, with combined
phenomena: (1) definition of the mean radiant tem-
perature, (2) the radiation heat transfer coefficient,
(3) definition of the mean equivalent temperature, (4)
the distinction between the radiation network and the
thermal network, and (5) convergence problems.

(a) Radiation analysis of the exterior
Under the assumption that the radiosity of the exterior
surface has negligible influence on the radiosity of the
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2.9.8-2 2.9 HEAT TRANSFER BY RADIATION / 2.9.8 Radiation Acting with Conduction or Convection

surrounds, the net radiant heat flux into the exterior
surface 1 is

4r, 0 = aIRqfR  + a,& - 61 GTf (1)

Note that the glass is treated as an opaque surface,
because its characteristic wavelength for cutoff of trans-
mission is approximately hco = 2.7 m, and AcoT G
8 10 pm K in Table 2.9.1(l)  indicates a negligible in-
ternal fraction at wavelengths shorter than Xco. We
begin by making the approximation (ILrn & er & 0.82 and
calculating the infrared irradiation

Qin = Fr -s4f + Fr -st&& (2)

According to the problem statement, qf = C,Ti and
FI-, and F,-sky are known from the geometry. The
sky radiosity is

q&, = GI&T, (3)

where esky for the atmospheric COz , HzO, and dust is
given approximately by the Brunt equation

esk,, + 0.55 + 1.8 J-
PH 0
L<l

PO
PO = 1 atm (4)

Since the partial pressure of Hz0 is given by the pro-
duct of the relative humidity and vapor pressure of
water at the outside air temperature To, we have with
the aid of a steam table Ed,, = 0.836 and q&,, = 401
W/m�.  From Eq. (2), qia = 509 W/m�.  According to
the problem statement, the solar irradiation is zero;
thus all terms in Eq. (1) except the unknown T1 are
available.

The next step may be to calculate the mean radiant
temperature of the surrounds, defined by

qr,o = ~1 GG�  -Vi�) (5)

so by comparison with Eq. (l),

CJ.,"  =OLrRqiReh6
(6)

For the example at hand, T, = 307.9 K (34.7�(J).  Here
T, is somewhat above To  because of the shape factor
to the hot T,.

(b) The radiation heat transfer coefficient

The next step may be to write Eq. (5) in the form

4r.o = hr,o(T,  - To) (7)

where h,,, is the radiation heat transfer coefficient. By
factoring Eq. (S),

hr,o = el C,(Tj?  + T:)(T, -+-  T,) (8)

Note that the value depends on the unknown tempera-
ture T, . In the example here, common experience of
touching a window under the conditions cited suggests

that T1 + (Ti + To)/2 = 26°C. Thus h,, A 5.20 W/m�
�C. Note that it is essential to use absolute temperatures
(K) in Eq. (8), but once h,,, is known, relative tempera-
tures can be used in Eq. (7).

In general, when we have

bp,i-j  = Ai Si-j(CsTf - C,T,‘)

we can, if it suits our purposes, write

&,i-i = Aihr,i-i(Ti  - Tj>

where

(9)

(10)

h,,i-i = Si-iCJTf  + ZJ’)(Ti  + Ti) (11)

(c) The mean equivalent temperature

It is convenient to consider the sum of the convective
and radiative heat transfer into the exterior surface as
coming from a single equivalent source. Accordingly,
one writes

41,0 = hc,o(To  - TI I+ h,oVr  - T1) = ho(Te  - TI 1

(12)

Again with h,,, G 1 .3(To - Ti)1’3  (say), the value de-
pends on Tl . We use our estimate of T1 + 26’C to find
h,, o 6 2.06 W/m2  �C. From inspection of Eq. (12),

ho = hc,o + h,o (13)

T, = hc,o To + hr,o Tr
hc,o + hr.0

(14)

With the estimates we find ho  = 7.26 W/m2  �C  and T, =
33.4�C,  the latter somewhat above To because of the
hot value of T,.

(d) Radiation analysis of the interior
Let node 2 be the inside of the exterior wall, node 3 the
remaining wall surface, and node 4 the interior gas. The
first step is to make a radiation analysis to fmd the
transfer factors. Neglecting the gas emissivity (the reader
should redo the more intricate problem when the gas
is absorbingemitting), we have, from a radiation net-
work,

A252-3  = l/i[(l -~zYezAzl  +(1/&F,-,)

+ W -~3)/~3A31) (15)

For the values given, and assuming that e2 = 0.82,
e3 = 0.87, we obtain 52-3  = 0.800. The radiation heat
transfer coefficient h,,2-3  is then found from Eq. (11)
using estimated values of T2 = 26�C (299.15 K) and
T3 = 24’C (297.15 K), hr,2-3 A 4.81 W/m2  �C.

(e) Construction and solution of the thermal
network
The thermal network is now readily constructed as
shown in Fig. 1. The exterior environment at equivalent
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2.9 HEAT TRANSFER BY RADIATION / 2.9.8 Radiation Acting with Conduction or Convection 2.9.8-3

Figure 1 Thennal  network for a room.

temperature T, drives heat through outside thermal
resistance 1 /hd r by convection and radiation, through
the exterior wall by conduction, from the inside of the
exterior wall to the air directly by convection and
indirectly by radiation to the interior walls and then
convection to the room air. Note that the radiation
network is a prelude to the thermal network. The ther-
mal network includes both radiation and convection
resistances, both nonlinear.

The heat transfer is given by

i! = CT, - T4)/{(l/hoA,)  + @1,2/&,2A1,2)

+ l/h,24  + Uhr,2-d2  + llhc,vW1l 1
(16)

Note that the order of the subscripts in the Aih,,i-i
terms must correspond to the order in the AiSi-i term
on which the former is based.

The unknown temperatures T1 , T2, and T3 follow
from the network:

(170)

(17b)

T3 = T4 + [i, - (T2  - T&c,42  1 h+3
c,3

(17c)

To solve we may execute a simple relaxation scheme;
however, convergence is not guaranteed, but in this
example there is no problem. We estimate h,,2 as 2.06
W/m2  �C and hc,3 as 1.64 W/m2  �C,  and for soda-lime
glass 3 mm thick, 61,2/K1,2 = 0.003 4 (W/m: �C)-�,
a negligible value. Using these values, we obtain Q = 405
W from Eq. (16), and find T1, T2 , and T3. Then we re-
turn to the defining equations and refine T,, ho, hr,2-3,
hc,2j and k.3 and repeat the process until convergence
is attained. Note that our assumed problem had no
outside forced convection and no leakage of outside
air into the room, hence the low value of Q.

The rate of air circulation required is given by the
first law of thermodynamics written for the open-flow
room air system :

r;Zcp(T4 - T4,i)  = 6 (18)

Taking cP = 1006 J/kg�C  and T4,!  = 12�C,  we find
ti = 0.040 kg/s for the 405 W, and m = 0.140 kg/s for
405 W plus 1 kW.

Convergence in the above procedure may not be
achieved in a simple relaxation scheme, because an
underprediction of an h, may lead to an overprediction
of a T, which may then lead to an overprediction of the
h, followed by an underprediction of the T with no
closure. Convergence may be achieved by using a damp-
ing factor d; that is, the new estimate of T, is taken to
be the last estimate times (1 - 6) plus d times the newly
calculated value. Alternatively, one may try constructing
a thermal network (still distinct from the radiation net-
work used to get the transfer factors) in which the
driving potentials are B = CsT4 instead of T, and instead
of using h, one uses the Ai%i-i factors directly and
replaces the l/h,,iAi  resistances with l/AiS,,i-i,  where

AiS,,i-j(CsT! - CslJ’) E Aihc,i(Ti  - Tj)

h :
“+j = C,(Tf  + +;(Ti + 5) (19)

C. Radiationcoupled transient heating
or cooling

Consider a mass m with specific heat c initially at tem-
perature To  suddenly exposed to a radiant environment
at temperature T, via an area A and transfer factor 5 and
simultaneously heated (+) or cooled (-) internally at
the rate Q. If the internal resistance due to conduction
(or convection if the mass is liquid) is small compared to
the surface radiation resistance, that is, if 6/K4 & l/
As4CsT4,  where 6 is an appropriate length for internal
conduction and K is the internal thermal conducMvity,
then the mass remains sufficiently isothermal to write

mc$=&As(CsT4 -C,T:) (20)

The equation is simplified into dimensionless form by
writing

T,= CT; +-&)I” (214

p+ WJ)
0

mc
” = AsC,To” (214

The dimensionless form of Eq. (20),

dT*- = -(T*4 -04)

dt*
(22)
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is separable and integrable into closed form for t* versus
T*.

z-*-l
P + (J-*/P) 1

(23)

The solution obviously applies to a spacecraft radia-
tor whose power is suddenly switched on or off, to a hot
casting that is suddenly quenched by radiation, or to a
cold object that is suddenly placed into a hot radiant
furnace. One calculates T,, 0, and T, via Eq. (21) and
knowing the desired T or guessing the value, finds T*
from Eq. (21~) and then t* from Eq. (23) and finally
t from Eq. (2h.Z).

If convection acts also, a linear term in T appears on
the right side of Eq. (20) and the equation still sepa-
rates. The required integral appears subject to closed-
form integration, but is tedious. If the convection is
slight, one can write it in B according to Eq. (19) and
modify A5 and T, accordingly. If the convection is
dominant, one could introduce h,. For a practical calcu-
lation, numerical integration can be readily carried out
to obtain a table of t* versus T* with parameters p and
h* = h,/sC,T,3.

D. Radiant heat exchanger

Suppose that a fluid at temperature To  with specific
heat cP flows at a mass flow rate of riz through a tube
or passage of total length L exposed on perimeter p
with transfer factor 5 to a radiator at temperature T,..
If the overall heat transfer is radiation controlled, that is,
1/54CsT3  5 6,/k,  or l/hi, where 6, is the tube wall
thickness and k, is its conductivity and hi is the inside
heat transfer coefficient, then the equation giving the
temperature change with direction of flow z is

’ dT
‘% dz- = -p s(CsT4 - C,T;) (24)

Using Eq. (19) one can make allowance for hi and
6,/k,  by finding equivalent transfer factors and sum-
ming the radiation resistances. Equation (24) is seen to
be in the form of Eq. (20). Hence the solution obtained
can be adopted. Let

(254

Then z* = t* is given by Eq. (23).
The form of Eq. (23) giving z* versus T* is that

desired for design. It tells the designer the length of

exchanger needed to achieve a desired outlet tempera-
ture. In conventional heat exchanger design term-
inology, z* is the number of transfer units, and T* is
related to the effectiveness een by

T* = 1 + (p* - 1)~ (26)

where E,~ has its usual meaning:

Tout - T0
%ff = T, - To (27)

For example, how much area is needed for a space-
craft waste heat exchanger to cool a stream having
Gzc, = 100 W/K from 450 K to 350 K? The exchanger
is shaded from the sun, is remote from planetary bodies,
but receives 100 W/m2  irradiation from a sun shield.
The transfer factor to the surrounds is 0.90. One begins
by fmding T, = (100/5.67 X 1O-s)�4  = 205 K; hence
p = 205/450 = 0.455. The desired value of T* is 350/
450 = 0.778. From Eq. (23), t* = z* = 0.407, hence
f r o m  E q . (25c), pL = (100)(0.407)/0,90(5.67  X
10m8)(4503)  = 8.76 m2.

E. The radiating fin

In the example just described it was tacitly assumed
that every element of perimeter was fully effective. In
actuality one might use the skin of the vehicle for the
radiator surface with tubes carrying the fluid stream
spaced distance 21 apart as sketched in Fig. 2. Such an
arrangement provides the fluid conduits some micro-
meteorite protection. Although it would be reasonable
to assume that the segment of perimeter Ze is isothermal,
the I segments of perimeter on either side of the con-
duits are clearly nonisothermal when b is small.

Let x be the distance from the midpoint between
conduits in the I direction. Let the radiating area of a
dx element be p dx (in Fig. 2, p is perpendicular to the
cross section shown and could be called AZ). Let the
conduction cross section be A, (= b Az) in Fig. 2). The
transfer factor to the surrounds is called e, and the
equivalent radiant temperature, given by Eq. (6), is
T,. At x = I, the base temperature is Ts, and at x = 0,
by symmetry, dT/dx  = 0. For constant conductivity K
of the material in area A,, the governing equation is

KA, $$- = epCs(T4  - T;)

Here the fin approximation, that the surface tempera-
ture and area A, average temperature are indistinguish-

Figure 2 A radiating fin configuration.
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2.9 HEAT TRANSFER BY RADIATION / 2.9.8 Radiation Acting with Conduction or Convection 2.9.8-5

able, has been made. In dimensionless form, one has

d2 T*~- = N(T
dx** *4-p*>

subject to

x* = 0 dT*g x*=1
dx*

T*=l

where

(3b)

GObI

X*=XZ (3Oc)

N =
epC,T;I’ &‘,T;12

K A ,  =-Kb (304

The parameter N is like a radiation Biot number h,b/K
times the square of a slenderness ratio Z/b.

Fin effectiveness ?) is defined as

J
1

epCs(T4  - T,4)  dx
1)s O

epC,(T; - T;)Z (3 14

@lb)

From a heat balance 7) is also related to dT*/dx*  at
x*= 1.

It is clear that 17 is a function of N and 0. Numerical
calculations can be made readily by resealing with re-
spect to the temperature To at x = 0, that is, replacing
T* with 8 = T/T, and 0 with Br = T,/T,  in Eq. (29)
and introducing Cp = dt?/dx*.  Then moving 8, (0 S Br <
1) as an arbitrary parameter gives one an initial value
problem, thus avoiding the split boundary condition,
as follows:

x* = 0 0 = 1 (0, assumed) a=0

The two equations are solved simultaneously by a
Runge-Kutta  integration, keeping the running sum
S�  = Je4  dx*, to find 8 = eB at X* = 1.  With eB
known, p = 8,/e8 and

(s*twG) -P77=- 1-p�
Thus 77 can be plotted versus fl for desired values of N.
Figure 3 shows a cross plot of q versus N with param-
eter fl from [4] .

If, instead of the uniform thickness b shown in

P 0.8
ti
J
Z 0.6

g q 0 . 4

.E
IL 0.2

OL
0 1 2 3 4

N

Radia t ion-conduct ion  parameter

Figure 3 Fin effectiveness for the simple radiating fin.

Fig. 2, the thickness b is tapered, a lighter fin can be
achieved. With variable A,, Eq. (28) becomes

K .& A ,  g = epC,(T4 - T,*>
( )

With dT/dx  taken constant at (Ts - T,)/Z,  T is known
as a function of x, and the designer can integrate to find
how A, should vary with x. Let

A*=$=&
bB

Wb)

x* = x
L (33c)

(334

N = epGT;Z2 eC,Tjjl’
B KAB =---KbB (33e)

Here it is convenient to regard T,* (j3  < T,* < 1) as a
parameter. For a value of T,*, NB is given by

5(1 - T,*)2
NB = (1 - T,*‘) - 5p4(1 -T,*)

and

A* = (T*’ - T,*“)  - 5(T* - T,*)
(1 - T,*‘) - 5(1 - T,*) (35)

where

T*=T,*+(l-T,*)x* (36)

Fin effectiveness 17 is given by

(1 -To*�)-55p4(1  -T,*)
77= 5(1 -f14)(1  -T,*)

For example, what thickness bB is needed for a
90% effective fin with K = 200 W/m K, 1 = 5 cm, TB =
450 K, and T,. = 225 K, and E = 0.903, and how should
b/bB  vary with x/Z? One begins by finding p = 0.50 and
using Eq. (37) to find T,* = 0.950 76. From Eq. (34),
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Ns = 0.058 36. From Eq. (33e), bB = 0.996 mm. The
fin profile is given by Eq. (35) as follows:

X* b/bs

1.00 1.00
0.80 0.958
0.60 0.835
0.40 0.633
0.20 0.354
0.0 0.0

Needless to say, there are many permutations of the
radiating fin problem. Sparrow and Cess [4] give a re-
view of many of them. The next section considers (in
the linearized limit) a fin that views itself so that the
irradiation upon it depends on the temperature distri-
bution along the fin.

F. Linearized radiation and conduction around
the hollow cylinder

Hollow cylinders are often used as booms or struts for
space vehicles. When one is exposed to solar heating
from one side, it may bend into a bow shape from the
greater thermal expansion of the hot side. The problem
is taken up here to give an example of an exact solution
of the diffuse-walled enclosure problem and to show
how -linearizing a combined radiation and conduction
problem facilitates analysis. Sparrow and Cess [4]
pointed out that the hollow circular cylinder was one of
the few enclosures for which an exact solution of the
radio&y problem can be readily found. Hrycak and
Helgans [S] considered the hollow conducting cylinder
with a black interior. Edwards [6] treated the hollow
cylinder with gray diffuse interior and an anisotropically
conducting wall.

Consider a hollow cylinder of wall thickness b and
radius R having temperature T(e) close to To and with b
sufficiently thin so that b/R Q 1 and 4C,Tzb/K  Q 1.
The angle 8 is measured from the solar stagnation line;
0 = *n/2 occurs on the shadow lines, and 0 = n is on the
dark side. The fin equation is obtained from a heat
balance on an element between 0 and 8 + &I,

Kb dZT
- - = e&T4 + qi - (Y~ Gs cos p cos e u
R2 de2 (38)

where e0 is the total hemispherical emissivity of the
outside surface, q1 is the net internal heat flux by
radiation, c&3) is the solar absorptivity, Gs is the
solar irradiation at normal incidence 1~ AQ, and 0 is
the angle of the solar ray from the base plane normal
to the cylindrical axis [recall Fig. 2.9.1(3); the half
angle subtended by the sun is assumed to be small],
and U is the unit step function, unity in the sun (0 Q
B < n/2) and zero in the shade (n/2 < 0 G n).

The first step in simplifying the problem for solu-
tion is linearization. One writes

CsT4 & C,T,4 + 4C,T,(T  - To)

and introduces

T--ToT*= T
0

Eq. (38) becomes

Ke d2T*
-=4T*+&ej-c*(e)
de2

where

G*= --&cxsGs  cosPcosf3  U-E,C,T,)

(39)

(40)

(41)

To proceed, the internal enclosure problem is
analyzed, subject to the assumption that the interior
is diffuse with uniform internal total hemispherical
emissivity ei. The irradiation is found via Eq. 2.93(8)
in integral form,

/

+R

4-49  = q+fe’j dFfe,  e’j
-77

where, from Eq. 2.9.3(4),

dFfe,e’)=$  cosydy

and 7 is given by

Thus the irradiation-radio&y equations are

I
e4-fej = e -e�q+fe�j  $ s i n  2-c ) de’

-n
n

+
/

q+fe’ji sin-
f 1
!cfL de� (44a)

e

q’+e j = EiCsT4 + (1 - e&-f0 j-

= EiCsTi  + 4EiCsTiT*  + (1 -~)q-fe  j

(44b)

The net transfer is

qi = q+ -q- = eiCsT,(4T*  -q*)

q? = 2 (4T* -q*)
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2.9 HEAT TRANSFER BY RADIATION 12.9.8 Radiation Acting with Conduction or Convection 2.9.8-7

where

*-Q- - C,T,
4- -ml (46)

Substitution of Eq. (44b) into Eq. (44~) and introduc-
tion of Eq. (46) gives a linear integral equation in q*
coupled through T* to the linear differential equation,
Eq. (41).

/

n
q*fe+ = [4EiT*fe’j  + (1 - &*fe’j]

-77

A series solution is obtained by expanding G* in a
Fourier cosine series,

G*= a, cos ne (48)
n=l

where To is chosen to make a, be zero.

/

n12

C,T, = $ as Gs cos fl cos 8 de
0

0
(4%

The coefficients a,, are found by multiplying both sides
of Eq. (48)  written with m replacing n, by cos n0 and
integrating from e = 0 to 71.

/

R 12
2 as Gs cos /3

an = n GsT,4
cos 8 cos ne de

0

2 n- -
77 /

cos ne de (50)
0

The last term is clearly zero. For constant (YS (a diffuse
exterior), Eqs. (49) and (50) give

cxs G, cos fl
GT,= Ed

0

a, = n
2(- l)m+l

2
azm =

2(m)2  - 1

(494

(5W

Then it is clear that Eqs. (41) and (47) are satisfied by

T* =
c

b, cos ne (51)
n=l

q* =
c

C, cos ne (52)
n=l

when the coefficients b, and c, are made compatible
with a,. For convenience the integral S,, is defined:

(55)

- 1=-
4n2 - 1

Equation (47) then gives

C, = 4ciSnbn  + (1 -ei)Sncn

kisn
= l-(l-Ei)Snb~

and Eqs. (41), (45), and (47) give

-K*n2b,  = 4b, +
0
z (4b, - cn) - a ,

Substituting Eq. (55) and solving for b, gives

1
bn = 4(1+  (ei/e,)((l  -S,)/[l  -(l -ei)Sn] )) + n2K*

X an (56)

The solution to the problem is now complete. In a
practical engineering calculation, two terms suffice.
Hence the temperature is given by

TG T,, [l + bl cos 8 + b2 cos 281 (5 14

where To is given by Eq. (49a) and

bI = 7712
4[1 + 4$/~.(4-~i)]  + Kb/R’E,CsTz (5b)

b2 = 213
4[1  + 16ei/e,(16-ei)]  + 4Kb/R2e,CsT~ (5 6b)

The design implications of the above relations are clear.
The maximum temperature at 0 = 0 minus the minimum
temperature at 0 = rr is simply 2bI To. To minimize it
one wants a small bI . Hence a large ei and small E, are
desirable, as is a large value of Kb/R2  consistent with
design weight and strength requirements. To use a small
E, while maintaining a design goal for To  requires ad-
justing 01~ according to Eq. (49). As explained in Sec.
2.9.21, stripes of white paint or metallized tape may be
used to trim the as/e0  ratio.

For example, suppose that ei = 0.9, E, = 0.2, K =
50 W/mK (graphite-reinforced phenolic), b = 0.5 mm,
R = 4 cm, and To  = 300 K. Equations (SQ) and (56b)
give bI = 0.020 1 and b2 = 0.002 93. Then Eq. (51a)
gives T(e = 0) = 306.9 K and T(e = r) = 294.9 K for
the maximum and minimum temperatures, respectively.

G. Convection of a radiating molecular gas

A final example is taken to illustrate how a combined
convection-radiation problem is analyzed. A molecular
gas at inlet temperature To  is imagined to enter a section
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of plane-parallel duct with wall temperature T,,,. For
simplicity the flow is assumed to be fully developed
hydrodynamically; the radiation is linearized; the gas
has a single exponential-tailed band (or a number of
identical such bands) with overlapped lines; the duct
walls are black. Balakrishnan and Edwards [18] ana-
lyzed this problem, and the nonlinear and multiband
gas cases have also been examined. The general subject
of coupled convection and radiation ftis a fairly large
literature, for example, [9-181.

(a) Formulation

The governing energy equation for low-speed, steady,
hydrodynamically established (negligible viscous dissipa-
tion and flow work) forced convection when axial con-
duction and radiation are neglected is

PC@  g = g
1

PQ&m  + qf) g1 + $ (-qR) ( 5 7 )

where p is density, cr, is specific heat at constant pres-
sure, and o, is molecular thermal dlffusivity  K,/pc,
(all at an appropriate reference temperature); u is
velocity in the x direction of flow; y is distance from
one wall; eH is eddy diffusivity for heat; T(x,  y j is
gas temperature; and qR is radiative heat flux in the
y direction. The velocity distribution r.& j under
hydrodynamically established conditions (au/ax  A 0;
hence IJ G 0 from continuity) is

(58)

where v, is molecular kinematic viscosity and EM is
eddy diffusivity for momentum. The pressure gradient
is related to the skin friction coefficient cf (or the
Blasius friction factor f= 4cf) by

dP  Cf(l/2)Pu2--=
dx 6 (5%

where U is the average velocity and 6 is the channel half
width.

The eddy diffusivity for turbulent flow is taken to
be given by

v, + E&f = v,e+ (60)

where

\l + + 2 I,2
e+ = 1 + 1 +lby*  ) y (1 + 4K2y+2 [l -c-Y/A  ] )

1- -
2 i

(61)

and dimensionless distance is scaled with channel half
width or turbulent mixing length:

y+ = y*R,

Turbulent Reynolds number is

Wb)

R = 6+ = (Cf12Yf2  U8 = f
r

lf2 Re
+?I ( )128 (63)

and is related as shown to Reynolds number based on
hydraulic diameter:

,=u(46)
Vm

(64)

The Mei and Squire, von Karman, and Van Driest con-
stants are

b=3.4 (654

K=0.4 (65b)

A + = 2 6 (65~)

The eddy diffusivity for heat is taken to be given by

L J

where Pr, is molecular Prandtl number V,/CY, and Prr
is turbulent Prandtl number eM/eH.  Radiation affects
Prr somewhat [16] , but the usually accepted value is
approximately 0.9.

The radiant heat flux is written in terms of the slab
band absorption by means of Eq. 2.9.7(70):

6

qR = -
s, WkB;c

K*~Y,Y�+  5 dy’ (67)

where wk is band width parameter and B is the Planck
function; Bi = aBfvk,  Tj/dTat the reference tempera-
ture. Linearization of the radiation is thus assumed in
factoring B; from under the integral. The kernel K* is
given by Eq. (70) as

K*+Y,Y�+  = &+z& -Y* -Y*�)+

-A:&  IY* - y*�l  j (68)

where A: is given by Eq. 29.7(66)  and tH is the optical
depth at the band head for half width 6. In terms of
integrated band intensity ok, the band-head half depth is

ffk&d
tH = -

wk
(69)

To proceed we make the governing equations di-
mensionless. Let

USu+ =-
VmRr

T - T ,
T*= To-T,,,

(7b)

O�Ob)
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2.9 HEAT TRANSFER BY RADIATION / 2.9.8 Radiation Acting with Conduction or Convection 2.9.8-9

(7Oc)

4% =
-qR

(706)n
2 wkB;A$(T,  - T,)

k = l

where, to shorten the notation,

A: = A,*f2tH)

and

(704

Xx* = ~
6 Pr, Rt (7Of)

Note that the A:f2tH) parameter is introduced as a
convenience for later extracting a wall layer transmis-
sivity rwL from the results. The dimensionless equations
become

(71)

a-
ay

* d-i (72)

where

4; =
’ K*+*,  y*‘j(aT*/ay*‘)  dy*’

A:
(73)

Boundary conditions are u+ = 0 and T* = 0 at y* = 0,
du+/dy* and dT*/dy*  = 0 at y* = 1, and T* = 1 at
x* = 0.

(b) Numerical solution

The momentum equation, Eq. (71), is solved by nu-
merical integration:

u+=Rt
/

y* 1
-p (1 -Y*) dr*

0

The energy equation is solved by finite difference calcu-
lations after a coordinate transformation from y* to z*
to stretch the wall region relative to the central region.
The main result of engineering interest is the average
total Nusselt number, defined by

where T$ is the dimensionless bulk temperature,

/

1

T$= ’
T*fx*, y*ju+(y*)  dy*

J

1

o u+fv*+  dy*

(74)

(75)

and D is hydraulic diameter. An engineering correlation
was proposed [ 181  in the form
- - -
NuT k Nut + NuR (76)

where
-
Nu, = 0.020 Reos Prz33  F

0.88
F = �  + 1 + 0.4(x/D)

n-
NuR = $

c
%&f@wL,k

m
k = l

(77)

(78)

(79)

where A,* is the slab band absorptance for (1/2)tD,k,
where fD,k is optical depth based on hydraulic diam-
eter. The suggestion was made that the results could be
applied to either a parallel-plate duct or pipe [18 ] .

(c) Sample application

For example, let us estimate the average heat transfer
coefficient due to combined radiation and turbulent
convection of steam at a pressure of 60 atm and a
reference temperature of 1 000 K flowing at 10 m/s
inside a 60-mm-inside  diameter, 1 -m-long black-walled
tube. Nominal property values are assumed as follows:
K, = 0.09 W/mK,  vm = 2.6 X 10e6  m2/s, Pr, = 0.9.
For simplicity, contributions from only the 6.3-e
(k = 1) and 2.7-m (k = 2) bands will be considered.

We begin by reading values of rH,k from Fig.
2.9.5(10) for a 1 atmm PL value. For P= 60 atm and
L mbg = D = 60 mm, we obtain

tD, I G (60)
( )
6O (50) = 1801 ooo

fD,2 G (60)
( )
AC!- (30)=  1 0 01 ooo

From Table 2 9 S(l), the band-width parameters are

1 000

( )

l/2
w1 = 56.4  -

100
(1.2) = 214 cm-�

w2 =60
( )
s 1�2(1  .2) = 228 cm-�

Since Eq. 2.9.7(66) is derived from spectral integration,
the w values were increased by 20% per the discussion
following Eq. 2.9.5(58). From Eq. 29.7(66),

A$ = ln F + 0.577 + 0.500 = 5.58
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AS*,2  = ln 7 + 0.577 t 0.500 = 4.99

Next we determine FwL and ?wL,k.  To do so we
need the Reynolds number.

Re - g - (1ox6ox 1o-3) = 23 x 105
%I 2.6 X 1O-6

From Eq. (8 l),

OWL = c2.3 ~$,,.,, (1 -em
(1~/6ooY)  = 0 011

From Eq. (80),

fWL,l =
In+1  t 180)-In+1  t 1.9jCoso

ln(1 + 180)

fWL.2 =
ln(1+100j-ln~l+1.1j=084

hl+1+ 100)

Because the values of wkA!  are so large, that is,
because the Hz0 bands are so wide, we prefer to intro-
duce the internal fraction from Sec. 29.1. Thus we
make the following substitution in Eq. (79):

wkA,*B;,  = 4CsT3 Af& (82)

To find Af,,  in Table 2.9.1(l)  as a function of XT =
T/v, we need the upper and lower limits on v for each
band. Returning to Table 2.9.5(l),  we see that the 63-
m band is to be centered at 1 600 cm-�, and the 2.7.
fun band at 3 760 cm-�. Thus

vl,u = v1.c + + m-4:1

= 1600 t i(214X5.58)  = 2 197 cm-�

v1,1= v1.c -$+$I

= 1 600 -i (214X5.58) = 1 003 cm-�

~2,~ = 3 760 + i (228x4.99) = 4 329 cm-�

v2,~ = 3 760 -+(228x4.99) = 3 191 cm-�

The limits on XT and fi are thus

Band 1: AT= 0.4554.997

f;: = 0.741-0.965 Afi = 0.224

Band 2: hT=  0.2314.313

fi = 0.237-0.478 Afi = 0.241

Substituting Eq. (82) into Eq. (79) and entering the
numerical values gives

NUR = 60 X lo-�
o o9 (4)(5.67 X IO-*)(1  0003)

X [0.224(0.80) + 0.241(0.84)]  = 57.7

The convective contribution is given by Eqs. (77) and
(78):

& = 0.020(23 X 10s)o~8(0.9)o~33
(If%)

= 4193

Thus the total Nusselt number is 477. To complete the
example, we find the average heat transfer coefficient:

i,=+Jy Oeo9
60X 1O-3

(477) = 715 W/m2  K

N O M E N C L A T U R E  F O R  S E C T I O N S  2 . 9 . 1 - 2 . 9 . 8

a length between surface roughness asperities, q
A, Aj, area, m2

2C cross-sectional area, m2
Ak band absorption of kth band, cm-�

Ak* band absorptance of kth band
A+ Van Driest�s constant, 26
b thickness, m; Mei and Squire constant, 3.4
B blackbody heat flux, W/m�,  or spectral black-

body heat flux, W/m2  cm-� or W/m2  /-lm; rota-
tional constant, cm-�

B magnetic induction
c velocity of light, 2.997 925 X lo8 m/s
Cl first radiation constant, 3.741 5 X lo-l6  Jm�/s
c2 second radiation constant, 1.438 8 cm K

Cf skin friction coefficient

z*
specific heat at constant pressure, J/kg K
channel emissivity

CS Stefan-Boltzmann constant, 5.67 X lo-* W/
m2 K4

d
D
D
E
E?l

f”
fe
f;:
F
Fi-i
‘3i-j

L?
G
Gi-i
Si-i

h
hc
hr

spectral line spacing, cm-�
diameter, m; optical collision diameter
electric induction
energy, J or-eV
exponential integral of order n
electric field strength
function or fractional function; friction factor
external fractional function
internal fractional function
collision frequency, s-�  ; entry length factor
shape factor from area i to area j
transfer factor from area i to area j
statistical weight
normal irradiation of a beam, J-1 dSl, W/m2
area-shape factor product, AiFi-i, m2
area-transfer factor product Afsi-i; area-to-
volume or volume-to-volume quantity, m2
Planck�s constant, 6.625 6 X IO-�  J s
convective heat transfer coefficient
radiative heat transfer coefficient

0 1983 Hemisphere I

tl

blisbhlg  corporation
H



2.9 HEAT TRANSFER BY RADIATION / 2.9.8 Radiation Acting with Conduction or Convection 2.9.8-l 1

ii
H
I

Ib
9

j
k
ko
ke
k,
K

KR
K*
L
Lmb
L mbg
m
riz
n
N

NV
Nu
P
P
pe
pi

Prm

Prt

4

4+

4-

e
Q

2

Q,
re

TWL
R
6l
Rt
Re

;
t
fH
T
Te

specific enthalpy, J/kg
magnetic field strength
intensity, W/m2  sr; spectral intensity, W/m2
cm-� sr or W/m�  Eun sr
blackbody intensity (units as above)
imaginary part of complex number
electric current density
absorptive index
absorption coefficient, m-l
extinction coefficient, m-r
scattering coefficient, m-l
thermal conductivity, W/m K; second moment of
the radiant intensity; von Karman�s constant, 0.4
radiation conductivity, W/m K
radiation kernel
length, m
mean beam length, m
geometric mean beam length, m
mass, kg
mass flow rate, kg/s
refractive index
radiation conductivity to molecular conductivity
ratio
number density, me3
Nusselt number
perimeter, m
pressure, N/m2 or atm
dimensionless equivalent line-broadening pressure
partial pressure of species i
Prandtl number
turbulent Prandtl number
heat flux, W/m2
radiosity, W/m2
irradiation, W/m2
heat energy, J
heat flow, W
absorption efficiency
extinction efficiency
scattering efficiency
electrical resistivity, ohm m
wall layer thickness-to-hydraulic diameter ratio
radius, m
real part of complex number
turbulent Reynolds number
Reynolds number based on hydraulic diameter
slant path length, m
integrated line intensity; mean radiant intensity
time, s; optical depth
optical depth at band head
temperature, K
environmental temperature or equivalent mean
temperature, K

Tg
T,
TW
U

u

V

V
X

X
Y
z
a!
ak

ffm
P

Y

6

E

Eeff

EH

EM
7)
e

“x

I-(

Pm
V

Vf
vm
n

P

Pa

Pe

0.2

Q’,
i-

TH,k

TWL
4
a

gas temperature, K
mean radiant temperature, K
wall temperature, K
set 0; cos 8; velocity in x direction, m/s
unit step function; average velocity in x direc-
tion, m/s
cos e
detector signal, V
length coordinate, m; mole fraction
density-path-length product, kg/m2 or g/m2
length coordinate, m
length coordinate, m
absorptivity; thermal diffusivity, m2 /s
integrated band intensity, cm-�  /(g/m�)
molecular thermal diffusivity, m2 /s
line width-to-spacing parameter; dimensionless
temperature ratio
line half width, cm-� ; Euler�s constant,
0.5772156...
thickness or half thickness, m; vibrational quan-
tum number change
emissivity
heat exchanger effectiveness
eddy diffusivity for heat
eddy diffusivity for momentum
line width-to-spacing parameter; fin effectiveness
polar angle
mass absorption coefficient, (kg/m?)-�
wavelength, /.DII [m in Eq. 2.9.2(73)-(76)]
cos e

magnetic permeability
wave number, cm-�  ; kinematic viscosity, m2 /s
frequency, s-l
molecular kinematic viscosity, m2 /s
3.141 592 6.. .
reflectivity; density, kg/m3
absorber partial density, kg/m3
electric charge density
electrical conductivity
surface roughness, pm
transmissivity
optical depth at band head
wall layer transmissivity
azimuthal angle
hot band line spacing parameter; heat flux po-
tential
hot band intensity parameter
exponential band width, cm-�
albedo for single scatter
solid angle, sr
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2.9.8-12 2.9 HEAT  TRANSFER BY RADIATION  12.9.8 Radiation Acting with Conduction or Convection

Thermal system analysis
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INDEX

A
Absorption of thermal radiation:

in gases, 2.9.5-l/2.9.5-12
gas mixtures, 2.9.5-11/2.9.5-12
measurement, 2.9.5-212.9.54
molecular, 2.9.5-8/2.9.5-l  1

in solids, 2.9.2-212.9.2-3
characteristics, 2.9.2-I/2.9.2-2
measurement, 2.9.2-3

Absorption coefficient, 2.9.5-2
Absorption spectra in gases, 2.9.5-412.9.5-8
Absorptivity:

of particles, 2.9.5-l
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
Acentric factor:

definition, 5.1.1-1,5.2.1-3
in hydrocarbons, 5.2.1-315.2.1-4

Acetic acid saturation properties, 5.5 .l-27
Acetone saturation properties, 5.5.1-27
Acetylene saturation properties, 5.5.1-15
Ackerman correction factor in condensation, 2.6.36
Acoustic vibration of heat exchangers, 4.6.4-3/4.6.44
Active systems for augmentation of heat transfer:

in condensation, 2.6.6-112.6.6-3
definition, 2.5 .l l-3
in forced convection, 2..5.11-4/2.5.1  l-9
in free convection, 2.5 .l l-8/2.5  .l l-9

Additives:
effect on friction factor, 2.2.2-7
use in heat transfer augmentation, 2.5.1 l-2, 2.7.94

Adiabatic flows, compressible, in duct, 2.2.2-l 3
Advanced models for furnaces, 3.11.7-l/3.1  1.7-5
Aggregative fluidization, 2.2.6-l
Agitated beds, heat transfer to, 2.8.34

A slash between two page numbers (e.g., 2.7.3-2212.7.3-26)
indicates a range of those pages.

Agitated vessels, 3.14.1-1
approximate overall heat transfer coefficients in, 2.1.2-5
equipment used in, 3.14.2-l/3.14.2-4

gas sparging, 3.14.2-l/3.14.2-2
mechanical agitators, 3.14.2-1
vessel internals, 3.14.2-2/3.14.2-4

heat exchanger, description of, 3.1.2-5/3.1.26
heat transfer correlations for, 3.14.3-l/3.14.3-8

with anchors and helical ribbons, 3.14.3-l/3.14.34
with nonproximity agitators, 3.14.3-l/3.14.3-3
scraped-wall pipe and related equipment, 3.14.3-4/3.14.36

Ahmad  scaling method for critical heat flux in flow boiling of
nonaqueous fluids, 2.7.3-8

Air:
properties of dry and saturated, 3.12.2-6
saturated liquid/vapor properties, 5.5 .l-29
superheated gaseous, thermodynamic properties,

5.5.2-8/5.5.2-9
Air-activated gravity conveyor, 2.3.3-2
Air-cooled heat exchangers:

comparison of air and water as coolants, 3.8.1-1
cooling air supply: by fans, 3.8.7-l/3.8.7-3

by natural draft, 3.8.8-l
costing, 4.8.3-l/4.8.3-3
custom built, 3.8.2-l/3.8.2-2
description, 3.1.2-4/3.1.2-5
finned tube bundles for, 3.8.4-l/3.8.4-2
finned tube systems for, 3.8.3-l/3.8.3-3
mechanical design, 4.4.1-l/4.4.1-7

for cold climates and viscous fluid, 4.4.1-7
components, 4.4.1-214.4.1-6
nomenclature for, 4.4.1-2
structural design factors, 4.4.1-6/4.4.1-7

special features, 3.8.9-l/3.8.9-4
sound emission from, 3.8.9-l

thermal rating, 3.8.5-l/3.8.5-5
tubeside flow arrangements, 3.8.6-l

Albedo for single scatter in radiation, 2.9.7-2
Aluminum, spectral characteristics of anodized surfaces, 2.9.2-16
Ammonia, saturated properties of, 5.5.1-29

0 1983 Hemisphere Publishing Corporation
r 1

taL A



I - 2 HEAT EXCHANGER  DESIGN  HANDBOOK  / Index

AMTD (see Arithmetic mean temperature difference)
Analogy between heat and mass and momentum transfer,

1.2.36/1.2.3-7,2.1.5-l/2.1.54
Analytic solutions for heat exchangers, 1.3.1-1/1.3.2-l
Analytical solution of groups, for calculation of thermodynamic

properties of nonhydrocarbons, 5.2.2-315.2.2-9
tables of constants for, 5.5.4-l/5.5.4-6

Anchor agitators:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Andrade equation for variation of viscosity with temperature,
5.1.4-3

Anelasticity, 5.4.5-5
Angled tubes, use in increasing flooding rate in reflux

condensation, 2.6.2-812.6.2-9
Aniline, saturation properties, 5.5.1-26
Anisotropy of elastic properties, 5.4.5415.4.5-5
Annular dispersed flow (see Annular flow)
Annular distributor in shell-and-tube heat exchangers, 3.3.5-11
Annular ducts:

critical heat flux in flow in, 2.7.3-20
forced convective heat transfer in single phase flow:

laminar flow, 2.5.1-3/2.5.14
with liquid metals, 2.5.13-l/2.5.13-2
turbulent heat transfer in, 2.5.1-6, 2.5.1-10/2.5.1-11

free convective heat transfer m closedend: horizontal,
2.5.8-1412.5.8-16

vertical (heated on vertical curved surfaces),
2.5.8-1312.5.8-14

single phase flow and pressure drop in, 2.2.2-712.2.2-10
laminar flow, 2.2.2-712.2.2-9
turbulent flow, 2.2.2-9/2.2.2-10

Annular fins, efficiency, 2.5.3-9
Annular flow:

critical heat flux in, 2.7.3-22/2.7.3-30
hydrodynamics in horizontal tubes, 2.3.2-2512.3.2-26
hydrodynamics in vertical tubes, 2.3.2-19/2.3.2-21

deposition and entrainment correlations, 2.3.2-21
interfacial roughness relationship, 2.3.2-20
triangular relationship for, 2.3.2-10

regimes of occurrence of: in horizontal flow, 2.3.2-312.3.24
in inclined tubes, 2.3.2-412.3.2-5
in systems with phase change, 2.3.2-612.3.2-7

Amtuli  (see Annular ducts)
Arc welding of tubes into tube sheets:

on inner face, 4.2.6-10
on outer face, 4.2.6-8

Archimedes number, 2.2.1-11
Area of tube outside surface in shell-and-tube heat exchangers:

charts for, 3.1.4-6, 3.3.10-5
Argon, saturated properties, 5.5.1-30
Arithmetic mean temperature difference, definition, 3.1.4-2
Armstrong, Robert C., 2.2.8-1/2.2.8-13,2.5.12-l/2.5.12-16
ASME VIII code, for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-2
index to, 4.3.2-l/4.3.2-11

ASOG (see Analytical solution of groups)
Assisted convection:

around immersed bodies, 2.5.9-112.5.94
in vertical channels, 2.5.9-212.5.9-6

Asymmetric loading, in heat exchangers, 4.1.2-214.1.2-9
Augmentation of heat transfer, 2.5.11-l/2.5.1  1-12,

2.6.6-1/2.6.6-4,2.7.9-l/2.7.9-5
active systems for: definition, 2.5 .l l-3

in forced convection, 2.5.11-812.5.11-9

in free convection, 2.5.114
compound systems for, 2.5.1 l-9
in boiling, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.1.9-312.7.94

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.6.6-212.6.6-3
invapor space, 2.6.6-l/2.6.6-2

in kettle reboilers, 3.6.26
in shell-and-tube heat exchangers using low finned tubes,

3.3.1 l-2/3.3.1 1-3
passive systems for: definition, 2.5.1 l-1/2.5.11-3

in forced convection, 2.5.114/2.5.11-8
in free convection, 2.5 .I l-3

performance evaluation criteria for, 2.5.1 l-912.5.1 l-10
Austenitic chromium-nickel steels, as material of construction,

4 5 . 2 4
Average phase velocity in multiphase flows, 2.3.14

Baffle leakage in shell-and-tube heat exchangers:
numerical methods for predictions of, 1.4.2-3
recommended design procedures for accounting for,

3.3.1-113.3.11-5
Baffle pipes in agitated vessels, 3.14.2-3/3.14.24
Baffles in shell-and-tube heat exchangers:

constructional features affecting thermal design:
clearances, 4.2.5-7

cross type, 4.2.5414.2.5-5
longitudinal type, 4.2.5-8
maximum pitch, 4.2.5-7
support type, 4.2.5-514.2.5-6
thickness, 4.2.5 -7

disk-and-doughnut, 3.3.11-2
double segmental, 3.3.11-2
leakage effects associated with (see Baffle leakage, Leakage

effects)
number of, calculation of, 3.3.6-4
segmental, recommended characteristics of, 3.3.5-7/3.3.5-10

Baker flow regime map for horizontal gas-liquid flow, 2.3.2-3
Balance equation (applied to complete equipment),

1.2.4-l/1.2.4-7
average interaction coefficients and driving forces for,

1.2.4-211.2.4-3
conventional representations of heat exchanger performance

by, 1.2.4411.2.4-5
differential form of, 1.2.5-l/1.2.5-3

for enthalpy, temperature and concentration,
1.2.5-l/1.2.5-3

solution and closure, 1.2.5-2/1.2.5-3
for enthalpy, temperature and concentration changes,

1.2.4-l/1.2.4-2
NTU and effectiveness in, 1.2.4-311.2.44

Band dryer:
description, 3.13.24
practical design, 3.13.7-l/3.13.7-2

Banks of tubes (see Tube banks)
Barrels for shell-and-tube heat exchangers (see Shells)
Basket-type evaporator, 3.5.2-l/3.5.2-3
Bauer, R., 2.8.1-l/2.8.1-14,  2.8.2-l/2.8.2-8
Bayonet tube heat exchangers, constructional features of,

4.2.3-914.2.3-10
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Beer-Lambert law, 2.9.5-S
Bell, Kenneth J., 3.1.1-113.1.4-9
Bell-Delaware method for shell-side heat transfer and pressure

drop in shell-and-tube heat exchangers, 3.3.2-5/3.3.2-6
modified form as basis for recommended procedure,

3.3.3-l/3.3.11-5
Bell and Ghaly  method for calculation of multicomponent

systems:
condensation, 2.6.3-412.6.3-5
evaporation, 2.7.8-5

Bellows, expansion, for shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
constructional features, 4.2.6-10/4.2.6-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-10/4.3.2-l  1

Benard cells in free convection in horizontal fluid layers,
2.5.8-l/2.5.8-3

Bends:
boiling heat transfer in tubes with, 2.7.4412.7.46
dryout  in tubes with, 2.7.4-212.7.4-4
enhancement of condensation in, 2.6.6-3
multiphase pressure loss in: gas-liquid systems, 2.3.2-l 7

solid-gas systems, 2.3.3-7
solid-liquid systems, 2.3.4-4

single-phase fluid flow and pressure drop in, 2.2.2-16/2.2.2-17
loss coefficients for, 2.2.2-16
use ofvaned bends, 2.2.2-1612.2.2-17

Benedict-Webb-Rubin equation of state, 5.2.2-3
Benzene saturation properties, 5.5.1-12
Berenson equation for pool film boiling from a horizontal

surface, 2.7.2-14
Bergles, Arthur E., 2.5.1 l-1/2.5.11-12,  2.6.6-112.6.6-4,

2.7.9-l/2.7.9-5
Bernoulli equation, application to flow across cylinders, 2.2.4-I
Bimetal tubes, use of in shell-and-tube heat exchangers, 4.2.5-2
Binary mixtures:

bubble growth in, 2.7.6-512.7.6-7
bubble nucleation in, 2.7.6-5
condensation of 2.1.6-2/2.1.6-3,2.6.3-7
condensers for, 3.4.4-l/3.4.4-2
constants for, for use in calculation of multicomponent

systems, 5.5.4-115.5.4-9
diffusion and mass transfer in, 2.1.5-l/2.1.54
forced convection boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7.8-6
critical heat flux in, 2.7.8-612.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

phase equilibria in, 2.7.6-l/2.7.6-3
pool boiling of, 2.7.7-112.7.7-7

critical heat flux, 2.7.7-412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-112.7.7-4
transition boiling, 2.7.7-5

Bingham fluid (non-Newtonian), 2.2.8-7
Biot number:

in conduction, 2.4.3-2
in melting and solidification, 2.4.4-l/2.4.4-2

Black surface:
heat transfer between gas and, 2.9.6-l/2.9.6-2
spectral characteristics of reflectance from selective,

2.9.2-17
Blackbody radiation, 2.9.1-3/2.9.1-5

Blake-Carmen-Kozeny equation, 2.2.5-2
Blasius equation for friction factor, 2.2.2-3
Block-type heat exchanger, 4.4.4-4
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Blowing (see Injection)
Blunt bodies, drag coefficients for, 2.2.3-7
Boilers:

combustion systems for firing,  3.11.2-2/3.11.2-3
as type of heat exchanger, 1.1.5-2
(See also Reboilers)

Boiling:
augmentation of heat transfer in, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-312.7.9-5

in axial flow reboilers, 3.6.2-6
basic processes, 2.7.1-l/2.7.1-9

bubble detachment and frequency, 2.7.1-712.7.1-8
bubble growth, 2.7.1-612.7.1-7
evaporation, 2.7.1-2
heterogeneous nucleation, 2.7.1-3/2.7.1-5
homogeneous nucleation, 2.7.1-2/2.7.1-3
sizing of active nucleation sites, 2.7.1-5/2.7.16
vapor formation, 2.7.1-l/2.7.1-2

of binary and multicomponent mixtures:
basic process in, 2.7.6-l/2.7.6-7
forced convective boiling, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in evaporators, 3.5.7-213.5.7-3
in horizontal tubes, 2.7.4-l/2.7.4-7

dryout  in (including bends and coils), 2.7.4-l/2.7.4-4
heat transfer rates in, 2.7.4412.7.46

in kettle and horizontal thermosiphon reboilers,
3.6.2-113.6.2-6

pool boiling, 2.7.2-l/2.7.2-17
boiling curve for, 2.7. l-l
critical heat flux in, 2.7.2-9/2.7.2-13
film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling in, 2.7.2-312.7.2-9
onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-l 3

outside tubes and tube bundles, 2.7.5-l/2.7.5-7
single tube in crossflow, 2.7.5-l/2.7.54
tube bundles, 2.7.5412.7.5-7

in vertical tubes, 2.7.3-l/2.7.3-37
critical heat flux, 2.7.3-1212.7.3-30
heat transfer in the region where critical heat flux has

been exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-10/2.7.3-12
subcooled boiling, 2.7.3-5/2.7.3-10

Boiling curve:
in binary mixtures, 2.7.7-l
in pool boiling, 2.7.2-l

effect of surface finish on, 2.7.2-3
for single horizontal tube in crossflow, 2.7.5-l
for tube banks, 2.7.5-4

Boiling length:
definition, 2.7.3-15
quality/boiling length correlations, 2.7.3-15

application of nonuniform heating cases, 2.7.3-19
Boiling number, definition, 2.7.4-5
Boiling point, normal, 5.1.3-1

of commonly used fluids, 5.5.1-l/5.5.1-40
Boiling range (in multicomponent mixtures), influence on

selection of reboilers, 3.6.1-6
very wide, effect on reboiler  design, 3.6.4-3

Boiling surface in boiling in vertical tubes, 2.7.34
Bolted channel head in shell-and-tube exchanger, 4.2.4-l
Bolted cone head in shell-and-tube heat exchanger, 4.2.4-2
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Bolting of flanges in shell-and-tube heat exchangers,
4.2.6414.2.6-5

Boltzmann�s constant, 2.9.1-3
Bonnet head, in shell-and-tube heat exchanger, 4.2.4-l/4.2.4-2
Borishanski, V. M., 2.5.13-l/2.5.13-4
Borishanski correlation for nucleate pool boiling, 2.7.2-S
Botterih,  J. S. M., 2.8.4-1/2.8.4-g
Boundary layer:

in combined free and forced convection heat transfer to
immersed bodies, 2.5.9-l/2.5.9-3

concept, 2.2.1-16/2.2.1-17
equations, 2.2.1-17/2.2.1-18

continuity, 2.2.1-17
internal energy, 2.2.1-18
internal forms of, 2.2.1-20
Levy-Lees transformation of, 2.2.1-18/2.2.1-20
mean kinetic energy, 2.2.1-17
momentum, 2.2.1-17
solutions of, 2.2.1-2012.2.1-22
turbulent kinetic energy, 2.2.1-18

on flat plate, 2.2.1-22/2.2.1-30
in flow over cylinders, 2.2.3-312.2.3-s
in flow over immersed bodies, 2.2.3-l/2.2.3-2
in heat transfer to flat plates: laminar boundary layer,

2.5.2-112.5.2-2
turbulent, 2.5.2-2

theory, 2.2.1-16/2.2.1-30
as example of theory of models, 2.2.1-13

Thickness of (displacement, momentum, energy, density,
temperature); 2.2.1-20

Turbulent: prediction methods for, 2.2.1-26/2.2.1-29
universal laws for, 2.2.1-25/2.2.1-26

Boussinesq approximations:
application in free convective flows, 2.5.7-1
for gravity effect, 2.2.1-10

application to laminar flow in circular duct, 2.2.2-5
Boussinesq number, definition, 2.5.7-2
Bowring  correlations for critical heat flux, 2.7.3-16/2.7.3-18
Bracket supports for heat exchangers, index to U.S., U.K., and

F.R.G. codes for, 4.3.2-7
Branches, mechanical design aspects, 4.1.8-l/4.1.8-2
Brazing in plate fin heat exchanger construction, 4.4.3-3/4.4.34
Bricks, drying of, 3.13.5-2/3.13.5-5
Brinkman  number, 2.5.12-6
British Standards Institute code for mechanical design of heat

exchangers (see BS 1500 code)
Bromley equation for film boiling from horizontal cylinders,

2.7.2-14
BS 1500 code for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-3
index to, 4.3.2-l/4.3.2-11

Bubble crowding as mechanism of critical heat flux, 2.7.3-22
Bubble flow:

drift flux model for, in vertical flow, 2.3.2-18/2.3.2-19
regions of occurrence: in horizontal flow, 2.3.2-212.3.24

in inclined tubes, 2.3.24/2.3.2-5
in shell-and-tube heat exchangers, 2.3.2-512.3.2-6
in systems with phase change, 2.3.2-612.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

Bubbles:
in boiling of binary mixtures: growth, 2.7.6-5/2.7.6-7

nucleation, 2.7.6-5
in boiling of single components: detachment and frequency,

2.7.1-712.7.1-g
growth, 2.7.1612.7.1-7

nucleation, 2.7.1-l/2.7.1-6
in fluidized beds, 2.2.6412.2.6-7

coalescence, 2.2.6-512.2.6-6
single bubbles, 2.2.6412.2.6-5
spatial distribution, 2.2.6-612.2.6-1

in gas-liquid flow: horizontal tubes, 2.3.2-212.3.24
vertical tubes, 2.3.1-l/2.3.2-2,  2.3.2-1812.3.2-19

rise velocity of gas bubbles in liquid, 2.3.2-1812.3.2-19
Buffer layer in duct flow, 2.2.2-l
Bulk viscosity, 2.2.1-2
Bundle-induced convection in kettle reboilers, 3.6.2-2/3.6.2-3
Buoyancy effects:

on developing flows in ducts, 2.2.2-l 1
on flows, 2.2.1-10/2.2.1-11
inducing flow in channels, free convection heat transfer with,

2.5.7-1912.5.7-20
on laminar flow over flat plate, 2.2.1-24

Buoyancy-induced flow in channels, free convective heat transfer
with, 2.5.7-1912.5.7-20

Burnout (see Critical heat flux)
1,2-Butadiene  saturation properties, 5.5.1-16
1,3-Butadiene  saturation properties, 5 5 .l-17
Butane saturation properties, 5.5.1-7
Butanol saturation properties, 5.5 .l-19
Butterworth, D., 2.6.1-l/2.6.3-10
t-Butyl alcohol saturation properties, 5.5.1-20
By pass (shell-to-tube bundle):

clearances in shell-and-tube heat exchangers, 3.3.5-14
heat transfer and pressure drop correction factors for,

3.3.6-813.3.6-9
BWR equation of state (see Benedict-Webb-Rubin equation of

state)

C

Cabin heater, 3.11.2-2
Calorically perfect gas, 2.2.1-8
Carbon dioxide:

emissivity of gaseous, 5.5.5-2
saturation properties, 5.5.1-30
superheated gaseous, thermodynamic properties, 5.5.2-2

Carbon monoxide saturation properties, 5 5.1-31
Carbon steel as material of construction, 4.5.2-2/4.5.2-3
Carbon tetrachloride saturation properties, 5.5.1-31
Carmen-Kozeny equation (see BlakeCarmen  Kozeny equation)
Carrean  fluid (non-Newtonian), 2.2.8-7
Carryover of solids in fluidized beds, 2.2.6-3
Cavitation as source of damage in heat exchangers, 4.5.3-l
Centrifugal dryer, 3.13.2-4
Ceramics, spectral characteristics of reflectance from, 2.9.2-18
Certification of heat exchangers, 4.7.7-l
Channel emissivity, 2.9.7-11/2.9.7-12
Channel flow, heat and mass transfer in, 2.1.7-l/2.1.7-2
Chapman-Rubescin formula for viscosity variation with

temperature, 2.2.1-9
Chemical formulas of commonly used fluids, 5.5.1-l/5.5.1-40
Chemical reactions, numerical calculation of flows involving,

1.4.3-2/1.4.3-3
Chen correlation for forced convective boiling, 2.7.3-11/2.7.3-13
Chenoweth, J. M., 4.6.1-l/4.6.6-3
Chevron troughs as corrugation design in plate heat exchangers,

3.7.1-1, 3.7.3-113.1.3-2,  3.1.6-2
CHF (see Critical heat flux)
Chillers, construction features of, 4.2.3-9
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Chilton-Colburn  analogy, 1.2.3-6
Chisholm, D., 2.6.7-l/2.6.7-4,  3.10.1-1/3.10.7-9,4.8.1-l
Chisholm correlations:

for frictional pressure drop in straight channels, 2.3.2-l 1
for pressure drop in singularities, 2.3.2-15/2.3.2-18

Chlorine, saturation properties, 5.5 .l-32
Chloroform, saturation properties, 5.5.1-26
Choice of heat transfer equipment (see Selection of heat transfer

equipment)
Chugging flow (gas-liquid), in shell-and-tube heat exchangers,

2.3.2-512.3.2-6
Churchill, S. W., 2.5.7-l/2.5.10-12
Churchill and Chu correlations for free convective heat transfer:

horizontal cylinders, 2.5.7-21
vertical plates: laminar flow, 2.5.7-3

turbulent flow, 2.5.7-4
Churn flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Circles, radiative heat transfer shape factors between parallel

coaxial, 2.9.3-3
Circular cylinders (see Cylinders)
Circulation, modes of in free convection: in enclosures heated

from below, 2.5.8-6
CISE correlations for void fractions, 2.3.2-14/2,3.2-15
ClapeyronClausius  relationship (see ClausiusClapeyron

relationship)
Clausius-Clapeyron relationship:

application in evaporation, 2.7.1-2
in homogeneous nucleation, 2.7.1-3

Cleaning of shell-and-tube heat exchangers, 3.3.4-5
Climbing film evaporator, 3.5.24
Closed distillation process, 2.1.7-8
Coalescence of bubbles in fluidized beds, 2.2.6-5 12.2.6-6
Coatings for corrosion protection, 4.5.2-S/4.5.2-6
Cocurrent  flow:

F-factor chart for, 1.5.2-3
heat exchangers, 1.1.1-l/1.1.1-2

single-phase temperature pattern in, 1.1.3-l
solutionsfor, 1.3.1-l/1.3.14

&NTU chart for, 1.5.2-3
Codes, mechanical design:

analytic basis of code rules, 4.3.3-l/4.3.3-2
comparison of principal codes, 4.3.4-l/4.3.4-3

cylinders: external pressure, 4.3.4-l/4.3.4-2
flanges, 4.3.4-214.3.4-3
nozzles, 4.3.4-3
stresses, 4.3.4-l
tubesheets, 4.3.4-2

example of applications, 4.3.6-l/4.3.6-23
guides to national practice in application of, 4.3.5-l/4.3.5-9

France (SNCT),  4.3.5-6
Germany (Merkblatter), 4.3.54
Holland (Stoomwesen), 4.3.5-5
Italy (ANCC), 4.3.5-7
Japan: high pressure, 4.5.3-9

standard, JIS-B8243,4.3.5-8
U.K. (BS 1500),  4.3.5-3
U.S. (ASME VIII), 4.3.5-2

index to U.S., U.K., and F.R.G. codes, 4.3.2-1/4.3.2-l 1
conical shell, 4.3.2-3/4.3.24
cylindrical shell and channel, 4.3.2-2/4.3.2-3
dished head, 4.3.24
flanges, 4.3.2-514.3.2-7
flat head, 4.3.2414.3.2-5
floating head, 4.3.2-5
nozzles, 4.3.2-914.3.2-10
shell bellows, 4.3.2-10/4.3.2-11

0 1983 Hemisphere F

supports, 4.3.2-7
tubes, 4.3.2-3
tubesheets, 4.3.2-714.3.2-g

introduction, 4.3.1-l/4.3.1-3
Coiled tubes (see Helical coils, Curved ducts)
Coiled wire inserts for enhancement of heat transfer in boiling,

2.7.9-3
Colburn and Drew method for binary vapor condensation, 2.6.3-7
Colburn and Hougen method for condensation in presence of

noncondensable gases, 2.6.3-6
Colburn equation for single-phase heat transfer outside tube

banks, 3.3.2-l
Colburn j factor:

application in heat exchangers, 3.3.1-2
definition, 2.1.3-4
for flow over tube banks, 3.3.7-113.3.7-4
in plate fin exchangers, 3.9.4-l/3.9.6-2
values of heat transfer in tubes, 2.1.3-7

Colebrook-White equation for friction factor in rough circular

pipe, 2.2.2-3
Coles, law of the wake, 2.2.1-26
Collier, J. G., 2.7.1-l/2.7.8-10
Column internal reboiler (see Internal reboilers)
Combined conductive, convective, and radiative heat transfer,

2.9.8-112.9.8-10
Combined free and forced convection heat transfer:

in channels, 25.10-l/2.5.10-10
horizontal channels, 2.5.10-712.5.10-12
vertical channels: laminar assisted convection,

2.5.10-212.5.10-6
laminar opposing convection, 2.5.10-6
turbulent, 2.5.10-6/2.5.10-7

around immersed bodies, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
horizontal plates (transverse flow), 2.5.9-4/2.5.9-6
immersed bodies (transverse flow), 2.5.9-6
opposing convection, 2.5.9-4
slightly inertial flow regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/2.5.9-3
turbulent regime (assisting convection), 2.5.94

Combined heat and mass transfer, 2.1.6-l/2.1.64
in condensation of mixtures, 2.1.6-2/2.1.6-4
in drying, 2.1.6-l/2.1.6-2
in evaporation of binary and multicomponent mixtures,

2.7.8-212.7.8-6
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12/25.7-13

Combining flow, loss coefficients in, 2.2.2-20
Combustion chambers (see Furnaces)
Combustion model for furnaces, 3.11.7-3/3.11.7-4
Compact heat exchangers (see Plate fin heat exchangers)
Compartment dryers, 3.13.2-3
Compound systems for augmentation of heat transfer, 2.5.11-9
Compressible flow:

in ducts, 2.2.2-1212.2.2-14
adiabatic (Fanno) flow, 2.2.2-13
basic equations for, 2.2.2-12/2.2.2-13
with constant heat transfer, 2.2.2-1212.2.2-13
over cylinders, 2.2.3-6
inviscid  flow with heat addition, 2.2.2-13
low density effect in, 2.2.2-13

Computer methods for heat exchanger design:
discussion of, 3.3.10-l/3.3.10-2
logic of, 3.1.3-3/3.1.3-4
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Computer methods for heat exchanger design, logic of (Cont.):
design, 3.1.3-3/3.1.34
rating, 3.1.3-3

plate exchangers, 3.7.104
Computer program for Monte Carlo calculations of radiative

heat transfer, 2.9.4412.9.4-5
Concentration, choice of evaporator type for, 3,5.5-l/3.5.5-2
Concentric spheres, free convective heat transfer in, 2.5.8-16
Concurrency corrections in plate heat exchangers,

3.1.8-113.7.8-2
Condensation:

combined heat and mass transfer in, 2.1.6-2/2.1.6-4
dropwise, 2.65-l/2.6.54

calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction to, 2.1.7-6
mechanism of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promoters for, 2.6.5-312.6.54

film, introduction to, 2.1.7-4/2.1.7-6
filmwise, of pure vapor, 2.6.2-l/2.6.2-19

outside horizontal and inclined tubes, 2.6.2-912.6.2-12,
3.4.6-3

inside horizontal tubes, 2.6.2-1212.6.2-15,  3.4.6-2
interfacial resistance in, 2.6.2-15
liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-212.6.2-9,  3.4.6-3

on finned tubes, 3.4.6-3
fogging in, 2.6.7-l/2.6.74

conditions producing supersaturation, 2.6.7-212.6.7-3
design to minimize, 2.6.7-3
effects of, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.1-l

in horizontal tubes, flow regimes in, 2.3.2-7
in plate exchangers, 3.7.12-1
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
introduction to, 2.6.1-1

heat transfer resistances in, 2.6.1-2
modes of, 2.6.1-l/2.6.1-2

of vapor mixture, 2.6.3-l/2.6.3-10,  3.4.64
approximate method, 2.6.3-212.6.3-5
binary vapor mixtures, 2.6.3-7
multicomponent mixtures, 2.6.3-7/2.6.3-9
single vapor with noncondensable gas, 2.6.3-512.6.3-7

of vapor mixtures forming immiscible liquids, 2.6.4-l/2.6.4-7
eutectic mixtures, 2.6.4-2/2.6.4-3
with incondensable gases, 2.6.4-S/2.6.4-7
non-eutectic mixtures, 2.6.4-3/2.6.4-5

Condensation curves:
description, 2.6.3-l/2.6.3-2
differential, 2.6.3412.6.3-5
integral, 2.6.3-312.6.3-S

Condensers:
approximate overall heat transfer coefficients in, 2.1.2-3
design procedures for, 3.4.9-l/3.4.94

overall, 3.4.9-l/3.4.9-2
inside tubes, 3.4.9-213.4.9-3
outside tubes, 3.4.9-313.4.94

discussion of types of, 3.4.3-113.4.3-6
horizontal in-tube, 3.4.3-3/3.4.34
horizontal, outside tube, 3.4.3413.4.36
vertical m-tube, downflow, 3.4.3-l/3.4.3-2
vertical m-tube, upflow,  3.4.3-2/3.4.3-3
vertical, outside tube, 3.4.36

fogging in, 2.6.1-112.6.7-4,  3.4.5-2
heat transfer in, 3.4.6-l/3.4.6-4

finned tubes, 3.4.6-3
outside horizontal tubes, 3.4.6-3
with mixtures, 3.4.64
subcooling in, 3.4.64
inside tubes, 3.4.6-l/3.4.6-2
outside vertical tubes, 3.4.6-3/3.4.6-4

introduction to, 3.4.1-1
mean temperature difference in, 3.4.8-l/3.4.8-3
operational problems in, 3.4.5-l/3.4.5-2

fogging, 3.4.5-2
due to limited vapor load, 3.4.5-l/3.4.5-2
pressure control, 3.4.5-1
venting, 3.4.5-2

pressure drop in, 3.4.7-l/3.4.7-2
selection of type of, 3.4.2-l/3.4.24
temperature patterns in, 1.1.3-l/1.1.3-2
as type of heat exchanger, 1.1.5-2
for use in association with evaporators, 3.5.4-2
for vapor mixtures, 3.4.3-l/3.4.4-2
(See also Condensation)

Conduction, heat:
basic equations for, 2.4.1-l/2.4.1-2
in melting and solidification, 2.4.4-l/2.4.4-3
periodic change of temperature in, 2.4.5-l/2.4.54
steady state, 2.4.2-l/2.4.2-3

in bodies with internal heat sources, 2.4.2-3
plane, cylindrical and spherical shells without internal

heat sources, 2.4.2-l/2.4.2-3
thermal contact resistance in, 2.4.6-l/2.4.6-2
transient response to a step change in temperature,

2.4.3-l/2.4.3-12
one-dimensional systems, 2.4.3-l/2.4.3-10
multidimensional systems, 2.4.3-10/2.4.3-11

Conductors, thermal conductivity of, 5.4.3-2/S  .4.3-3
Cones, vertical:

free convective heat transfer from, 2.5.7-24
Conical shells, mechanical design of:

analytic basis for codes, 4.3.3-l
basic principles of, 4.1.3-2
index to U.K., U.S., and F.R.G. codes for, 4.3.2-3/4.3.24

Connors equation for fluid elastic instability, 4.6.4-2
Conservation equations:

for chemical species, 1.2.1-3
in differential form, 2.2.1-5/2.2.1-7
in duct flow, 2.2.1-3/2.2.1-5
in furnaces, 3.11.7-l/3.1  1.7-2
for gas-liquid flows, 2.3.2-8/2.3.2-9

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-8/2.3.2-9

in integral form, 2.2.1-2/2.2.1-5
for multiphase flows, 2.3.14/2.3.1-7

homogeneous model for, 2.3.1-4/2.3.1-7
separated flow model for, 2.3.16/2.3.1-7

for turbulent flows, 2.2.1-13/2.2.1-14
Construction elements of heat exchangers, 4.1.1-2/4.1.2-3
Contact angle, 2.3.1-2

influence in nucleate boiling, 2.7.1-5,2.7.2-2
Contact resistance:

influence on particle-to-wall heat transfer in packed beds,
2.8.3-3

thermal, 2.4.6-l/2.4.6-4
Continuity equation:

applications in heat exchanger calculations, 1.2.6-5
in boundary layer, 2.2.1-17
in compressible duct flows, 2.2.2-12
differential form in single phase flow, 2.2.1-5/2.2.1-7
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Continuity equation (Cont.):
in gas-liquid flows, 2.3.2-812.3.2-9
integral form in single phase flow, 2.2.2-2
in multiphase flows: homogeneous, 2.3.1-5

separated flow, 2.3.1-25
in turbulent flow, 2.2.1-14

Continuum model, for fluids, 2.2.1-1

Continuum theories, for non-Newtonian fluids, 2.2.86/2.2.8-9
Lodge�s rubber-like liquid, 2.2.8-8
Maxwell model, 2.2.8-7
Oldroyd eight constant model, 2.2.8-8
White-Metzner model, 2.2.8-8

Contraction, sudden, pressure drop in: single-phase flow,
2.2.2-20

two-phase gas-liquid flow, 2.3.2-1612.3.2-17
two-phase gas-liquid flow, 2.3.2-1612.3.2-17

Control:
of heat pipes, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

Convection effects, on heat transfer in kettle reboilers:
bundle induced, 3.6.2-213.6.2-3
externally induced, 3.6.2-3

Convective boiling (see Boiling)
Convective heat transfer, single phase:

around immersed bodies: single bodies, 2.5.2-312.5.2-8
smooth flat plates, 2.5.2-l/2.5.2-3

augmentation of, 2.5.11-l/2.5.11-12
in combined free and forced convection (see Combined free

and forced convection)
channel flows, 2.5.10-l/2.5.10-12
immersed bodies, 2.5.9-l/2.5.9-7

effect of radiation on, 2.9.8-112.9.8-10
in fixed beds, 2.8.2-l/2.8.2-8,  2.8.3-l/2.8.3-3
in flow over tube banks, 2.5.3-l/2.5.3-16

finned tubes, 2.5.36/25.3-16
plain tubes, 2.5.3-l/2.5.3-6

forced convection in ducts, 2.5.1-l/2.5.1-13
laminar  flow, 2.5.1-2/2.5.1-S
turbulent flow, 2.5.1-S/2.5.1-13

in free convection: immersed bodies, 2.5.7-l/2.5.7-31
layers and enclosures, 2.5.8-l/2.5.8-25

with impinging jets, 2.5.6-l/2.5.6-10
in liquid metal systems, 2.5.13-l/2.5.134
with non-Newtonian fluids, 2.5.12-l/2.5.12-16

in channels with viscous heating, 2.5.12-10/2.5.12-14
in channels without viscous heating, 2.5.12-6/2.5.12-10
with dilute polymer solution, 2.5.12-14/2.5.12-15

in packed and agitated beds, 2.8.3-l/2.8.3-9
Conversion factors, for physical properties, 5.5.1-3
Conveyor, gravity:

air activated, 2.3.3-2
fluidized bed, 2.3.3-7/2.3.3-9

Cooling towers:
effect of variation in atmospheric pressure on,

3.12.6-213.12.6-3
hybrid, 3.12.5-l/3.12.5-5

assisted draft, 3.12.5-313.12.5-4
closed-circuit evaporative coolers, 3.12.54/3.12.5-S
dry, 3.12.5-113.12.5-2
wet-dry, 3.12.5-213.12.5-3

introduction to, 3.12.1-l
mechanical draft, 3.12.4-113.12.4-4
natural draft: dry, 3.8.2-l/3.8.2-2,  3.8.8-l

wet, structural design, 3.12.3-6/3.12.3-7
wet, thermal design, 3.12.3-l/3.12,3-6
main features of, 3.12.4-l/3.12.4-2

thermal performance and design, 3.12.2413.12.44
packing region in, 3.12.2-l/3.12.2-13

departures from uniform counter flow in,
3.12.2-1213.12.2-13

heat and mass transfer in, 3.12.2-l/3.12.2-3
packings in, 3.12.2-8/3.12.2-11
state of air leaving, 3.12.2-11/3.12.2-12
theory of thermal design of, 3.12.2-3/3.12.2-8

testing and acceptance of, 3.12.6-l/3.12.6-2
as type of heat exchanger, 1.1.5-2
water loss from, 3.12.6-2

Cooper, Anthony, 3.7.1-l/3.7.12-2
Copper-base alloys, as material of construction, 4.5.2414.5.2-5
Correlation, general nature of, 1.2.3-S/1.2.36
Correspondence principle, in physical properties, 5.1.1-1
Corrosion:

associated with phase separation, 4.5.3-5
associated with welds, 4.5.3-S /4.5.36
erosion/corrosion, 4.5.3-l/4.5.3-2
fretting, 4.5.3-2
gas-vapor phase, 4.5.3-6/4.5.3-l
materials of construction to avoid, 4.5.2-2/4.5.26
in shell-and-tube heat exchangers, 3.3.4-5
vapor blanketing as cause, 4.5.34
in various equipment: reboilers, 4.5.3-S

waste heat boilers, 4.5.34
Corrugation design, for plate heat exchangers, 3.7.3-l/3.7.3-2,

4.4.2-314.4.2-4
Costing of heat exchangers:

air-cooled, 4.8.3-l/4.8.3-3
introduction to, 4.8.1-1
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

Countercurrent flow:
critical heat flux in, 2.7.3-26
gas-liquid, in vertical channels, 2.3.2-2112.3.2-22
heat exchangers, 1.1.1-1

temperature pattern for in single-phase flow, 1.1.3-1
&NTU  chart for, 1.5.2-2

Counterflow (see Countercurrent flow)
Coupled thermal fields, in transient conduction, 2.4.3-12
Cowie, R. C., 4.8.2-114.8.2-s
Creeping flow, in combined free and forced convection around

immersed bodies, 2.5.9-3
Critical density, of commonly used fluids, 5.5.1-l/5.5.1-40
Critical flow, in gas-liquid systems, 2.3.2-2612.3.2-29

Henry-Fauske model for, 2.3.2-2812.3.2-29
homogeneous models for, 2.3.2-28

Critical heat flux:
in axial flow reboilers, 3.6.2-713.6.2-8
in counter-current flow, 2.7.3-26
enhancement of, in boiling in tubes, 2.7.9-312.7.9-4

pool boiling, 2.7.9-l/2.7.9-2
in evaporators, 3.5.7-3
in flow in vertical annuli, 2.7.3-2012.7.3-21
in flow in vertical tubes, 2.7.3-13/2.7.3-30

nomenclature for, 2.7.3-13
with non-uniform heat flux, 2.7.3-1812.7.3-20
with uniform heat flux, 2.7.3-1312.7.3-18

in forced convective boiling of binary and multicomponent
mixtures, 2.7%6/2.7.8-7

departure from nucleate boiling, 2.7.8-612.7.8-7
dryout,  2.7.8-7

in kettle reboilers, 3.6.2-4/3.6.2-S
mechanisms of, 2.7.3-2212.7.3-26

annular flow prediction methods for, 2.7.3-2312.7.3-26
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Critical heat flux (Cont.):
with nonaqueous fluids, 2.7.3-2612.7.3-30
in pool boiling, 2.7.2-g/2.7.2-13

geometric effects in, 2.7.2-10/2.7.2-l 1
liquid viscosity effects on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13
Zuber analysis for, 2.7.2-912.7.2-10

in pool boiling of binary and multicomponent mixtures,
2.7.7-412.1.7-5

in rectangular channels, 2.7.3-20
in rod bundles, 2.7.3-2112.7.3-22
outside single tubes in crossflow, 2.7.5-212.7.5-3
outside tubes in tube banks, 2.7.5-512.7.5-7

correlations for, 2.1.5-6/2.7.5-l
mechanisms of, 2.7.5-512.1.5-6

Critical pressure:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-6
in pure fluids, 5.1.1-2

Critical Rayleigh number, in free convection, 2.5.8-2/2.5.8-3,
2.5.8-312.5.8-6

Critical temperature:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-5
in pure fluids, 5.1.1-l/5.1.1-2

Critical velocity, in stratification in bends and horizontal tubes,
2.7.4-l/2.7.4-3

Critical volume, 5.1.1-2
Crocco�s integral, application to boundary layer equations,

2.2.1-19
Cross counter flow heat exchangers, 1.1.1-2

solutions for, 1.3.1-l/1.3.14
Crossflow:

in air-cooled heat exchangers, 3.8.5-l/3.85-5
boiling in over horizontal tubes and tube banks,

2.75-l/2.7.54
in cooling towers, 3.12.2-12/3.12.2-13
over cylinders (see Cylinders)
flow induced vibration in, 4.6.1-l/4.6.6-3
heat exchangers: definition of, 1.1.1-2

solutions for heat transfer in, 1.2.64, 1.3.14
pressure drop in gas-liquid, 2.3.2-12
in shell-and-tube heat exchangers, 3.3.6-3/3.3.64
temperature difference correction (F-correction) and 0-NTU

charts for various configurations of, 1.5.3-l/15.3-13
with both streams mixed, 1.5.3-3
one tube row, unmixed, 1.5.34
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, two passes, mixed, 1.5.3-12
three tube rows, one pass, unmixed, 1.5.36
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two passes, unmixed, 1.5.3-g

over tube banks (see Tube banks)
Crossflow shells (see X-shells)
Crystallization, choice of evaporator type for, 3.5.5-2
Curved ducts:

dryout  in evaporative heat transfer in, 2.7.4-2/2.7.44
single-phase fluid flow and pressure drop in,

2.2.2-1412.2.2-16
flow characteristics in, 2.2.2-1412.2.2-15
laminar flow in, 2.2.2-15/2.2.2-16
turbulent flow in, 2.2.2-16
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Cut-and-twist factor, in enhancement of heat transfer in double
pipe heat exchangers, 3.2.3-l

Cyclohexane, saturation properties of, 5.5.1-l 1
Cyclopentane, saturation properties of, 5.5.1-l 1
Cylinders:

banks of cylinders (see Tube banks)
boiling from outside horizontal in crossflow, 2.7.5-l/2.1.54
characteristics of as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-l/2.5.9-6
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-112.8.2-8
flow across, 2.2.3-312.2.3-7

circular, 2.2.2-312.2.2-6
noncircular, 2.2.3-612.2.3-7
pressure coefficient in, 2.2.4-2

free convective heat transfer from, 2.5.7-20/2.5 .I-24
horizontal, 2.5.7-2012.5.1-23
vertical and inclined, 2.5.7-23/2.5.7-24

free convective heat transfer inside horizontal, 2.5.8-14
hollow, radiation and conduction around, 2.9.8-612.9.8-7
pool boiling from, 2.7.2-l/2.7.2-15

critical heat flux in, 2.7.2-912.7.2-12
radiative heat transfer on nonisothermal gas in, 2.9.7-3
steady-state thermal conduction in, 2.4.2-l/2.4.2-3
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-1/2.4.3-l
single-phase heat transfer in flow over, 2.5.24/2.5.2-5
solution using internal heat transfer coefficient,

2.4.3-712.4.3-g
under external pressure, comparison of mechanical design

codes for, 4.3.4-l/4.3.4-2

D
Damage, sources of in heat exchangers, 45.3-l/4.5.3-7,

4.6.1-l/4.6.1-2
Damkijhler  number:

definition, 2.2.1-l 1
modified form for compressible flows with heat transfer,

2.2.2-12
Damping:

capacity, anelasticity, and, 5.4.5-5
of flow-induced vibration, 4.6.24

Davis and Anderson criterion, for onset of nucleate boiling,
2.7.3-6

Decane, saturation properties of, 5.5.1-10
Degradation temperature, of polymers, 2.5.12-l
�Del� operator (see Differential vector operators)
Delaware method, for shell-side heat transfer and pressure drop,

(see Bell-Delaware method)
Dengler and Addoms correlation, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Density:

definition, 2.2.1-1
fluid with constant, 2.2.1-8/2.2.1-9
fluid with small variations of, 2.2.1-8
of liquid water, 5.5.3-2
of multicomponent liquid mixtures, 5.2.3-l/5.2.3-2
relation with viscosity for gases, 2.2.1-9
of saturated Liquids and vapors, 5.5.1-l/5.5.140
of solids, 5.4.1-l/5.4.1-2

graphite and carbon, 5.4.1-l
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Density, of solids (Cont.):
metal alloys, 5.4.1-l
organics,  5.4.1-2
refractories, 5.4.1-l/5.4.1-2

Deposition of droplets in annular flow, 2.3.2-21, 2.7.3-24
Design of heat exchangers, introduction, 3.1.1-l/3.1.4-9
Design procedures, for segmentally baffled heat exchangers,

3.3.10-l/3.3.10-8
Desuperheaters for use in association with evaporators, 3.5.4-2
Developing flow in ducts:

single-phase flow and pressure drop in, 2.2.2-10/2.2.2-11
hydrodynamic entrance region in, 2.2.2-10/2.2.2-11
various forms and effects on, 2.2.2-11

Diathermanous fluid, 2.9.1-1
Differential condensation:

calculation of condensation curves, 2.6.3-4
description, 2.6.3-l/2.6.3-3

Differential formulations for nonisothermal gas radiation,
2.9.7-512.9.1-8

embedding, 2.9.7-712.9.7-g
multiflex methods, 2.9.7-612.9.7-7
radiation diffusion, 2.9.7-512.9.76

Differential resistance term in heat exchanger design, 3.3.9-2
Differential vector operators in heat conduction, 2.4.1-2
Diffraction models for radiative heat transfer from surfaces,

2.9.4-712.9.4-g
Diffuse surfaces, radiative heat transfer between, 2.9.3-l/2.9.3-17
Diffuse wall passages, radiative heat transfer in, 2.9.3-13/2.9.3-16
Diffusers, single-phase flow and pressure drop in,

2.2.2-1712.2.2-19
effect of inlet conditions, 2.2.2-18/2.2.2-19
with free discharge, 2.2.2-1712.2.2-18
methods of improving performance in, 2.2.2-19
performance, 2.2.2-17

Diffusion coefficients:
in gases, 5.2.5-315.2.54
in liquids, 5.2.5-l/5.2.5-3

Dimensional analysis:
pi theorem for, 2.2.1-11/2.2.1-12
and theory of similarity, 2.2.1-10/2.2.1-13

Dimensionless groups:
equivalent groups in heat and mass transfer, 2.1.5-2
in fluidization, 2.2.6-212.2.6-3
in free convective heat transfer to immersed bodies,

2.5.7-212.5.7-3
table of, 2.2.1-11

Dimensionless numbers (see Dimensionless groups)
Dimensionless time (see Fourier number)
Dimethyl  propane saturated properties, 5 5 .l-6
Direct contact condensation:

introduction, 2.6.1-l
mechanical construction, 4.4.4-6/4.4.4-7

Direct contact cooling, 4.4.4-8
Direct contact evaporation, 4.4.4-7
Dirt (see Fouling)
Disnetization in numerical analysis:

for cases where flow patterns must be calculated, 1.4.2-l
in design of heat exchangers with prescribed flow patterns,

1.4.1-l/1.4.1-6
effect of fineness, 1.4.1-5/1.4.1-6
subdivision of space, 1.4.1-l/1.4.1-2
subdivision of time, 1.4.1-2/1.4.1-3

Disk-and-doughnut baffled heat exchangers, 3.3.11-2
Disk turbine agitator, 3.14.2-l/3.14.2-2

heat transfer in vessel agitated by, 3.14.3-l
Disks, free convective heat transfer from inclined, 2.5.7-25

I - 9

Dispersed bubble flow (see Bubble flow)
Dissipation of turbulent energy, 2.2.1-20
Distillation, closed distillation process, 2.1.7-8
Distribution:

annular, in shell-and-tube heat exchangers, 3.3.5-l 1
design in fluidized beds, 2.2.6-712.2.6-8

Dittus-Boelter  equation, for single-phase forced convective heat
transfer, 2.7.3-5

Dividing flow, loss coefficients in, 2.2.2-19
DNB (departure from nucleate boiling) (see Critical heat flux)
Donohue method, for shell-side heat transfer in shell-and-tube

heat exchangers, 3.3.2-2
Double-pipe heat exchanger:

approximate overall heat transfer coefficients, 2.1.2-3
description, 3.1.2-l/3.1.2-2
design, 3.2.1-l/3.2.6-2

applications of, 3.2.2-l
construction/mechanical desia, 3.2.5-l/3.2.5-2,

4.4.4-114.4.4-2
design parameters for, 3.2.3-l/3.2.3-6
introduction, 3.2.1-l
operational advantages of, 3.2.6-l/3.2.6-2
types available, 3.2.4-113.2.4-2

Double segmental baffled heat exchangers, 3.3.1 l-2
Downward facing surfaces, free convective heat transfer from,

2.5.7-1312.5.7-15
Downward flow in vertical tubes, flow patterns in gas/liquid,

2.3.2-2
Dowtherm A saturation properties, 5.5.1-28
Dowtherm J saturation properties, 5.5.1-28
Drag coefficient:

for circular cylinder, 2.2.3-3/2.2.34
definition, 2.2.3-2
in fluidized beds, 2.2.6-2
for sphere, 2.2.3-3
on tube in tube bank, 2.2.4-312.2.4-5

Drag force:
on immersed bodies, 2.2.3-212.2.34
on tube in tube bank, 2.2.4-312.2.4-5

Drag reduction, 2.2.8-11/2.2.8-12
effect on heat transfer, 2.5.12-14/2.5.12-15

Drift flux model for two-phase flows, 2.3.1-7/2.3.1-g
Droplets:

deposition and entrainment of, in annular flow, 2.3.2-21
nucleation of in supersaturated vapors, 2.6.7-l/2.6.7-2
use in augmentation of heat transfer, 2.5.11-8

Dropwise condensation:
calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction, 2.1.7-6,2.6.1-l, 2.6.5-l
mechanisms of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promotors for, 2.6.5-312.6.5-4

Dry cooling towers, 3.8.2-l/3.8.2-2,  3.8.8-1,3.12.5-l/3.12.5-2
Dry-wall convection, in evaporation (see Postdryout heat

transfer)
Dryers:

classification and selection, 3.13.2-l/3.13.2-4
introduction, 3.13.1-l/3.13.1-2
layout and performance data, 3.13.3-l/3.13.3-5

description of drying process in the Mollier chart,
3.13.34/3.13.3-5

energy and mass balances, 3.13.3-l/3.13.3-2
Mollier chart, 3.13.3-l
wet bulb temperature in, 3.13.3-2/3.13.34

practical design, 3.13.7-l/3.13.7-3
band dryers, 3.13.7-l/3.13.7-2
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Dryers, practical design (Cont.):
fluid bed dryers, 3.13.7-2
pneumatical conveying dryers, 3.13.7-2
rotary dryers, 3.13.7-2
spray dryers, 3.13.7-2/3.13.7-3

prediction of drying rates in, 3.13.4-1/3.13.4-S
prediction of residence time in: with nonprescribed material

flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.155-5

as type of heat exchange equipment, 1.1.5-3
Drying, combined heat and mass transfer in, 2.1.6-l/2.1.6-2
Drying loft, 3.13.2-3
Drying plant (see Dryers)
Drying rates, prediction of, 3.13.4-l/3.13.4-5
Dryout:

introduction, 2.7.3-2
as mechanism for critical heat flux: of liquid film,

2.7.3-2212.7.3-30
under a vapor clot, 2.7.3-22

(See also Critical heat flux)
Ductile fracture as failure mode of heat exchanger, 4.1.1-3
Ducts, single-phase fluid flow and pressure drop in,

2.2.2-112.2.2-25
circular pipes, fully developed flow, 2.2.2-l/2.2.2-7
compressible flow in, 2.2.2-1212.2.2-14
curved ducts, 2.2.2-14/2.2.2-17
developing flow in, 2.2.2-10/2.2.2-11
losses in piping components in, 2.2.2-14/2.2.2-20
noncircular ducts, fully developed flow, 2.2.2-712.2.2-10
unstead flow in, 2.2.2-14

Durand correlation for heterogeneous conveyance in solid/liquid
flow, 2.3.4-6

E
E-type shells in shell-and-tube heat exchangers:

recommended calculation methods for pressure drop and heat
transfer in, 3.3.1-l/3.3.10-8

temperature difference correction Q and 0-NTU charts for,
1.5.2-5/1.5.2-10

Eckert  number, 2.2.1-11
Eddy viscosity:

definition, 2.2.2-2
relation to mixing length, 2 2.24

Edwards, D. K., 2.9.1-1/2.9.8-12,5.5.5-l/5.5.54
EEC code for thermal design of heat exchangers, 4.3.1-3
Effective thermal conductivity of fixed beds, 2.8.1-l/2.8.1-14,

2.8.2-212.8.2-5
Effective tube length in shell-and-tube heat exchangers, 3.3.5-17
Effectiveness of a heat exchanger, definition, 1.2.4-3,2.1.2-2
Efficiency of fins, 2.5.3-612.5.3-7
Elastic analysis, in mechanical design, 4.1.2-l 1
Elastic properties of solids:

anelasticitydamping capacity, 5.4.5-5
anisotropy, 5.4.54/5.4.5-5
introduction to, 5.4.5-l
isotropic materials, 5.4.5-3/5.4.54
static and dynamic properties, 5.4.5-2
stress-strain curve, 5.4.5-2/5.4.5-3
tables of, 5.5.8-l/5.5.8-3

Electric fields, effect on properties of rheologically  complex
materials, 5.3.8-l/5.3.8-2

Electromagnetic theory of radiation, 2.9.2-7/2.9.2-10
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Electrostatic fields in augmentation of heat transfer,
2.5.11-3/2.5.114,2.5.11-8/2.5.11-g, 2.7.94

Elhadidy relation between heat and momentum transfer, 1.2.36
Embedding methods for radiative heat transfer in nonisothermal

gases, 2.9.7-712.9.7-8
Emission of thermal radiation, in solids, 2.9.2-l/2.9.2-3

characteristics of, 2.9.2-l/2.9.2-2
measurement of, 2.9.2-3

Emissivity:
of gaseous combustion products, 3.11.34
of gases, 2.9.5-l/2.9.5-13

table, 5.5.5-l/5.5.54
of solids, 5.4.4-l/5.4.4-6
of surfaces: definition, 2.9.2-1

measurement of, 2.9.2-3
tables, 5.5.7-l/55.7-3
total, of solids, table, 3.11.3-6

EMTD (effective mean temperature difference) in air-cooled heat
exchangers, 3.8.54/3.8.5-5

Enclosures:
annuli,  free convective heat transfer in: horizontal,

2.5.8-14/2.5.8-16
vertical (heated on vertical curved surfaces),

2.5.8-13/2.5.8-14
concentric spheres, free convective heat transfer in, 2.5.8-16
free convection heat transfer in, when heated from below,

2.5.8-312.5.8-6
critical Rayleigh number, 2.5.8-3/25.8-6
heat transfer rates, 2.5.8-6
modes of circulation, 2.5.8-6

honeycombs, free convective heat transfer in,
2.5.8-2012.5.8-23

horizontal cylinders, free convective heat transfer inside,
2.5.8-14

inclined, free convective heat transfer in, 2.5.8-17/2.5.8-20
large aspect ratios, 2.5.8-17/2.5.8-19
moderate aspect ratios, 2.5.8-20

rectangular, free convective heat transfer in, when heated
from the sides, 2.5.8-6/2.5.8-13

flow patterns in, 2.5.8-6/2.5.8-8
large aspect ratios, 2.5.8-8/2.5.8-10
with local heating, 2.5.8-13
low aspect ratios, 25.8-10/2.5.8-13

Energy, internat (see Specific internal energy)
Energy equation:

in boundary layers, 2.2.1-18
in compressible duct flow, 2.2.2-12
differential form in single-phase flow, 2.2.1-5/2.2.1-7
in gas-liquid flows, 2.3.2-8/2.3.2-V

homogeneous flow, 2.3.2-8
separated flow, 2.3.2-812.3.2-v

in heat exchangers, 1.2.6-2/1.2.6-3
integral form in single-phase flow, 2.2.1-3
in multiphase flows: homogeneous, 2.3.1-5/2.3.1-6

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Enhancement devices:
for condensation, 2.6.6-l/2.6.64
for single-phase heat transfer, 2.5.11-l/2.5.11-12

Enhancement  of heat transfer (see Augmentation)
Enlargements in pipes:

single-phase flow and pressure drop in, 2.2.2-17/2.2.2-19
diffusers, 2.2.2-1712.2.2-19
sudden enlargements, 2.2.2-19
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Enlargements in pipes (Cont.):
twophase flow and pressure drop in, 2.3.2-1512.3.2-16

slow change, 2.3.2-1512.3.2-16
sudden enlargement, 2.3.2-16

Enthalpy:
changes in streams in heat exchangers, 1.2.4-l/1.2.4-2
of saturated liquids and vapors, 55.1-l/55.1-40
(See else Specific enthalpy)

Enthalpy balance equations for cooling towers, 3.12.2-5
Entrainment in annular gas-liquid flow, 2.3.2-l 1, 2.7.3-24
Entrance effects in heat and mass transfer:

comparison of laminar and turbulent flows, 2.1.7-l/2.1.7-2
in turbulent flow heat transfer, 2.5.1-7

Entrance lengths, hydrodynamic in pipe flow, 2.2.2-10/2.2.2-11
Entrance losses for tube inlet in shell-and-tube heat exchanger,

2.2.7-712.2.7-8
Entropy (see Specific entropy)
Eotvos number:

in bubble departure, 2.7.1-8
definition, 2.3.2-19

Equations of state:
Benedict-Webb-Rubin, 5.2.2-3
Peng-Robinson, 5.1.24
Redlich-Kwong, 5.1.24
Redlich-Kwong-Soave, 5.1.24
van der Waals, 5.1.2-315.1.2-4

Equilibrium interphase:
in binary and multicomponent mixture, 2.7.6-l/2.7.64,

5.2.1-l/5.2.1-8
hydrocarbon phase behavior, 5.2.1-315.2.1-5
in mixtures of undefined components, 5.2.1-515.2.1-s
nonhydrocarbon phase behavior, 5.2.1-5
vapor-liquid, 5.2.1-2/5.2.1-3

introduction, 1.2.1-3
metastable and stable, 2.7.1-1

Equilibrium vapor nucleus, 2.7.1-3
Equivalent sand roughness, 2.2.1-29/2.2.1-30
Ergun equation, for pressure drop in fixed beds,

2.2.5-2
Ethane:

saturation properties, 5.5 .l-5
superheated gaseous, thermodynamic properties of, 5.5.2-2

Ethanol:
critical heat flux table for flow boiling of in vertical tube,

2.7.3-29
saturation properties of, 5.5.1-18

Ethyl acetate saturation properties, 55.1-25
Ethyl benzene saturation properties, 5.5 .l-14
Ethyl ether saturation properties, 55.1-23
Ethylene:

saturation properties of, 5.5.1-15
superheated gaseous, thermodynamic properties, 5.5.2-3

Ethylene oxide saturation properties, 5.5.1-24
Euler number:

definition, 2.2.1-11
effect of roughness on, in flow over tube banks,

2.2.4-1412.2.4-15
in flow over tube banks, 2.2.4-512.2.4-12

European Economic Community (see EEC code for thermal
design of heat exchangers)

Eutectic mixtures, condensation of forming immiscible liquids,
2.6.4-212.6.4-3

Evaporation:
flow regimes in, 2,3.2-6/2.3.2-7
at an interface, 2.7.1-2

I-11

interfacial resistancc in, 2.1.7-8
introduction to, 2.1.7-612.1.7-8
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
in plate heat exchangers, 3.7.12-1
(See also Boiling)

Evaporative coolers, 3.12.5-4/3.12.5-5
Evaporators:

arrangements for, 3.5.3-l/3.5.3-2
flash evaporation, 3.5.3-2
multiple effect, 3.5.3-l/3.5.3-2
vapor recompression, 3.5.3-2

choice of type of, 3.5.5-l/3.55-2
concentration, 3.5.5-l/35.5-2
crystallization, 3.5.5-2
vaporization, 3.5.5-l

design aspects, 3.5.4-l/3.5.4-2
condensers for, 3.5.4-2
desuperheaters for, 3.5.4-2
hot fluid space in, 3.5.4-l
separators for, 3.5.4-l/3.5.4-2

estimation of heat transfer coefficients in, 35.7-l/3.5.7-3
estimation of pressure drop and circulation in, 35.6-l
estimation of surface area in, 3.5.8-1
introduction to, 3.5.1-l
as type of heat exchanger, 1.1.5-2
types, 3.5.2-l/3.5.2-7

basket type, 3.5.2-l/3.5.2-3
climbing film, 3.5.24
falling film, 3.5.2413.5.2-5
horizontal shell side, 3.5.2-l
horizontal tube side, 3.5.2-513.5.2-6
long-tube vertical, 3.5.2-3/3.5.24
plate-type, 3.5.2-6
short-tube vertical 3 5.2-l

Exit losses for tubes in shell:and-tube exchanger, 2.2.7-8
Expansion joints, mechanical design of:

basic principles of, 4.1.6-I
constructional details of, 4.2.6-1014.2.6-l 1

Expansion of tubes into tube sheets:
explosive, 4.2.6-7
roller, 4.2.6-614.2.6-7

Explosive welding of tubes into tube sheets, 4.2.6-8/4.2.6-10
Extended surfaces (see Fins)
Externally induced convection, in kettle reboilers, 3.6.2-3
Extinction coefficient, 2.9.5-1
Extinction efficiency, 2.9.5-1
Extruders, heat transfer in, 3.14.3-513.14.3-6
Eyring  fluid (non-Newtonian), 2.2.8-7

F
F-correction method:

application to single-pass cocurrent  and countercurrent flow
exchangers, 1.3.1-2/1.3.14,  1.5.2-l/1.5.2-2

F-factor charts and equations for various heat exchanger
configurations, 1.5.2-2/1.5.3-12

crossflow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, one pass, unmixed, 1.5.3-7
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 1.5.34
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
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F-correction method, F-factor charts and equations for various
heat exchanger configurations, crossflow (Cont.):

two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two tube passes, unmixed, 1.5.3-g

double-pipe heat exchangers, 3.2.34/3.2.3-5
E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 15.2-8
Gshell, even number of tube passes, 1.5.2-l 3
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
single pass cocurrent,  1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.44, 1.5.1-l/1.5.3-12
F-factor method:

for temperature difference (see F-correction method)
tong, for critical heat flux with non-uniform heat flux,

2.7.3-19/2.1.3-20
F-type shells:

calculation of heat transfer and pressure drop in, 3.3.11-2
discussion of, 3.3.4-3
thermal leakage in, 1.5.2-14/1.5.2-15

Failure modes of heat exchangers, 4.1.1-3/4.1.1-5
corrosion and other damage mechanisms, 4,5.3-l/45.3-7
ductile fracture, 4.1.1-3
high strain fatigue, 4.1.1-5
incremental collapse, 4.1.1-3/4.1.1-5

Falling film evaporator:
description of, 3.5.2413.5.2-5
mass transfer in, 2.1.7-8

Fanning friction factor (see Friction factor)
Fanno flow, 2.2.2-13
Fans in air-cooled heat exchangers:

drive design, 3.8.7-2,4.4.14/4.4.1-6
noise emission, 3.8.9-l
power consumption, 3.8.7-l/3.8.7-2
selection and sizing, 3.8.7-l

Fatigue as failure mode of a heat exchanger, 4.1.1-5,
4.5.3-2/4.5.3-3,4.6.1-2

Ferritic stainless steels, as material of construction,
4.5.2-314.5.24

Fick�s law for diffusion, 2.1.1-2
extensions to multicomponent system, 2.1.5-1
limitations in, 2.1.1-l/2.1.1-4

Film boiling:
in axial flow reboilers, 3.6.2-9
in cross flow over single cylinder, 2.7.5-312.7.54
in forced convective boiling on vertical surfaces,

2.7.3-3012.7.3-31
vertical flat plate, 2.7.3-30/2.7.3-31
vertical rod, 2.7.3-31

in kettle reboilers, 3.6.2-5
in pool boiling, 2.7.2-14/2.7.2-15

Film cooler, approximate overall heat transfer coefficients in,
2.1.24

Film temperature, definition of for turbulent flow over flat
plate, 2.2.1-29

Films in heat exchangers, 1.1.4-2
Filmwise condensation:

description of, 2.6.1-I
of pure vapors, 2.6.2-l/2.6.2-19

inside horizontal tubes, 2.6.2-12/2.6.2-15
outside horizontal tubes, 2.6.2-912.6.2-12
interfacial resistance in, 2.6.2-15
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with liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-2, 2.6.2-9

Finite difference equations:
application to natural convection in enclosures, 2.5.8-8
for flow pattern calculation, 1.4.2-l/1.4.24
for heat exchangers, 1.4.1-3/1.4.14

Finned-tube banks (see Tube banks finned)
Fins:

application in enhancement of boiling heat transfer,
2.7.9-l/2.7.94

as augmentation devices, 2.5.1 l-2
in condensation, 2.6.6-212.6.6-3
internally finned tubes, 2.5.11-5/2.5.11-6,  2.6.6-212.6.6-3
in natural convection, 2.5.11-3/2.5.114

on cylinders in tube banks: pressure drop in,
2.2.4-1312.2.4-14

effect on flow over cylinders, 2.2.3-612.2.3-7
free convective heat transfer from, 2.5.7-25
longitudinal (straight): application in double-pipe heat

exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.1-l/3.2.6-2

low finned tubes: applications in shell-and-tube heat
exchangers, 3.3.11-2/3.3.114

correlation for single-phase heat transfer in flow over,
2.5.3-1212.5.3-13

use in boiling augmentation, 2.7.9-l/2.7.9-2
radiating, 2.9.8412.9.8-6
single-phase forced convective heat transfer to banks of tubes

with, 2.5.3-612.5.3-16
efficiency of fiis in, 2.5.3-6/2.5.3-11
experimental data compared with correlations for,

2.5.3-1312.5.3-15
heat transfer correlations for high fms, 25.3-l l/2.5.3-12
heat transfer correlations for low fins, 2.5.3-12/2.5.3-13

types, in heat exchangers, 1.1.4-1
types used in an-cooled heat exchangers, 3.8.3-l/3.8.3-3

Fire-tube boiler, 3.11.2-3
Fired heaters, 3.11.2-l/3.11.2-2
Firsova,  E. V., 2.5.13-l/2.5.134
Fittings, pipe (see Piping components)
Fixed beds:

characteristics of packings in, 2.2.5-2
heat transfer in, with gas flowing through, 2.8.2-l/2.8.2-7,

2.8.3-l/2.8.3-3
contact area resistance in, 2.8.3-2
effective thermal conductivity in, 2.8.2-2/2.8.2-5
fluid-to-particle heat transfer in, 2.5.4-l/2.5.4-6
heat transfer from wallsof,  2.8.2-5/2.8.2-7,2.8.3-l/2.8.3-3
molecular gas conduction influence in, 2.8.3-l/2.8.3-2
one-dimensional temperature field in, 2.8.2-7
radiative heat transfer in, 2.8.3-2
two-dimensional temperature field in, 2.8.2-l/2.8.2-2

heat transfer in stagnant (with no flow through),
2.8.1-l/2.8.1-14

effective thermal conductivity of, 2.8.1-3/2.8.1-5
heat transfer coefficient from walls to, 2.8.1-5/2.8.1-10
onedimensional temperature field in, 2.8.1-10/2.8.1-14
twodimensional temperature field in, 2.8.1-l/2.8.1-2

non-uniform heat transfer in, 2.1.4-3/2.1.44
single-phase flow and pressure drop in, 2.2.5-l/2.2.5-5
voidage  in, 2.2.5-l

Fixed tubesheet, shell-and-tube exchangers:
comparison of codes, 4.3.4-2
mechanical features, 4.2.3-l/4.2.34

Flanges, mechanical design of in heat exchangers:
basic principles, 4.1.7-l/4.1.7-2
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Flanges, mechanical design of in heat exchangers (Conr.):
comparison of codes, 4.3.4-214.3.4-3
constructional features, 4.2.6-3/4.2.6-5
index to U.S., U.K., and F.R.C. codes, 4.3.2-5/4,3.2-7

Flash evaporation, 3.5.3-2
Flat absorber of thermal radiation, 2.9.2-15
Flat plate:

free convective heat transfer on: inclined and horizontal
plates, 2.5.7-1312.5.7-19

vertical plates, 2.5.7-212.5.7-13
laminar flow along, 2.2.1-2212.2.1-24

effect of buoyancy forces, 2.2.1-24
effect of density-viscosity function, 2.2.1-22
effect of Mach number, 2.2.1-23
effect of Prandtl number, 2.2.1-23
effect of suction or injection, 2.2.1-23
effect of wall temperature, 2.2.1-22
effect of wall temperature distribution, 2.2.1-2312.2.1-24
higher order effects, 2.2.1-24
reference temperature, 2.2.1-23

single-phase forced convective heat transfer in, 2.5.2-l/2.5.2-3
transition flow along, 2.2.1-2412.2.1-25

effect of outer flow turbulence, 2.2.1-24
effect of pressure gradient, 2.2.1-24
heat transfer in, 2.2.1-25
suction on blowing effect, 2.2.1-25
surface roughness, 2.2.1-25

turbulent flow along, 2.2.1-29/2.2.1-30
effect of suction or injection, 2.2.1-30
heat transfer on, 2.2.1-2912.2.1-30
Mach number effect on, 2.2.1-30
skin friction on, 2.2.1-29

Flat reflector of thermal radiation, 2.9.2-14
Floating head designs for shell-and-tube heat exchangers:

analytical basis for codes for, 4.3.3-l
comparison of codes for, 4.3.4-2
detailed constructional features, 4.2.3414.2.3-7

outside packed type, 4.2.3-7
packed-lantern ring type, 4.2.3-514.2.3-6
pull through type, 4.2.3-5
split backing ring type, 4.2.3414.2.3-5

discussion, 3.3.5-1213.3.5-13
example of calculation of heat exchanger mechanical design

with, 4.3.6-l/4.3.6-23
flanges in, 4.2.6-3
mechanical design of: basic principles of, 4.1.4-214.1.44

Flooding phenomena:
in gas-liquid flow in vertical tubes, 2.3.2-2112.3.2-23
in reflux condensation, 2.6.2-712.6.2-9,  3.4.3-213.4.3-3
Pushkina and Sorokin correlation for, 2.3.2-22
as source of critical heat flux limitation in countercurrent

flow: in tube banks, 2.7.5-512.7.56
in tubes, 2.7.3-26

Wallis  correlation for, 2.3.2-22,2.6.2-8
Flow distribution in plate heat exchangers, 3.7.6-2,

3.7.8-3/3.7.84,4.4.3-3
Flow-induced vibration, 4.6.1-l/4.6.6-3

design considerations, 4.6.6-l/4.6.6-3
introduction, 4.6.1-l/4.6.1-2

sources of damage by, 4.6.1-l/4.6.1-2
prediction procedure, 4.6.5-l/4.6.5-2
shell-side velocities causing, 4.6.3-l
tube bundle vibration characteristics, 4.6.2-l/4.6.24

amplitude of vibration, 4.6.24
damping, 4.6.24
finned-tube natural frequencies, 4.6.2-3

span lengths, 4.6.2-3
straight tube natural frequencies, 4.6.2-l/4.6.2-3
U-bend tube natural frequencies, 4.6.2-3

vibration phenomena, 4.6.4-l/4.6.44
acoustic vibration, 4.6.4-3/4.6.44
combined phenomena, 4.6.44
fluid elastic whirling, 4.6.4-2
parallel flow eddy formation, 4.6.4-3
turbulent buffeting, 4.6.4-2
vortex shedding, 4.6.4-l/4.6,4-2

Flow patterns (see Flow regimes)
Flow quality (see Quality)
Flow regimes:

in combined free and forced convection in channels:
circular pipes, 2.5.10-l/2.5.10-2
rectangular channels, 2.5.10-11

in combined free and forced convection around immersed
bodies, 2.5.9-l/2.5.9-4

in condensation forming immiscrble  liquids, 2.6.4-2
in fixed beds, 2.8.2-2
in fluidized beds, 2.2.6-1,2.2.6-3
in gas-liquid flow, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
inclined tubes, 2.3.2412.3.2-5
shell-and-tube heat exchangers, 2.3.2-512.3.2-6,  3.4.7-2
systems with phase change, 2.3.2-612.3.2-7
vertical tubes, 2.3.2-I/2.3.2-2

influence of free convection on, in horizontal pipe flow,
2.2.2-6

in natural convection in enclosures, 2.5.8-6/2.5.8-8
in single-phase flow in tube banks, 2.2.4-l/2.2.4-3
in single-phase flow over immersed bodies:

boundary layer regime, 2.2.3-l/2.2.3-2
over circular cylinders, 2.2.3-3
over noncircular cylinders, 2.2.3-612.2.3-7

in solid-gas flow, 2.3.3-2
Fluid elastic instability as source of flow-induced vibration,

4.6.4-2
Fluid elastic whirling (see Fluid elastic instability as a source of

flow induced vibration)
Fluid mechanics, Eulerian formulation for, 2.2.1-l
Fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.56
Fluidized bed dryer:

description, 3.13.24
practical design, 3.13.7-2

Fluidized bed gravity conveyors, 2.3.3-712.3.3-g
Fhridized beds:

bed-to-immersed tube heat transfer in, 2.8.46/2.8.4-7
bed-to-wall heat transfer in, 2.8.4-l/2.8.4-8

interphase gas convective component, 2.8.4-3
particle convective component, 2.8.4-212.8.4-3
predictive methods for, 2.8.4412.8.4-6
radiative component, 2.8.4-3

fluid-to-particle heat transfer in, 2.5.5-l/2.5.5-6
introduction, 2.5.1-l/2.5.5-2
low Peclet numbers, 2.5.3-312.5.36
recommended equations, 2.5.5-212.5 5-3

single-phase fluid flow and pressure drop in, 2.2.6-112.2.6-g
local structure in, 2.2.6-612.2.6-8
minimum velocity for fluidization in, 2.2.6-212.2.6-3
pressure drop, 2.2.6-2
state diagram for, 2.2.6-212.2.6-3
types of fluidization, 2.2.6-l/2.2.6-2

use in augmentation of heat transfer, 2.5.1 l-8
Fluids:

models for, 2.2.1-7/2.2.1-10
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Fluids, models for (Cont.):
calorifically  perfect, 2.2.1-8
constant density, 2.2.1-812.2.1-g
continuum, 2.2.1-1
perfect gas (ideal gas), 2.2.1-7/2.2.1-g
small density variation, 2.2.1-8

physical properties: mixtures of fluids, 5.2.1-l/5.2.5-5
pure fluids, 5.1.1-l/5.1.5-3
rheologically  complex, 5.3.1-l/5.3.8-3
tables, 5.5.1-l/5.5.5-4

Fluorine saturation properties, 5.5.1-32
Fluted tubes, application in evaporators, 2.7.9-3
Flux method, for modeling radiation in furnaces, 3.11.7-5
Flux relationships in heat exchangers, 1.2.2-l/1.2.2-4
Fog formation (see Fogging in condensation)
Fogging in condensation, 2.6.7-l/2.6.74

design to minimize, 2.6.7-3, 3.4.5-2
effects of, 2.6.7-3, 3.4.5-2
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Forced convection heat transfer, single-phase (see Convection
heat transfer)

Forced convective boiling (see Boiling)
Forced flow reboilers:

characteristics, advantages, and disadvantages of, 3.6.1-5
heat transfer characteristics of, 3.6.2-6/3.6.2-10

Forster and Zuber correlation for nucleate boiling, 2.7.24
Fouling:

in double-pipe heat exchangers, 3.2.6-l
in evaporators, 3.5.7-l/3.5.7-2
influence in selection of reboiler type, 3.6.1-6
numerical methods in the prediction of, 1.4.2-4
in plate heat exchangers, 3.7.9-l
in reboiler design, 3.6.4-l/3.6.4-2

fouling resistances in reboilers, 3.6.4-2
in shell-and-tube heat exchangers, 3.3.4-5, 3.3.5-14/3.3.5-15

asliiiting factor in design, 3.3.10-7/3.3.10-g
as source of damage, 4.5.3-5

Four phase flows, examples, 2.3.1-2
Fourier law for conduction, 2.1.1-2,2.4.1-l

limitations in, 2.1.1-l/2.1.1-4
Fourier number (Fo):

definition, 1.2.3-5,2.1.3-2
in packed beds, 2.8.3-l/2.8.3-3
in solidification and melting, 2.4.4-l/2.4.4-2
in transient conduction, 2.4.3-l/2.4.3-7

Frames for plate heat exchangers, 4.4.2-5/4.4.2-7
France, guide to national practice for mechanical design, 4.3.5-6
Free convection:

augmentation of heat transfer in: active systems for, 2.5.114
passive systems for, 2.5.1 l-3

combined with forced convection (see Combined free and
forced convection)

effect on laminar flow heat transfer in channels,
2.5.1-412.5.1-5

effect of, on single-phase flow in vertical ducts, 2.2.2-11
heat transfer around immersed bodies, 25.7-l/2.5.7-3  1

generalized solutions for, 2.5.7-25125.7-28
horizontal cylinders, 2.5.7-20/25.7-23
inclined and horizontal surfaces, 2.5.7-13/2.5.7-19
open ended channels, 25.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7-23/2.5.7-24
vertical plates, 2.5.7-212.5.7-13
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influence on friction factor in circular pipe flow,
2.2.2-512.2.2-7

in layers and enclosures, 2.5.8-l/2.5.8-25
circular vertical annuli heated and cooled on vertical

curved surfaces, 2.5.8-13/25.8-14
concentric spheres, 2.5.8-16
enclosures heated from below, 2.5.8-3
honeycombs, 2.5.8-20125.8-23
horizontal annuli, 2.5.8-14/2.5.8-16
horizontal cylinders, 2.5.8-14
inclined enclosures, 2.5.8-17/2.5.8-20
infinite horizontal layers, 2.5.8-l/2.5.8-3
rectangular enclosures heated and cooled on the sides,
2.5.8-612.5.8-13

occurrence in flow in horizontal circular pipe, Metais and
Eckert diagram for, 2.2.2-6

Free-fall velocity of particles, 2.3.3-3
Free molecule conditions, maximum shear stress, heat flux, and

mass flux in, 2.1.1-2
Free-stream turbulence, effect on flow over cylinders, 2.2.36
Freeze protection of air-cooled heat exchangers, 4.4.1-l/4.4.1-2,

4.4.1-7
Fresnel relations in reflection of radiation, 2.9.2-9
Fretting corrosion, 4.5.3-2
Friction coefficient (see Friction factor)
Friction factor:

in circular pipe flow, 2.2.2-l/2.2.2-2
definition, 2.2.2-l
Moody chart for, 1.2.3-3, 2.2.2-2

definition, 1.2.3-2
in fixed beds, 2.2.5-3
in flow over tube banks, 3.3.7-l/3.3.7-4
interfacial, 2.3.2-2112.6.2-6
liquid film, 2.3.2-10
in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
on the shell side of double-pipe heat exchangers,

3.2.3-513.2.3-6
of solid in solid gas flow, 2.3.3-512.3.3-7

definition, 2.3.3-5
in horizontal pneumatic conveyance, 2.3.3-512.3.3-6
in vertical pneumatic conveyance, 2.3.3-5

in systems with heat transfer augmentation: coiled tubes,
2.5.11-7

internally finned tubes, 2.5.11-6
roughened surfaces, 2.5 .l l-2/2.5  .l l-5
twisted tape systems, 2.5.11-7

Friction multipliers in gas-liquid flow:
correlation for: in singularities, 2.3.2-15/2.3.2-18

in straight channels, 2.3.2-9/2.3.2-12
definition, 2.3.2-9

Friction velocity definition, 2.2.1-25
Frictional pressure drop (see Pressure drop)
Friedel correlation for frictional pressure gradient in straight

channels, 2.3.2-l 1
Froude number:

definition, 1.2.3-5,2.2.1-11
in fluidized beds, 2.2.6-212.2.6-3

Fuels, properties of, 3.11.3-2/3.11.3-3
Fugacity, 5.2.1-2
Furnaces:

advanced models for, 3.11.7-l/3.11.7-6
in boilers, 3.11.2-2/3.11.2-3
heat transfer in, 3.11.3-6

heat sink, 3.11.3-3/3.11.36
heat source, 3.11.3-l/3.1  1.3-3
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Furnaces, heat transfer in (Cont.):
heat transfer of the sink, 3.11.3-6
refractory surfaces, 3.11.3-6

introduction, 3.11.1-l
multizone model for, 3.11.6-l/3.11.64
plug flow model for, 3.11.5-l/3.11.5-2
in process heaters, 3.11.2-l/3.1  1.2-2
radiation characteristics of row of cylinders backed by

refractory wall in, 2.9.3-1212.9.3-13
stirred reactor model for, 3.11.4-l/3.1  1.4-6
as type of heat exchange equipment, 1.1.5-3

G
G-type shells in shell-and-tube heat exchangers:

description, 3.3.4-3
temperature difference correction factor (F) and 0-NTU

chart for, 1.5.2-13
Galileo number, 2.2.1-11

in bubble rise in liquids, 2.3.2-19
Gas heater, approximate overall heat transfer coefficients in,

2.1.2-3
Gas-liquid flows:

applications of one-dimensional equations, 2.3.2-7/2.3.2-18
conservation equations, 2.3.2-812.3.2-9
correlation for void fraction, 2.3.2-1312.3.2-15
frictional pressure drop in straight channels,

2.3.2-912.3.2-12
pressure changes across singularities, 2.3.2-1512.3.2-18
pressure drop in heat exchangers, 2.3.2-1212.3.2-13

critical two-phase flow, 2.3.2-2612.3.2-29
flow patterns in, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
shell-and-tube heat exchangers, 2.3.2-512.3.2-6
in systems with phase change, 2.3.2-6/2.3.2-7
inclined tubes, 2.3.24/2.3.2-5
vertical tubes, 2.3.2-l/2.3.2-2

hydrodynamics of specific flow regimes (horizontal),
2.3.2-2312.3.2-26

annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

hydrodynamics of specific flow regimes (vertical),
2.3.2-1812.3.2-23

annular flow, 2.3.2-1912.3.2-21
bubble flow, 2.3.2-1812.3.2-19
counter-current flow and flooding, 2.3.2-21/2.3.2-23
plug-slug flow, 2.3.2-19

in plate heat exchangers, 3.7.12-1
Gas-solid flow (see Solid-gas flow)
Gas sparging, for agitation of vessels:

description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3

Gaseous fuels, properties of, 3.11.3-2
Gases:

as constituent of multiphase flows, 2.3.1-2
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
diffusion coefficients in, 5.2.5-3/5.2.54
emissivity of, 2.9.5-l/2.9.5-13

table of, 5.5.5-l/5.5.5-4
emissivity of combustion product mixtures of, 3.11.34,

5.5.5-315.5.5-4
isothermal, radiative heat transfer in, 2.9.6-l/2.9.6-9

nonisothermal, radiative heat transfer in, 2.9.7-l/2.9.7-13
P-F-T relationships for, 5.1.2-l/5.1.24
radiation properties, 2.9.5-l/2.9.5-12

equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-2/2.9.54
molecular, 2.9.5-812.9.5-11
physics of, 2.9.54
spectral, band and total property definition,

2.9.5412.9.5-g
superheated, thermodynamic properties of, tables,

5.5.2-l/5.5.2-11
thermodynamic properties, 5.1.3-l/5.1.3-7
transport properties, 5.1.3-l/5.1.3-7

Gasketed plate heat exchangers (see Plate heat exchangers)
Gaskets:

for flanges in shell-and-tube heat exchangers, 4.2.6-3/4.2.64
for graphite block exchangers, 4.4.44
in plate heat exchangers, design and properties,

4.4.2-414.4.2-5
Geometric optics models for radiative heat transfer from surfaces,

2.9.4-8
Germany, Federal Republic of, mechanical design of heat

exchangers in:
guide to national practice, 4.3.54
index to Merkblatter code, 4.3.2-1/4.3.2-l  1

Gersten, K., 2.2.1-112.2.3-g
Gibbs phase rule, 5.2.1-l
Girth flanges, in shell-and-tube heat exchangers:

analytical basis for code for, 4.3.3-2
constructional details of, 4.2.6-3

Gn (heat generation number), 2.5.12-6
Gnielinski, V., 2.5.1-l/2.5.4-6
Goodness factor, as a basis for comparison of plate fin heat

exchanger surfaces, 3.9.7-l/3.9.7-3
Goody narrow band model for gas radiation properties, 2.9.5-5
Graetz number:

definition, 1.2.3-5, 2.1.3-2
in non-Newtonian flows, 2.5.12-6/2.5.12-7

Graetz problem (see NusseltCraetz  problem)
Graphite, density of, 5.4.1-l
Graphite block heat exchanger, 4.4.44
Grashof number, 1.2.34,2.2.1-l 1, 2.2.2-6

in free convection over immersed bodies, 2.5.7-2
Gravitational acceleration, effect in pool boiling, 2.7.2-9
Gravity conveyor:

air-activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-9

Gregorig effect in enhancement of condensation, 2.6.6-l/2.6.6-2
Griffith, P., 2.6.5-l/2.6.54
Groeneveld correlation for postdryout heat transfer, 2.7.3-31
Groeneveld and Delorme correlation for postdryout heat transfer,

2.7.3-3212.7.3-33
Group contribution parameters tables, 5.5.4-10
Guerrieri and Talty correlations for forced convective heat

transfer in two-phase flow, 2.7.3-g
Guldberg�s rule for critical temperature, 5.1.1-l
Guy, A. R., 3.2.1-l/3.2.6-2

H
Hagen-Poseville  law, 2.1.1-2,2.2.2-l, 2.2.2-3
Hagen-Rubens relation, between electrical and optical constants,

2.9.2-10
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Hampson coils (see Helical coils)
Handley and Heggs equation for fixed bed pressure drop, 2.2.5-3
Harris, D., 4.3.6-l/4.3.6-23
Hausen equation for developing laminar flow, 2.5.1-2
Headers in shell-and-tube heat exchangers, 2.2.7-l/2.2.7-2

inlet distribution header, 2.2.7-5 12.2.7-6
outlet combining headers, 2.2.7-612.2.7-7
tube entry/exit pressure loss, 2.2.7-712.2.7-8

Heads, in heat exchangers:
analytic basis for codes, 4.3.3-l
constructional features of affecting mechanical design,

4.2.6-l/4.2.6-2
index of U.K., U.S.A., and F.R.G. codes for, 4.3.2414.3.2-5
mechanical design of, 4.1.8-1
types of, in shell-and-tube exchangers, 4.2.4-l/4.2.4-2

bolted channel, 4.2.4-l
bolted cone, 4.2.4-2
Bonnett type, 4.2.4-114.2.4-2
high pressure, 4.2.4-214.2.4-3
welded channel, 4.2.4-l

Heat and mass transfer:
combined, 2.1.6-l/2.1.6-4

in condensation, 2.1.6-2/2.1.64
in cooling towers, 3.12.2-l/3.12.2-3
in drying, 2.1.6-l/2.1.6-2
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12/2.5.7-13

relations between, 1.2.3-611.2.3-7
state of the art, 2.1.7-l/2.1.7-8

Heat capacity (see Specific heat capacity)
Heat conduction (see Conduction, heat)
Heat exchanger design, introduction, 3.1.1-l/3.1.4-9

approximate sizing of shell-and-tube heat exchangers,
3.1.4-l/3.1.4-9

basic design equation, 3.1.4-1
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference,

3.1.4-213.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-313.1.4-6
estimation of surface area, 3.1.4-6/3.1.4-7
example, 3.1.4-7/3.1.4-g

fundamental concepts, 3.1.1-l/3.1.1-3
basic design equation, 3.1.1-2
heat transfer coefficients, 3.1.1-1
mean temperature difference, 3.1.1-2/3.1.1-3

logic of the design process, 3.1.3-l/3.1.34
criteria for successful design, 3.1.3-l/3.1.3-2
relationship among selection rating and design,

3.1.3-2/3.1.3-4
simplified example of design modification algorithm for

computer, 3.1.3-3/3.1.34
types of heat exchangers and their applications,

3.1.2-l/3.1.2-6
air-cooled, 3.1.24/3.1.2-5
double-pipe, 3.1.2-l/3.1.2-2
mechanically aided, 3.1.2-5
plate fin or matrix, 3.1.2-5
plate heat, 3.1.2-3/3.1.24
shell-and-tube, 3.1.2-2/3.1.2-3

Heat exchangers:
agitated vessels, 3.14.1-l/3.14.3-8
air-cooled, thermal design, 3.8.1-l/3.8.94
condensers, 3.4.1-l/3.4.9-5
corrosion and other damage, 4.5.3-l/4.5.3-7
costing, 4.8.1-l/4.8.4-2

air-cooled, 4.8.3-l/4.8.3-3
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

definitions and quantitative relationships, 1.2.0-l/1.2.6-7
balance equations for equipment, 1.2.4-l/1.2.4-7
differential equations for streams in, 1.2.5-l/1.2.5-3
flux relationships, 1.2.2-l/1.2.24
partial differential equations for interpenetrating continua

in, 1.2.6-l/1.2.6-7
thermodynamic concepts, 1.2.1-l/1.2.1-3
transfer coefficient dependences, 1.2.3-l/1.2.3-7

description of, 1.1.0-1/1.1.6-l
equipment forms, 1.1.5-l/1.1.5-3
interactions between streams in, 1.1.2-l/1.1.2-2
interfaces between streams in, 1.1.4-l/1.1.4-2
temperature change patterns, 1.1.3-l/1.1.3-2
types of flow configuration, 1.1.1-l/1.1.14
unsteady operation, 1.1.6-1

design, 3.1.1-l/3.1.4-9
double pipe, 3.2.1-l/3.2.6-2

application of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages, 3.2.6-l/3.2.6-2
types available, 3.2.4-113.2.4-2

F-correction method for, 1.2.4-4, 1.3.1-2/1.3.14
F-factor charts for, 1.5.2-3/1.5.3-12
gas-liquid pressure drop in, 2.3.2-12/2.3.2-13
liquid metal heat transfer in, 2.5.13-8/2.5.13-4
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: air-cooled, 4.4.1-l/4.4.1-7

basic principles, 4.1.1-l/4.1.8-3
block type, 4.4.4-4
direct contact, 4.4.4-614.4.4-8
double-pipe, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
example of design, 4.3.6-l/4.3.6-23
heat pipes, 4.4.4-g/4.4.4-11
helical (Hampson) coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-3/4.4.44
plate fin heat exchangers, 4.4.3-l/4.4.3-9
plate heat exchangers, 4.4.2-l/4.4.2-8
scraped surface, 4.4.4-5/4.4.46
shell-and-tube (codes), 4.3.1-1/4.3.5-l
shell-and-tube (construction), 4.2.1-l/4.2.6-13
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-2/4.4.4-3

numerical solution methods for: with calculation of flow
pattern, 1.4.2-l/1.4.24

with prescribed flow patterns, 1.4.1-l/1.4.1-6
plate fin, 3.9.1-l/3.9.134
plate, thermal design of, 3.7.1-l/3.7.12-2
P-NTU  method for, 1.2.4-4/1.2.4-5, 1.3.1-2
pressure drop in headers, nozzles, and turnarounds, 2.2.7-l
radiant, 2.9.84
representation as interpenetrating continua,

1.2.6-l/1.2.6-7
shell-and-tube (single phase), thermal design of,

3.3.1-l/3.3.11-5
0 method chart for, 1.5.2-l/1.5.3-12
0 method for, 1.2.4-5, 1.3.1-2/1.3.1-4

Heat generation number (Cn), 2.3.12-6
Heating media, for reboilers, 3.6.2-10
Heat of vaporization, 5.1.3-2/5.1.3-4

of commonly used fluids, 5.5.1-l/5.5.140
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Heat pipes:
axial heat transfer and operational envelope for, 3.10.4-l
characteristics of wicks for, 3.10.6-l/3.10.6-2
circulation and axial heat transfer in, 3.10-2-l/3.10.2-3
introduction to, 3.10.1-l/3.10.1-2
mechanical design of exchangers using, 4.4.4-914.4.4-l 1
selection of working fluid for, 3.10.5-l/3.10.5-2
start-up and control of, 3.10.7-l/3.10.7-2
temperature distribution and radial heat flux in,

3.10.3-l/3.10.3-2
Heat transfer:

analogy with mass transfer, 2.1.5-l/2.1.5-4
augmentation of (see Augmentation of heat transfer)
in cooling towers, 3.12.2-l/3.12.2-2
enhancement of, (see Augmentation of heat transfer)
in fluidized beds, fluid-to-particle, 2.55-2/2.5.5-6
in non-uniform systems, 2.1.4-l/2.1.44

in packed beds, 2.1.4-3/2.1.44
in shell-and-tube heat exchangers, 2.1.4-l/2.1.4-3

single phase convective (see Convective heat transfer, single
phase)

in transition flow over flat plate, 2.2.1-25
in tubes: Colburnj-factor (laminar and turbulent), 2.1.3-7

correlations for, 2.5.1-l/2.5.1-11
Nusselt numbers for (laminar and turbulent), 2.1.36

in turbulent flow over flat plates, 2.2.1-29/2.2.1-30
by radiation (see Radiative heat transfer)

Heat transfer coefficient:
in agitated vessels, 3.14.3-l/3.14.3-8
in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
average and overall values for, discussion, 1.2.4-2/1.2.4-3
in bed-to-wall heat transfer in fluidized beds, 2.8.4-l/2.8.4-7
in boiling in a vertical tube, 2.7.3-l/2.7.3-37

variation with quality of, 2.7.3-3
in boiling in horizontal tubes, bends, and coils,

2.7.4-l/2.7.4-7
in boiling of binary and multicomponent mixtures: forced

convective, 2.7.8-112.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in boiling on outside of single tubes and tube banks,
2.7.5-l/2.7.5-7

in combined free and forced convection: in channels,
2.5.10-l/2.5.10-10

over immersed bodies, 2.5.9-l/2.5.96
in condensation, 2.6.1-2
in double-pipe exchangers, 3.2.3-3/3.2.3-3
in evaporators, 3.5.6-l/3.5.7-3
in fixed beds: between wall and bed, stagnant (no flow)

conditions, 2.8.1-5/2.8.1-10
particle-to-fluid, 2.5.4-1, 2.8.3-l/2.8.3-3

in flow over tube banks, 2.5.3-l/2.5.3-8
in fluidized beds: particle-to-fluid heat transfer,

2.5.5-l/2.5.5-6
in free convection: in layers and enclosures, 2.5.8-l/2.5.8-25

over immersed bodies, 2.5.7-112.5.7-31
individual, definition of, 1.2.2-l/1.2.2-2,2.1.2-6

typical values of, 2.1.2-6
internal, use in transient conduction calculations,

2.4.3-712.4.3-8
with liquid metals, 2.5.13-l/2.5.134
local, definition, 2.5.1-1

mean, along duct, 2.5.1-1
in moving, agitated, and vibrated beds of particles,

2.8.3-3/2.8.3-9
in non-Newtonian flows, 2.5.12-l/2.5.12-16
numerical calculation of, 1.4.3-3/1.4.34
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overall definition of, 1.2.2-l/1.2.2-2,  2.1.2-1, 3.1.1-1
in various heat exchangers, 2.1.2-3/2.1.24

in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.5-l
in pool boiling, 2.7.2-l/2.7.2-17
radiation, 2.9.8-2
in reboilers, 3.6.2-l/3.6.2-10
on the shell side in shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
in single-phase flow in ducts: laminar flow, 2.5.1-3/2.5.14

turbulent flow, 2.5.1-5/2.5.1-11
volumetric, 1.1.2-2

Heat transfer regimes:
in boiling in a vertical tube, 2.7.3-2
in free and forced single-phase convection, 2.5 .lO-2

Heated cavity reflectometer, 2.9.2-7
Heggs, P. J., 2.2.5-l/2.2.5-5
Helical coils:

in agitated vessels, 3.14.2-2/3.14.2-3
heat transfer to, 3.14.3-l/3.14.3-2

augmentation of boiling heat transfer using, 2.7.94
convective boiling in, 2.7.4-512.7.4-6
cooler, approximate overall heat transfer coefficients in,

2.1.24
dryout  in evaporative heat transfer in, 2.7.4-312.7.44
Hampson-type for heat exchangers, 4.4.4-8/4.4.4-g
single-phase flow and pressure drop in, 2.2.2-14/2.2.2-16,

2.5.11-612.5.11-7
single-phase heat transfer in, 2.5.11-6/2.5.11-7

Helical inserts, for enhancement of heat transfer in boiling,
2.7.9-3

Helical ribbon agitator:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Helium:
saturation properties, 5.5.1-33
superheated, thermodynamic properties, 5.5.2-l/5.5.2-2

Helmholtz reciprocity principle, in radiative heat transfer, 2.9.2-6
Henry, J. A. R., 2.2.7-112.2.7-l 1
Henry-Fat&e model, for critical two-phase flow,

2.3.2-2812.3.2-29
Henry�s law, for partial pressure, 2.7.6-l
Heptane saturation properties, 5.5 .l-9
Heterogeneous conveyance in horizontal pipes, 2.3.4-312.3.4-6
Heterogeneous nucleation in boiling, 2.7.1-3/2.7.1-5
Hewitt, Geoffrey F., 2.3.1-l/2.3.2-33
Hexagonal cells, in free convection, 2.5.8-2
Hexane saturation properties, 5 5 .l-8
Hicks equation, for fixed-bed pressure drop, 2.25-3
High finned tubes, correlations for single-phase heat transfer in

flow over, 2.5.3-1112.5.3-12
Hohlraum cavity, 2.9.1-3
Holland,  guide to national practice for mechanical design of heat

exchangers, 4.3.5-5
Homogeneous condensation (fog formation), 2.6.1-1

effects, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Homogeneous model:
conservation equations for, in multiphase flows,

2.3.1412.3.1-7
in gas-liquid flows: conservation equations, 2.3.2-8

critical flow estimation by, 2.3.2-28
frictional pressure drop correlations based on, 2.3.2-10
pressure drop in singularities calculated by,

2.3.2-15/2.3.2-18
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Homogeneous model (Cont.):
in solid-liquid flow, 2.3.4-212.3.4-3

Homogeneous nucleation:
of droplets in supersaturated vapor, 2.6.7-l/2.6.7-2
of vapor bubbles in liquids, 2.7.1-212.7.1-3

table of values of temperature for various substances,
2.7.14

Honeycombs:
free convective heat transfer in, 25.8-20/2.5.8-23
loss coefficients in, 2.2.2-20

Horizontal cylinders:
free convective heat transfer inside, 2.5.8-14
(See also Cylinders, Horizontal tubes)

Horizontal layers, of fluid, free convection heat transfer m,
2.5.8-112.5.8-3

Horizontal pipes:
hydraulic conveyance in, 2.3.4-l/2.3.46
pneumatic conveyance in, 2.3.3-l/2.3.3-2
(See also Pipes, circular; Horizontal tubes)

Horizontal plates (see Horizontal surfaces; Flat plates)
Horizontal shell-side evaporator, 3.5.2-l
Horizontal surfaces:

combined free and forced convection in transverse flow over,
2.5.94/2.5.9-6

free convective heat transfer from, 2.5.7-13/2.5.7-18
downward facing surfaces, 2.5.7-13/2.5.7-15
upward facing surfaces, 2.5.7-15 /2.5.7-18

pool boiling from, 2.7.2-l/2.7.2-15
Horizontal thermosiphon reboilers:

calculation procedures for, 3.6.5-2/3.6.5-3
characteristics, advantages and disadvantages of, 3.6.1-3
thermal design, 3.6.2-l/3.6.2-6

bubbleinduced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.24/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.26
flow distribution and hydraulics of, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor liquid disengagement in, 3.6.2-6

Horizontal tube-side evaporator, 3.5.2-513.5.2-6
Horizontal tubes:

boiling outside with crossflow, 2.7.5-l/2.7.5-4
combined free and forced convection in, 2.5.10-7/2.5.10-l 1

with uniform heat flux, 2.5.10-7/2.5.10-l 1
with uniform wail  temperature, 2.5.10-7

combined free and forced convective heat transfer from
outside, 2.5.9-l/2.5.96

condensation on inside, 2.6.2-1212.6.2-15,  3.4.6-l/3.4.6-2
annular flow, 2.6.2-15
flow regimes, 2.6.2-12/2.6.2-13,  3.4.6-2
stratifying flow, 2.6.2-13/2.6.2-14,  3.4.6-2

condensation on outside of, 2.6.2-912.6.2-12,  3.4.6-3
in bundles, 2.6.2-1012.6.2-l 2
effect of vapor shear, single tube, 2.6.2-9/2.6.2-10
laminar  flow, single tube, 2.6.2-9

condensers with condensation inside, 3.4.3-313.4.34,  3.4.9-3
condensers with condensation outside, 3.4.3-5/3.4.36,

3.4.9-313.4.94
convective boiling in, 2.7.4-l/2.7.4-7

dryout in, 2.7.4-l/2.7.44
heat transfer in, 2.7.4-412.7.4-6

flow regimes in gas-liquid flow in, 2.3.2-212.3.24
free convective heat transfer from outside of,

2.5.7-2012.5.7-23

heat transfer to, in fluidized beds, 2.8.4-6/2.8.4-7
hydrodynamics of various two-phase flow regimes in,

2.3.2-2312.3.2-26
annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

pool boiling from, 2.7.2-l/2.7.2-15
(See also Horizontal pipes; Pipes, circular)

Hottel�s rule, in absorption of radiation by gases, 2.9.5-7
Hsu criterion, for onset of nucleate boiling, 2.7.2-2
Hybrid cooling towers, 3.12.5-l/3.12.5-5

assisted draft towers, 3.12.5-313.12.54
closed circuit evaporative coolers, 3.12.54/3.12.5-5
wet-dry towers, 3.12.5-213.12.5-3

Hydraulic conveyance:
homogeneous and pseudohomogeneous, 2.3.4-212.3.4-3
in horizontal tubes: flow regimes in, 2.3.4-l/2.3.4-2

heterogeneous conveyance in, 2.3.4-3/2.3.4-6
Hydraulically smooth surface, 2.2.2-l
Hydrocarbons:

phase behavior, 5.2.1-3/5.2.14
thermodynamic properties, 5.2.2-115.2.2-g

Hydrodynamic entrance length, in single-phase flow in ducts,
2.2.2-10/2.2.2-11

Hydrogen:
saturated properties, 5.5.1-33
supersaturated gaseous, thermodynamic properties, 5 5.24

Hydrogen chloride saturation properties, 5.5.1-34
Hydrogen fluoride saturation properties, 5.5.1-34
Hydrogen sulfide saturation properties, 5.5 .l-35
Hydrostatic testing of shell-and-tube heat exchangers,

4.2.6-1114.2.6-13
Hysteresis: in boiling curve, 2.7.2-8

reduction of, using porous surfaces, 2.7.9-3

I
Ideal gas law, 2.2.1-7
Ideal gas, velocity of sound in, 2.2.1-8
Ilhngworth,  A., 4.7.1-1/4.7.10-l
Immersed bodies:

combined free and forced convection around, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
opposing convection, 2.5.94
slightly inertial regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/2.5.9-3
transverse flow, 2.5.9-412.5.96
turbulent  regime (assisting convection), 2.5.94

free convective heat transfer to, 2.5.7-l/2.5.7-31
generalized solutions for, 2.5.7-2512.5.7-28
horizontal cylinders, 2.5.7-2012.5.7-23
inclined and horizontal surfaces, 2.5.7-l 312.5.7-l 9
open-ended channels, 2.5.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7-23/2.5.7-24
vertical plates, 2.5.7-2/2.5.7-13

single-phase flow over, 2.2.3-l/2.2.3-9
circular cylinder, 2.2.3-3/2.2.3-6
flow regimes in, 2.2.3-l/2.2.3-2
forces exerted on, in, 2.2.3-212.2.3-3
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immersed bodies (Cont.):
noncircular cylinders, 2.2.3-612.2.3-l

single-phase forced convective heat transfer to: flat plates,
2.5.2-112.5.2-3

single bodies, 2.5.2-312.5.2-8
Immersed tubes, heat transfer to, in fluidized beds,

2.8.4-612.8.4-7
Immersion exchangers, 4.4.4-2/4.4.4-3
Immersion heaters, 4.4.4-2/4.4.4-3
Immiscible liquids, condensation of vapors producing,

2.6.4-112.6.4-7
description, 2.6.1-1, 2.6.4-l
eutectic mixtures, 2.6.4-212.6.4-3

Imperfectly diffuse surfaces:
definition, 2.9.4-l
radiative heat transfer between specular surfaces and,

2.9.4-1/2.9.4-l 1
Impingement damage in heat exchangers, 4.5.3-l
Impingement plate:

constructional features of, 4.2.5-714.2.5-8
effect on inlet pressure drop in shell-and-tube heat exchangers,

2.2.7-412.2.7-5
in condensers, 3.4.3-5
(See also Impingement protection)

Impingement protection, in shell-and-tube heat exchangers,
3.3.5-10/3.3.5-11

with condensation, 3.4.3-5
Impinging jets:

single-phase heat transfer in, 2.5.6-l/2.5.6-10
average coefficients in, 2.5.6-3/2.5.64
local coefficients in, 2.5.6-212.5.6-3

Inclined cylinders (see Inclined pipes; Cylinders)
Inclined enclosures, free convective heat transfer in,

2.5.8-17/2.5.8-20
large aspect ratios, 2.5.8-17/2.5.8-19
moderate aspect ratios, 2.5.8-20

Inclined flow, effect of on heat transfer to cylinders,
2.5.2412.5.2-5

Inclined pipes:
flow regimes in gas-liquid flow in, 2.3.24/2.3.2-5
free convection heat transfer on outside of, 2.5.7-2312.5.7-24
pneumatic conveying (solid/gas flow) in, 2.3.3-2
(See also Pipes, circular)

Inclined plates (see Inclined surfaces; Flat plates)
Inclined surfaces, free convective heat transfer from,

2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-1312.5.7-15
upward facing surfaces, 2.5.7-1512.5.7-18

Inclined tubes (see Pipes, circular; Pipes, noncircular; Inclined
Pipes; Cylinders)

Incondensables (see Noncondensables)
Inconel, spectral characteristics of reflectance from oxidized

surface of, 2.9.2-15
Incremental collapse, as failure mode in heat exchanger,

4.1.1-3/4.1.1-5
Inert gases, effect on condensation, 2.1.6-3/2.1.6-4
Injection:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flate plates, 2.2.1-30
effect on laminar flow on flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5 .l l-3/2.5  .l l-9

Inlet effects in shell-and-tube heat exchangers, 3.3.6-9/3.3.6-10
In-life flow, bundles of tubes (see Tube banks)
In-line tube banks:

correction for heat transfer in, 2.5.3-l/2.5.3-16
finned tubes, 2.5.3-l 1

plain tubes, 2.5.3-2
drag coefficients for tubes in, 2.2.44
pressure drop in with finned tubes, 2.2.4-14
pressure drop in with plain tubes, 2.2.4-7/2.2.4-8

correction factors for small number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
Inspection (see Testing and inspection)
Insulators, thermal conductivity of, 5.4.3-l/5.4.3-2
Integral condensation:

calculation of condensation curves for, 2.6.3-3/2.6.34
description, 2.6.3-l/2.6.3-3

Integral fined tubes:
as augmentation device in natural convection, 2.5 .ll-3
use in shell-and-tube heat exchangers, 4.2.5-3

Interaction coefficients in heat exchangers, 1.1.2-l/1.1.2-2
Interaction parameters for binary systems, tables, 5.5.4-8/5.5.4-9
Interfacial resistance, in condensation, 2.6.2-15
Interfacial roughness, relationships for, in annular gas-liquid flow,

2.3.2-2012.3.2-21
Interfacial shear stress, effect on filmwise condensation:

on vertical surface, 2.6.2-512.6.2-7
Interfacial tension (see Surface tension)
Intermating troughs, as corrugation design in plate heat

exchangers, 3.7.1-1, 3.7.3-l/3.7.3-2,  3.7.6-l
Intermittent flows:

gas liquid, in horizontal and inclined flows, 2.3.2-2/2.3.2-5
plug flow, in vertical pipes, 2.3.2-19
slug flow, in horizontal pipes, 2.3.2-2412.3.2-25

Internal energy (see specific internal energy)
Internal heat sources, temperature distribution in bodies with,

2.4.2-3
Internal heat transfer coefficient, use in transient conduction

calculations, 2.4.3-7/2.4.3-8
Internal reboilers (in distillation columns), characteristics,

advantages and disadvantages of, 3.6.1-213.6.1-3
Internally finned tubes, heat transfer and pressure drop in,

2.5.11-5/2.5.11-6
International Standards Organization (see ISO)
Interpenetrating continua (as representation of heat exchangers):

partial differential equations for, 1.2.6-l/1.2.6-7
porosity in, 1.2.6-2

Intertube velocity, in tube banks, 2.2.4-3
Inviscid  flow, compressible, with heat addition, 2.2.2-13/2.2.2-14
Irvine, T. F., Jr., 2.4.6-l/2.4.64
IS0 codes for mechanical design of heat exchangers, 4.3.1-3
Isobutane saturated properties, 5 5.16
Isopentane  saturation properties, 5.5.1-7
Isothermal flow, compressible, in ducts, 2.2.2-13
Isothermal gas, radiation heat transfer to walls from,

2.9.6-112.9.6-9
Isotropic materials, elastic properties, 5.4.5-3/5.4.5-4
Isotropic scattering, 2.9.5-2
Italy, guide to national practice for heat exchanger mechanical

design, 4.3.5-7

J
J-type shells, in shell-and-tube heat exchangers:

calculation of heat transfer and pressure drop in, 3.3 .l l-l
description of, 3.3.4-3
temperature difference correction Q and &NTU charts for,

1.5.2-11/1.5.2-12
Jacket-type heaters, 4.4.4-314.4.44
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Jacob number, 2.7.1-8
Japan, guide to national practice for heat exchanger mechanical

design:
high-pressure gas control law, 4.3.5-9
standard construction (JISB8243),  4.3.5-8

Jayatillaka relation, between heat and momentum transfer,
1.2.3-6

Jens and Lottes correlation for subcooled forced convective
boiling of water, 2.7.3-8

Jet impingement dryer, 3.13.24
Jets, impinging (see Impinging jets)

K
Kapitza number, 2.1.7412.1.7-5
Kern method, for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-2
Kesler and Lee equations, for critical temperature, critical

pressure, acentric factor and molecular weight,
5.2.1-6/5.2.1-8

Kettle reboilers:
calculation procedures for, 3.6.5-l/3.6.5-2
characteristics, advantages and disadvantages of, 3.6.1-2
constructional features of, 4.2.3-7/4.2.3-8
thermal design, 3.6.2-i/3.6.2-6

bubble-induced convection effects, 3.6.2-2/3.6.2-3
critical heat flux and film boiling, 3.6.24/3.6.2-5
effective mean temperature difference, 3.6.2-4
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor-liquid disengagement in, 3.6.2-6

Kirchoff s law, in radiative heat transfer, 2.9.2-2
Knudsen number, 2.2.1-11
K-values, in phase equilibrium, 5.2.1-3

1
Lamella  heat exchangers, 3.1.2-3/3.1.24
Laminar boundary layers (see Boundary layers)
Laminar flow:

combined free and forced convective heat transfer in,
2.5.10-l/2.5.10-11

condensation in vertical surfaces, 2.6.2-2/2.6.24
heat transfer in ducts in, 2.5.1-2/2.5.1-5

augmentation of, 2.5.114/2.5.11-8
in concentric annular ducts, 2.5.1-3
free convection effects in, 2.5.1-4/2.5.1-S
with liquid metals, 2.5.13-l/2.5.13-2
between parallel plates, 2.5.1-3
in straight circular pipes, 2.5.1-2

heat transfer in free convection on a vertical surface in,
2.5.7-3

heat transfer in tube bundles in, 2.5.13-2/2.5.13-3
in circular pipes, 2.2.2-l/2.2.2-2
in ducts, characteristic of plate fin heat exchangers,

3.9.5-l/3.9.5-3
in noncircular pipes, 2.2.2-712.2.2-9

Laminar flow control, of boundary layers, 2.2.1-25
Laminar sublayer (see Viscous sublayer)
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Lancaster, J. F., 4.5.1-l/4.5.3-7
Large eddy simulation, in prediction of turbulent boundary

layers, 2.2.1-29
Latent heat (see Heat of vaporization)
Laws for turbulent flows:

of the wake, 2.2.1-26
of the wall, 2.2.1-25
velocity defect, 2.2.1-26

Layers of fluid, free convection heat transfer in, 2.5.8-l/2.5.8-3
Le Fevre equations for free convective heat transfer, 2.5.7-3
Leakage between streams, in shell-and-tube heat exchangers,

3.3.44/3.3.4-5,4.6.1-2
Leakage effects, on heat transfer and pressure drop in

shell-and-tube heat exchangers, 3.3.1-l/3.3.11-5
shell-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.6-4/3.3.6-5
tubes-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.6-5
Lessing rings, characteristic of, as packings for fixed beds, 2.2.5-2
Lienhard and Dhir analysis of critical heat flux in pool boiling,

2.7.2-1012.7.2-12
Lienhard and Eichhorn criterion, for transition in critical heat

flux mechanism in crossflow over single tube, 2.7.5-3
Lift force:

in flow in tube banks, 2.2.4-16
in flow over immersed bodies, 2.2.3-3

Liley, P. E., 5.5.6-l/5.5.7-3
Liquid fuels, properties of, 3.11.3-3
Liquid hold-up, 2.3.1-3
Liquid metals:

heat transfer in, 2.5.13-l/2.5.134
in channel flows, 2.5.13-l/2.5.134
condensation of, 2.6.2-1512.6.2-16

in heat exchangers, 2.5.13-3
Liquid-solid flow (see Solid-liquid flow)
Liquids:

as constituent in multiphase flows, 2.3.1-l/2.3.1-2
physical properties of:

in multicomponent mixtures, 5.2.3-l/5.2.44
rheologically  complex, 5.3.1-l/5.3.8-3
saturated property tables for, 5.5.1-l/5.5.140
specific heat capacity, 5 .1.3-7
specific volume, 5.1.2-l/5.1.2-2
surface tension, 5.1.5-l/5.1.5-3
thermal conductivity, 5.1.4-6/5.1.4-7
thermal expansion coefficient, 5 .1.2-2
viscosity,5.1.4-l/5.1.4-5

LMTD (see Logarithmic mean temperature difference)
Loads, types of in heat exchangers, 4.1.1-1
Local conditions hypothesis, for critical heat flux ln flow boiling,

2.7.3-1812.7.3-19
Lockhart and Martinelli correlations:

for frictional pressure gradient, 2.3.2-10
for void fraction, 2.3.2-l 7

Lodge�s rubber-like liquid (non-Newtonian), 2.2.8-8
Logarithmic driving force in mass transfer, 2.1.5-3
Logarithmic law region, 2.2.2-l
Logarithmic Mean Temperature Difference, 1.2.4-2/1.2.4-3,

2.1.2-2, 2.5.1-1, 3.1.1-2
Longitudinal fins (see Straight fins)
Long-tube vertical evaporator, 3.5.2-313.5.24
Loss coefficient, 2.2.2-14

for bends, 2.2.2-16
in combining and dividing flow, 2.2.2-19/2.2.2-20
for diffusers, 2.2.2-17/2.2.2-18
values for various fittings, 2.2.2-1912.2.2-20
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Louvered fins, in plate fin exchangers, 3.9.3-l
Low-alloy steels, as material of construction, 4.5.2-3
Low-finned tubes:

application in shell-and-tube heat exchangers,
3.3.1 l-2/3.3.1 1-3

correlations for single phase heat transfer in flow over,
2.5.3-12/2.5.3-11

use in boiling augmentation, 2.7.9-l/2.7.9-2
Lubricants, physical properties of:

classification, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2
plastic lubricants, 5.3.4-l/5.3.4-2

Ludwieg-Tillmann formula, for skin friction, 2.2.1-26
Lydersen�s inclemental  method, for critical parameters,

5.1.1-l/5.1.1-2

M
Macdonald  equation, for fixed-bed pressure drop, 2.2.5-3
Mach number, 2.2.1-11

effect on turbulent flow over flat plate, 2.2.1-30
incompressible duct flows with heat transfer, 2.2.2-12

Maddox, R. N., 5.2.1-l/5.2.5-5,5.5.1-1/5.5.2-11,  5.5.4-l/5.5.4-9
Magnetic fields, effect on properties of rheologically  complex

materials, 5.3.8-l/5.3.8-2
Manifolds (see Headers)
Martin, H., 2.4.1-l/2.4.54,  2.5.5-l/25.6-10
Martinelli and Boelter equations for combined free and forced

convection, 2.5.10-2/2.5.10-3
Martinelli and Nelson correlations:

for frictional pressure gradient, 2.3.2-10/2.3.2-l 1
for void fraction, 2.3.2-14

Mass absorption coefficient, 2.9.5-2
Mass and heat transfer, combined:

in condensation, 2.1.6-2f2.1.64
in drying, 2.1.6-l/2.1.6-2

Mass extinction coefficient, 2.9.5-2
Mass fraction, in multicomponent mixtures, 1.2.1-2
Mass scattering coefficient, 2.9.5-2
Mass transfer:

analogy with heat transfer, 2.1.5-l/2.1.5-4
in cooling towers, 3.12.2-213.12.2-3
in condensation: in multicomponent mixtures, 2.6.3-7/2.6.3-8

of binary mixtures, 2.6.3-7
of single vapor with noncondensables, 2.6.3-512.6.3-7

with impinging jets, 2.5.6-l/2.5.6-10
in fixed beds, 2.5.4-212.5.2-6
in fluidized beds, 2.5.5-312.5.56
in nonuniform systems, 2.1.4-l/2.1.4-4
volumetric coefficient for, 1.1.2-2

Mass transfer coefficient:
in fixed beds, 2.5.4-l/2.5.4-6
individual definition of, 1.2.2-2/1.2.2-3,2.1.5-212.1.5-3

Matovosian, Robert,5.5.5-l/5.5.5-4
Materials of construction, for heat exchangers, 4.5.1-114.5.3-7

materials for corrosive service, 4.5.2-2/4.5.26
austenitic stainless steels, 4.5.24
carbon steel, 4.5.2-214.5.2-3
coatings, 4.5.2-514.5.2-6
copper base alloys, 4.5.2-414.5.2-5
ferritic chromium stainless steels, 4.5.2-3
low alloy steels, 4.5.2-3
nickel based alloys, 4.5.2-5

non-metallic materials, 4.5.2-6
titanium, 4.5.2-5

materials for noncorrosive service, 4.5.2-2
product forms, 4.5.2-l/4.5.2-2

shells, channels, cov.ers, and bonnets, 4.5.2-l/4.5.2-2
tubes, 4.5.2-l
tubesheets, 4.5.2-1

testing and inspection of, 4.7.2-l
Matrix heat exchangers (see Plate fin heat exchangers)
Matrix inversion techniques, in radiative heat transfer,

2.9.3-712.9.3-8
Maximum bed-to-surface heat transfer, in fluidized beds,

2.8.4412.8.4-5
Maximum heat flux:

by conduction in solids, 2.1.1-2
in condensation, 2.1.7-412.1.7-6
under free molecule conditions in gases, 2.1.1-2

Maximum mass flux:
in condensation, 2.1.7-412.1.7-6
under free molecule conditions, 2.1.1-2

Maximum shear stress, under free molecule conditions, 2.1.1-2
Maximum velocities (in shell-and-tube heat exchangers),

3.3.5-15,4.5.3-3
Maxwell model, for non-Newtonian fluid, 2.2.8-7
Maxwell velocity of a vapor, as limiting phenomenon in

condensation, 2.1.7-412.1.7-6
Maxwell�s equations, for electromagnetic radiation,

2.9.2-712.9.2-8
Mean-beam-length concept, in radiative heat transfer:

tables of geometric mean beam lengths, 2.9.6-5
theory of, 2.9.6-212.9.3

theory of, 2.9.6-212.9.6-3
Mean equivalent temperature, of a surface in combined

convective and radiative heat transfer, 2.9.8-2
Mean phase content, 2.3.1-3
Mean temperature difference:

application in shell-and-tube heat exchangers, 3.3.5-l 7
concept of, 3.1.1-2/3.1.1-3
effective, in kettle reboilers, 3.6.2-4
in condensers, 3.4.8-l/3.4.8-3
(See rlso Logarithmic mean temperature difference,

Arithmetic mean temperature difference)
Mechanical agitators, for agitated vessels, 3.14.2-l/3.14.2-2

heat transfer correlations for, 3.14.3-l/3.14.3-6
Mechanical design of heat exchangers:

air cooled heat exchangers, 4.4.1-l/4.4.1-7
basic principles, 4.1.1-l/4.1.8-3

expansion joints, 4.1.6-1
flanges, 4.1.7-l/4.1.7-2
heads, openings and branches, 4.1.8-l/4.1.8-2
introduction to, 4.1.1-l/4.1.1-5
methods of analysis, 4.1.2-l/4.1.2-9
shells, 4.1.3-l/4.1.3-3
tube plates, 4.1.4-l/4.1.4-3
tubes, 4.1.5-I

block type, 4.4.4-4
direct contact, 4.4.4-614.4.4-8
double-pipe exchangers, 3.2.5-l/3.2.5-2,4.4.4-1/4.4.4-2
heat pipes, 4.4.4-914.4.4-11
helical (Hampson) coils, 4.4.4-814.4.4-9
jacketed heaters, 4.4.4-314.4.4-4
plate fin heat exchangers, 4.4.3-l/4.4.3-9
plate heat exchangers, 4.4.2-l/4.4.2-8
shell-and-tube exchangers: constructional features,

4.2.1-l/4.2.6-13
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Mechanical design of heat exchangers, shell-and-tube exchangers:
constructional features (Cont.):
design codes for, 4.3.1-1/4.3.5-l
example of design, 4.3.1-6/4.3.6-23

scraped surface, 4.4.4-514.4.4-7
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-2/4.4.4-3

Mechanical draft cooling towers, 3.12.4-l/3.12.4-2
thermal performance and design, 3.12.4-2/3.12.44

Mechanical draft fan coolers (see Air-cooled heat exchangers)
Melting, thermal conduction in, 2.4.4-l/2.4.4-2
Melting point of commonly used substances, 5.5.1-l/5.5.140
Mercury:

saturation properties, 5.5.1-35
superheated gaseous, thermodynamic properties of,

5.5.2415.5.2-j
Merkblatter (German) code, for mechanical design of heat

exchangers, 4.3.1-3
index to, 4.3.2-l/4.3.24

Merkel�s equation, in cooling tower design, 3.12.2-3
Metais and Eckert diagrams, for regimes of convection:

in horizontal pipes, 2.2.6-6,2.5.10-l/2.5.10-2
in vertical pipes, 2.5.10-2

Metastable equilibrium, of vapor and liquid, 2.7.1-1
Methane saturation properties, 5 5.1-4
Methanol saturation properties, 5.5.1-17
Methyl acetate saturation properties, 5.5.1-25
Methyl-t-butyl ether saturation properties, 5.5 .l-23
Metals:

condensation of, 2.6.2-15/2.6.2-16
density, 5.4.1-1
liquid, single-phase heat transfer in, 2.5.13-l/2.5.13-4
spectral absorptivity, 2.9.2-11/2.9.2-12

Microlayer evaporation, in boiling of binary mixtures, 2.7.6-7
Minimum heat flux in pool boiling:

of binary and multicomponent mixtures, 2.7.7-512.7.7-6
of pure components, 2.7.2-1312.7.2-14

Minimum tubeside velocity, in shell-and-tube heat exchangers,
3.3.5-16

Minimum velocity for fluidization, 2.2.6-2
Minimum wetting rate, for binary mixtures, 2.7.8-7
Mirror-image concept, in radiative heat transfer, 2.9.4-l/2.9.4-2
Mirrors, spectral characteristics of reflectance from, 2.9.2-17
Mist flow:

in axial flow reboilers, 3.6.2-9
heat transfer in (see Post-dryout heat transfer)
onset, as mechanism for critical heat flux in reboilers,

3.6.2-8/2.6.2-9
Mixed convection, occurrence in horizontal circular pipe, Metais

and Eckert diagram for, 2.2.2-6
Mixing length, 2.2.24

table of turbulent flow in circular pipes, 2.2.2-3
Mixing vessel (see Agitated vessel)
Mixtures:

of gases, radiation properties, 2.9.5-l l/2.9.5-12
condensers for, 3.4.4-l/3.4.4-2
(See also Binary mixtures, Multicomponent mixtures)

Models, theory of, 2.2.1-12/2.2.1-13
Modes of heat transfer, Nusselt description, 2.1.0-2
Molecular gas radiation properties, 2.9.5-8/2.9.5-l  1
Molecular weight:

of commonly used fluids, 5.5.1-l/5.5.1-40
Kesler and Lee equation for estimation of in hydrocarbon

mixtures, 5.2.1-7
Molerus,  O., 2.2.6-l/2.2.6-9

Mollier chart, for humid air, 3.13.1-1
description of drying processes in terms of, 3.13.34/3.13.3-5

Momentum equation:
in boundary layer, 2.2.1-17
in compressible duct flow, 2.2.1-12
differential form for single-phase flow, 2.2.1-5/2.2.1-7
in gas-liquid flows, 2.3.2-812.3.2-9

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-8/2.3.2-9

in heat exchanger calculations, 1.2.6-5/1.2.6-7
integral form for single-phase flow, 2.2.1-2/2.2.1-3
in multiphase flows: homogeneous flow, 2.3.1-5

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Monte Carlo methods, in radiative heat transfer, 2.9.4-2/2.9.4-5
for radiative heat transfer with an isothermal gas,

2.9.6-812.9.6-9
Moody chart:

for critical two-phase flow, 2.3.2-28
for single-phase friction factor in circular pipes, 1.2.3-3,

2.2.2-2
Morcos and Bergles equation, for influence of free convection of

friction factor, 2.2.2-6
Morris, M., 4.3.1-l/4.3.5-11
Mostinski correlations:

for critical heat flux, 3.6.2-5
for nucleate boiling, 2.7.2-6

application to kettle reboilers, 3.6.2-l
Moving bed, heat transfer to, 2.8.3-3/2.8.34
Moving belt, heat transfer to, 2.1.3-2/2.1.3-3
Muchowski, E., 2.8.3-l/2.8.3-9
Mueller, A. C., 3.4.1-l/3.4.9-5
Multicomponent mixtures:

an-cooled condensers for, 3.8.9-2/3.8.94
boiling of, in kettle reboilers, 3.6.2-3/3.6.24
condensation of, 2.6.3-7/2.6.3-9,2.6.4-l/2.6.4-7
condensers for, 3.4.4-l/3.4.4-2
diffusion in, 2.1.5-l/2.1.54
forced convective boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7.8-6
critical heat flux in, 2.7.8-612.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

of gases, radiation properties of, 2.9.5-11/2.9.5-12
phase equilibria in, 2.7.6-3/2.7.6-5
physical properties of, 5.2.1-l/5.2.5-5

diffusion coefficients, 5.2.5-l/5.2.5-5
equilibria, 5.2.1-l/5.2.1-8
interfacial tension, 5.2.4-l/5.2.4-3
thermodynamic properties, 5.2.2-l/5.2.2-9
thermophysical properties, 5.2.3-l/5.2.3-9

pool boiling of, 2.7.7-I/2.7.7-7
critical heat flux, 2.7.7-412.7.7-j
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-j/2.7.76
nucleate boiling, 2.7.7-l/2.7.7-4
transition boiling, 2.7.7-5

Multidimensional systems, heat conduction in,
2.4.3-10/2.4.3-12

Multiflux methods, for radiative heat transfer in non-isothermal
gases, 2.9.7-612.9.7-7

Multipass shell-and-tube heat exchangers, 1 .l .l-2
Multiphase fluid flow and pressure drop:

introduction and fundamentals, 2.3.1-l/2.3.1-10
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Multiphase fluid flow and pressure drop, introduction and
fundamentals (Cont.):
classification of multiphase flows, 2.3.1-l/2.3.1-2
conservation equations for, 2.3.1-312.3.1-7
design parameters in, 2.3.1-2/2.3.1-3
drift flux models for, 2.3.1-7/2.3.1-10

solid-gas flow, 2.3.3-l/2.3.3-10
flow patterns in, 2.3.3-2
pressure drop in, 2.3.3-2, 2.3.3412.3.3-8
principles of pneumatic conveyance, 2.3.3-l/2.3.3-2

solid-liquid flow, 2.3.4-l/2.3.4-7
flow regimes in, 2.3.4-I/2.3.4-2
pressure drop in, 2.3.4-312.3.46

Multiple effect evaporation, 3.5.3-l/3.5.3-2
Multirod  clusters (see Rod bundles)
Multizone model, for furnaces, 3.11.6-l/3.11.64
Murray, I., 4.4.4-l/4.4.4-11

N
�Nabla� operator (see Differential vector operators)
Nahme-Griffith number, 2.5.12-6
National practice, in mechanical design, guide to, 4.3.5-l/4.3.5-9
Natural convection:

as precursor to nucleate boiling, 2.7.2-l/2.7.2-2
(See also Free convection)

Natural draft cooling towers:
dry, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.12.5-113.12.5-2
main features of, 3.12.3-l/3.12.3-2
structural design, 3.12.3-613.12.3-7
thermal performance and design of, 3.12.3-2/3.12.3-6

design optimization of, 3.12.3-513.12.3-6
performance away from design point, 3.12.3-6
pressure losses in, 3.12.3-3/3.12.3-j
thermal design equation, 3.12.3-213.12.3-3

Natural draft heat exchangers (see Air cooled heat exchangers,
Cooling towers)

Natural frequency of tube vibration in heat exchangers,
4.6.2-114.6.24

NavierStokes  equation, 2.2.1-5
Neon saturation properties, 5.5 .l-36
Neopentane saturated properties, 5.5 .l-6
Net free area, in double-pipe heat exchangers, 3.2.3-l
Netherlands, guide to national mechanical design practice, 4.3.5-5
Newton�s law, for momentum transfer, 2.1.1-2

limitations in, 2.1.1-l/2.1.1-4
NFA (see Net free area)
Nickel-base alloys, as material of construction, 4.5.2-5
Nitrogen:

critical heat flux table for flow boiling of in vertical
tube, 2.7.3-29

saturation properties, 5.5 .l-36
superheated gaseous, thermodynamic properties, 5.5.2-5

Noise, in air-cooled heat exchangers, 3.8.9-l
Nonane saturation properties, 5.5.1-10
Nonaqueous fluids, critical heat flux in, 2.7.3-612.7.3-30
Noncircular cylinders (see Cylinders)
Noncondensables:

in boiling, 2.7.2-8
in condensation, 2.1.6-2,2.6.1-2,2.6.3-j/2.6.3-7,

2.6.4-5 /2.6.4-6,2.6.5  -212.6.5 -3
Nondestructive testing, of heat exchangers, 4.7.6-l/4.7.6-2
Nonmetallic materials, for heat exchangers, 4.5.26
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Non-Newtonian flow:
free convective heat transfer from: spheres, 2.5.7-25

vertical plates, 2.5.7-10/2.5.7-11
properties of rheologically  complex fluids in, 5.3.1-l/5.3.8-3
single-phase fluid flow and pressure drop in, 2.2.8-l/2.2.8-13

experimental characterization of non-Newtonian fluids
2.2.8-112.2.8-6

models for non-Newtonian fluids, 2.2.8-6/2.2.8-9
turbulent flow of non-Newtonian fluids, 2.2.8-l 1
volume flow rate/pressure drop relations, 2.2.8-912.2.8-l 1

single-phase forced convective heat transfer with,
2.5.12-l/2.5.12-16

in channel flows, 2.5.12-6/2.5.12-15
equations and dimensionless groups for, 2.5.12-5/2.5.12-6
governing physical properties in, 2.5.12-212.5.12-5

Non-uniform heat flux, critical heat flux with, 2.7.3-1812.7.3-22
North, C., 4.8.3-l/4.8.3-3
No-tubes-in-window shells, calculation of heat transfer and

pressure drop in, 3.3.1 I-113.3.1 l-3
Nozzles:

analytic basis for codes for, 4.3.3-2
comparison of codes for, 4.3.4-2
impinging jets from, heat transfer in, 2.5.6-l/2.5.6-10

arrays of nozzles, 2.5.6-512.5.6-6
optical spatial arrangement, 2.5.6-612.5.6-9
single nozzles, 2.5.6412.5.6-5

in shell-and-tube heat exchangers: constructional features of,
4.2.5-12,4.2.6-214.2.6-3

description of, 2.2.7-l
impingement protection for, 3.3.5-10/3.3.5-11
pressure change across inlet nozzle, 2.2.7-212.2.7-3
pressure change across outlet nozzle, 2.2.7-312.2.7-4

index to U.S., U.K., and F.R.G. codes for, 4.3.2-9/4.3.2-10
loss coefficients in, 2.2.2-20

NTU (see Number of transfer units)
Nuclear fuel suspensions, properties of, 5.3.1-215.3.1-3
Nucleate boiling:

augmentation of, 2.7.9-l/2.7.9-4
in axial flow reboilem, 3.6.2-613.6.2-7
in evaporators, 3.5.7-213.5.7-3
in forced convective boiling of binary and multicomponent

mixtures, 2.7.8-l/2.7.8-2
in forced convective heat transfer in vertical tubes,

2.7.3-112.7.3-12
in horizontal tubes, 2.7.4-112.7.4-7
in kettle reboilers, 3.6.2-l/3.6.2-4
outside tubes and tube bundles in crossflow, 2.7.5-l/2.7.5-7
in pool boiling of binary and multicomponent mixtures,

2.7.7-112.7.7-4
in pool boiling systems, 2.7.2-312.7.3-9

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gases on, 2.7.2-8
influence of gravitational acceleration on, 2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-812.7.2-9
influence of surface conditions on, 2.7.2-712.7.2-8
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

Nucleation:
augmentation devices for, 2.7.9-l/2.7.9-2
in binary systems, 2.7.6-5
heterogeneous, in boiling, 2.7.1-3/2.7.14
homogeneous, of vapor bubble in liquid, 2.7.1-2/2.7.1-3
in supersaturated vapor, 2.6.7-l/2.6.7-2
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Nucleation sites:
critical  size for nucleation: in pool boilii, 2.7.2-2/2.7.2-3

in subcooled forced convective boiling, 2.7.3-6
enhancement of number and activity of, 2.7.9-I/2.7.9-2
size in binary mixtures, 2.7.6-5
sizing of active, 2.7.1-S/2.7.1-6

Nuclei, formation in supersaturated vapor, 2.6.7-l/2.6.7-2
Number of transfer units (NTU):

in air-cooled heat exchangers, 3.8.5-1/3.8.5-S
average value in nonuniform heat transfer in shell-and-tube

heat exchangers, 2.1.4-l/2.1.4-3
as basis for design of plate heat exchangers, 3.7.2-l

rating in, 3.7.7-l
in cooling of slab, 2.1.3-l/2.1.3-2
in cooling towers, 3.12.24/3.12.2-5
in heat exchangers, 1.2.4-3
in particle-to-fluid heat transfer in fluidized beds,

2.5.5-212.5.5-3
in transient heat transfer, definition of, 2.1.2-2/2.1.3-7
(See also 0 or &NTU  method)

Numerical methods:
application in furnace prediction, 3.11.7-5
for cases in which flow patterns must be calculated,

1.4.2-l/1.4.2-2
applications, 1.4.2-3/l  .4.2-4
discretization, 1.4.2-1
finite difference equations for, 1.4.2-l/1.4.2-2
solution procedure, 1.4.2-211.4.2-3

for the solution of heat exchangers with a prescribed flow
pattern, 1.4.1-l/1.4.1-6

discretization, 1.4.1-l/1.4.1-3
finite difference equations for, 1.4.1-3/1.4.14
influence of fineness of discretization, 1.4.1-S/1.4.1-6

special applications of, 1.4.3-l/1.4.3-6
calculations of heat transfer coefficients, 1.4.3-3/l  .4.34
flows with chemical reactions, 1.4.3-2/1.4.3-3
flows with radiation, 1.4.3-3
turbulent flow in empty spaces, 1.4.3-2
two-phase flows, 1.4.3-l

in transient conduction calculations, 2.4.3-8/2.4.3-10
Nusselt:

description of modes of heat transfer, 2.1.9-2
equations for condensation: inside horizontal tube, 2.6.2-13

outside horizontal tube, 2.6.2-9
vertical surface, 2.6.2-2

NusseltGraetz  problem, in Jaminar  heat transfer in ducts, 2.5.1-2
Nusselt number:

in combined and free and forced convection: around
immersed bodies, 2.5.9-l/2.5.9-6

in channels, 2.5.10-2/25.10-11
definition, 1.2.3-2

in finned tube banks, 2.5.3-l 1
in flow over tube banks, 2.5.3-l/2.5.3-6

forms of correlation for, 2.1.34
in free convection over immersed bodies, 2.5.7-2
for heat transfer in tubes, 2.1.36
in laminar flow in ducts, 2.5.1-2/2.5.1-S
in liquid metal flow, 2.5.13-l/2.5.134
in non-Newtonian flows, 2.5.12-7/2.5.12-16
in nonuniform heat transfer in packed beds, 2.1.4-3/2.1.44
in particle to fluid heat transfer in fixed beds, 2.5.4-l
in plate heat exchangers, 3.7.5-l
in single-phase flow over immersed bodies, 2.5.2-l/2.5.2-8
in systems with heat transfer augmentation,

2.5.11-l/2.5.11-12
in turbulent flow in ducts, 2.5.1-5/2.5.1-11
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Oblate spheroids, free convective heat transfer from, 25.7-25
Octane saturation properties, 5.5.1-9
Oldroyd eight constant model, for non-Newtonian fluid, 2.2.8-8
ONB (onset of nucleate boiling):

in pool boiling, 2.7.2-12
in subcooled boiling in vertical tubes, 2.7.3~5/2.7.3-7

One equation models, for turbulent boundary layers, 2.2.1-28
Openings, mechanical design aspects, 4.1.8-l/4.1.8-2
Operational envelope of a heat pipe, 3.10.4-I
Opposed convection:

around immersed bodies, 2.5.9-11
in vertical tubes, 2.5.10-6

Optimization methods, for heat exchanger design, 3.3.4-2
Organic solids, density, 5.4.1-2
Orifices:

loss coefficients in, 2.2.2-21
two-phase gas liquid flow, 2.3.2-17/2.3.2-18

OTL (see Outer tube limit)
Outer tube limit, in shell-and-tube heat exchangers, 4.2.5-9
Outlet effects, in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
Overall heat transfer coefficient, 2.1.2-1

approximate values: in shell-and-tube exchangers,
3.1.4-413.1.4-5

in liquid metal heat exchangers, 2.5.13-3
in various heat exchangers, 2.1.2-3/2.1.24

in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
Overall power hypothesis, for critical heat flux in flow boiling,

2.7.3-19
Oxygen:

saturation properties, 5.5.1-37
superheated gaseous, thermodynamic properties of, 5.5.2-6

Packed beds (see Fixed beds)
Packing relationship, in cooling tower design, 3.12.2-3/3.12.24
Packings, for cooling towers, 3.12.2-8/3.12.2-10
Packings, for fixed beds:

characteristics, 2.2.5-2
effective conductivity of various in fixed beds: beds with gas

flow, 2.8.2-212.8.2-S
stagnant beds, 2.8.1-3/2.8.1-5

Paikert, P., 3.8.1-l/3.8.9-4
Paints, spectral characteristics of reflectance of surfaces treated

with, 2.9.2-1412.9.2-17
Palen  and Small correlation, for critical heat flux in tube banks,

2.7.5-6
Palen,  J. W., 3.6.1-l/3.6.5-6
Panel immersion exchangers, 4.4.4-2/4.4.4-3
Parallel flow (see Cocurrent  flow)
Parallel plates, (see Plates)
Partial boiling in subcooled forced convective heat transfer,

2.7.3-812.7.3-g
Particle convective component, in heat transfer from fluidized

beds, 2.8.4-212.8.4-3
Particle emissivity, 2.9.7-2
Particle Reynolds number in fixed beds, 2.2.5-2
Particles:

fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.56
free fall velocity of, 2.3.3-3
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Particles (Cont.):
particle-to-wall heat transfer in fluidized beds,

2.8.4-1/2.8.4-B
Particulate fluidization,  2.2.6-l
Pass arrangements, in plate heat exchangers, 3.7.8-l/3.7.8-3
Passes, tube side, 4.2.5-314.2.5-4

�boxed in,� 4.2.5-4
number of, 4.2.5-314.2.54
partition plates between, 4.2.5-3

Passive methods, for augmentation of heat transfer,
2.5.11-112.5.11-3

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.5.11-412.5.11-8
in free convection, 2.5.1 l-3

Pearson number, 2.5.12-6
Peclet number, 1.2.3-2/1.2.3-3, 2.1.5-2

heat and mass transfer at low, in fluidized beds,
2.5.5-312.5.5-5

in heat transfer in liquid metal systems, 2.5.13-112.5.13-4
in non-Newtonian flow, 2.5.12-6

Peng-Robinson equation of state, 5.1.2-4
application to hydrocarbons, 5.2.2-2

Penner�s rule, in absorption of radiation by gases, 2.9.5-7
Pentane:

normal, critical heat flux for flow boiling of in vertical tube,
2.7.3-29

saturation properties of, 5.5 .l-8
Perfect gas (see Ideal gas)
Perforated fins, in plate fin heat exchangers, 3.9.3-l
Perforated plates, loss coefficients in, 2.2.2-20
Periodic variations in temperature, thermal conduction in

bodies with, 2.4.5-112.4.5-4
Petroleum properties, 5.3.1-3
Phase change number, 2.4.4-l
Phase envelope, for natural gas mixture, 5.2.1-4
Phase equilibrium:

in binary mixtures, 2.7.6-l/2.7.6-3
in multicomponent mixtures, 2.7.6-3/2.7.6-4
(See also Equilibrium, phase)

Phase rule (Gibbs), 5.2.1-I
Phase separation, as source of corrosion problems, 4.5.3-5
PHE (see Plate heat exchanger)
Phenol saturation properties, 5.5 .l-20
Phonons, in thermal conductivity of solids, 5.4.3-l/5.4.3-3
Physical properties:

of mixtures of fluids, 5.2.1-l/5.2.5-5
of pure fluids, 5.1.1-l/5.1.5-3
of rheologically  complex media, 5.3.1-l/5.3.8-3
of solids, 5.4.0-l/5.4.5-5
tables of, 5.5.1-l/5.5.8-3
variation with temperature: effect in developing flow,

2.2.2-11
effect on flow in tube banks, 2.2.4-1012.2.4-12
effect on flow over cylinder, 2.2.3-6
effect on friction factor in circular pipe flow,

2.2.2-712.2.2-8
effect in heat transfer of flat plates, 2.5.2-212.5.2-3
effect in laminar flow heat transfer in channels,

2.5.1-4
effect in turbulent flow heat transfer in channels,

2.5.1-612.5.1-7
nature of variation, 2.2.1-9
in polymers, 2.5.12-212.5.12-4

Pin fins (see Spine fins)
Pi theorum,  in dimensional analysis, 2.2.1-11
Pipe fittings (see Piping components)
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Pipes, circular:
augmentation of heat transfer in, 2.5 .l l-412.5 .l l-9

internally finned for, 2.5.11-j/2.5.11-6
boiling of binary and multicomponent mixtures in,

2.7.8-112.7.8-7
critical heat flux, 2.7.8-612.7.8-7
forced convective (including mass transfer effects),

2.7.8-212.7.8-6
nucleate boiling, 2.7.8-l/2.7.8-2

combined free and forced convection in, 2.5.10-l/2.5.10-12
in condensers, 3.4.1-l/3.4.9-5
horizontal channels, 2.5.10-7/2.5.10-11
vertical pipes, 2.5 .lO-212.5.10-7

flow boiling in: horizontal pipes, 2.7.4-l/2.7.4-7
vertical pipes, 2.7.3-l/2.7.3-37

free convective heat transfer from outside of,
2.5.7-2012.5.7-24

horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-2312.5.7-24

heat transfer to, in fluidized beds, 2.8.4-612.8.4-7
heat transfer to liquid metals in, 2.5.13-1
laminar heat transfer in, 2 S . l-2

in hydrodynamically developed flow, 2.5.1-1
in thermally and hydrodynamically developing flow,

2.5.1-2
pneumatic conveyance (gas solids flow) in, 2.3.3-l/2.3.3-2
radiative heat transfer along, 2.9.3-15/2.9.3-16
roughened surface, radiative heat transfer along,

2.9.4-g/2.9.4-10
shrgle-phase  fluid flow and pressure drop in fully developed

flow in, 2.2.2-l/2.2.2-7
effect of free convection on, 2.2.2-512.2.2-7
effect of temperature dependent fluid properties on,

2.2.2-7
friction factor, 2.2.2-l/2.2.2-2
influence of additives on, 2.2.2-7
turbulence characteristics in, 2.2.2-l/2.2.2-5

turbulent heat transfer in, 2.5.1-512.5.1-g
two-phase gas-liquid flow in, 2.3.2-l/2.3.2-33

flow regimes in, 2.3.2-l/2.3.2-5
hydrodynamics of flow in, 2.3.2-712.3.2-26

use in shell-and-tube heat exchangers for single-phase flow,
3.3.1-l/3.3.11-5

Pipes, noncircular:
triangular ducts: single-phase fluid flow and pressure drop in,

2.2.2-712.2.2-10
laminar flow, 2.2.2-712.2.2-8
turbulent flow, 2.2.2-912.2.2-10

(See also Rectangular ducts, Square ducts)
Piping components:

gas-liquid flow and pressure drop in, 2.3.2-1512.3.2-18
bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-1712.3.2-18
slow changes in cross section, 2.3.2-1512.3.2-16
sudden contractions, 2.3.2-1612.3.2-17
sudden enlargements, 2.3.2-16

single-phase fluid flow and pressure drop in, 2.2.2-1412.2.2-20
curved ducts, 2.2.2-1412.2.2-17
enlargements, 2.2.2-1712.2.2-19
miscellaneous fittings, 2.2.2-19/2.2.2-20

Plain tube banks (see Tube banks, plain)
Plan&s constant, 2.9.1-3
Planck�s law, for spectral distribution of blackbody radiation,

2.9.1-3
Plane shells: steady-state thermal conduction in, 2.4.2-l/2.4.2-3

lblishing  Corporation
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Plastic analysis, in mechanical design, 4.1.2-l/4.1.2-2
Plate-and-frame heat exchangers (see Plate heat exchangers)
Plate coil baffles, in agitated vessels, 3.14.2-3/3.14.2-4
Plate fin heat exchangers, 1.1.4-2, 3.9.1-l/3.9.1-2

approximate overall heat transfer coefficients in, 2.1.24
calculation procedure for a rating problem, 3.9.9-l
correlation of heat transfer and friction data for,

3.9.6-l/3.9.6-2
definition of geometric terms for, 3.9.2-l
description of, 3.1.2-5
goodness factor comparisons for, 3.9.7-l/3.9.7-3
laminar flow surfaces, 3.9.5-l/3.9.5-3
mechanical design, 4.4.3-l/4.4.3-9

brazing, 4.4.3-3/4.4.34
construction, 4.4.3-l/4.4.3-3
flow distributors, 4.4.3-3
materials, 4.4.3-7/4.4.3-g
plate fin-tube construction, 4.4.3-5/4.4.3-7

multifhrid  service in, 3.9.12-l/3.9.12-2
pressure drop calculation in, 3.9.10-l/3.9.10-2
procedures for the thermal sizing problems in,

3.9.11-l/3.9.11-2
recent theory and data on vaporization and condensation in,

3.9.13-l/3.9.134
specifications of sizing and rating problems in, 3.9.8-l/3.9.8-2
surface geometries for, 3.9.3-l
surface performance data for, 3.9.4-l/3.9.4-2

Plate fins, efficiency of, 2.5.3-9/2.5.3-10
Plate heat exchangers:

approximate overall heat transfer coefficients in, 2.1.24
construction and operation of, 3.7.1-l/3.7.1-3
corrugation design, 3.7.3-l/3.7.3-2
costing, 4.8.4-l/4.8.4-2
description, 3.1.2-3/3.1.2-4

gasketed plate, 3.1.2-3
lamella  (Ramen), 3.1.2-3/3.1.24
spiral plate, 3.1.2-3

factors affecting plate design, 3.7.6-I/3.7.6-2
corrugation geometry, 3.7.6-l/3.7.6-2
distribution, 3.7.6-2

factors governing plate specification, 3.7.2-l
fouling, 3.7.9-l
friction factor correlations, 3.7.4-l/3.7.4-2
heat transfer correlations, 3.7.5-l/3.7.5-2
mechanical design, 4.4.2-l/4.4.2-8

frame design, 4.4.2-514.4.2-7
gasket design and properties, 4.4.24/4.4.2-5
plate arrangements, 4.4.2-l
plate construction features, 4.4.2-l/4.4.2-2
plate design features, 4.4.2-3/4.4.24

methods of surface area calculation, 3.7.10-l/3.7.104
overall plate design for, 3.7.7-l/3.7.7-2
plate arrangements and correction factors for, 3.7.8-l/3.7.84

concurrency corrections, 3.7.8-l/3.7.8-2
distribution along port manifolds, 3.7.8-3/3.7.84
end effects, 3.7.8-213.1.8-3
types of pass arrangements, 3.7.8-l

thermal mixing in, 3.7.11-l/3.7.11-2
two-phase flow applications, 3.7.12-l

Plates:
characteristic of, as packings for fixed beds, 2.2.5-2
parallel, laminar heat transfer in flow between, 2.5 J-3

in hydrodynamically developed flow, 2.5.1-3
in thermally and hydrodynamically developing flow,

2.5.1-3
Plate-type evaporator, 3.5.2-6

Plug flow:
regions of occurrence of: in horizontal flow, 2.3.2-212.3.24

in inclined tubes, 2.3.24/2.3.2-5
in systems with phase change, 2.3.2-6/2.3.2-7
in vertical flow, 2.3.2-112.3.2-2

in vertical channels, 2.3.2-19
bubble rise velocity in, 2.3.2-19

Plug flow model, for furnaces, 3.11.5-l/3.11.5-2
Pneumatic conveyance, 2.3.3-l/2.3.3-2

in horizontal pipes, 2.3.3-l/2.3.3-3
in inclined pipes, 2.3.3-2
in vertical pipes, 2.3.3-l

Pneumatic conveying dryer, 3.13.7-2
P-NTU method:

application to single pass exchangers, 1.3.1-2/l  .3.14
for calculation of heat exchangers, 1.2.44/1.2.4-5

Poiseuille law (see Hagen  Poiseuitle  law)
Polarization, of thermal radiation, 2.9.2-12/2.9.2-14
Polymers:

degradation temperature, 2.5.12-l
physical properties, 2.5.12-2/2.5.124,5.3.6-l/5.3.7-2

specific heat capacity, 2.5.12-3
thermal conductivity, 2.5.12-2
viscosity, 2.5.12-212.5.12-4

non-Newtonian heat transfer to, 2.5.12-l/2.5.12-15
Pool boiling, 2.1.7-6/2.1.7-g

augmentation of heat transfer in, 2.7.9-112.7.9-2
boiling curve for, 2.1.2-112.7.2-2
critical heat flux in, 2.7.2-9/2.7.2-13

geometric effects on, 2.7.2-11/2.7.2-12
liquid viscosity effect on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13

film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling, 2.7.2-312.7.3-9

correlations for, 2.7.2-3/2.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gas on, 2.7.2-8
influence of gravitational acceleration on,

2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-812.7.2-9
influence of surface conditions on, 2.7.2-712.7.2-8
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

of binary and multicomponent mixtures, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7-412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-512.7.7-6
nucleate boiling, 2.7.7-112.7.7-2
transition boiling, 2.7.7-5

onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-13

Porous surfaces, for enhancement of boiling heat transfer,
2.7.9-l

Post-burnout heat transfer (see Postdryout heat transfer,
Transition boiling, Film boiling)

Post-dryout  heat transfer:
correlations for in vertical tubes, 2.7.3-31/2.7.3-34

with departure from thermodynamic equilibrium,
2.7.3-3212.7.3-33

empirical correlations, 2.7.3-3112.7.3-32
semi-theoretical, 2.7.3-33/2.7.3-34

in evaporators, 3.5.7-3
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Powders:
classification of types of, in fluidized beds, 2.2.6-312.2.64
thermal conductivity under vacuum, 2.1.1-2

Power law fluid (non-Newtonian), 2.2.8-7

forced convective heat transfer to, 2.5.12-112.5.12-16
free convective heat transfer to bodies immersed in,

2.5.7-10, 2.5.7-25
Prandtl number, 1.2.34, 2.1.3-3

effect on laminar flow over flat plate, 2.2.1-23
formulas for, 5.1.4-7
of liquid water, 5.5.34
of saturated vapors and liquids, 5.5.1-l/5.5.5.140
shell-side, in shell-and-tube heat exchangers, 3.3.5-17
turbulent, 2.2.1-19

Pressure coefficient:
for flow over single cylinder, 2.2.4-2
for flow over tube in tube bank, 2.2.4-2

Pressure control of condensers, 3.4.5-l
Pressure drop:

in condensers, 3.4.7-l/3.4.7-2
in double-pipe heat exchangers, 3.2.3-S/3.2.3-6
in evaporators, 3.5.6-1
in fluidized beds, 2.2.6-2
in gas-liquid flow, 2.3.2-712.3.2-18

frictional, in straight pipes, 2.3.2-9/2.3.2-12
in shell-and-tube heat exchangers, 2.3.2-12/2.3.2-13
in singularities, 2.3.2-15/2.3.2-18
in stratified flow, 2.3.2-2312.3.2-24
in vertical annular flow, 2.3.2-19

in headers, nozzles and turnarounds in shell-and-tube heat
exchangers, 2.2.7-l/2.2.7-11

in internally  finned tubes, 2.5.11-5/2.5.11-6
in multiphase systems, 2.3.1-l/2.3.1-10

in gas-solid flow, 2.3.3-2, 2.3.34/2.3.3-7
overall, in cooling towers, 3.12.3-3/3.12.3-5
in the packings of cooling towers, 3.12.2-10/3.12.2-11
in plate fin heat exchangers, 3.9.10-l/3.9.10-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
and pumping power in heat exchangers, 1.2.4-5/1.2.46
in reboilers, 3.6.3-l
on the shell side of shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
as limitation in design, 3.3.10-6

in single phase systems: in ducts and fittings,
2.2.2-112.2.2-25

in fixed beds, 2.2.5-l/2.2.5-5
introduction and fundamentals, 2.2.1-l/2.2.1-35
in non-Newtonian fluid flow, 2.2.8-9/2.2.8-11
in tube banks, 2.2.4-l/2.2.4-17,  3.3.7-l/3.3.74

in vertical tubes with subcooled boiling, 2.7.3-9/2.7.3-10
Pressure gradient:

effect in transition boundary layer flow over flat plate,
2.2.1-24

(See also Pressure drop)
Process heaters, fired, 3.11.2-l/3.11.2-2
Prolate spheroids, free convective heat transfer from,

2.5.7-25
Promoters, for dropwise condensation, 2.6.5-3/2.6.5-4
Propane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of,

5.5.2-615.5.2-l
1-Propanol saturation properties, 5.5.1-18
2Propanol saturation properties, 5.5 .l-19
Propeller agitator, 3.13.2-l/3.14.2-2

heat transfer in agitated vessels with, 3.14.3-1
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Propylene:
saturation properties, 5.5.1-6
superheated gaseous, thermodynamic properties, 5.5.2-7

Propylene oxide saturation properties, 5.5.1-24
Proximity agitators, 3.14.2-1

heat transfer in agitated vessels with, 3.14.3-3/3.14.3-6
Pugh, S. F., 5.4.5-1/5.4.5-5,5.5.8-l/5.5.8-3
Pulsations, use in augmentation of heat transfer, 2.5 .ll-8
Pushkina and Sorokin correlation, for flooding in vertical tubes,

2.3.2-22
P-V-T  correlations, for pure fluids, 5.1.2-l/5.1.24
Pyramid, free convective heat transfer from, 2.5.7-25

a
Quality, in multiphase flows:

flow quality, 1.2.1-1, 2.3.14, 2.7.3-l
static quality, 1.2.1-1, 2.3.14

R
Radiant heat exchanger, 2.9.84
Radiating fin, 2.9.84f2.9.8-6
Radiation:

diffusion method, for calculation of nonisothermal  gas
radiation, 2.9.7-512.9.1-6

effect in film boiling, 2.7.2-15
effect on heat transfer in packed beds, 2.8.3-2
heat transfer coefficient, 2.9.8-2
in heat transfer from fluidized beds, 2.8.4-3,2.8.4-6/2.8.4-7
models for, in furnaces, 3.11.74/3.11.7-5
networks, 2.9.3-g/2.9.3-10

with a gas, 2.9.64
numerical calculation of flows involving, 1.4.3-3
(See also Radiative heat transfer)

Radiation shields, in radiation heat transfer, 2.9.3-12/2.9.3-13
Radiative heat transfer:

acting with conduction and convection, 2.9.8-l/2.9.8-10
combined phenomena in, 2.9.8-l
around hollow cylinder, 2.9.8-612.9.8-7
in molecular gas convection, 2.9.8-7/2.9.8-10
in radiant heat exchanger, 2.9.84
from radiating tin, 2.9.84/2.9.8-6
radiation coupled transient heating or cooling,

2.9.8-312.9.84
thermal network analysis of, 2.9.8-l/2.9.8-3

gas radiation properties, 2.9.5-l/2.9.5-13
equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.511/2.9.5-12
measurement of, 2.9.5-212.9.5-4
molecular, 2.9.5-g/2.9.5-11
physics, of, 2.9.5-4
spectral, band and total property definitions,

2.9.5412.9.5-8
in furnaces, 3.11.3-l/3.11.7-6
introduction to, 2.9.1-l/2.9.1-5

blackbody radiation, 2.9.1-3/2.9.1-5
radiant intensity and flux, 2.9.1-212.9.1-3
thermodynamic surfaces and surface systems,

2.9.1-l/2.9.1-2
nonisothermal gas radiation, 2.9.7-l/2.9.7-13

- -
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Radiative heat transfer, nonisothermal gas radiation (Cont.):
differential formulations for, 2.9.7-5/2.9.7-g
equation of transfer for, 2.9.7-l/2.9.7-2
geometric considerations, 2.9.7-212.9.7-3
molecular gas radiation in, 2.9.7-10/2.9.7-13
slab geometry, 2.9.7-312.9.7-5
spectral considerations and scaling approximations in,

2.9.7-812.9.7-10
radiation transfer between perfectly diffuse surfaces,

2.9.3-l/2.9.3-17
diffuse-walled passages, 2.9.3-13/2.9.3-16
radiation network, 2.9.3-g/2.9.3-10
radiosity-irradiation formulations, 2.9.34/2.9.3-g
refractory surfaces, 2.9.3-8
selected working relations for, 2.9.3-10/2.9.3-13
shape factors for, 2.9.3-l/2.9.34

radiation transfer between specular and imperfectly diffuse
surfaces, 2.9.4-1/2.9.4-l 1

mirror-image concept, 2.9.4-l/2.9.4-2
Monte Carlo algorithms, 2.9.4-212.9.4-5
rough walled passages, 2.9.4-912.9.4-10
specular and imperfectly diffuse surfaces, 2.9.4-l
specular walled  passages, 2.9.4-512.9.4-7
surface models, 2.9.4-712.9.4-9

surface radiation characteristics, 2.9.2-l/2.9.2-20
absorption and emission characteristics, 2.9.2-l/2.9.2-3
approximations, 2.9.2-10/2.9.2-12
electromagnetic theory and the Fresnel relations,

2.9.2-712.9.2-10
polarization, 2.9.2-1212.9.2-15
radiation characteristics in thermal design,

2.9.2-1512.9.2-20
reflection and transmission characteristics,

2 . 9 . 2 - 3 1 2 . 9 . 2 - I
between surfaces and isothermal gas, 2.9.6-l/2.9.6-9

calculation of, 2.9.64/2.9.6-g
heat transfer at black wall, 2.9.6-l
mean beam length concept for, 2.9.6-2/2.9.6-3
Monte Carlo solutions for, 2.9.6-812.9.6-9
radiation network in, 2.9.6-4
radiosity-irradiation formulation for gas filled enclosure

wall, 2.9.6-312.9.64
wall layer transmission in, 2.9.6-3

Radiators, automotive, construction, 4.4.3-5/4.4.3-7
Radiometers, application in gas radiation property measurement,

2 . 9 . 5 - 3
Radiosity, Stephan�s law for, 2.9.1-3
Radiosity-irradiation formulations in radiative heat transfer,

2 . 9 . 3 4 1 2 . 9 . 3 - g
for gas-filled enclosure waU, 2.9.6-312.9.64

Ramen heat exchanger (see LameUa heat exchanger)
Raoult�s law for partial pressure, 2.7.6-l
Rating of heat exchangers, 3.1.3-2, 3.3.4-1

computer program structure for, 3.1.3-3
Raybigh instability, in free convection, 2.5.8-2
Rayleigh  number, 1.2.34, 2.2.1-16, 2.2.2-6

critical, for instability in free convection: in enclosures heated
from below, 2.5.8-312.5.8-6

in horizontal layers, 2.5.8-212.5.8-3
in free convection over immersed bodies, 2.5.7-3

Reay, D., 3.13.7-l/3.13.7-3
Reboilers:

approximate overall coefficients in, 2.1.2-3
shell-and-tube, 3.6.1-l/3.6.5-6

calculation procedures for, 3.6.5-l/3.6.5-6
pressure drop in, 3.6.3-l

special design considerations for, 3.6.4-l/3.6.44
thermal design of, 3.6.2-l/3.6.2-10

as type of heat exchanger, 1.1.5-2
(See also Boilers)

Reciprocal mode integrating sphere, for reflection and
transmission measurements in radiation, 2.9.2-7

Rectangles:
closed form solutions for mean beam lengths between,

2 . 9 . 6 4
radiative heat transfer shape factors for opposite and

adjacent, 2.9.3-3
table of mean beam lengths, 2.9.6-5

Rectangular ducts:
combined free and forced convective heat transfer in,

2.5.10-11, 3.9.5-l/3.9.3-3
critical heat flux in flow boiling in, 2.7.3-20
laminar flow in, 2.2.2-7/2.2.2-9
radiative heat transfer along, 2.9.3-16/2.9.3-17
turbulent flow in, 2.2.2-10

Rectangular enclosures, free convective heat transfer in:
when heated and cooled on vertical sides, 2.5.8-6/2.5.8-13
when heated from below, 2.5.8-3/2.5.8-6

Rectangular fins, for plate fin exchangers, 3.9.3-l
Redlich-Kwong and Redlich-KwongSoave  equations of state,

5.1.24
application to hydrocarbons, 5.2.2-l/5.2.2-2

Reduced pressure, correlations for pool boiling using,
2.7.2-512.7.2-7

Reentrance cavities, for enhancement of boiling, 2.7.9-l/2.7.9-2
Reference temperature:

in calculation of friction factor in circular duct, 2.2.2-7
for laminar flow over flat plates, 2.2.1-23
for turbulent flow over flat plates, 2.2.1-29

Reflectance (see Reflectivity)
Reflection, of thermal radiation, from solid surfaces:

characteristics of, 2.9.2-3/2.9.26
measurement of, 2.9.2-6/2.9.2-7

Reflectivity, of solid surfaces, 2.9.2-3
measurement of, 2.9.2-612.9.2-7

Reflectometer, heated cavity, 2.9.2-7
Reflux condensers, 3.4.3-2

flooding phenomena in, 2.6.2-9, 3.4.3-2/3.4.3-3
Refractories, density of, 5.4.1-l/5.4.1-2
Refractory services, 2.9.3-8

in furnaces, 3.11.3-6
heat transfer by radiation between source, sink and,

2.9.3-11/2.9.3-12
Refrigerant 12:

critical heat flux table for flow of in vertical tube, 2.7.3-29
saturation properties, 3.5.1-21

Refrigerant 13 saturation properties, 5 5 .l-2 1
Refrigerant 21 saturation properties, 5.5 .l-22
Refrigerant 22 saturation properties, 5.5.1-22
Regenerative heat exchangers, l.l.l-3/1.1.14

periodic operation of, 1.1.6-1
Regimes of heat transfer, in ducts, single phase flow,

2.5.1-1
Relaminarization,  of turbulent flow, 2.2.1-16
Residence times, in dryers:

with non-prescribed material flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.13.5-2

Retrograde behavior, in phase envelope for natural gas,
5.2.1415.2.1-5

Reynolds number, 2.1.1-3
as limiting criteria for applicability of molecular flux

relationship, 2.1.1-3
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Reynolds number (Cant):
bubble, 2.3.2-19
definition of, 1.2.3-211.2.3-3

in finned tube bundles, 2.5.3-11
in condensation on vertical surface, 2.6.2-3
in cross flow over tube banks, 2.2.4-l/2.2.4-12,

2.5.3-I/2.5.3-8,  3.3.7-I/3.3.14

particle, fixed beds, 2.2.5-2
fluidtied  beds, 2.2.6-2

shell-side, in shell-and-tube heat exchangers, 3.3.5-16
in two-phase gas-liquid flow, 2.3.2-10

Rheologically  complex materials, properties of:
disperse compositions, 5.3.1-l/5.3.1-3

nuclear fuel suspensions, 5.3.1-2/5.3.1-3
petroleum, 5.3.1-3
two-component compositions, 5.3.1-l/5.3.1-2

effect of external electric and magnetic fields on,
5.3.8-l/5.3.8-2

lubricants: classification of, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2

polymers, 5.3.6-l/5.3.7-2
Rheology, shear flow experiments used in, 2.2.8-3
Richardson number, 2.2.1-11
Ring cells, in free convection, 2.5.8-2
Ring stiffness, in shell-and-tube heat exchangers, 4.1.2-S/4.1.2-9
Rod bundles:

critical heat flux in flow in, 2.7.3-2112.7.3-22
turbulent longitudinal flow in, 2.2.2-10

Rohsenow correlation, for nucleate boiling, 2.7.24
application in forced convection boiling in vertical tubes,

2.7 .3-712.7 .3-g
Roll cells, in free convection, 2.5.8-2
Roller expansion, of tubes into tube sheets, 4.2.6-6/4.2.6-7
Room, thermal network for combined radiation and convection

in,2.9.8-3
Rossby number, 2.2.1-11
Rotary dryer, 3.13.24

practical design of, 3.13.7-2
Rotating drums, heat transfer to particle bed in, 2.8.34/2.8.3-S
Rotation, as device for heat transfer augmentation, 2.5.11-4,

2.5.11-8
Roughness, surface:

in augmentation of condensation, 2.6.6-l/2.6.6-2
in augmentation of heat transfer, 2.5.11-2, 2.5.11-312.5.11-4
as enhancement device in boiling, 2.7.9-2
completely rough surface, 2.2.2-2
effect in flow in fixed beds, 2.2.5-4
effect on flow over cylinders, 2.2.3-6
effect in pool boiling: critical heat flux, 2.7.2-13

nucleate boiling, 2.7.2-312.7.24
effect on pressure drop in tube banks, 2.2.4-14/2.2.4-15
effect on skin friction in turbulent flow over flat plate,

2.2.1-29
effect in transition flow over flat plate, 2.2.1-25
radiative heat transfer from, 2.9.4-7/2.9.4-10
values for commercial surfaces, 2.2.24

Rough walled passages, radiative heat transfer down,
2.9.4-912.9.4-10

Ruiz,C.,4.1.1-l/4.1.8-3

S
Saddle supports, for heat exchangers, as source of assymetric

loading, 4.1.2-2/4.1.2-9
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Sand roughness, equivalent, 2.2.1-2912.2.1-30
Sardesai,  R. G., 2.6.4-l/2.6.4-7
Saturated boiling:

in pool boiling, 2.7.2-l/2.7.2-17
in vertical tubes, 2.7.3-10/2.7.3-12

nucleate, 2.7.3-10/2.7.3-11
two-phase forced convective, 2.7.3-11/2.7.3-12

Saturated fluids, tables of physical properties, 5.5.1-l/5.5.1-40
Saturation pressure, 2.7.1-1
Saturation temperature, 2.7.1-1
Saunders, E. A. D., 4.2.1-114.2.6-13
Scaling approximations, in nonisothermal gas radiation,

2.9.7-812.9.7-10
narrow band scaling: the Curtis Godson approximation,

2.9.1-812.9.7-9
wide-band scaling, 2.9.7-g/2.9.7-10

Scattering bed models, for radiative heat transfer from surfaces,
2.9.4-812.9.4-9

Scattering coefficient, 2.9.5-2
Schack  wide-band model, for gas radiation properties, 2.9.5-6
Schhinder,E.U., 2.1.1-l/2.1.7-8,  3.13.1-1/3.13.6-l
Schliinder  equations:

for developing laminar flow, 2.5.1-2
for gas conduction in packed beds, 2.8.3-l

Schmidt number, 1.2.34
Schrock  and Grossman correlations, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Schunk, M., 5.1.1-1/5.1.5-3,5.4.1-l/5.4.4-6
Schwier, K., 5.5.3-l/5.5.3-5
Scraped surfaces:

in augmentation of heat transfer, 2.5 .ll-3
heat exchangers, description of, 3.1.2-6
in heat exchangers, 1.1.4-2
heat transfer coefficients with, 3.14.34/3.14.3-6
mechanical design for, 4.4.4-514.4.4-6

Scaling devices, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-9
Seider-Tate equation, for heat transfer in heat exchangers, 3.3.2-2
Selection of heat transfer equipment:

for condensation duty, 3.4.2-l/3.4.2-4
dryers, 3.13.2-113.13.24
for evaporation, 3.5.5-113.5.5-2
general introduction to, 3.1.2-l/3.1.26
reboilers, 3.6.1-2/3.6.1-6

selection table, 3.6.1-6
Semiconductors, thermal conductivity, 5.4.3-3
Separated flow model:

application to stratified flow prediction, 2.3.2-23/2.3.2-24
conservation equations for: in gas-liquid flow, 2.3.2-8/2.3.2-9

in multiphase flows, 2.3.1-6/2.3.1-7
Separators, for use in association with evaporators,

3.5.4-l/3.5.4-2
Series solutions, for one-dimensional transient conduction,

2.4.3-112.4.3-7
Serrated fms, in plate fin heat exchangers, 3.9.3-l
Shah correlation, for boiling in horizontal tubes, 2.7.4-5
Shape factor, in radiative heat transfer between diffuse surfaces,

2.9.3-112.9.3-4
Shear flow, of non-Newtonian fluids, 2.2.8-l/2.2.8-3
Shear free flow, of non-Newtonian fluids, 2.2.8-3/2.2.8-6
Shear rate, in fluid, 2.2.8-l

Shear stress:
distribution of wall, in flow over single cylinder, 2.2.3-5
interfacial effect on filmwise  condensation: on vertical

surfaces, 2.6.2-512.6.2-7
turbulent, in pipe flow, 2.2.2-5

Shelf dryer, 3.13.24
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Shell-and-tube heat exchanger:
application of low-fin tubes in, 3.3.1 l-2/3.3.1 1-3
approximate overall coefficient in, 2.1.2-3
approximate sizing of, 3.1.4-l/3.1.4-9

basic design equation for, 3.1.4-9
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference, 3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-313.1.46
estimation of surface area, 3.1.4-6/3.1.4-7
example of, 3.1.4-7/3.1.4-g

baffle leakage in, numerical calculation of, 1.4.2-3
condensation in, 3.4.1-l/3.4.1-5
corrosion and other damage of, 4.5.3-l/4.5.3-7
description of 3.1.2-2/3.1.2-3
F-factor and &NTU  charts for, 1.5.2-l/1.5.2-15

E-shell  with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-8
G-shell,  even number of tube passes, 1.5.2- 13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-11
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

F-type shells, thermal leakage in, 1.5.2-14/1.5.2-15
introduction to design features, 1.1.5-l/1.1.5-2
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: basic principles, 4.1.1-l/4.1.8-3

constructional features of, 4.2.1-l/4.2.6-13
design codes for, 4.3.1-l/4.3.5-11
example of calculations, 4.3.6-l/4.3.6-23

multipass, 1.1.1-2
non-uniform heat transfer in, 2.1.4-l/2.1.4-3
numerical solutions for: with flow pattern calculation,

1.4.2-l/1.4.24
with prescribed flow patterns, 1.4.1-l/1.4.1-6

pressure drop in headers, nozzles and turnarounds in,
2.2.7-112.2.7-11

thermal design, 3.3.1-l/3.3.1  l-5
auxiliary calculations, 3.3.6-l/3.3.6-11
calculation of shell-side heat transfer coefficient and

pressure drop, 3.3.8-l/3.3.8-3
extension to other shell, baffle and tube bundle

geometries, 3.3.11-l/3.3.11-3
ideal tube-bank correlations for, 3.3.7-l/3.3.7-4
input data and recommended practices, 3.3.5-l/3.3.5-17
objectives and background, 3.3.1-l/3.3.1-2
performance evaluation when geometry specified,

3.3.9-l/3.3.9-6
practices of design, 3.3.4-l/3.3.4-5
procedures for segmentally baffled exchangers,

3.3.10-l/3.3.10-8
recommended method: principles and limitations,

3.3.3-l/3.3.3-5
survey of shell-side flow correlations, 3.3.2-l/3.3.2-6

Shells, for shell-and-tube heat exchangers:
costing, 4.8.2-l/4.8.2-5
inside diameter: metric practice for, 3.3.5-3

U.S. practice for, 3.3.5-3
materials of construction, 4.5.2-l/4.5.2-2
mechanical design: analytical basis for codes, 4.3.3-l

basic principles, 4.1.3-l
constructional features of, 4.2.6-l
index to U.S., U.K., and F.R.G. codes for, 4.3.2-2/4.3.2-3

0 1983 Hemisphere I blishing Corporation

Shell-to-baffle clearance, in shell-and-tube heat exchangers,
3.3.5-13/3.3.5-14

Sherwood number, 1.2.3-2,2.1.5-2
in particle-to-fluid mass transfer in fixed beds, 2.5.4-l/2.5.4-6

Shipes, K. V., 4.4.1-l/4.4.1-7
Short-tube vertical evaporator, 3.5.2-l
Shulman, 2. P., 5.3.1-l/5.3.8-3
Silver method, for calculation of multicomponent condensation,

2.6.3412.6.3-5
Similarity, theory of, 2.2.1-10/2.2.1-13
Simultaneous heat and mass transfer (see Heat and mass transfer,

combined)
Singham,  J. R., 3.12.1-l/3.12.64
Single-phase convective heat transfer (see Convective heat

transfer, single-phase)
Single-phase fluid flow:

in ducts and fittings, 2.2.2-l/2.2.2-25
in fixed beds, 2.2.5-l/2.2,5-5
over immersed bodies, 2.2.3-112.2.3-g
introduction and fundamentals, 2.2.1-l/2.2.1-35
in headers, nozzles and turnarounds, 2.2.7-l/2.2.7-11
in tube banks, 2.2.4-l/2.2.4-17

Singularities, two-phase gas-liquid pressure drop across,
2.3.2-1512.3.2-18

bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-17/2.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contraction, 2.3.2-1612.3.2-17
sudden enlargement, 2.3.2-16

Sink, in radiation:
heat transfer between source, refractory and,

2.9.3-1112.9.3-12
heat transfer from source to, 2.9.3-10/2.9.3-11

Skin friction coefficient, 2.2.1-20
in flow over cylinders, 2.2.3-5
in flow over tube banks, 2.2.4-312.2.4-5
Ludwieg-Tillman formula for, 2.2.1-26
Stratford formulas for, in boundary layers, 2.2.1-21
in turbulent flow over flat plates, 2.2.1-29

Slab:
heat transfer in cooling of, 2.1.3-l/2.1.3-2
leaching process in, 2.1.5-2
radiative heat transfer in non-isothermal gas in,

2.9.7-3/2.9.7-5,2.9.7-1012.9.7-13
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
Slip ratio (see Velocity ratio)
Slot, radiative heat transfer along, 2.9.3-15/2.9.3-16
Slug flow:

hydrodynamics of, 2.3.2-2412.3.2-25
mechanism of critical heat flux in, 2.7.3-22
regions of occurrence of, in gas-liquid flow in horizontal

tubes, 2.3.2-l/2.3.2-5
Slugging, in fluidized beds, 2.2.6-l
Smith, R. A., 3.5.1-l/3.5.8-3
Smoluchowski effect, 2.1.1-2
Snell�s  law, in radiation, 2.9.2-9
Solar absorber, 2.9.2-1512.9.2-16
Solar reflector, 2.9.2-16
Soldered fins, in double pipe exchangers, 3.2.5-l
Solid fuels, properties of, 3.11.3-3
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Solid-gas flow:
flow patterns in, 2.3.3-2
free-fall velocity in, 2.3.3-3
pressure drop in, 2.3.3-2, 2.3.3412.3.3-g
principles of pneumatic conveyance by, 2.3.3-l/2.3.3-2

horizontal pipes, 2.3.3-l/2.3.3-2
inclined pipes, 2.3.3-2
vertical pipes, 2.3.3-l

velocity ratio in, 2.3.34
Solidification, heat conduction in, 2.4.4-l/2.4.4-2
Solid-liquid flow:

flow patterns in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-212.3.4-6
principles of hydraulic conveyance, 2.3.4-l

Solids:
as constituents in multiphase flows, 2.3.1-1
physical properties, 5.4.1-l/5.4.5-5

density, 5.4.1-l/5.4.1-2
elastic properties, 5.4.5-l/5.4.5-5
emissivity, 5.4.4-115.4.44
specific heat, 5.4.2-115.4.2-2
thermal conductivity, 5.4.3-l/5.4.3-3

total emissivities, 3.11.3-6
Solids circulation, in fluidized beds, 2.2.6-6/2.2.6-7
Sound velocity:

in ideal gas, 2.2.1-8
in two-phase gas-liquid flow, 2.3.2-27

Source, in radiation:
radiative heat transfer between refractory, sink and,

2.9.3-11/2.9.3-12
radiative heat transfer between sink and, 2.9.3-10/2.9.3-l  1

Spacers, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Spalding, D. B., 1.1.1-l/1.4.3-6
sparging:

for agitation of vessels, 3.1.4-2
of reboilers, 3.6.4-3

Specific enthalpy, 1.2.1-l
of saturated liquids and vapors, 5.5.1-l/5.5.1-40
of superheated gases, 5.5.2-115.5.2-I 1

Specific entropy, of superheated gases, tables of, 5.5.2-1/5.5.2-l 1
Specific heat (see Specific heat capacity)
Specific heat capacity, 1.2.1-2/1.2.1-3

in polymers, 2.5.12-8,5.3.6-2
in pure fluids, 5.1.3-4/5.1.3-7
of liquid water, 5.5.3-2
of multicomponent mixtures, 5.2.3-8/5.2.3-g
of saturated liquids and vapors, 5.5.1-l/5.5.1-5
of solids, 5.4.2-l/5.4.2-2

Specific internal energy, 1.2.1-1
Specific volume:

of polymers, 5.3.6-2
of superheated gas, tables of, 5.5.2-1/5.5.2-l  1
of the gas phase, 5.1.2-2/5.1.2-3
of the liquid phase, 5.1.2-l

Spectral absorptivity:
in gases, 2.9.5-5
of metals at room temperatures, 2.9.2-l l/2.9.2-12

Spectral emissivity, in gases, 2.9.5-5
Specular surface, 2.9.4-l

radiative heat transfer between imperfectly diffuse surfaces
and, 2.9.4-l/2.9.4-11

Specular-walled passages, radiative heat transfer in,
2.9.4-512.9.4-7

with adiabatic sides, 2.9.4-612.9.4-7
with isothermal sides, 2.9.4-512.9.4-6
with non-isothermal sides, 2.9.4-6

Spheres:
characteristics of, as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-I/2.5.9-6
in transverse flow, 2.5.9-6
in vertical flow, 2.5.9-l/2.5.94

concentric, free convective heat transfer in, 2.5.8-16
drag coefficients for, 2.2.3-2
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.2-8,  2.5.4-l/2.5.4-7
free convective heat transfer from, 2.5.7-24/25.7-25
heat transfer to beds of moving, agitated and vibrated,

2.8.3-312.8.3-8
single-phase forced convection heat transfer to,

2.5.2-512.5.2-8,  2.5.4-l
combined correlation for, 2.5.2-5, 2.5.4-1
in restricted channel, 2.5.2-5

transient conduction in, 2.4.3-l/2.4.3-10
numerical methods for, 2.4.3-8/2.4.3-10
series solutions for, 2.4.3-l/2.4.3-7
solutions using internal heat transfer coefficient,

2.4.3-712.4.3-8
Spherical shells:

mechanical design, of, 4.1.3-l/4.1.3-2
steady-state thermal conduction in, 2.4.2-l/2.4.2-3

Spheroids (oblate and prolate), free convective heat transfer
from, 2.5.7-25

Spine fins:
efficiency, 2.5.3-9
in plate fin exchangers, 3.9.3-l

Spiral heat exchanger:
approximate overall heat transfer coefficients in, 2.1.24
description of, 3.1.2-3/3.1.24
mechanical design of, 4.4.44/4.4.4-5

Spray dryers, 3.13.7-213.13.7-3
Sprays, in heat exchangers, 1.1.4-2
Square ducts:

laminar flow in, 2.2.2-712.2.2-g
roughened wall, radiative heat transfer along, 2.9.4-g/2.9.4-10

Stable equilibrium, of vapor and liquid, 2.7.1-1
Staggered tube banks:

application in shell-and-tube heat exchangers, 3.3.5-5
correlations for heat transfer in, 2.5.3-l/2.5.3-16

finned tubes, 2.5.3-11
plain tubes, 2.5.3-2

drag coefficients for tubes in, 2.2.4-4
pressure drop in, with plain tubes, 2.2.4-8/2.2.4-g

correction factors for overall number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
pressure drop with tinned tubes, 2.2.4-13/2.2.4-14

Stagnant packed beds (see Fixed beds)
Stainless steels:

as materials of construction, 4.5.2-3/4.5.24
austenitic, 4.5.2-4
ferritic, 4.5.2-314.5.24

spectral characteristics of reflectance from oxidized surface
of, 2.9.2-15

Stanton number, 1.2.3-1, 2.2.1-11
startup:

of heat pumps, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

State diagram, for fluidized beds, 2.2.6-2
Static mixer inserts, as enhancement device in condensation,

2.6.6-3
Static quality (see Quality)
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Steels, as material of construction, 4.5.2-2/4,5.24
austenitic stainless, 4.5.24
carbon steel, 4.5.2-214.5.2-3
ferritic stainless, 4.5.2-3/4,5.24
low alloy steels, 4.5.2-3

Stefan-Boltzmann constant, 2.9.1-3
Stefan�s law, for blackbody radiation, 2.9.1-3
Stegmaier, W., 2.3.3-l/2.3.3-10
Stephan and Korner correlation, for boiling of binary mixtures,

2.1.7-2
Stephan-Maxwell equations for diffusion, 2.1.5-I
Stirred beds, heat transfer to, 2.8.34
Stirred reactor model, for furnaces, 3.11.4-l/3.11.4-6
Stirred tanks (see Agitated vessels)
Straight fins (longitudinal fins)

application in double-pipe heat exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.3-l/3.2.3-3

Stratfords method, for solution of boundary layer equations,
2.2.1-21

Stratification, in gas-liquid flow (see Stratified flow)
Stratified flow:

as source of dryout in evaporative heat transfer,
2.7.4-112.7.4-4

in bends, 2.7.4-212.7.4-3
in helical coils, 2.7.4-3/2.7.44
in horizontal tubes, 2.7.4-112.7.4-2

prediction of, in horizontal and inclined tubes,
2.3.2-2312.3.2-24

regions of occurrence of: in condensation, 2.3.2-7
in horizontal tubes, 2.3.2-212.3.2-4
in inclined tubes, 2.3.24/2.3.2-5
in shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6

Stream analysis methods, for shell-side heat transfer and pressure
drop in shell-and-tube heat exchangers, 3.3.2-3/3.3.2-6

Stress equation models, for turbulent boundary layers, 2.2.1-29
Stresses:

allowable, comparison of codes for, in mechanical design of
heat exchangers, 4.3.4-l

types of, in heat exchangers, 4.1.1-l/4.1.1-2
Stress tensor:

in non-Newtonian fluids, 2.2.8-2
in single phase fluid flow, 2.2.1-2
in turbulent flow, 2.2.1-15

Stress-strain curve, for solids, 5.4.5-215.4.5-3
Strouhal number, 2.2.3-3

values for: banks of tubes, 2.2.4-1512.2.4-16
flow over blunt bodies, 2.2.3-7
flow over single cylinders, 2.2.3-4, 2.2.4-l

in vortex shedding as source of tube vibration, 4.6.4-l/4.6.4-2
Subchannel  analysis, for critical heat flux in rod bundles, 2.7.3-21
Subcooled boiling:

in pool boiling, 2.7.2-l/2.7.2-17
in vertical tubes, 2.7.3-5/2.7.3-10

fully developed, 2.7.3-l/2.7.3-8
onset of, 2.1.3-5/2.7.3-l
partial, 2.7.3-812.7.3-g
single phase convection, 2.7.3-S
void fraction in, 2.7.3-g/2.7.3-10

Subcooling:
in condensers, 3.4.6-4
of liquid: effect on critical heat flux, 2.7.3-13

effect on forced convective boiling, 2.7.3-5/2.7.3-10
effect on pool boiling: critical heat flux,

2.7.2-1212.7.2-13
nucleate boiling, 2.7.2-9

of vapor in condensation, 2.6.7-1

Sublayer, viscous, 2.2.2-l
Suction:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flat plate, 2.2.1-30
effect on laminar flow over flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5 .l l-3, 2.5.11-g

Sudden contractions (see Contraction)
Sudden enlargements (see Enlargement)
Superficial velocity, in multiphase flow, 2.3.14
Superheated liquid, in metastable state, 2.7.1-1
Superheated gases, thermodynamic properties of,

5.5.2-l/5.5.2-11
Superheated vapor, condensation of, on vertical surface, 2.6.2-3
Supersaturation, as cause of fogging in condensers:

conditions producing, 2.6.7-212.6.7-3
description of, 2.6.7-J

Supports, for heat exchangers (see Saddle supports, Bracket
supports)

Suppression of nucleate boiling, 2.7.3-10/2.7.3-l  1
Surface condensers, 3.4.3-5
Surface finish:

effect in pool boiling:
critical heat flux, 2.7.2-13
nucleate boiling, 2.7.2-312.1.2-8

(See also Roughness, surface)
Surface, hydraulically smooth, 2.2.2-l
Surface models, in radiative heat transfer, 2.9.4-l/2.9.4-9

diffraction models, 2.9.4-l/2.9.4-8
geometric optics models, 2.9.4-8
scattering bed models, 2.9.4-8/2.9.4-g

Surface roughness (see Roughness, surface)
Surface tension:

devices depending on, for heat transfer augmentation,
2.5.11-2

methods of estimating, 5.1.5-l/5.1.5-2
in mixtures of fluids, 5.2.4-l/5.2.4-3
tables of, for saturated fluids, 5.5.1-l/5.5.140

Sutherland formula, for viscosity variation with temperature,
2.2.1-9

Sutterby fluid (non-Newtonian), free convective heat transfer to,
2.5.7-11

Swirling flow, in augmentation of heat transfer, 2.5.11-2

1
Taborek, J., 1.5.2-l/1.5.3-12,  3.3.1-l/3.3.11-5
Taitel and Dukler flow regime map, for horizontal and inclined

gas-liquid flows, 2.3.2-312.3.24
Tapes, twisted (see Twisted tapes)
Teflon, use in heat transfer enhancement:

in boiling, 2.7.9-l
in condensation, 2.6.6-l

TEMA (Tubular Exchanger Manufacturers Association):
example of calculation of mechanical design of TEMA type

AJS, 4.3.6-l/4.3.6-23
mechanical design standards, 4.3.1-2/4.3.1-3

index to, 4.3.2-1/4.3.2-l  1
recommended baffle characteristics in segmentally baffled

exchangers, 3.3.5-8
specification sheet for exchanger, 3.3.4-2
standards, 3.3.1-l
type designation system, 4.2.2-I/4.2.2-3

Temperature-dependent physical properties (see Physical
properties, variation with temperature)
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Temperature distribution: _
in condensation, 2.6.1-2
in fixed beds: in stagnant conditions, 2.8.1-l/2.8.1-2,

2.8.1-10/2.8.1-14
with flow-through bed, 2.8.2-1/2.8.2-2,2.8.2-l

series solutions for, in transient conduction, 2.4.3-112.4.3-l
Ternary mixtures, diffusion and mass transfer in, 2.1.5-4
Testing and inspection of heat exchangers:

certification, 4.7.7-l
cleanliness and storage, 4.7.9-l
constructions, 4.7.5-l
fittings, 4.7.8-l
materials, 4.7.2-l
nondestructive testing, 4.7.6-114.7.6-2
objectives of, 4.7.1-l/4.7.1-2
preparation and dispatch, 4.7.10-l
stages of inspection, 4.7.4-l
welding, 4.7.3-l

Thermal conduction (see Conduction, heat)
Thermal conductivity:

effective, in fixed beds: with flow, 2.8.2-2/2.8.2-5
with no flow (stagnant), 2.8.1-l/2.8.1-14

effective, of wicks in heat pipes, 3.10.3-l
of liquid water, 5.5.3-3
of multicomponent mixtures, 5.2.3-l/5.2.3-8
of polymers, 2.5.12-2
of pure fluids, 5.1.4-5 /5.1.4-l

gases, 5.1.4-S/5.1.4-6
liquids, 5.1.4-l

of rheologically  complex materials, 5.3.1-l/5.3.2-3
of saturated vapors and liquids, 5.5.1-l/5.5.140
of solids, 5.4.3-l/5.4.3-3

electrical conductors, 5.4.3-2/5.4.3-3
electrical insulators, 5.4.3-l/5.4.3-2
semiconductors, 5.4.3-3
tables of, 5.5.6-l/5.5  6-4

of typical tube materials in heat exchangers, 3.3.5-5
Thermal contact resistance, 2.4.6-l/2.4.64
Thermal design, constructional features affecting, in

shell-and-tube heat exchangers, 3.1.1-l/3.1.4-9,
4.2.5-114.2.5-23

Thermal diffusivity of liquid water, 5.5.3-5
Thermal expansion, effect of, in shell-and-tube heat exchangers,

3.3.4-4
Thermal expansion coefficient:

in gases, 5 .1.2-3
of liquid water, 5.5.3-3
in liquids, 5.1.2-2
in saturated liquids, tables of, 5.5.1-l/5.5.140

Thermal leakage in F-type shell-and-tube heat exchangers,
1.5.2-14/1.5.2-15

Thermal mixing in plate heat exchangers, 3.7.11-l/3.7.11-2
Thermal network analysis of radiation acting with conduction

and convection, 2.9.8-l/2.9.8-3
Thermal stress:

in heat exchanger shells, 4.1.3-2
numerical methods in the production of, 1.4.24
in tube plates, 4.1.4-4

Thermodynamic properties:
of saturated fluids, 5.5.1-l/5.5.140
of superheated gases, 5.5.2-l/5.5.24

Thermodynamic surface in radiative heat transfer,
2.9.1-l/2.9.1-2

Thermoexel surface, for enhancement of boiling,
2.7.9-l/2.1.9-2

Thermosiphon, as form of heat pipe, 3.10.1-l

Thermosiphon reboilers (see Vertical thermosiphon reboilers,
Horizontal thermosiphon reboilers)

e-NTU  method:
application to single pass counter and cocurrent flow

exchangers, 1.3.1-211.3.1-4,  1.5.2-l/1.5.2-2
charts and equations for heat exchanger design,

1.5.2-2/1.5.3-12
for counter flow, 1.5.2-2

cross flow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 1.5.3-4
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two tube passes, unmixed, 1.5.3-g

E-shell with even number of passes, 1.5.2-5
five E-shells  in series, 1.5.2-g
four E-shells in series, 1.5.2-g
G-shell,  even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 15.2-12
J-shell, one tube pass, 1.5.2-l 1
single pass cocurrent, 1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.4-5, 1.5.2-l/1.5.3-12
Thickness of boundary layers (displacement, momentum,

energy, density, temperature), 2.2.1-20
Three-phase flows:

classification, 2.3.1-2
gas-liquid-liquid, 2.3.1-2
gas-liquid-solid, 2.3.1-2
solid-liquid-liquid, 2.3.1-2

Thwaites method for solution of boundary layer equations,
2.2.1-21

Tie rods in shell-and-tube heat exchangers, 4.2.5-814.2.5-g
Tinker method for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-313.3.2-6
Titanium as material of construction, 4.5.2-5
T-junctions, loss coefficients in, 2.2.2-20
Toluene saturation properties, 5.5.1-12
Tong F-factor method, for critical heat flux with nonuniform

heating, 2.7.3-19/2.7.3-20
Toroidal shells, mechanical design, 4.1.3-2
Total emissivity in gases, 2.9.5-5
Transcendental equations in transient conduction, 2.4.34
Transient behavior:

in free convective heat transfer on vertical plates,
2.5.7-g/2.5.7-10

of heat exchangers, 1.1.6-1
in radiation-coupled heating or cooling, 2.9.8-3/2.9.84

Transition boiling:
in binary and forced convective boiling, 2.7.7-5
in forced convection over vertical surfaces, 2.7.3-30
in pool boiling, 2.7.2-13

Transition flow, heat transfer in free convective flow over
vertical surfaces in, 2.5.7-412.5 .I-5

Transmission of thermal radiation in solids:
characteristics, 2.9.2-312.9.2-6
measurement, 2.9.2-612.9.2-l

Transmissivity of solids:
definition, 2.9.2-3
measurement, 2.9.2-612.9.2-l

Transport phenomena, approximate model for in dilute  gases,
2.1.1-1

0 1983 Hemisphere Publishing Corporationr \t6DiL A



HEAT  EXCHANGER  DESIGN  HANDBOOK  / Index

Transport properties:
of pure fluids, 5.1.4-l/5.1.4-7
turbulent, 2.1.1-3

Transverse flow, combined free and forced convection m,
2.5.9412.5.9-6

Treated surfaces, for augmentation of heat transfer, 25.1 J-l
Triangular duct:

laminar flow in, 2.2.2-9
laminar heat transfer in, 3.9.5-l/3.9.5-3

Triangular fins,  in plate tin exchangers, 3.9.3-l
Triangular relationship, in annular gas-liquid flow, 2.3.2-20
Triple interface (gas/solid/liquid), 2.3.1-2
Trouton�s rule, for heat of vaporization, 5.1.3-3
Truelove, J. S., 3.11.1-l/3.11.7-6
True temperature difference, in double pipe exchangers, 3.2.34
Tube-baffle damage, in heat exchangers, 4.5.3-3
Tube banks, finned:

application in kettle reboilers, 3.6.2-6
mechanical design, in air cooled heat exchangers,

4.4.1-214.4.1-5
single-phase flow and pressure drop in, 2.2.4-13/2.2.4-15

correlation for pressure drop for staggered banks with
annular (ring shaped) fins, 2.2.4-13/2.2.4-14

correlation for staggered banks with helical fins, 2.2.4-14
single-phase heat transfer in, 2.5.3-6/2.5.3-16

comparison of experimental data and correlations for,
2.5.3-1312.5.3-15

fm efficiency in, 2.5.3-6/2.5.3-11
heat transfer correlations for, with high-finned tubes,

2.5.3-11/2.5.3-12
heat transfer correlations for, with low-fumed tubes,

2.5.3-1212.5.3-13
types used in air-cooled heat exchangers, 3.8.4-l/3.8.4-2

Tube banks, plain:
boiling on outside of tubes within, 2.7.54/2.7.5-7

critical heat flux in, 2.7.5-S/2.7.5-7
heat transfer coefficients in, 2.7.54/2.7.5-5

condensation in horizontal, 2.6.2-10/2.6.2-12
condensation in vertical, 2.6.2-2/2.6.2-10
flow induced vibration in, 4.6.1-l/4.6.6-3
single-phase flow and pressure drop in, 2.2.4-l/2.2.4-12,

3.3.7-l/3.3.74
description of, 2.2.4-l/2.2.4-3
drag and pressure drop in, 2.2.4-3/2.2.4-12,3.3.7-l/3.3.74
Strouhal  numbers in, 2.2.4-15/2.2.4-16

single-phase heat transfer to, 2.5.3-l/2.5.3-8
with liquid metals, 2.5.13-2
single row of tubes, 2.5.3-l/2.5.3-2,2.5.3-3
tube banks, 2.5.3-212.5.3-8,  3.3.7-l/3.3.74

Tube banks, roughened tubes, effect of roughness on Euler
number in, 2.2.4-14/2.2.4-15

Tube bundles:
characteristics of in shell-and-tube heat exchangers,

3.3.4-313.3.44
(See also Rod bundles, Tube banks)

Tube counts, in shell-and-tube heat exchangers:
constructional features affecting, 4.2.5-g/4.2.5-12
simplified equations for, 3.3.5-11/3.3.5-12
tables of, 4.2.5-1314.2.5-23

Tube end attachment, in shell-and-tube heat exchangers:
arc welding: on inner face, 4.2.6-10

on outer face, 4.2.6-8
explosive expansion, 4.2.6-714.2.6-8
explosive welding, 4.2.6-8/4.2.6-10
roller expansion, 4.2.6-6/4.2.6-7

Tube-in-plate extended surface configurations, fin efficiency of,
2.5.3-10

Tube plates, in shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
basic mechanical principles of design of, 4.1.4-l/4.1.44

equivalent plates, 4.1.4-1
perforated, stresses in, 4.1.4-314.1.44
plates connected by tubes, 4.1.4-2
stresses and edge rotation of unperforated, 4.1.4-l/4.1.4-2
thermal stresses, 4.1.4-4

comparison of codes for, 4.3.4-2
constructional features of, 4.2.6-5/4.2.6X$4.5.3-3
double, constructional features of, 4.2.3-10/4.2.3-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-714.3.2-g
materials of construction for, 4.5.2-l

Tubes:
characteristics of, in shell-and-tube heat exchangers,

4.2.5-l/4.2.5-3
bimetal, 4.2.5-2
diameter and thickness, 4.2.5-l
integrally finned, 4.2.5-3
length, 4.2.5-l/4.2.5-2
pitch, 4.2.5-2

circular (see Pipes, circular)
codes for mechanical design of:

analytical basis of, 4.3.3-l
index to U.S., U.K., and F.R.G. codes, 4.3.2-3

flow-induced vibration of, 4.6.2-l/4.6.6-3
natural frequency of, 4.6.2-l/4.6.24

materials of construction for, 4.5.2-l
mechanical design characteristics of, 4.1.5-1
noncircular (see Pipes, noncircular)
recommended dimensions of, in shell-and-tube heat

exchangers, 3.3.5413.3.5-5
thermal conductivity of typical materials for, 3.3.5-5

Tubesheets, in shell-and-tube heat exchangers (see Tube plates)
Tube-side passes (see Passes, tube-side)
Tubular Exchanger Manufacturers Association (see TEMA)
Tubular immersion exchangers, 4.4.4-2/4.4.4-3
Tubular reactor, nonuniform heat and mass transfer in,

2.1.4-312.1.4-4
Tunnel dryer, 3.13.2-4
Turbine agitators:

axial flow, 3.14.2-2
disk, 3.14.2-l/3.14.2-2
flat blade, 3.14.2-l/3.14.2-2
glass coated, 3.14.2-1
heat transfer in vessels agitated by, 3.14.3-1
pitched blade, 3.14.2-1

Turbine exhaust condensers, air cooled, 3.8.9-2
Turbulence:

characteristics in circular pipe flow, 2.2.2-l/2.2.2-5
effect in film condensation, 2.6.24/2.6.2-5
integral scale of, 2.2.1
limitation of phenomenological transport laws by,

2.1.1-3/2.1.1-4
modeling of, 2.2.1-14/2.2.1-16

in furnace prediction, 3.11.7-2/3.11.7-3
origin of, 2.2.1-16
relaminarization  of, 2.2.1-16

Turbulent boundary layers:
differential methods for, 2.2.1-28/2.2.1-29

large-eddy simulations, 2.2.1-29
one-equation models, 2.2.1-28
stress-equation models, 2.2.1-29
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Turbulent boundary layers: differential methods for (Cont.):
two-equation models, 2.2.1-28
zero-equation models, 2.2.1-28

integral methods for, 2.2.1-26/2.2.1-27
Turbulent buffeting, as source of tube vibration, 4.6.4-2
Turbulent energy, integral equation for, 2.2.1-20

dissipation of, 2.2.1-20
production of, 2.2.1-20

Turbulent flow:
in boundary layers, 2.2.1-18
in circular pipes, 2.2.2-l/2.2.2-5
combined free and forced convective heat transfer in channels

in, 2.5.10-6/2.5.10-11
combined radiative and convective heat transfer to,

2.9.8-7/2.9.8-10
in condensation, on vertical surfaces, 2.6.24/2.6.2-5
conservation equations for, 2.2.1-13/2.2.1-14

averaging in, 2.2.1-13
in empty spaces, numerical calculation of, 1.4.3-2
fundamentals of, 2.2.1-13/2.2.1-16
heat transfer in free convective flow over vertical surfaces in,

2.5.74
modeling of, 2.2.1-1412.2.1-16
of non-Newtonian fluids, 2.2.8-11/2.2.8-12
in noncircular pipes, 2.2.2-912.2.2-10
in plate heat exchangers, 3.7.10-2/3.7.10-3
relaminarization  in, 2.2.1-16
single-phase heat transfer in ducts in, 2.5.1-5/2.5.1-13

augmentation of, 2.5.11-412.5.11-g
concentric ammli,  2.5.1-10/2.5.1-11
in liquid metal systems, 2.5.13-l/2.5.13-2
smooth tubes, 2.5.1-5/2.5.1-g

Turbulent transport properties, 2.1.1-3
Turnarounds, in heat exchangers, 2.2.7-l

pressure losses in, 2.2.7-812.2.7-g
Twisted tapes:

enhancement of boiling heat transfer by, 2.7.9-3/2.7.9-4
enhancement of condensation by, 2.6.6-3
as inserts for augmentation of heat transfer, 2.5.11-7125.118

Two-equation models, for turbulent boundary layers, 2.2.1-28
Two-phase flows:

classification of, 2.3.1-2
liquid-liquid flows, 2.3.1-2
numerical calculation of, 1.4.3-l
(See also Gas-liquid flow, Solid-gas flow, Solid-liquid flow)

Two-shell  pas exchanger (see F-shells)

U
i% method, 2.1.2-5
flmethod,  2.1.2-712.1.2-g
Ulinskas,  R., 2.2.4-l/2.2.4-17
Unequal baffle spacing, correction factor for, 3.3.6-11
UNIFAC method, for estimation of thermodynamic properties

of mixtures, 5.2.2-615.2.2-g
tables of constants for use with, 5.5.4615 5.4-7

Uniform heat flux:
combined free and forced convection in channels with:

horizontal channels, 2.5.10-7/2.5.10-11
vertical channels, 2.5.104/2.5.10-7

critical heat flux in vertical tubes with, 2.7.3-12/2.7.3-18
solutions and correlations for free convective heat transfer

within: horizontal and inclined plates, 2.5.7-18
vertical plates, 2.5.1-612.5.7-g

Uniform wall temperature, combined forced and free convection
in channels with:

horizontal channels, 2.5.10-7
vertical channels, 2.5.10-312.5.10-4

Uniheads, as form of double-pipe heat exchanger, 3.2.4-l
United Kingdom, mechanical design of heat exchangers in:

guide to national practice, 4.3.5-3
index to BS1500 code, 4.3.2-l/4.3.2-11

United States of America (see U.S.)
Universal laws, for turbulent boundary layers, 2.2.1-2512.2.1-26

law of the wake of D. Coles, 2.2.1-26
law of the wall, 2.2.1-25
table of, 2.2.1-27
universal velocity profile, 2.2.1-26
velocity defect law of von Karman, 2.2.1-26

Universal velocity profile, 2.2.1-26
Universal velocity defect law, 2.2.2-2
Unsteady flows:

in ducts, 2.2.2-14
over cylinders, 2.2.3-6

Upward facing surfaces, free convective heat transfer from,
2.5.7-1512.5.7-18

U.S., mechanical design of heat exchangers in:
guide to national practice, 4.3.5-2
index to ASME VIII code and TEMA standards,

4.3.2-114.3.2-l 1
Usher, J. Dennis, 3.7.1-1/3.7.12-2,4.4.2-l/4.4.2-8,

4.8.4-l/4.8.4-2
U.S.S.R. Academy of Sciences, tables of critical heat flux data

for water, 2.7.3-1712.7.3-18
U-tube bundles, for shell-and-tube heat exchangers,

3.3.5-12/3.3.5-13,4.2.3-4
vibration of, natural frequencies in, 4.6.2-3

V
Vacuum condensers, air cooled, 3.8.9-2
Vacuum operation, of reboilem, 3.6.4-3
Valves:

loss coefficients in, 2.2.2-20
open, two-phase gas-liquid flow pressure losses in, 2.3.2-18

van der Waals equation of state, 5.1.2-3/5.1.24
Vaned bends, single-phase flow and pressure drop in,

2.2.2-1612.2.2-17
Vapor belt, in condensers, 3.4.3-5
Vapor blanketing, as mechanism of critical heat flux, 2.7.3-22

in kettle reboilers, 3.6.2-5
as source of accelerated corrosion, 4.5.34

Vapor injection, effect of on boiling heat transfer in tube bundles
bundles, 2.7.5-5

Vaporization, choice of evaporator type for, 3.5.5-l
in plate-fin heat exchangers, 3.9.13-l/3.9.13-2

Vaporization, heat of (see Heat of vaporization)
Vaporizer, double bundle, constructional features,

4.2.3-9
Vapor-liquid disengagement, in kettle reboilers, 3.6.2-6
Vapor-liquid separation, for evaporators, 3.5.4-l/3.5.4-2

3.5.4-l/3.5.4-2
Vapor pressure, variation with temperature,

5.1.3-l/5.1.3-2
Vapor recompression, in evaporation, 3.5.3-2
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Velocity defect law:
for turbulent boundary layers, 2.2.1-26
universal, 2.2.2-2

Velocity distribution:
in circular pipe flow, 2.2.2-3
distorted inlet, effect on single phase flow and pressure drop,

2.2.2-l 1
Velocity fluctuations, in turbulent pipe flow, 2.2.2412.2.2-5
Velocity ratio (slip ratio):

in gas-liquid flow, 2.3.2-13
in solid-gas flow, 2.3.3-4

Venting of condensers, 3.4.5-2
Vertical cones (see Cones, vertical)
Vertical cylinders (see Cylinders, Vertical pipes, Pipes, circular)
Vertical cylindrical fired heater, 3.11.2-1
Vertical pipes:

annular flow in, 2.3.2-1912.3.2-21
boiling in, 2.7.3-l/2.7.3-37

critical heat flux, 2.7.3-1212.7.3-30
heat transfer in region where critical heat flux has been

exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-1012.7.3-12
subcooled boiling, 2.7.3-5/2.7.3-10

bubble flow in, 2.3.2-1812.3.2-19
combined free and forced convective heat transfer in:

laminar flow (assisting convection), 2.5 .lO-2/2.5.10-6
laminar flow (opposing convection), 2.5.10-6
regimes in, 2.5.10-2
turbulent convection, 2.5.10-6

condensation in, 2.6.2-212.6.2-g
effect of interfacial shear, 2.6.2-5/2.6.2-7
effect of waves and turbulence, 2.6.2-412.6.2-5
laminar flow, 2.6.2-212.6.24
reflux condensation, 2.6.2-712.6.2-g

condensers with condensation inside, 3.4.3-l/3.4.3-3
downflow, 3.4.3-l/3.4.3-2,3.4.9-2/3.4.9-3
upflow, 3.4.3-213.4.3-3,  3.4.9-3

condensers with condensation outside, 3.4.3-6, 3.4.94
flooding in: in gas liquid vertical flow, 2.3.2-2112.3.2-23

in reflux condensation, 2.6.2-712.6.2-g
flow regimes in gas-liquid flow in, 2.3.2-l/2.3.2-2
free convective heat transfer from outside of,

2.5.7-2312.5.7-24
hydraulic conveyance in, 2.3.4-l/2.3.4-3
plug (or slug) flow in, 2.3.2-19
pneumatic conveyance in, 2.3.3-l
(See also Pipes, circular; Pipes, noncircular)

Vertical plates (see Vertical surfaces)
Vertical surfaces:

combined free and forced convective heat transfer to,
2.5.9-112.5.9-4

combined heat and mass transfer on, 2.5.7-12
film boiling in forced convection on, 2.7.3-3012.7.3-31
filmwise condensation on, 2.6.2-212.6.2-g
free convective heat transfer from, 2.5.7-2/2.5.7-13

combined equation for uniform wall temperature case,
2.5.7-512.5.7-6

dimensionless groupings for, 2.5.7-212.5.7-3
laminar flow with uniform wall temperature,

2.5.7-312.5.74
non-Newtonian, 2.5.7-1012.5.7-l 1
solution for uniform heat flux, 2.5.7-612.5.7-g
transient behavior of, 2.5.7-912.5.7-l 1
transition flow with uniform wall temperature,

2.5.7412.5.7-5
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turbulent flow with uniform wall temperature,
2.5.7-412.5.7-5

free convective mass transfer to,
2.5.7-1112.5.7-12

pool boiling, from 2.7.2-l/2.7.2-15
Vertical thermosiphon reboilers:

calculation procedures for, 3.6.5-313.6.54
heat transfer characteristics of, 3.6.2-613.6.2-10

convective and nucleate boiling, 3.6.2-613.6.2-7
film boiling in, 3.6.2-9
heat flux limitations in, 3.6.2-713.6.2-g
mist flow, 3.6.2-9
temperature profiles in, 3.6.2-913.6.2-10

shell-side characteristics, advantages and disadvantages,
3.6.1-5

tube-side characteristics, advantages and disadvantages,
3.6.1-313.6.1-5

Vertical tubes (see Vertical pipes)
Vibrated beds, heat transfer to, 2.8.3-512.8.3-6
Vibration:

in augmentation of heat transfer, 2.5.11-3,2.5.114,
2.5.11-8, 2.7.9-4

numerical methods for prediction of occurrence of, 1.4.24
(See also Flow-induced vibration)

Viscometric functions (non-Newtonian flow), methods of
determining, 2.2.84

Viscosity:
liquid, effect on critical heat flux in pool boiling, 2.7.2-12
of liquid water, 5 5.34
of multicomponent mixtures, 5.2.3-215.2.3-6
non-Newtonian, 2.2.8-2
of pure fluids, 5 .1.3-l

gases, 5.1.4-l
liquids, 5.1.4-l/5.1.4-5

relation with density for gases, 2.2.1-9
of saturated liquids and vapors, 5 .5.1-l/5  5.1-40
small variations in, 2.2.1-g/2.2.1-10
variation with temperature:

Chapman-Rubescin formula for, 2.2.1-9
Sutherland formula for, 2.2.1-g

Viscosity number (Vi), 2.3.2-19
Viscous dissipation, influence on heat transfer in non-Newtonian

flows, 2.5.12-1012.5.12-14
Viscous sublayer, in duct flow, 2.2.2-l
Voidage, in fixed beds, definition, 2.2.5-l
Void fraction, 2.3.1-3

correlations for in gas-liquid flow, 2.3.2-1312.3.2-15
CISE correlations for, 2.3.2-1412.3.2-15
drift flux models for, 2.3.2-13/2.3.2-14
homogeneous, 2.3.2-l 3
Martinelli correlations for, 2.3.2-14

models for in gas-liquid flow :
horizontal stratified flow, 2.3.2-2312.3.2-24
vertical bubble flow, 2.3.2-1812.3.2-19
vertical plug flow, 2.3.2-19

in subcooled boiling, 2.7.3-912.7.3-10
Volumetric heat transfer coefficient, 1.1.2-2
Volumetric mass transfer coefficient, 1.1.2-2
von Karman friction factor equation for fully rough surface,

2.2.2-3
von Karman velocity defect law, 2.2.1-26
Vortex shedding:

from single cylinders, 2.2.3-3
as source of tube vibration,

4.6.4-l/4.6.4-2
in tube banks, 2.2.4-1512.2.4-16
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Votator, agitator, 3.14.2-1
heat transfer with, 3.14.3-6

W
Wallis correlations:

for flooding, 2.3.2-22
application in reflux condensation, 2.6.2-8

for interfacial  friction factor, 2.3.2-21
Wallis  criterion, for transition from stratified to annular flow,

applications in condensation, 3.4.6-2
Wall baffles, in agitated vessels, 3.14.2-2
Wall layer transmissivity, 2.9.7-1212.9.7-13
Wall temperature:

effect in laminar flow along flat plate, 2.2.1-22
effect of distribution of, in laminar flow along flat plate,

2.2.1-2312.2.1-24
Wake, Coleslaw of the, 2.2.1-26
Waste heat boilers, corrosion and failure in, 4.5.3-414.5.3-5
Water:

critical heat flux values for, in tubes (table), 2.7.3-1712.7.3-1s
emissivity of gaseous, 5.5.5-l/5.5.5-2
liquid, properties of, 5.5.3-l/5.5.3-5
pool boiling curve for, at atmospheric pressure, 2.7.2-l
saturated properties: (O�-5O�C),  3.12.2-6

(O-647 K), 5.5.1-37
superheated gaseous, thermodynamic properties of,

5.5.2-915.5.2-l 1
Water loss, from cooling towers, 3.12.6-2
Water tube boiler, 3.11.2-3
Wavelengths, of blackbody radiation, 2.9.14/2.9.1-5
Waves, interfacial,  effect on film condensation on vertical

surface, 2.6.2412.6.2-5
Wavy fins, in plate fin exchangers, 3.9.3-l
Webb, R. L., 3.9.1-1/3.9.134,4.4.3-l/4.4.3-9
Weber, M., 2.3.3-l/2.3.4-7
Weber number, 1.2.3-5
Welded channel head, in shell-and-tube heat exchanger, 4.2.4-l
Welded fins, in double pipe exchangers, 3.2.5-l
Welding:

testing and inspection of, 4.7.3-l
of tubes into tube sheets: arc, 4.2.6-8,4.2.6-10

explosive, 4.2.6-814.2.6-10
Welds, corrosion of, 4.5.3-514.5.3-6
Wentz and Thodos equation, for fixed-bed pressure drop, 2.2.5-3
Wet-bulb temperature, 3.13.3-213.13.34
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Wettability, of surface, effect on pool boiling, 2.7.2-9
Whahey  and Hewitt correlations:

for entrainment, 2.3.2-22
for interfacial roughness, 2.3.2-21

White-Metzner model, for non-Newtonian fluid, 2.2.8-8
Wicking,  in enhancement of heat transfer, 25.11-2
Wicks, for heat pipes:

characteristics of, 3.10.6-l/3.10.6-2
effective thermal conductivity of, 3.10.3-l

Window zone, in shell-and-tube heat exchangers:
calculation of effective areas of, for flow through,

3.3.6-l/3.3.6-2
pressure drop in gas-liquid flow in, 2.3.2-1212.3.2-13

Winter, H. H., 2.5.12-l/2.5.12-16
Wire inserts, coiled, for enhancement of heat transfer in boiling,

2.7.9-3
Wispy annular flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Working fluid, selection of for heat pipe, 3.10.5-l/3.10.5-2

X
m-Xylene saturation properties, 5.5.1-13
o-Xylene saturation properties 5.5.1-13
p-Xylene saturation properties, 5.5.1-14
X-type shells (cross flow shells):

application in condensers, 3.4.9-3
description of, 3.3.4-3

Y
Yawed tube banks, pressure drop in, 2.2.4-12
Youngs modulus, 5.4.5-3

table of values of, 5.5.8-2

z
Zero equation models, for turbulent boundary layers, 2.2.1-28
Zivi equation, for void fraction, 2.6.2-14
Zone model, for furnaces (see Multizone model)
Zuber-Findlay model, for two-phase flows, 2.3.1-g/2.3.1-10
Zuber theory, for critical heat flux in pool boiling, 2.7.2-10
gukauskas, A., 2.2.4-l/2.2.4-17,  2.5.3-l/2.5.3-16
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GENERAL PREFACE

Ernst U. Schliinder

n The idea to create a Heat Exchanger Design Hand-
book originated at the seminar �Recent Developments in
Heat Exchangers,� organized by the International Centre
for Heat and Mass Transfer (ICHMT) in Trogir,  Yugo-
slavia in 1972.

Even though much heat transfer data and correla-
tions were available, this information was scattered
throughout the open literature or buried in the files of
proprietary organizations. For manufacturers, vendors,
and users of heat transfer equipment it was becoming
more and more difficult not only to keep up with the
continually growing heat transfer information but also
to compare data and correlations from various sources.
In addition, these sources were often inconsistent, and
it was difficult for users to decide which data and corre-
lations would serve their own purposes best. Moreover,
over the years many heat transfer publications had
become more analytical and more academic, which
delayed their immediate application by practicing heat
transfer engineers.

Because of this situation, a group of heat transfer
specialists decided to collect heat transfer information
available in the existing open literature and also-as far
as possible-from proprietary sources in order to create
a heat transfer information base. Recommended correla-
tions based on selected experimental material would
then be provided for all heat exchanger design data.

Although there was great enthusiasm for this pro-
ject, not much progress was made until 1974, at the
Fifth International Heat Transfer Conference in Tokyo.
The idea was formulated then of publishing the informa-
tion base under the auspices of the ICHMT by Hemi-
sphere Publishing Corporation, the publisher of the

Centre. Eight representatives of universities, industry,
and proprietary organizations formed the Editorial
Board, which immediately started working on the scope
and organization of this Handbook. As a result of these
joint efforts the following five parts were planned:

Part 2 presents the theory of heat exchangers de-
fining and explaining all parameters and concepts
needed for thermal and hydraulic design and rating.

Part 2 contains recommended correlations for de-
sign and rating parameters based on evaluated available
information. As far as possible experimental data are
presented together with the recommended correlations
in order to reveal both the consistency of the data as
well as the reliability of the correlations.

Part 3 shows how to apply the material given in
Parts 1 and 2 when solving actual heat exchanger design
and rating problems. Because of the volume of material,
it would be impossible for this part to cover all known
kinds of heat exchangers. Nevertheless, most of the
comtnonly used types of equipment are discussed in
detail together with related installations such as cooling
towers and combustion chambers.

Part 4 is devoted to the mechanical design of heat
exchangers, which actually cannot be separated from
thermal and hydraulic design. A useful comparison of
some major national standards is included.

Part 5 contains physical property data that are
needed in design calculations in the other four parts.

For each of the five parts, a member of the Editorial
Board agreed to act as Lead Editor. Although each Lead
Editor accepted additional administrative responsibility
for his particular part, the whole Handbook has been a
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cooperative effort with each editor sharing the reviewing
and editorial work for all the material.

A large number of authors-well-known experts in
their fields-have contributed to this Handbook. Each
manuscript went through a review procedure and many
of them were discussed during the regular meetings of
the Editorial Board, which have been held every six
months since 1975.

Nevertheless, this Handbook must be considered as
a first step rather than as a final result. Though the con-
cept was clear, the realization has not been easy and
there is still room for improvement. Additionally, be-
cause new heat transfer data and correlations are pub-
lished each year, a permanent updating procedure has
been established to keep this Handbook current. This
supplementary material will be offered regularly to the

subscribers. To ensure that any future material (in-
cluding personal remarks and comments) can be added
easily, a loose-leaf ring binder format was chosen for
the Handbook.

The users of this Handbook are urged to communi-
cate with us about what is missing and to make sugges-
tions for improving the contents of the book and its
applicability. This kind of interaction and cooperation
between users and editors not only should improve the
quality of the Handbook but also should stimulate
further research work guided by the requirements of
heat exchanger design.

The Editorial Board wishes to thank the publisher as
well as the contributing authors for their most valuable
cooperation.



Preface

Kenneth J. Bell

n The wide range of heat transfer services that are
required in the energy, process, environmental control,
and transport industries has called forth an equally
wide variety of heat exchanger configurations to meet
the requirements. These designs are the engineers�
responses to the special needs of each case, hopefully
giving an optimum combination of effective perform-
ance, easy operability, and minimum capital and opera-
tional cost. All of the fluid flow and heat transfer
processes discussed m Part 2 of this Handbook are en-
countered in one or another of the heat exchanger
types and/or services included in this Part. However,
now the emphasis must be upon the effect of the various
construction features on the thermal-hydraulic behavior
and on the thermal coupling of the two streams across
a boundary.

While each of the sections has its own structure as
selected by the author to best convey practical design
information, most of them include the following fea-
tures:

1. A description of the mechanical features of the
equipment that directly impact the thermal-hydraulic
performance. (A more complete description of the
major types, with emphasis upon the mechanical design
requirements, is given in Part 4 of this Handbook.)

2. The effect of these features upon the basic cor-
relations presented in Part 2, generally resulting in modi-
fied correlations.

3. The integration of these correlations into a de-
sign procedure for heat transfer coefficient and pressure
drop for ea:ch  stream. The coefficients are combined
with wall and fouling resistance terms to give an overall

heat transfer coefficient and a required area or volume
of the heat exchanger.

4. Special considerations in the application of the
exchanger type and in the selection of design and ope-
rating parameters.

Section 3.1 presents a few of the more basic design
equations, including the mean temperature difference
formulation, followed by criteria for heat exchanger
selection and design. The logical structure of the heat
exchanger design process is described for both hand and
computer methods, and an approximate design estima-
tion procedure is given for shell-and-tube heat ex-
changers.

Double pipe heat exchangers are treated in Sec. 3.2,
and a comprehensive description and design procedure
for shell-and-tube exchangers in single phase heat trans-
fer service (on the shell side) in Sec. 3.3.

Section 3.4 covers condenser application and design
with particular reference to the shell-and-tube configura-
tion. However, several of the procedures discussed are
also applicable to other geometries.

Vapor generation equipment, basically of the shell-
and-tube type, is the topic of Sets. 3.5 and 3.6. The first
emphasizes evaporators and product concentrators,
while the second is primarily concerned with vapor
generation for the process industry.

Section 3.7 surveys plate heat exchangers, of grow-
ing interest because of their compactness and light
weight. Section 3.8 deals with air-cooled heat exchangers
for cooling and condensing applications, increasingly
important as suitable cooling water supplies dwindle and
air is used as the ultimate heat rejection sink.
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Compact, or matrix, or plate tin heat exchangers
are the subject of Sec. 3.9, with emphasis upon both gas-
to-gas and cryogenic processing applications. Section
3.10 describes the heat pipe, a rather recent develop-
ment whose full range of application has not yet been
defined; a particular feature of this section is the exten-
sive bibliography.

Furnaces, and combustion processes generally, are
treated in Sec. 3.11. Cooling towers (the heat rejection
solution when there is some, but not a lot of, water)
are the subject of Sec. 3.12.

Section 3.13 deals with all kinds of dryers on both
practical selection and analytical performance evalua-
tion bases. And mechanically aided heat transfer
equipment-often the only solution to a heat transfer
problem-is described and working design correlations
presented in Sec. 3.14.

The above-listed coverage, extensive as it is, does
not by any means exhaust the possibilities and indeed
actualities of heat transfer equipment in practice. Active

efforts are under way to incorporate new sections cover-
ing these neglected areas into subsequent versions of the
Handbook.

It is appropriate to close this preface with a cau-
tionary note: The design procedures presented here are,
in the opinion of each author, the best available in the
open literature and within the capability of hand compu-
tation. For many-perhaps most-of these situations,
better (in the sense of more accurate) design methods
exist, but they are generally both proprietary and
computer-based. If the absolute accuracy of the pre-
dicted result is of great importance to the user, these
methods should be sought out at whatever cost. (And
the user should be prepared to be disappointed, because
often even the best methods have a high degree of un-
certainty in the result.) But the methods presented here
should be adequate for the large majority of actual cases.
In the final analysis, it is mostly the understanding and
attention of the user that influences the validity of the
result.



NOMENCLATURE

n The most frequently used symbols for quantities
in heat and mass transfer are listed here according to
the following principles:

1. Capital Roman letters (not italic) denote ab-
solute quantities expressed in either SI basic units or
derived units, e.g., N = kg m/s�,  J = N m, W = J/s.

Exceptiohs:  Time (t), variables, coordinates (x, y,
z, Y), characteristic lengths in dimensionless numbers
(I, d, ~1.

2. Lowercase Roman letters (not italic) denote the
corresponding specific quantities per unit mass, mole,
length, area, or volume (but not time). A dot over the
symbol denotes an absolute or specific quantity per
unit time.

Exception: Velocity (u, u, w).
A function will be indicated by f. . j.

Molar quantities are denoted by a tilde (-) over the
symbol.

Exceptions: Gas constant (E), Loschmidt number
(c), molecular weight (G), chemical potential (p).

3. Lowercase Greek letters are used for coefficients
and physical properties.

Exceptions: Overall heat transfer coefficient (II).
heat capacity (cP, c,).

Capital Greek letters refer to eddy (turbulent)
quantities; e.g., A denotes eddy thermal conductivity.

4. Dimensionless variables should be denoted by a
superscript + following the corresponding symbol. e.g.,
y+ for a dimensionless coordinate.

5. Decimal fractions or multiples of the Sl units
ntay be denoted by the corresponding symbol preceding
the SI unit, e.g. MW = lo6 W.
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Basic Quantities

Ouantitv Symbol

Heat rate

Heat quantity

Heat flux

Time

Frequency

Mass

Mass flow rate

Mass velocity (mass flow
per unit area)

Mass flux

Number of moles

Molar mass flow rate

Molar mass velocity

Molecular weight

Density

Concentration

Molar density

Molar concentration

Mass fraction

Mass loading

Molar mass fraction

Molar. mass loading

Volume

Volume flow rate

Velocity

Surface area

Cross-sectional area

Length or diameter

Coordinate

Void fraction

Fraction of volume flow
rate

Quality

Flow quality

Work

&
Q = J-gdt

4 = &A

t

f

A4

ti

Fii =2/S

.
m, = in/A

N

ti

ii =iiqs

fi

P

C

P

F

xi, Yi

xj7 yi

Xi, .Fj

~j, ~j

V

t

u, v, w

A

S

L,D,l,d,s

$,cp,r,x,y,z

f

G

X

x

W

Unit

W

J

W/m2

S

l/s

kg

k/s

kg/m2 s

kg/m�  s

mol

mol/s

mol/m�s

g/m01

kg/m3

kg/m3

mol/m3

mol/m3

hi/kg

kgilkj

mOli/ItlOl

mOli/IIlOlj

m3

m3 /s

4s

m*

m*

m
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HEAT EXCHANGER DESIGN HANDBOOK / Nomenclature x ix

Transport coefficients

Quantity

Heat transfer coefficient

Mass transfer coefficient

Overall heat transfer coefficient

Drag coefficient

Friction factor

Emissivity

View factor

Thermal conductivity

Diffusivity

Kinematic viscosity

Dynamic (absolute) viscosity

Thermal diffusivity

Surface tension

Shear stress

Pressure

Pressure drop

Symbol

CY

P

u

E

f

E

-
Unit

W/m2 K

m/s

W/m2 K

-

W/m K

m2 /s

m2 Is

kg/m s

m2 /s

N/m

Pa (N/m2  )

Pa (N/m2 )

Pa (N/m2 )

Thermodynamic quantities

Quantity

Enthalpy (specific)

Internal energy (specific)

Gibbs function free enthalpy (specific)

Free energy (specific)

Entropy (specific)

Chemical potential

Specific heat capacity

Temperature

Mean logarithmic temperature
difference

*For totals, letters are capitalized, H, U.

Symbol* Unit

h J/kg
u J/kg
g = h - T s J/kg
f = u - T s J/kg
S J/k K
/1 J/kg
cp’ ClJ J/kg K
T K, �C

AT,, K, �C
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Chemical reactions

Quantity Symbol unit

Reaction enthalpy; phase-change enthalpy;
latent heat

Energy of activation

Equilibrium constant

Rate constant

Rate of reaction

Activity coefficient

Fugacity coefficient

Stoichiometric factors

Ah J/kg

AE

K

k

i

TI

7,

‘i

J/kg
Various

Various

mol/m3 s

-

-

-

Physical constants

Quantity Symbol Unit

Gas constant E 8.3 14 J/mol K

Loschmidt number E 6.0252 l 1O23

Avogadro number z l/m01

Stefan-Boltzmann constant C, 5.6697.  lo-* W/m2K4

Acceleration of gravity g m/s2

Standard acceleration g,, = 9.8 . . . m/s2
of gravity

Subscripts

Quantity Symbol

Wall

Bulk

Mean

Solid

Liquid

Gas

Inlet

Outlet

W

b

m

S

!2

g

in

out
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Dimensionless numbers (most frequently used)

Name Symbol and definition

Archimedes number

Biot number

Effectiveness

Euler number

Fourier number

Froude number

Galileo number

Grashof number

Graetz number

Knudsen number

Lewis number

Mach number

Number of transfer units

Nusselt number

P&let number

Phase change number

Prandtl number

Rayleigh  number

Reynolds number

Schmidt number

Sherwood number

Stanton number

Strouhal number

Weber number

Ar = g13 Ap/v’p = g13pAplq2

Bi = olgl/X,  or o&/X,

E

Eu = Ap/(pu2  12)

Fo = Ktjl’ = iit/pcp12

Fr = u2 /gl

Ga = 13glv2  = 13gp2  /q2

Gr = g13  Ap/v2p = g13pAp/q2

Gz = ud2 1~1 = ud2pcp/U = Re Pr d/l

Kn = lo/l, where lo is the molecular
mean free path

h = K/6 = h/PC,6

Ma = ~/~~und

NTU

Nu = al/X

Pe = ~11~  = ulpc,/X = Re PI

Ph = cp AT/Ah,,

Pr = V/K = QCp/h

Ra = Gr Pr

Re = ullv = ulplg = nil/g

SC = v/s = Q/p6

Sh = j31/6

St = a/pucP  = Nu/Re PI

Sr = fl/u

We = u2pllo

Dimensionless mass transfer numbers are distinguished from dimensionless heat transfer
numbers by a prime (�),  e.g., Bi� = PI/S. Exceptions: Nu� = PI/6 = Sh and Pr� = v/6
= q/p6 = SC

0 1983 Hemisphere Publishing Corporation

.- I..--  -.. .-.- ._-.-. I- _wx . . . ..I. - .,-^ -





INTERNATIONAL SYSTEM
OF UNITS @I]: RULES, PRACTICES,

AND CONVERSION CHARTS

J. Taborek

H HEDH is written in SI units because this system has
been officially adopted by all countries and is replacing
the older metric engineering system, the cgs system, as
well as the U.S. customary system. In this section we
shall review the basic rules for use of the SI. However,
recognizing the fact that many references are written in
other unit systems, comprehensive unit conversion charts
are included.

A. Basic SI units

SI is �absolute� in the sense that there are only seven
fundamental, precisely defined basic units from which
all others are derived. The following five units are
important to heat transfer and fluid flow.

length (meter, m): defined in terms of krypton-86
wavelength

mass (kilogram, kg): the mass of an international
prototype, approximately equal to the weight of 1 liter
Hz 0 at 4°C

time (second, s): defined in terms of radiation
frequency of the cesium-133 atom

temperature (kelvin, K): defined in terms of the
triple point of water (ice point = 273.15 K)

amount  of  substance  (mole ,  mol ) :  a m o u n t  o f
substance that contains as many elementary entities as
there are atoms in 0.012 kg of carbon-12. The elemen-
tary entities must be identified when the mole is used
(atoms, molecules, ions).

0 1984 Hemisphere I
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B. Derived SI units with special names

Because SI is defined by the basic units only, there is a
need for establishing definitions for the most frequently
used composite or derived units, mainly for the purpose
of simplifying unit notation. Thus, for example, newton,
N, replaces kg m/s2.

There are a number of derived units that have
special names, signifying their importance: newton,
joule, watt, Pascal, and many others. While the unit
symbols are capital letters (N, J, W, Pa), the spelled out
unit names begin with lowercase letters, that is, newton,
joule, watt, and Pascal.

The most frequently used derived SI units with
special names in the area of heat transfer and fluid flow
are shown in Table 1.

Table 1 Most frequently used derived SI units

Quantity Unit Symbol Dimension

Force
Energy, work,

heat (also
power X time)

Power
Pressure
Frequency
Dynamic

viscosity

newton N kg m/s2
joule J N m or kg m* /s�

W s= J s/s

watt W
Pascal Pa
hertz Hz
poise P
c e n t i p o i s e  CP

J/s = kg m* /s3
N/m2 = kg/m sZ
l/S
0.1 Pa s
mPas

lblishing  Corporation
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C. Prefixes and specification rules

The magnitude of the basic units may often not fit the
practice of specific applications without using a large
number of decimal digits or power of ten multipliers. SI
provides for this by assigning prefixes to the basic units,
as shown in Table 2.

Thus, for example, to express very high pressures
(stresses) in Pa, the megapascal, MPa,  is used instead of
lo6 Pa. The preferred graduation is in powers of 103, and
there are only a few exceptions to this rule, such as for
units that are deeply ingrained in common use, such as
centimeter. Some of these are discussed later.

(a) Punctuation and spelling rules

The following general rules should be carefully followed
to maintain SI consistency.

1. Prefures  are attached directly to the base unit
symbol or a derived unit symbol with a special name,
such as km for kilometer or MW for megawatt.

2. Prefixed units are spelled out in text as one
word, without hyphen, such as meganewton, not mega-
newton.

3. The multiplication of base units can be expressed
by leaving a space between the symbols, such as N s for
newton X second. However, for better clarity, a center
dot is often used, for example, N-s.  This usage becomes
especially important when the symbol m is used, which
can stand for milli or for meter. Thus mN (millinewton)
is clearly distinguished from m-N (meter X newton).

4. A prefix applied to a base unit constitutes a new
unit. When a power is applied to such a unit, the
exponent operates on the prefxed  unit as an entity, i.e.,
mm� = (mm)�.

5. The unit of length in SI is correctly spelled
�metre� (French spelling). This rule will be hard to
enforce in U.S. literature, however, and �meter� will
probably be more commonly used.

Table 2 SI prefutes

Factor Prefix Symbol Status

lOI
lo9
IO6
IO3
lo*
10
10-l
10-1
10-3
10-h
1o-p
IO-�*

tera
&a
mega
kilo
hecto
deka
deci
centi
milli
micro
nano
pica

T
G
M
k
h
da
d
C
m
P
n

P

Preferred
Preferred
Preferred
Preferred
Accepted
Accepted
Accepted
Accepted
Preferred
Preferred
Preferred
Preferred

6. Multiple prefmes are prohibited. This presents
some problems with the unit kilogram (kg), where the k
stands for the prefix kilo and is one of the very few
inconsistencies in SI (a carryover from the older cgs
system). Thus k (for kilo) cannot be used in connection
with kg, as this would result in the unacceptable term
kkg. Equally incorrect is the use of Mg (megagram), as
gram is not a basic SI unit. Thus, the unit used is lo3 kg
or the equivalent unit, metric ton (see below).

Similarly, mkg is not an acceptable way to express
10m3  kg, and the more common alternate unit of gram
(g) is used.

D. Alternate units and supplementary
comments

There are as many derived units as the technology
demands, as SI is particularly suitable for this purpose
by the clearly defined unit relations. The Nomenclature
of this handbook contains practically all such units used
in heat transfer and fluid flow, showing the appropriate
SI dimensions. Consequently, these are not repeated
here.

In some cases, strict SI rules are relaxed to respect
generally accepted and deeply established practices. The
following list presents most frequently used exceptions,
together with some additional comments to alternate
units, their definition, and their usage.

length: The unit centimeter (cm) is a very practical
measure for everyday usage (person�s height, 6 ft = 183
cm), and will probably remain in perpetual use.

muss: The unit of kilogram is often too small for
expressing quantities of mass experienced in many
engineering applications. One of the few weaknesses of
SI is the lack of a well-defined alternate unit of mass. As
explained above, the prefixed units (kkg, Mg) are not
acceptable. Instead, an alternate unit for large quantities
of mass is introduced, designated metric ton (symbol t),
t = 1000 kg. While this unit has not yet been accepted as
a recognized SI unit, it is very much in common use.

In the U.S. customary lb,-based system, several
definitions of a unit of mass similar in magnitude to the
metric ton exist. In engineering practice, the following
two definitions of the lb,-based ton are most frequently
used:

�short ton,� which is equal to 2 000 lb,
(exact) and therefore approximately = 907.2 kg

�long ton,� which is equal to 2 240 lb,
(exact), and therefore approximately = 1 016 kg

It is important to be aware of these differences in the
inconsistently defined U.S. customary system.

For small quantities of mass, gram (g) is also often
used in place of low3 kg.

Q 1984  Hemisphere Publishing Corporation



HEAT EXCHANGER DESIGN HANDBOOK / International System of Units (SI) xxvii

time: The unit second (s) should be used whenever
possible, as the alternates of minutes, hours, and days
are nondecimal entities, and thus complicate the system.

However, to express large quantities of mass per
unit of time, the unit hour (h), 3 600 seconds, or the
unit day (d), 86 400 seconds, must be used sometimes.
The time unit minute (min), often used in the U.S.
customary system (gal/min), has no real justification,
except that it is ingrained in some industrial practices.
Otherwise, the differential quantity of a minute, as
compared to a second, can be readily expressed by
prefixes in SI units, to obtain a number with reasonable
digits.

force: The newton is a very small unit of force,
approximately equal to the weight of water in a small
glass. Thus the more practical units of force are often
the kN or MN.

volume: The liter, defined as dm3, is a very popular
unit of volume for everyday use, such as for water and
gasoline. Liter (L) is accepted as a common alternate
unit.

amount of substance: The frequently used units of
the metric engineering system, gram-mol and kg-mol, are
designated in SI as follows: 1 gram-mol = 1 mol (SI),
and 1 kg-mol = 1 km01 (SI). Thus 1 mol = 6.023 X 10z3
molecules.

Table 3 Unit conversion

pressure: The basic unit of pressure, Pascal (Pa =
N/m�),  is a very small quantity, equal to the pressure
exerted by about O.l-mm layer of water over 1 m* . Thus
in most engineering applications kPa or MPa is more
useful.

Many derived units of pressure are firmly estab-
lished in various branches of engineering and will
probably remain in use indefinitely. The most important
metric-based units are:

bar: has exact relationship to SI (=lOO  kPa)
torr = I mmHg  = 0.133 kPa:  used for gas

pressure measurements
mm water = 9.8067 Pa: used for very small gas

pressuremeasurements
at (technical atmosphere) = kgf/cm3 = 98.066

Wa
atm (normal or barometric atmosphere) = 760

mmHg  = 101.3 kPa

temperature: In many engineering applications it is
more convenient to use degrees Celsius rather than the
absolute unit kelvin. The use of Celsius is permitted as
an alternate, with the relationship
T(�C)  = ?�(K)  - 273.16 and AT(�C)  = AT(�K)

Physical quantity
G i v e n  i n  _____t Multiplied by - Gives Approximate or useful
G i v e s  - Divided by 4------ Given in relationship

Length ft 0.3048 m
in 25.4 (exact) mm
mil 0.0254 mm

wd 0.9 144 m
mile (mi) 1609.3 m
km 0.621388 mi

Area

Volume

Velocity

ft*
in2
acre

ft3 0.028317 m3
U.S. gal 0.003785 m�
U.S. gal 3.785 liter (L)
L (liter) 0.2642 U.S. gal
Brit gal 0.004546 m�
U.S. gal 0.13368 ft�
barrel (U.S. pet.) 0.15898 m3
barrel (U.S. pet.) 42 U.S. gal

ft/P 0.3048 m/s
m/s 3.2808 ft/s
ft/min 0.00508 m/s
mi/h 1.6093 km/h
km/h 0.6214 mi/h
knots 1.852 km/h

0.092903
645.16

4 047.0

m1
mm1
m*

3$ ftz 1 m
linsr25mm

1 mirl.6km

100 ft2 = 9 mz
1 in* = 650 mm2

35 ft3 = 1 m3
260galr  1 m3
1 gal - 3: L
1 L z 0.26 gal

10 ft/s 2 3 m/s

100 ft/min = 0.5 m/s
30 mi/h r 48 km/h
50 km/h = 31 mi/h

(Seefooinoteson  pagexxk)
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Table 3 Unit conversion (Continued)

Physical quantity
G i v e n  i n  - Multiplied by ____t  Gives Approximate or useful
Gives - Divided by - Given in relationship

Force

Volume flow rate

Mass velocity
(mass flux)

Energy (work)
(heat)

Power

Mass lb, 0.45359
kg 2.2046
metric ton 2 204.6
ton (2 000 lb,) 907.18

�bf
1�  f
�w
�w
dyne

4.44822 N = kg m/s*
0.45359 kgf
2.2046 1%
9.80665 N
0.00001 (exact) N

Amount of substance lb,-mol
g-m01
kg-mol
mol

453.6 kmol
1.000 mol
1.000 kmol

1 000 kmol

Mass flow rate lbm/h
kg/s
l&r/s
lb,/min

0.0001260 k/s
7 936.51 lb,/h

0.4536 k/s
0.00756 k/S

U.S. gal/mm
U.S. bbl/day
U.S. bbl/day
ft)/s
ft�  /min

6.309x  1O-5
0.15899
1.84 x lO-L
0.02832
0.000472

lbm/h  ft*
kg/s m2

Btub
Btu
Btu
kcal
ft lbf
W h

1.356 x lo-�
737.5

1 055.056 J=Nm=Ws
0.2520 kcal

778.28 ft lbf
4 186.8 J

1.3558 J
3600 J

Btu/h
W
kcal/h
ft lbf/s
hp (metric)
Btu/h
tons refrig.

0.2931 W = J/s
3.4118 Btu/h
1.163 W
1.3558 W

735.5 W
0.2520 kcal/h

3 516.9 W

Heat flux Btu/h  ftz
W/m*
kcal/cm2  s

3.1546 W/m2
0.317 Btu/h  ft*

41.868 W/m2

Heat transfer coefficient Btu/h  ft* �F
W/m*  K
kcal/cmZ s �C

5.6784 W/m2  K
0.1761 Btu/h  ft* �F

41.868 W/m�  K

Heat transfer resistance (Btu/h  ft� OF)-� 0.1761
(W/m* K)-� 5.6784

Pressure lbf/in2  (psi)
kPa
bar

6.8948 kN/m* = kPa
0.1450 psi

100 kPa

(See footnotes on page xxix.)

kg
�bm
lbm
kg

m�/s
m3 /day
m3/s
m3 /s
m3 /s

kg/s mz
lb,/h ft2

(W/m* K)-�
(Btu/h  ft2 OF)-�

1 lb, z.45 kg
1 kg = 2.2 lb,
metric ton = 103 kg

lNa0.1  kgf
w 0.22 lbf

10�  lb/h- .13 k g / s

1 Btu = 1 000 J
1 kcal= 4 Btu

1 kcalr4 000 J

lo6 Btu/h  = 300 kW

1 000 kW = 3.5 x lo6
Btu/h

1 000 Btu/h  ft� = 3.2
kW/m2

1 000 Btu/h  ft* �F  =
5 600 W/m* K

0 . 0 0 1  (Btu/h  ft2 OF)-�  r
0.000 18 (W/m* K)-�

1 psir7kPa
14.5 psi Y 100 kPa
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Table 3 Unit conversion (Continued)

Physical quantity
G i v e n  i n  - Multiplied by- Gives Approximate or useful
G i v e s  +--- Divided by - Given in relationship

Pressure (Continued) lbf/ft2
mm Hg (torr)
inHg
mmH*O
inH,O
at (kg&n*)
atm (normal)

Mass flux lb,/ft�  s
lbm/ft* h

0.0479 kPa
0.1333 kPa 1 OOOkPa=  1 MPa=
3.3866 kPa 150 psi
9.8067 Pa

249.09 Pa 1 inH,O-.25  kPa
98.0665 kPa

101.325 kPa atm = 760 mmHg

4.8824 kg/m* s
0.001356 kg/m* s

Physical and Transport Properties

Thermal conductivity

Density

Specific heat capacity

Enthalpy

Dynamic (absolute)
viscosity

Kinematic viscosity

Diffusivity ft* Is 0.092903 m* /s

Thermal diffusivity m* /h 0.0002778 m* /s
ft*/s 0.092903 m*/s
ft* /h 25.81 x lO-6 m* Is

Surface tension

Btu/ft h �F 1.7308
W/m K 0.5778
kcal/m h �C 1.163

lbm/ftf 16.0185

kg/m3 0.06243
lbm/U.S. gal 119.7

B tu/lb, o F
kcal/kg.�C

4 186.8
4 186.8

Btu/lb, 2 326

kdkgm 4 186.8

W/m K
Btu/ft  h �F
W/m K

k/m�
lbm/ft�
kg/m�

J/kg K
J/k K

J/b
J/k

centipoise (cP) 0.001 kg/m s
poise (P) 0.1 Pa s
CP 1.000 mPa s
CP 1 000 @Pa  s
lb,/ft h 0.0004134 Pa s
lb,/ft h 0.4134 CP
CP 2.4189 Ib,/ft h
Ib,/ft s 1.4482 Pa s

stoke (St), cm* s 0.0001 m* /s
centistoke (cSt) 10-G m* /s
ft* /s 0.092903 m* /s

dyne/cm 0.001 N/m
dyne/cm 6.852 x lO-5 lbf/ft
lbf/ft 14.954 N/m

steel = 50 W/m K
water (20°C) = 0.6 W/m K
air (STP) = 24 mW/m K

62.4 lbm/ft3 = 1 000
kg/m�

1 Btu/lb, o F = 4.2
kJ/kg  K

kg/ms=Ns/m*  = P a s

water (lOO�C),  0.31 CP

air (lOO�C),  0.021 CP

Temperature relations: �C  = $ [OF - 32) �C=(�F+40)$-40 AT(�C)  = 3 AT(�F) K = �C  + 273.15
�F  = f (�C) + 32 �F  = (�C  + 40);  - 40 AT(�F)  = .$ AT(�C) R = �F  + 459.67

Miscellaneous: Acceleration of gravity (standard): g = 9.806 65 m/s*
Gas constant: R = 8 314.3 m N/K kmol
Stefan-Boltzmann constant: 5.669 7 x lo-�  W/m*  K4

1 . 7 1 4  X  lO-9 Btu/ft* hR4

aEven  though the abbreviations s and h were introduced only with the SI, they are used here throughout for consistency.
b Note: the calorie and Btu are baaed on the International Standard Table values. The thermochemical calorie equals 4.184 J (exact) and

is used in some older texts.
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LENGTH: meter, m; foot, ft

0 10
5

m 1 2 3 4 6 7 8 9
III1 I,IlllII, I,,, III, ,,1,1,,,~l,,‘,111,1  IIll

I”” 1 ““I””
I I I I

ft 5 15 25
10 20 30

0

m X 3.2803 = ft
ft X 0.3048 = m

AREA: square meter, m* ; square foot, ft2

0 IO
5

m2 1 2 3 4 6 7 8 9
,111 I,� II,, �III ,111 1111 I,�, I,,, 1111 III�
,,I, I,,, IIll III1 1111 1111 IIII III1 IIII II I III

ft2 10 20 30 40 60 70 80 90
50

0 100

m2 X 10.764 = ft2
ft2 X 0.0929 = m2

VOLUME: cubic meter, m3; cubic foot, ft3

0 10

m3
5

1 2 3 4 6 7 8 9
,,I, III, ,111 II,, III, ,,,I I,,, I,,, I,,, ,,I,

I I I I 1 I I I I I I I 1 I I I I III1 I 1 I I I I I I I

ft3 50 150 250
100 200

350
300

0

m3 X 35.314 = ft3
ft3 X 0.083 = m3

MASS: kilogram, kg; pound-mass, lb,

0 10
5

kg 1 2 3 4 6 7 8 9

lb,
5 15

0 10 20

kg X 2.205 = lb,
lb, X 0.454 = kg

0 1984 Hemisphere Publishing Corporation



HEAT EXCHANGER DESIGN HANDBOOK / International System of Units (SI) xxxi

VOLUME FLOW RATE: !!!!. ~gal(U.S.)
s� min

0 0.1

min 200 400 600 800 1000 1200 1400
0

$ X 1 .585(104  ) = ____
gal(U.S.)

min

* X 6.3l(lO-5)  = $

ft
V E L O C I T Y :  ;; s

0 10
5

m 1 2 3 4 6 7 8 9
5 ,,I ,111 III, III1 III1 III1 III1 IIll IllI IIll

ft
I III 11 I I I

s 5 15 2610 20 30
0

T X 3.28 = 4

5 x 0.305 = f

M A S S  V E L O C I T Y :  3;
10�

h ft2

00 100100
hlhl 5050
-7-7 1010 2020 3030 4040 6060 7070 8080 9090
smsm IIII 1111 III1 1111 IIll IIll III1 Ill1 IllI lIlIIIII 1111 III1 1111 IIll IIll III1 Ill1 IllI lIlI

IO3IO3 l b ,l b , IO10 2020 3030 4040 6060 7070
h ft2h ft2 5050

00

3 x 0.737 = *

IO3 lb
hft2m X 1.356=%
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MASS FLOW RATE: ?; h
IO3 lb,

0 100
kg 50
- IO 20 30 40 60 70 80

S III II
90

II
1031b,

h 1 l&l 200 300 400 500 600 700.--
0

1031b---=X0 ,26=b
h � S

FORCE: newton, N = y; pound-force, Ibf

0 loo
50

N 10 20 30 40 60 70 80 90

I,,, III, III1 II,, I111 1111 II11 III1 II11 Ill'
I

lb 5 15
10 20

0

N X 0.225 = lh
IbX4.448=N

ENERGY (WORK): joule, J = N m; Btu

0 1000
500

J 100 200 300 400 600 700 800 900
Ill1 IIII III IIII IIII Ill1 IIII III1 Ill1 IIII
III IIII III1 IIll III1 IIII IIII III1 IIll II

Btu 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9
0.50

J X 0.948(10-3) = Btu
BtuX 1055=  J

POWER OR ENERGY FLOW RATE: kilowatt kw = !!!! m 106, s � h

0

kW 100 200 300 400 500 600 700 800 900 1000
I,,, 1111 Ill1 III1 1111  Ill1 IIll IIll III1 Ill1

I I II

IO6 Btu 0.5 1.5 2.5
h 1.0 2.0 3.0

0

kW X 3.412(10-3) = y

@$@X293=kW
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SPECIFIC HEAT CAPACITY: kJ.
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ENTHALPY:
kJ. B t u
kg � Ib,

kJ y
1000

AA..600 LIUU
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Illll III1 III1 lllllIlII
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llll~llII III1 1111 I I
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0

+xo.430=~
m

r X 2.326 = ;
m

PRESSURE CONVERSION CHART
(top line = 1 Pa on all charts)

kgr/cm2,
bar,

Pascal atm psi

l.OPa --F1o-� T

in Hz0
(4OC)

0.01

-f 1o-2

1.0 in H2

+

10-l

10

! t 10-l 1 .O psiT -i--IO2

- - - - - - 1.0 -

k k IO3

0

torr,
mmHg kPa

-+1o-2 _ _
10-3

-=10-l z=, 1o-2

== 10-l
- -  1 . 0  _-

z= 10
Z-rl.0

- -  1 0
==102  _ _

__-- -------p-J2
-&OS - -

--- 1 atm

z-lo3
- -  (= 1 MPa)

J=104

*NOTE: only bar is exact (1 bar = IO� Pa); however, atm and kg&n�
are within 2% accuracy (see list below).

1 atm = 1.01325 X IO� Pa
1 psi = 6.89476 X IO3 Pa
1 in Hz0 = 2.49082 X IO2 Pa
1 kg&m � = 9.80665 X IO4 Pa
1 bar=lO�Pa
1 mmHg  = 1.33322 X IO2 Pa

1 Pa = 9.86923 X IO� atm
1 Pa = 1.45038 X IO4 psi
1 Pa = 4.01474 X 10-j in Hz0
1 Pa = 1.01972 X IO-� kg&m*
1 Pa = IO-�  bar
1 Pa = 7.50064 X 10T3 mmHg
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TEMPERATURE COMPARISON
(NOT TO SCALE)

For
comparison
only

671.67 -Steam point (exact)

Equality point (OF = �C)
(-148)

Comparison

(-302)
only

0 LG273.15)  - (-459.67d  0 Absolute zero (exact)

T(�F) = (�C  + 4O)p  - 40 T(R) = T(OF) + 460
T(�C)  = (OF + 4014 - 40 T(K) = T(k) + 273.15

AT: �C=$(�F) OF = p(�C)
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3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN 3.1.1-l

3.4.4
Fundamental concepts

Kenneth J. Bell

n This part of the handbook presents thermal-hydraulic
design concepts and methods for a variety of heat ex-
changer configurations. The methods perforce are
limited to those that can be employed by hand or on
small programmable calculators, but the extension of
the logic to large computer methods is introduced.

This introductory chapter sets forth a number of
general concepts, facts, and philosophies that will find
repeated use throughout Part 3. Some of this material
is developed at greater length elsewhere in this hand-
book and is reproduced here only to provide coherence
and a common point of reference for this part. Refer-
ences to the more detailed presentations are provided.

A. Heat transfer coefficients

The concept of the individual film heat transfer coeffi-
cient (Y,  as the constant of proportionality between the
heat flux 4 and the temperature driving force AT, is
basic to most heat exchanger design methods. It must
be understood that the heat transfer coefficient is
not a fundamental quantity, but only a convenience in
the formulation of the design equations. In fact, there
are a number of heat transfer processes (e.g., nucleate
boiling and natural convection) for which (Y is not
independent of the temperature difference even over
limited ranges, and would therefore seem to have no
applicability in those cases. Nevertheless, the con-
venience is so great and the alternatives so formidable,
at least for hand methods, that the film coefficient
concept is often stretched and adapted to these cases
too.

A major advantage of the use of cr to quantify heat
transfer rates is that individual values of (Y for two dif-
ferent fluids exchanging heat may be combined to relate

the local rate of heat transfer to the local overall tem-
perature difference between the two fluids. For the
very common case of heat transfer between two fluids
separated by a solid cylindrical wall with fouling de-
posits on each surface, the overall heat transfer coeff-
cient U* is related to the individual coefficients and
other parameters of the system by Eq. (1):

U* = l/{(l/oLj)(A*/Aj) +Rfi(A*/Ai)

+ [A* In (D,/Di)/27rLX,]  + Rfo(A*/A,)

+ w%)(A*/4Al (I)+

where subscripts i and o refer to the fluids and surfaces
inside and outside the tube, respectively, and Rf is the
resistance due to fouling of the heat transfer surface by
dirt, corrosion products, biological growth, and so on.

A* is any convenient reference area, and U*  is the
overall heat transfer coefficient based on that area.
Often, the outside heat transfer surface area A, is used
as the reference area; occasionally Ai is used as the
reference. In either case, Eq. (1) is simplified somewhat.
However, the important fact is that any area can be
used as long as it and the corresponding heat transfer
coefficient are clearly identified. The following relation-
ship connects all of these areas and their corresponding
overall coefficients:

U*A* = UOA,  = UiAi (2)

Other equations similar to Eq. (1) may be written
to accommodate other surface geometries (including
extended surfaces), composite wall materials, and so on.

TWithin a three-digit section the equation, figure, and table
numbers do not have the three-digit identifier; for cross-references
between sections, the appropriate threedigit number will be given.
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B. Basic design equation

3.1 .l-2 3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.1 Fundamental Concepts

mean temperature difference (MTD) concept. The de-
tailed treatment is given in Sec. 1.5, but the essential
features are reiterated here.The local rate of heat transfer is related to the local

temperature difference between the two streams by The key assumptions that need to be made are these:

dQ = U*(T/, - Tc) dA* (3)

where Th and T, are the local temperatures of the hot
and cold streams, respectively. The asterisks are retained
on U and A to indicate that these values must be on a
consistent area basis and that this may be any convenient
one. The differential form is used here to emphasize that
a given set of values of U�,  Th, and Tc will ordinarily be
valid only at one point in the heat exchanger, and at this
point an amount of heat dQ is transferred through an
element of area 054  *.

Equation (3) is limited to steady-state operation;
that is, conditions at any given point in the exchanger
do not change as a function of time. Although this con-
dition is seldom exactly true, during normal operation
of most exchangers, the amount of heat being trans-
ferred so far exceeds the storage capacity that this is
a very good approximation. Some exchangers are oper-
ated primarily in the transient mode and require a
different analysis.

The usual design problem is to determine the total
area in a heat exchanger required to transfer the speci-
fied total amount of heat QT. Equation (3) can be
formally integrated to show this:

A”=

/

” dQ

0
U*(Th  - Tc)

(4)

The actual evaluation of the right-hand-side of Eq.
(4) can be carried out in principle by a combination of
heat balance and rate equation calculations; for phase-
change heat transfer, mass balances and fluid mechanics
calculations are also essential in principle if not always
in practice. Finally, for multicomponent phase change,
detailed vapor-liquid equilibrium relationships are
needed.

A T , ,  =
(Th,in  - Tc,out)  - (Th,out - Tc,in)

ln [(Th,in - Tc,outWh,out  - Tc,in>l
(6)

for counter-current flow and

(Th,in  - Tc,in) -(Th,out
AT,, = -

- Tc,out)
ln [(Th,in - Tc,in)/(Th,out  - Tc,out)l (7)

for cocurrent flow.

The computational scheme required to evaluate Eq.
(4) will depend both on the nature of the heat transfer
process and on the orientation of the two streams flow-
ing through the heat exchanger. But it is safe to say that
only rarely is a hand solution of Eq. (4) feasible. Small
programmable calculators are somewhat more suitable,
especially for frequently encountered problems. Mostly,
however, integration of Eq. (4) is limited to large com-
puters programmed with general-purpose heat exchanger
rating programs. Fortunately, most heat exchangers can
be adequately designed by a much simpler procedure.

Most heat exchangers do not operate in either
purely counter-current or purely cocurrent flow, but in
some combination of the two, or in cross flow. For most
of these cases, it is possible again to integrate Eq. (4)
analytically or numerically to obtain

A*= QT =pQ T

where AT,, is defined by Eq. (6). F is a function of the
flow arrangement and the parameters

R =
- 7’h,out

Tc,out - Tc,in
(9)

C. Mean temperature difference concept and

Equation (4) can be integrated analytically if a number
of assumptions are made. The result, given below, is the

T
P =

c,out - Tc,in

Th,in - Tc,in

1. Every element of fluid that enters the heat ex-
changer in a given stream has an equal opportunity to
encounter heat transfer surface. That is, if any part of
a stream is able to bypass heat transfer surface in passing
through the exchanger, the MTD concept is inapplicable,
at least in its unmodified form.

2. The heat exchanger is at steady state.
3. The specific heats of each stream are constant.

An isothermal phase transition (e.g., condensation of
a pure vapor with negligible pressure drop) corresponds
to an infinite specific heat, which satisfies the assump-
tion and in fact simplifies the result.

4. The overall heat transfer coefficient is constant.
5. Heat losses or gains to/from the surroundings are

negligible.
6. Longitudinal heat flow is negligible.
7. The flow arrangement is either purely counter-

current or purely cocurrent.

Under these assumptions, Eq. (4) may be analyti-
cally integrated (see Sec. 1.3.1) to give

A T , ,  = Q T

U*(LMTD)

where

U*F  AT, , U* AT,
(8)

(10)
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3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.1 Fundamental Concepts 3.1.1-3

Charts and equations for Fare presented for a num- ployed under conditions where the assumptions are not
ber of the most important heat exchanger configurations satisfied. Certain classes of heat exchanger problems-
in Sec. 1.5. e.g., vertical thermosiphon reboilers, and multicom-

The above equations obviously offer a much simpler ponent or partial condensers-do not satisfy the assump-
solution to the heat exchanger design equation than tions even approximately and require integration of the
stepwise numerical integration. However, serious errors basic equation. Further discussion of UAT methods is
may result if the mean temperature difference is em- givenin  Sets. 2.1.2 and2.1.3.

Nomenclature for Section 3.1.1 appears at the beginning of Part 3.
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3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN 3.1.2-1

3.4.2
Types of heat exchangers

and their applications

Kenneth J. Bell

A. Selection of a basic type of heat exchanger

The most important decision underlying design of a
piece of heat transfer equipment is the selection of the
basic type of equipment to be specified and designed for
a given application. It is incumbent upon the designer,
at a very early stage in the design process, to survey the
range of basic equipment types available and to select
the one most applicable to his or her particular process.
If a clear-cut decision cannot be made, it will probably
prove economically desirable to proceed with at least
first-stage design on each type of equipment that may
reasonably serve.

A consideration that often enters into the selection
of a basic type is the availability of comprehensive and
accurate design methods for that equipment. Thus,
shell-and-tube exchangers, for which a generally very
good design procedure is available, are often selected
for a service in preference to another type that may be
intrinsically preferable in the application but that lacks
a comparable design method in which the designer may
place confidence. There is justification for this philo-
sophy, but it can be bought at too high a price. Most
heat exchanger types have good design methods available
for most applicable services, though the best methods
are often proprietary to the manufacturers or to mem-
bers of cooperative research organizations.

B. Double-pipe heat exchangers

A typical double-pipe heat exchanger is shown in Fig. 1.
Essentially, it consists of one pipe placed concentrically
inside another one of larger diameter, with appropriate

0 1983 Hemisphere I
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end fittings on each pipe to guide the fluids from one
section to the next. The inner pipe may have external
longitudinal fins welded to it either internally or ex-
ternally to increase the heat transfer area for the fluid
with the lower heat transfer coefficient. The double-pipe
sections can be connected in various series or parallel
arrangements for either fluid to meet pressure-drop
limitations and MTD requirements.

The major use of double-pipe exchangers is for
sensible heating or cooling of the process fluid where
small heat transfer areas (typically up to 50 m�) are
required. They may also be used for small amounts of
boiling or condensation on the process fluid side. The
advantages of the double-pipe exchanger are largely in
the flexibility of application and piping arrangement,
plus the fact that they can be erected quickly from
standard components by maintenance crews. Additional
surface is usually easily installed on an existing facility.
They also are easily cleanable on both sides by proper
selection of end fittings, and the design calculations
are relatively well established and accurate. There is
also the advantage of ease of controlling flow distribu-
tion in each channel of a double-pipe heat exchanger;
this can be of particular importance in cooling viscous
liquids, where, if necessary, one pump can be provided
for each series set of exchangers. The main disadvantage

Figure 1 Double-pipe heat exchanger.
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3.1.2-2 3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.2 Types of Heat Exchangers

is that double-pipe exchangers are bulky and expensive
per unit of heat transfer surface. The design of double-
pipe exchangers is discussed in Sec. 3.2.

C. Shell-and-tube exchangers

A typical shell-and-tube exchanger is shown in Fig. 2.
In their various construction modifications, they are,
undoubtedly, the most commonly used basic heat ex-
changer configuration in the process industries. The
shell-and-tube heat exchanger provides fairly large ratios
of heat transfer area to volume and weight. It provides
this surface in a form that is relatively easy to construct
in a wide range of sizes and that is mechanically rugged
enough to withstand normal shop fabrication stresses,
shipping and field erection, and external and internal
stresses encountered under normal operating conditions.
The shell-and-tube exchanger can be cleaned reasonably
easily, and those components most subject to failure-
gaskets and tubes-can be easily replaced. Special con-
struction features allow this type to meet almost any
conceivable service, including extremely low and high
temperatures and pressures, large temperature differen-
tials, vaporizing and condensing services, and severely
fouling and corrosive fluids. Good design methods are
available, and the expertise and shop facilities for
their successful design and construction are widespread.
Section 4.2 describes in considerable detail the mechan-
ical features of shell-and-tube exchangers, Sec. 3.3 the
design methods for sensible heat transfer service on the
shell side, Sec. 3.4 the methods for condensation on the
shell side, and Sets. 3.5 and 3.6 the use and design of
shell-and-tube exchangers for vaporizing and evaporation
services.

The tubes are the basic component, providing the
heat transfer surface between one fluid flowing inside
the tubes and the other fluid flowing across the tubes.
The tubes may be either plain or with low fins on the
outside to increase the ratio A,/Ai; in this case the tin
outside diameter is very slightly less than the outside
diameter of the unfinned  ends of the tube to allow

rCHANNEL  COVER /- SHELL  AND  SHELL-SIDE  NOZZLES

TUBE SHEET\ T /f

TUBES
TUBE-SIDE  CHANNEL7

~~~~~
TUBE  SHEET

PASS DIVIDER CHANNEL  COVER
TUBE-SIDE  CHANNEL

AND  NOZZLES

Figure 2 Diagram of a typical (fixed-tubesheet) shell-and-tube
heat exchanger.

0 1983 Hemisphere I
r

ttL

insertion of the finned tube through the holes in the
tube sheets. The tubes are held in place by the tube-
sheets at each end (except the U-tube design, which has
only one tubesheet). The tubes are either expanded into
radial grooves cut into the tubesheet holes or welded to
the outside of the tubesheet. In some low-pressure
applications, the tubes are simply expanded into un-
grooved holes in the tubesheets.

The tubesheet is a round metal plate that has been
suitably drilled and grooved for the tubes and also
drilled or milled for the gaskets, baffle spacer rods, and
the bolt circle (if the tubesheet is bolted to the shell
flange; the tubesheet may also be welded to the shell).

The shell is the cylindrical element surrounding the
tubes and containing the shell-side fluid. It is com-
monly made by rolling a metal plate of the appropriate
dimensions into a cylinder and welding the longitudinal
joint. Small-diameter shells up to about 0.6 m in diam-
eter may be made by cutting off the desired length of
pipe; these �pipe shells� are usually more nearly round
than rolled shells.

The shell-side nozzles provide the inlet and outlet
ports for the shell-side fluid. Commonly the nozzles
are sections of standard pipe welded to the shell, though
special designs are used where low pressure drop, uni-
form distribution, or erosion protection is required.
Impingement plates slightly larger than the cross section
of the nozzle may be used inside the shell and under the
inlet nozzle, especially when two-phase flows or satu-
rated vapors are admitted to the shell side.

Tube-side channels and nozzles guide the tube-side
fluid into and out of the tubes. Since the tube-side fluid
is often the more corrosive, these elements may be made
out of alloy materials, or out of lowcarbon steel clad
with alloy by weld deposition or detonation bonding.
The channel covers bolt to the channels so that the tube-
sheet and tubes can be exposed for inspection without
disturbing the tube-side piping. Alternatively, bonnets
with flanged nozzles or threaded connections for the
tube-side fluid may be used.

The last major component for most exchangers is
the baffle array. The baffles serve two purposes: First,
and most important, the baffles support the tubes
against bending and vibration; second, they guide the
flow back and forth across the tube field to improve
heat transfer rate (and increase pressure drop as a
consequence). Segmentally cut baffles (as shown in Fig.
2) are the most common geometry, but others (described
in Sec. 4.2) are used for special purposes. The main
requirement is that all tubes be adequately supported,
and that successive baffles overlap at least one full tube
row to give the entire bundle rigidity.

Other essential construction components for some
or all shell-and-tube exchangers include tie rods, spacers,
sealing strips (or rods), and, of course, gaskets. Other
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3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.2 Types of Heat Exchangers 3.1.2-3

components are required for one or another of the
major configurations discussed in Sec. 4.2.

D. Plate heat exchangers

There are at least three different configurations that
fall into the category of plate heat exchangers, the com-
mon feature being that the heat transfer surface of each
is constructed of thin metal plates more or less parallel
to one another except as modified to prevent collapse
of the channel under external pressure. One fluid flows
through one set of channels and the other through the
immediately adjacent channels. The three configurations
are the plate-and-frame or gasketed  plate exchanger
(more commonly referred to simply as a �plate heat
exchanger�), the spiral plate exchanger, and the lamella
or Ramen  exchanger. The first is by far the most widely
used and is the subject of Sec. 3.7 in this handbook. All
three are briefly discussed below.

(a) Plate-and-frame or gasketed plate exchanger

A typical exchanger of the plate-and-frame type is
shown in Fig. 3. It comprises a set of formed plates
held together in a frame that compresses the gaskets
around the edges to prevent leakage to the outside.
Gasketing around the ports controls which channels a
given fluid can flow into and then across the plates. A
wide range of parallel, series, and mixed flow arrange-
ments is possible to match the flow rates, thermal
capacitances, and temperature-range requirements of
the two streams.

The plates are very thin and must have many points
of contact with adjacent plates to withstand normal
operating pressure. An embossed herringbone pattern

CARRYING  BAR

7

\ N BOLT

Figure 3 Exploded view of a gasketed  plate heat exchanger.

of ridges and valleys is most commonly used to provide
these multiple points of support, adjacent plates having
the herringbone pattern reversed. Where the two pat-
terns cross, a contact point is formed. The repeated
contraction and expansion and change of direction of
the flow results in a strongly eddying flow giving high
heat transfer rates, high pressure drop, and a high shear
field, which tends to suppress fouling. A rectangular
pattern of embossed contact points matching those on
the adjacent plates is also sometimes used.

These exchangers are relatively compact and light-
weight heat transfer surfaces, making them attractive
for use in confined or weight-sensitive locations such as
on board ships and oil production platforms. The plates
can be pressed from almost any metal (though low-
carbon steel is almost never used because the plate
exchanger is then not competitive with shell-and-tube
exchangers). Pressures and temperatures are limited to
comparatively low values because of the gasket materials
and the construction.

Plate-and-frame heat exchangers are typically used
for exchanging heat between two liquid streams in tur-
bulent flow; even viscous liquids can be forced by the
tortuous flow path into an effectively turbulent flow at
low Reynolds numbers. Plate exchangers are occasionally
used as condensers for fairly dense vapors (e.g., am-
monia) or as vaporizers producing a lowquality vapor
as for a reboiler. They are used in the food processing
industry because they can be disassembled for cleaning
and sterilization.

(b) Spiral plate heat exchanger

Several different versions of the spiral plate exchanger
are shown in Fig. 4. This exchanger is formed by rolling
two long, parallel plates into a spiral using a mandrel
and then suitably welding the alternate edges of adjacent
plates to form the channels. The plates are held apart
by raised bosses on one of the plates. The open sides
of the channels are sealed off against bypassing by cover
plates (with gaskets) held in place by the bolted clamps
around the periphery.

The spiral path followed by each of the fluids
induces a secondary flow effective in increasing the
heat transfer coefficient, especially in laminar flow,
and in reducing fouling deposits. The version designed
for in-column mounting with one set of channels open
to the vapor is useful for condensation, providing a
reflux stream without taking the vapor outside the
column. Product withdrawal can be accomplished by an
open trough mounted on the column wall with a drain
or pump-out to product storage.

(c) Lamella  (Ramen)  heat exchanger

The Ramen or lamella  heat exchanger, Fig. 5, consists
of a set of parallel, welded thin channels placed longi-
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A-L
0 (a)

-3 (b)

(cl
Figure 4 Schematic diagrams of three types of spiral plate heat
exchangers.

a

Figure 5 Ramen  (lamella) plate heat exchanger.
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tudinally in a shell. The channels are welded into �tube-
sheets� at each end and the plate bundle allowed to
expand and contract independently of the shell by the
use of a packing gland at the lower end. The shell-side
flow is between and around the plates. The plates are
supported against the pressure differential by matching
longitudinal grooves rolled in each plate; these can be
seam- or spot-welded together to support the plates
against high internal pressures. The plate bundle can be
easily removed from the shell for inspection and cleaning
of the shell side.

E. High-finned or air-cooled heat exchangers

The atmosphere is being increasingly used as an ultimate
heat sink, and the poor thermal-hydraulic properties of
atmospheric air call forth special heat exchanger con-
figurations for this purpose. Because of the low density,
an enormous volume of air must be moved simply to
satisfy the heat balance requirement. But the usual
equipment for moving large quantities of air-axial-flow
fans-is capable of producing only a very small pressure
rise (maximum near 250 N/m2), and this limits the air
to low velocities (around 10 m/s maximum) and short
flow paths. The low velocity, combined with the low
density and thermal conductivity, results in low heat
transfer coefficients (50-100 W/m2  K) on the air side.

Since the heat transfer coefficient of the other fluid
(on the tube side) is typically lo-200  times as great,
there is very strong incentive to use a heat transfer sur-
face with a bigb ratio of area in contact with the air to
the area in contact with the other fluid. The �high-finned
tube� shown in Fig. 6 meets this requirement, offering
1.5-25 times as much area on the finned surface as on
the inside surface. The fins, usually aluminum, may be
simply wound in tension in shallow grooves on the out-
side surface of the tube, which may be any metal re-
quired for corrosion resistance. This, however, leaves
the tin-to-tube bond subject to deterioration by corro-
sion, with a possible serious loss of thermal efficiency.
A better design is to wrap the fin on with an L&aped
foot providing better contact with the tube and better
protection from the atmosphere.

Integral fins, where the fins are �upset� from a
thick aluminum tube wall by successive machining steps,

Figure 6 Typical high-finned tube used in air-cooled heat ex-
changers.
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eliminate the atmospheric corrosion problem. A liner
tube of any required metal can be provided for the
tube-side fluid, with an interference fit between the liner
and the finned tube. There are temperature limitations
on all finned tube types, above which the bond between
the fin and base tube or liner deteriorates badly pro-
ducing a �contact resistance.� There is a fin efficiency
factor that must be applied to correct for the tempera-
ture drop due to heat conduction in the fin.

The basic configuration of an air-cooled heat ex-
changer is a large, shallow (3-12 tube rows) bank of
high-finned tubes, across which air is blown or drawn
by large-diameter, relatively low-speed fans. The flow
arrangement may be either forced draft, Fig. 7~2, or in-
duced draft, Fig. 7b.

The forced-draft arrangement has the advantage of
keeping the fan and driver in cooler air, resulting in
higher fan efficiency, possibly less expensive fan ma-
terials, simpler support for fan and driver, and less
frequent and easier maintenance. However, the air
flow across the tube bank is very nonuniform, and the
low-velocity hot-an plume may be more easily recircu-
lated back into the heat exchanger, causing a loss of
temperature difference. The induced-draft arrangement
gives a high-velocity, well-defined plume that is much
less likely to be recirculated. The shroud also protects
the tube field against physical damage and operational
upsets by sudden strong rain and hail storms.

F. Plate fin or matrix heat exchangers

Plate fin or matrix heat exchangers represent about the
most compact form of heat transfer surface, at least in
the usual case that the fluids must be kept separated.
These exchangers are constructed of multiple layers of
matrix or �sandwich��-folded metal sheets, separated by
parting sheets, as shown in Fig. 8. Fluid entry and exit
into these layers is controlled by the manifolds, with a
solid bar being used to prevent entry of one fluid into
the channels for the other fluid. More than two fluids
can be handled in a single exchanger by suitable arrange-
ment of the manifolds.

The core of matrix, parting sheets, and side bars is
laid up by hand, clamped firmly in a jig, and then brazed

/
PROCESS

FLUID
r TUBE FIELD

=-. FAN \

!/
ER WITH

1 REDUCER TUBE FIELD

(a) FORCED DRAFT (b) INDUCED  DRAFT

Figure 7 (a) Forced-draft and (b) induced-draft arrangements of
air-cooled heat exchangers.

FLUID 2

PARTING  SHEET

MATRIX  1

Figure 8 Section of a plate fin exchanger.

into a rigid structure, either in a molten salt bath or in a
vacuum furnace. The result is a strong, rigid structure of
extremely high volumetric heat transfer surface density.
However, the units are limited in overall size and ma-
terials of construction (aluminum is the usual material)
and cannot be cleaned mechanically. The most common
area of application is in cryogenic processing such as
liquefied natural gas production, hydrogen purification,
and helium separation and liquefaction. Section 3.7
describes the design and construction of these units in
greater detail.

G. Mechanically aided heat exchangers

Some heat transfer problems require mechanical action
at or near the heat transfer surface in order to achieve
reasonable heat transfer rates. This mechanical action
can be achieved in two different, though related, classes
of equipment: stirred-tank and scraped-surface, shown
respectively in Figs. 9 and 10.

In the stirred-tank equipment, the mechanical
action is imparted to the bulk of the fluid in the tank
by a rotating blade or screw device usually located at
the center of the tank. Anchor agitators, bladed im-
pellers, and helical flights are among the mechanical

JACKET  WITH,
HEAT  TRANSFER

MEDIUM

SPEED REDUCER

SHAFT

VESSEL

ANCHOR
AGITATOR

Figure 9 Diagram of a stirred tank with an anchor agitator.
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JACKET  WITH
HEAT TRANSFER

Figure 10 Cross section of a scraped-surface heat exchanger
with a spring-loaded blade.

devices used. The heat transfer surface may be the inner
surface of the tank, with the second fluid in a jacket or
welded-on channels on the outer surface. Alternatively,
the heat transfer surface may be provided inside the
tank by a coiled tube, tube banks or bundles, or chan-
neled plates, placed near the periphery of the tank.
Occasionally, the heat transfer surface is provided by
the agitator itself, with the second fluid flowing in
channels in the agitator; the rotating seals required to
get the second fluid in and out of the agitator pose some
difficulties.

Stirred tanks are commonly used for carrying out
chemical reactions of various kinds, including polymeri-
zation, and the main design features of the tank and
agitator may be controlled more by reaction kinetics
considerations than heat transfer. Nonetheless, it is
usually vital to transfer heat in or out (sometimes both,
at different points in the processing cycle) at the desired
rates. The multiplicity of designs and applications makes
it difficult to devise universally applicable design corre-
lations, and pilot-plant testing is commonly resorted to.
The problem of design is discussed further in Sec. 3.14.

Scraped-surface equipment is characterized by
having the blade very close to or actually contacting the

heat transfer surface, which is the inner surface of a
cylindrical tank or pipe. The blade action causes intense
shearing of the fluid layers immediately adjacent to the
wall, resulting in locally high heat transfer rates. The
blades may be fixed, spring-loaded, or hinged so that the
centrifugal action forces the blade against the wall.

Scraped-surface equipment is used only for very
difficult heat transfer applications: heating or cooling
very viscous materials, evaporation and concentration of
food products, and fractional crystallization (in which
the blade function is primarily to prevent the growth of
a thick layer of crystals on the wall). The equipment is
heavy, bulky, expensive, and requires frequent main-
tenance and constant power input. It is also usually the
only way to solve those heat transfer problems to which
it is put. Further design considerations and methods are
given in Sec. 3.14.

H. Other types of process heat exchangers

The major classes of process heat exchangers have been
described above, but this listing by no means exhausts
the possibilities. Many specialized configurations are
commercially available, and more than one device has
been jury-rigged to meet a special or urgent need. Not
surprisingly, design of such equipment is in a rather
uncertain state.

In those cases in which the equipment geometry is
a combination of common elements such as constant-
cross-section channels or tube banks, the basic correla-
tions of Part 2 of this handbook can be used to estimate
performance. In other cases, the manufacturer of the
equipment has design methods and applications data
that can be used. In some cases, only actual testing of
scale- or full-sized equipment will allow the designer to
incorporate these items into the plant with confidence.
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3.1.3
Logic of thzgn process

Kenneth J. Bell

A. Criteria for a successful heat exchanger
design
Any discussion of the design process for heat exchangers
must be based on a clear understanding of the criteria
by which the heat exchanger will be judged. These
criteria are simple to state in broad principle, but the
apparent simplicity can be very misleading when the
designer or customer actually attempts to apply them to
a specific case. The principles are given below in an
approximate order of importance, with a few examples
of how the principles must be elaborated in practice.

First, it may be pointed out that there are two
broad classifications of heat exchanger application, and
they call into being quite different philosophies and
procedures for their design and production. Undoubtedly
the greater amount of heat transfer surface in existence
is in units of which there are many replicates-automotive
radiators, domestic and commercial air conditioners
and furnaces, engine oil coolers, and so on. For these
units, production runs of thousands and even millions
of nominally identical units are common. The design
process for this class is modified by the opportunity-
indeed, the economic compulsion-to build a number of
variant candidate units and test these extensively over
the range of conditions expected, ultimately selecting
the best design and thenceforth attempting to build
myriads more as close to the prototype as possible.

Contrast this with the typical heat exchanger found
in a chemical or petroleum plant: a �one-off� design
(duplicate items are usually intended to be used in
series or parallel with one another), with no opportunity
for testing until the plant becomes operational. Fre-
quently these heat exchangers are to be used with

0 1983 Hemisphere I
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streams whose compositions, properties, and fouling
characteristics are poorly known and which, together
with the flow rates and process specifications, may vary
from day to day. Clearly this situation places greater
demands on the design process if there is to be a high
probability of success. This part of the handbook tends
to emphasize design for the second case.

The first criterion that a heat exchanger should
satisfy is the fulfillment of the process requirements:
to accomplish the thermal change on the streams within
the allowable pressure drops, and to retain the capability
to do this in the presence of fouling until the next
scheduled maintenance period. However, it must be
recognized that the design process is fraught with un-
certainties: The physical properties are seldom known
to a high degree of precision, the design methods in-
corporate basic correlations of various degrees of experi-
mental scatter, the exchangers are constructed only
within certain dimensional limits, the actual operating
conditions and process stream characteristics vary from
day to day, and the fouling characteristics are little more
than guesses and vary with time in any case. Therefore,
meeting process requirements is at best only a matter
of statistical probability. At this point, too little is
known about either the statistics of individual units
or their interaction in heat exchanger trains and with
other process plant components to allow for a quantita-
tive treatment. (Some indication of a possible approach
to the problem is given in [ 1 ] .) Hence, the designer must
assure himself of a reasonable probability of success by
judicious overdesign and by taking advantage of the
operational flexibilities and reserve capacity inherent in
the rest of the plant.
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The second criterion is that the heat exchanger must
withstand the service conditions of the plant environ-
ment. The immediate consideration here is the mechani-
cal stresses, not only in normal operation but in shipping,
installation, startup, shutdown, and off-specification
operation caused by plant upsets and conceivable
accidents. There are external mechanical stresses im-
posed by the piping on the exchanger by both steady
state and transient flow and temperature variations of
the streams. The exchanger must resist corrosion by the
service and process streams and by the environment;
this is mostly a matter of proper materials selection, but
mechanical design does have some effect. If possible,
the exchanger should resist fouling, but the designer�s
role here is usually limited to keeping the velocities as
high as pressure drop and erosion and vibration limits
allow and making sure that the fouled surfaces can be
reached for cleaning.

Third, the exchanger must be maintainable, which
usually means choosing a configuration that permits
cleaning as required and replacement of tubes, gaskets,
and any other components that are especially vulnerable
to corrosion, erosion, vibration, or aging. This require-
ment may also place limitations on positioning the ex-
changer and providing clear space around it.

Fourth, and directly consequent upon the second
and third criteria, the designer should consider the ad-
vantages of a multishell arrangement with flexible piping
and valving provided to allow one unit to be taken out
of service for maintenance without severely upsetting
the rest of the plant. Condensing and cooling services in
particular will benefit from an operational standpoint if
one or more units can be taken off-stream in the winter,
or if effluent coolant can be recycled to temper the very
cold incoming coolant.

Fifth, the exchanger should cost as little as possible,
consistent with the above criteria being satisfied. Bal-
anced against possible savings in first cost, however,
must always be the consideration that the cost of
production lost because of an undersized or unreliable
exchanger will eat up any possible savings on the ex-
changer first cost in a few hours or days.

Finally, there may be limitations on exchanger
diameter, length, weight, and/or tube specifications due
to site requirements, lifting and servicing capabilities,
and maintaining an inventory of replacement tubes and
gaskets.

A heat exchanger should never be designed with the
idea that it can be used in other services if it doesn�t
work well in the design case. Most heat exchangers are
intended for projects having an expected life equal to
or greater than the life of the exchanger. To suggest that
a heat exchanger might become available sooner implies
that either the exchanger or the process is not going to
work. It is far better to labor under the positive com-
pulsion that the best hope of success for both exchanger

and process is to design each item uniquely for the best
performance in the task at hand.

B. Relationship among selection, rating, and
design

There is a distinction to be made among the terms
�selection,� �rating,� and �design� of a heat exchanger.
Though often used interchangeably, these terms refer to
quite different aspects of the heat exchanger specifica-
tion problem and its solution.

�Selection� means choosing a heat exchanger from
among a number of units already existing, or capable
of being made on very short notice. Typically, these are
standard units listed in catalogs of various manufacturers
and available essentially off the shelf. Very few options
are available, though the same design may be available
in all-low-carbon steel, all-stainless, or with stainless steel
tubes, tubesheets and tube-side fittings with a carbon
steel shell, for example. Sufficient manufacturer�s data
usually exist to allow one to select a comfortably over-
sized exchanger with respect to both area and pressure
drop. Unit cost is low because of the standardized manu-
facturing techniques and minimal engineering required,
and delivery is fast. However, as one goes to large units
(typically above 10 or 20 m2 of surface) with special
requirements, the economics moves in favor of units
specifically constructed to meet the particular needs of
the service, and one must talk in terms of �rating� and
�design� as compared to �selection.�

�Rating� is the computational process by which one
determines the thermal performance and pressure drops
if two specified streams are introduced into an essentially
completely defined heat exchanger. The rating procedure
is drawn schematically in Fig. 1, taking the inlet flow
rates and temperatures, the fluid properties (including
phase equilibrium data, if phase change is involved), and
the heat exchanger parameters as input. The rating pro-
gram calculates either the outlet temperatures and
thermal duty (if the exchanger length is specified) or
the required length of the heat exchanger to accomplish
the thermal change. In either case, the rating program
will also calculate the pressure drop of each stream.

The rating program may be either a �hand method�
(suitable for calculation using a slide rule or a simple
electronic calculator) or a �computer method� (re-
quiring a programmable computer ranging in size from
one of the more sophisticated hand-held devices to the
very large, extremely large-memory, high-speed scientific
computers). Any hand method can be put on a large
computer, but programs developed for a large computer
in general cannot be considered for hand calculation.

If the exchanger configuration selected for rating
gives (according to the calculations) acceptable thermal
performance with pressure drops in both streams near
but below the maximum allowable, this configuration
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Figure 1 The rating program.

may be considered a solution to the problem. It is often
possible to find a number of variant configurations that
will meet these requirements; then the choice must be
made on other criteria, usually first cost. (But other
considerations such as reliability, maintainability, and
flexibility may be much more critical, especially in the
eyes of the plant operator, who is charged with getting
out production.)

Usually, however, the exchanger chosen for rating
is found to be deficient in one or another of the require-
ments, and a new design must be chosen for rating the
next time around. If, for example, the pressure drops are
too high, some modification must be made to reduce
them, usually implying a larger exchanger. On the other
hand, if the pressure drops are much too low, the design
can usually be changed to increase the pressure drops
and the heat transfer coefficients, resulting in a smaller
and generally less costly exchanger.

The process by which one moves from one design
to a more satisfactory one can be called �design modifi-
cation,� and its relationship to the total design process is
shown in Fig. 2.

The critical logical feature of the design process is
the design modification program, and it assumes two
quite different forms depending on whether the design
is being done by hand (and head) or by computer. If

_---__ ------l---------

SELECTION  OF A
TENTATIVE SET OF

EXCHANGER  DESlGN
PARAMETERS

I

0. BP ACCEPTABLE  ? UNACCEPTABLE

I

Figure 2 Basic logical structure for process heat exchanger de-
sign.

by hand, the design modification is largely intuitive, as
the designer�s mind identifies the particular deficiencies
of the previously rated configuration and sorts out, from
among the many possible changes, those that will relax
the deficiencies while retaining the desirable features. In
this case, experience and insight into the physical pro-
cesses are critical to a rapid convergence to an acceptable
design.

If, however, the design process is being carried out
with a fully integrated computer program (and such pro-
grams exist for most of the major heat exchanger types
and applications), the success of the process is critically
dependent on the skill and care with which the design
modification logic has been constructed. Rapid con-
vergence to an acceptable design is less important than
that there be no gaps in the logic through which the
design modification program can �leak out� into a
completely unrealistic choice of mechanical features. It
is also important that the logical structure not close off
possible design options by imposing a poorly framed
test that cannot be passed. Even a modest-sized design
program may have 40 separate logical decisions to be
made, leading to 240 = 1.1 X 1012  different paths
through the logic. It is manifestly impossible to test all
of these a priori, so there is no substitute for great care
and conservatism in framing these decision points.

C. Simplified example of a design modification
algorithm for a computer

A very simple but illustrative configuration modification
program is diagrammed in Fig. 3. In this particular pro-
gram, it is assumed that the duty of the exchanger has
been specified and the length required for the exchanger
has been calculated by the rating program. It is also
assumed that the rating program has as its initial output
the length of the largest diameter acceptable shell, the
fewest tube passes consistent with the shell contigura-
tion, and the greatest allowable baffle spacing permitted
by mechanical construction standards. (The quantities
with asterisks are the maximum allowable values of that
parameter as specified in the input data.) This choice
results in the lowest possible pressure drops in a single-
shell, thermally acceptable exchanger.

The first question that arises is this: Is the length
calculated by the rating program less than the maximum
allowable length of the exchanger that can be accommo-
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RATING  PROGRAM
INITIAL  OUTPUT:

LENGTH OF LARGEST
DIAMETER  SHELL, FEWEST
TUBE  PASSES,  GREATEST
BAFFLE  SPACING

YES ADD SHELL
IN PARALLEL

c NO

*DENOTES  THE  LARGESTVALUE
OF THAT PARAMETER  PERMITTED
IN THE  FINAL DESIGN.

Figure 3 A schematic configuration modification program (highly simplified and truncated).

dated? If the answer to this question is �no,� then it is
necessary either to add another shell in parallel to
accommodate the flow, or to adjust internal parameters
in the heat exchanger in order to increase that heat
transfer coefficient and also the pressure drop. The
decision between these two choices is made on the basis
of the calculated pressure drops. If either pressure drop
is too large, there is no alternative but to add another
shell in parallel, splitting the flow and reducing the pres-
sure drops as well as increasing heat transfer surface.
Then the program must return to the rating program
to compute the new length and pressure drops for the
same shell with the reduced flow per shell. If at least
one pressure drop is substantially below the allowable
value, it may be possible to adjust one or more of the
internal parameters (such as baffle spacing or number of
tube side passes) to increase the overall heat transfer
coefficient to a high enough value to give L <L*  on a
subsequent rerating. The exact choice and sequence of
adjustments to try is part of the design modification
subroutine alluded to above and is a very elegant piece
of logic. It is of course quite possible that no choice of

internal parameters will satisfy all requirements and in
that case the program must default to the other leg of
the decision tree and add another shell after all.

If, on the other hand, the length of the exchanger is
calculated to be less than the maximum allowable length
(i.e., L <L*),  it is necessary to determine first whether
the pressure drop limitations have been exceeded. If
either pressure drop limitation is exceeded, it is neces-
sary to add a shell in parallel and rerate the new con-
figuration. If both of the pressure drops are very much
less than those allowed, it is probable that it will be
possible to decrease the shell diameter one size and
come up with a smaller and less expensive exchanger
than the one previously rated. If the pressure drops
calculated are close to but less than those allowed, then
the exchanger designed is very close to the smallest
acceptable exchanger (i.e., which will meet all of the
operational requirements.) One then adjusts the design
parameters to standard values for exchanger design and
continues with the rest of the program, including me-
chanical design and cost estimation.

REFERENCE FOR SECTION 3.1.3

1. Al-Zakri, A. A., and Bell, K. J., Heat Transfer: Estimating Performance When Uncertainties Exist, Chem. Eng. Prog., vol. 77, no. 7,
pp. 39-49,198l.
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3.1.4
Approximate sizing

of shell-and-tube heat exchangers

Kenneth J. Bell

n In the previous section, the need for a preliminary
estimate of the heat exchanger size and configuration
was indicated. This estimate is essential for a hand design
method and useful for a computer design. Additionally,
there are occasions-preliminary estimates of plant cost,
layout, and space requirements, for example-when a
good approximate size estimate is sufficient and more
quickly available than a detailed design. Eventually, if
the plant is to be built, the detailed calculations will
have to be done, but that task can profitably wait until
the preliminary studies have ascertained if the plant
looks economically promising and have given a definite
idea of how the components are to be arranged.

In this section, a preliminary design�method is pre-
sented in some detail. This method covers many of the
usual process applications for shell-and-tube exchangers,
and it can be extended with care and insight to other
cases. The accuracy of the method is strongly dependent
on the skill of the user in estimating or selecting appro-
priate heat transfer coefficient values; in this there is
no substitute for experience, although Table 2 may be
helpful.

A. The basic design equation

The basic design equation to be used in this section is

Q T Q T

A"=UoFATuM=--uo ATM
3.1.1(8)

where A, is the total heat transfer area required in the
exchanger, m2 (calculated based on the outside diameter
of the tube); QT is the heat duty of the exchanger, W or
J/s; U, is the overall heat transfer coefficient, W/m2  K
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(also based on the outside diameter of the tubes); AT,,
is the logarithmic mean temperature difference calcu-
lated for countercurrent flow, K; and F is the configura-
tion correction factor. Each of these terms will be
discussed in greater detail below.

It should be noted that the validity of Eq. 3.1.1(8)
is dependent on a number of assumptions, as listed in
Sec. 3.1.1. These conditions are often not met exactly,
and in principle, a more elaborate formulation, Eq.
3.1.1(4), is required. However, that completely defeats
the purpose of this procedure, and moreover, most of
these departures from ideality introduce errors smaller
than the probable error in the other approximations
made in the method.

B. Estimation of heat load

The heat load is calculated in the general case from

Q T =Mdh,in -hh,out)=njc(hc,out  -hc,in) (1)

where r;ih and il& are the mass flow rates (in kg/s) of
the hot and cold fluids, respectively, and hh,in,  hh+,,t,
hc,in , and but are the specific enthalpies (in J/kg) of
the hot and cold streams, in and out, respectively.

If both streams are transferring heat without change
of phase, Eq. (1) may be written as

Q~=M~pdTh,in - Th,out)  =E;l,Cpc(Tc,out  - Tc,in>

(2)

where cPh  and cPC are the specifE  heats (in J/kg K),
Th,in and Th,out  are the inlet and outlet temperatures of
the hot stream (K), and Tc,in and Tc,out  are the inlet
and outlet temperatures of the cold stream. If one of the
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streams is an isothermal phase-change stream (such as
condensing steam),

QT =niAh ( 3 )

where h is the mass of the stream changing phase per
unit time (kg/s) and Ah is the latent heat of the phase
change (J/kg).

More complex cases such as partial condensers re-
quire more elaborate analysis than space permits, though
the present method can be applied (with care!) to obtain
at least rough estimates.

C. Estimation of the mean temperature
difference

The first step in calculating the mean temperature dif-
ference (ATM)  is to find the logarithmic mean tempera-
ture difference (ATLM) for counter-current flow. Using
the temperatures defined in the previous section,

A T , ,  =
(Th,  in - Tc,out  I- (Th, out - Tc,in)

ln ((Ttz,in  - Tc,outWh,out  - Tc,in)+
3.1.1(6)

For many purposes, the LMTD can be sufficiently
approximated by the arithmetic mean temperature dif-
ference (AMTD), thereby avoiding the need even for a
calculator:

ATAM = i [(Th,in - Tc,out)  + Vtz,out  - Tc,in)l ( 4 )

AT,, is always equal to or less than AT,,. The dif-
ference between the LMTD and AMTD increases with
decreasing ratio of the smaller temperature difference
to the larger. The ratio is given in Table 1.

Values of F can be found in Sec. 1.5 for a variety of
heat exchanger flow configurations. However, for esti-
mation purposes, a reasonable estimate may often be
obtained without resorting to the charts:

Table 1 Ratio of LMTD and AMTD as a function of
(smaller terminal temperature difference/larger terminal
temperature difference)

Vh,in - Tc, out)lcTh,  out - Tc,in) A TLM/ A TAM

1.00 1 .ooo
0.70 0.990
0.50 0.962
0.40 0.935
0.30 0.894
0.20 0.828
0.15 0.779
0.10 0.711
0.05 0.604
0.01 0.426

Q�  (Th, in - Tc, out) < (T/z, ,,ut - T,, in). Otherwise, use the
reciprocal.

1. For a single tube pass, purely counter-current
heat exchanger, F = 1 .O.

2. For a single shell with any even number of tube-
side passes (a I-2n  exchanger), F may be estimated as
0.9, the average of the maximum possible value, 1 .O, and
the minimum recommended value, 0.8.

This value may be shaded higher if the ratio of the
(counter-current) terminal temperature differences is
near unity and lower if the outlet stream temperatures
are similar. In the latter case-and more especially if
there is a temperature cross (i.e., if the cold stream out-
let temperature is higher than the hot stream outlet
temperature)-the thermodynamic feasiability of the
design should be checked before proceeding further.
Absolute limits that may be quickly checked are

2Th,out  a Tc,in + Tc,out hot fluid on shell

2Tc, out G Th,in + Th,out cold fluid on shell

If these limits are approached, it is necessary to use
multiple l -2n shells in series.

3. There is a rapid graphic technique for estimating
a sufficient number of shells in series. The procedure is
shown in Fig. 1 and goes as follows:

The terminal temperatures of the two streams are
plotted on the ordinates of ordinary arithmetic graph
paper, the hot fluid inlet temperature and the cold fluid
outlet temperature on the left-hand ordinate and the
hot fluid outlet and cold fluid inlet temperature on the
right-hand ordinate. The distance between the ordinates
is arbitrary (corresponding to the total amount of heat
exchanged between the two streams) and may be chosen
at the convenience of the user.

If the specific heat of each stream is constant,
straight lines (�operating lines�) are drawn from the
inlet to the outlet temperature point for each stream. If
the specific heat of one or both streams varies, it is
necessary to calculate the temperature of that stream as

HEATTRANSFERRED-

Figure 1 Estimation of required number of shells in series.
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3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.4 Sizing of Shell-and-Tube Heat Exchangers 3.1.4-3

a function of the amount of heat added or removed by
the other, resulting in one or both operating lines being
curved. In this case, the procedure given here for finding
a sufficient number of shells in series will still be valid.
However, an additional error will be introduced into
the estimation procedure for heat exchanger area, the
magnitude depending on the curvature of the lines and
the variation in U,.

Starting with the cold fluid outlet temperature
(275 K in Fig. l), a horizontal line is laid off until it
intercepts the hot fluid line. From that point a vertical
line is dropped to the cold fluid line (reaching it in this
example at a cold fluid temperature of 228 K). This
operation defines a heat exchanger configuration in
which the hot fluid temperature is never less than any
temperature reached by the cold; that is, there is no tem-
perature cross, and no thermodynamic difficulty can
arise if this operation is carried out in one shell.

The process is repeated until a vertical line inter-
cepts the cold fluid operating line at or below the cold
fluid inlet temperature. (Alternatively, the process is
continued until a horizontal line crosses the right-hand
ordinate .)

The number of horizontal lines (including the one
that intersects the right-hand ordinate) is equal to the
number of shells in series that is clearly sufficient to
perform the duty. In the case of the example problem,
this number is three.

Following the above procedure will usually result
in a number of shells having an overall F close to 0.8.

D. Estimation of U,

The step with the greatest uncertainty in preliminary
calculations is estimating the overall heat transfer coeffi-
cient. Tables of u�s typical of various services are wide-
spread; the drawback to their use is that, in trying to
include the entire range ever encountered in practice,
these tables give a spread of values so great as to be
almost meaningless for reasonably close design.

A better procedure is to build up the value of U,
from the individual a! values, and wall and fouling re-
sistances, using Eq. (4):

+ Vfi + 1 l%)@  0 /A i)(l IEf) (5)

where Ax, is the wall thickness and A, is the effective
mean wall heat transfer area, which is acceptably ap-
proximated by the arithmetic mean, using the outside
and inside radii, r, and ri:

A ,  =  7rL(ro + ri) (6)

Ef is the fin efficiency if extended surface is used, and
can be calculated using the methods of Sec. 2.1 of this
handbook; for most process applications, Ef will b e

0 1983 Hemisphere F

between 0.75 for fluids with high CY, and 0.95 for fluids
with low (Y,.

A table of (Y�S  for various process services is included
here as Table 2. The values given are for plain tubes.
They can usually be used with caution for low-finned
tubes if the controlling resistance is placed on the shell
side; the values should be reduced by lo-30%  if the
shell-side fluid is of medium or high viscosity, and by
50% if the shell-side fluid is of high viscosity and is being
cooled. The values given are equally valid for both tube
side and shell side if optimal shell-side design practices
are used, and if normal tube-side velocities (l-2 m/s for
liquids, 5-10 m/s for gases) are used.

Any such table must be used with judgment. For
example, the table assumes that normally allowable
pressure drops are available and used (see note b to
Table 2). If much higher or lower pressure drops are
specified, the effect on (Y can be estimated by the fol-
lowing argument.

The allowable pressure drop, Ap, is approximately
related to the design velocity u by

ap a v1  .6-l .8 (turbulent flow) (74

apav (laminar flow) Ub)

The heat transfer coefficients are approximately related
to the velocity by

(Y 0: v�.~-O~ (turbulent flow) @)

aavo3 (laminar flow) @b)

Therefore, approximately,

a a Apoa (turbulent flow) (94

a 0: AP’.~ (laminar flow) (9b)

Typical fouling resistance for each stream are indi-
cated in Table 2. These values must be used with espe-
cially great care, since they vary so widely with time and
exact circumstances. Higher velocities and lower tem-
peratures will usually result in lower fouling resistances
than typical, and vice versa. Fouling also depends very
strongly on the specific process; for example, a freshly
separated butane stream may have negligible fouling
resistance, whereas the same stream on recycle from a
dehydrogenation process may give very serious fouling
as a result of polymerization of the unsaturated com-
pounds.

It will generally be found that one or at most two
terms will dominate the value of U,, and attention can
be focused on these controlling values. It will usually
be found that the range of reasonable values is far
smaller than the range of possible values. It will also
prove useful to make some estimate of the basic un-
certainties in each value, that is, the uncertainty in the
value that would still exist even if the best available
correlation and physical properties were used. This will

blishing Corporation
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3.1.4-J 3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.4 Sizing of Shell-and-Tube Heat Exchangers

Table 2 Typical film heat transfer coefficients for shell-and-tube heat exchangers

Fluid conditions a, W/m�  Ka* b
Fouling resistance,
ma K/Wa

Sensible heat transfer
WaterC
Ammonia
Light organic&
Medium organicse
Heavy organicsf

Very heavy organic@

Gash
Gash
Gash

Condensing heat transfer
Steam, ammonia

Steam, ammonia

Steam, ammonia

Steam, ammonia

Steam, ammonia

Light organic&

Light organic&

Light organic&

Light organic&

Medium organicse

Heavy organics

Light multicomponent mixtures,
all condensabled

Medium multicomponent
mixtures, all condensable

Heavy multicomponent mixtures,
all condensablef

Vaporizing heat transferP.4
Water�

Water�

Ammonia

(See footnotes on page 3.1.4-S.)

Liquid
Liquid
Liquid
Liquid
Liquid,
Heating
Cooling
Liquid,
Heating
cooling
Pressure 100-200 kN/m�  abs
Pressure 1 MN/m�  abs
Pressure 10 MN/m� abs

Pressure 10 kN/m�  abs, no

Pr~~n~?!$t!t?~bs  lo/1 , 0
noncondensablesk

Pressure 10 kN/m�  abs, 4%
noncondensablesk

Pressure 100 kyjr$,abs,  no
condensables * 9 p

Pressure 1 MN/m* abs, no
condensablesipi*  kv �

Pure component, pressure
10 kN/mZ abs, no non-
condensables�

Pressure 10 kN/m*  abs, 4%
noncondensablesk

Pure component, pressure
100 kN/m�  abs, no non-
condensable&

Pure component, pressure
1 MN/m2 abs

Pure component or narrow
condensing range, pressure
100 kN/m�  absmpn

Narrow condensing range,
pressure 100 kN/m*  absm* n

Medium condensing range,
pressure 100 kN/m�
absk m, 0

Medium condensing range,
pressure 100 kN/mZ
absk. m, 0

Medium condensing range,
pressure 100 kN/m3
absk. m. 0

Pressure < 0.5 MN/m�  abs,

ATSH,max = 25 K
Pressure > 0.5 MN/m� abs,

pressure < 10 MN/m2 abs,

ATsff,  max = 20 K
Pressure < 3 MN/m2 abs,

ATsH,  max = 20 K

5 000-7 500 1 x lo-�-2.5  X lo-�
6 000-8 000 o-1 x 1o-4
1 500-2 000 1 x 10-4-2  x 1o-4

750-l 500 1.5 x 10-44 x 1o-4

250-750 2 x 10-�-l  x 1o-3
150-400 2.x 1o-4-1 x 10-a

100-300 4 x 10-4-3 x lo-�
60-150 4 x 10-4-3 x lo-�
80-l 25 O-l x 1o-4

250-400 o-1 x 1o-4
500-800 o-1 x lo-�

8 000-l 2 000 o-1 x 1o-4

4 000-6  000 o-1 x lo-�

2 000-3 000 O-l x 1o-4

10 000-15 000 o-1 x lo-�

15 000-25 000 o-1 x 1o-4

1 500-2 000 o-1 x lo-�

750-l 000

2 000-4 000

o-1 x 1o-4

3 000-7 000

1 500-4 000

o-1 x 10-4

o-1 x 1o-4

1 x 1o-4-3  x 1o-4

600-2 000 2 x lo-�-5  x 1o-4

1 000-2 500 o-2 x 1o-4

600-l 500 1 x lo-�-4  x lo-�

300-600

3 000-10 000

4 000-15 000

3 000-5 000

2  x  lo-*-8 x lo-�

1 x 1o-4-2  x 1o-4

1 x lo-�-2  x 10�

1 N 10-4-2 X 1O-4
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3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.4 Sizing of Shell-and-Tube Heat Exchangers 3.1.4-S

Table 2 Typical film heat transfer coefficients for shell-and-tube heat exchangers (Continued)

Fouling resistance,
Fluid conditions a, W/m�  Ku* b m* K/Wa

Light organicsd

Light organicsd

Medium organic#

Pure component, pressure < 2 1 000-4 000
MN/m�  abs, ATsH,  ,.,,ax =
20 K

Narrow boiling ranges, 750-3 000
pressure < 2 MN/m�  abs,

AT&�H,  max = 15 K
Pure component, pressure < 2 1 000-3 500

MN/m�  abs, ATsH,~~~  =
20 K

1 x 10-4-2 x 1�

1 x lo-�-3 x 1

1 x 10-4-3 x 1

0-’

O-4

O-4

Medium organicse Narrow boiling ranges,
pressure < 2 MN/ma abs,

600-2 500 1 x 10-4-3 x 10-4

Heavy organ&f

Heavy organicsg

ATSH, max = 15 K
Pure component, pressure < 2

MN/m* abs, ATsH,  max =
20 K

Narrow boiling range?,
pressure < 2 MN/m�  abs,

750-2  SO0 2 x 10-4-5 x 1o-4

400-l 500 2 x lo-+-8  x 1O-4

Very heavy organicsh
ATSH, max = 15 K

Narrow boiling ranges,
pressure < 2 MN/ma abs,

ATSH, max = 15 K

300-l 000 2 x 10-�-l  x 10-s

aHeat transfer coefficients and fouling resistances are based on area in contact with fluid. Ranges shown are typical, not allencorn-
passing. Temperatures are assumed to be in normal processing range; allowances should be made for very high or low temperatures.

�Allowable pressure drops on each side are assumed to be about 50-100 kN/ma  except for (1) low-pressure gas and two-phase flows,
where the pressure drop is assumed to be about 5% of the absolute pressure; and (2) very viscous organics, where the allowable pressure
drop is assumed to be about 150-250 kN/ma  .

CAqueous  solutions give approximately the same coefficients as water.
d�Light  organ&�  include fluids with liquid viscosities less than about 0.5 X 10-s N s/m*, such as hydrocarbons through C, , gasoline,

light alcohols and ketones, etc.
e�Medium  organics� include fluids with liquid viscosities between about 0.5 X 10-s and 2.5 X 10-s N s/m�,  such as kerosene, straw

oil hot gas oil, absorber oil, and light crudes.
$6Heavy organics� include fluids with liquid viscosities greater than 2.5 X 10-a N s/m�,  but not more than 50 X 10-a N s/m*, such as

cold gas oil, lube oils, fuel oils, and heavy and reduced crudes.
@�Very  heavy organics� include tars, asphalts, polymer melts, greases, etc., having liquid viscosities greater than about 50 X 10-s

Ns/m�.  Estimation of coefficients for these materials is very uncertain and depends strongly on the temperature difference, because
natural convection is often a significant contribution to heat transfer in heating, whereas congelation on the surface and particularly
between fins can occur in cooling. Since many of these materials are thermally unstable, high surface temperatures can lead to extremely
severe fouling.

hValues  given for gases apply to such substances as air, nitrogen, carbon dioxide, light Rydrocarbon mixtures (no condensation), etc.
Because of the very high thermal conductivities and specific heats of hydrogen and helium, gas-mixtures containing appreciable fractions
of these components will generally have substantially higher heat transfer coefficients.

iSuperheat  of a pure vapor is removed at the same coefficient as for condensation of the saturated vapor if the exit coolant tempera-
ture is less than the saturation temperature (at the pressure existing in the vapor phase) and if the (constant) saturation temperature is
used in calculating the mean temperature difference. But see note k for vapor mixtures with or without noncondensable gas.

iSteam is not to be condensed on conventional low-finned tubes; its high surface tension causes bridging and retention of the con-
densate and a severe reduction of the coefficient below that of the plain tube.

kThe  coefficients cited for condensation in the presence of noncondensable gases or for multicomponent mixtures are only for very
rough estimation purposes because of the presence of mass transfer resistances in the vapor (and to some extent, in the liquid) phase.
Also, for these cases, the vapor-phase temperature is not constant, and the coefficient given is to be used with the mean temperature
difference estimated using vapor-phase inlet and exit temperatures, together with the coolant temperatures.

*As a rough approximation, the same relative reduction in low-pressure condensing coefficients due to noncondensable gases can also
be applied to higher pressures.

mAbsolute  pressure and noncondensables affect condensing coefficients for medium and heavy organics in approximately the same
proportion as for light organics. Because of thermal degradation, fouling may become quite severe for the heavier condensates. For large
fractions of noncondensable gas, interpolate between pure component condensation and gas cooling coefficients.

��Narrow condensing range� implies that the temperature difference between dew point and bubble point is less than the smallest
temperature difference between vapor and coolant at any place in the condenser.

o�Medium  condensing range� implies that the temperature difference between dew point and bubble point is greater than the smallest
temperature difference between vapor and coolant, but less than the temperature difference between inlet vapor and outlet coolant.

PBoiling  and vaporizing heat transfer coefficients depend very strongly on the nature of the surface and the structure of the two-phase
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Figure 2 Heat transfer area as a function of shell inside diameter and effective tube length for +-in.  equilateral triangular
tube layout, fixed tubesheet, one tube-side pass, fully tubed shell.

often indicate clearly the futility of worrying too much heat exchanger dimensions will accommodate that heat
about the precise value of a coefficient for preliminary transfer area?� The following section presents a tech-
design purposes. nique for answering that question.

E. Calculation of A, F. Heat transfer area for a given shell diameter

Once Q, AT,, and U, are known, the total outside heat I
and length

transfer area (including fin area) A, is readily found
from Eq. 3.1.1(8). The next question is, �What set of

Figure 2 is the key to relating the heat transfer area in
a shell-and-tube exchanger to the shell inside diameter

flow past the surface in addition to all of the other variables that are significant for convective heat transfer in other modes. The flow
velocity and structure are very much governed by the geometry of the equipment and its connecting piping. Also, there is a maximum
heat flux from the surface that can be achieved with reasonable temperature differences between surface and saturation temperature of
the boiling fluid; any attempt to exceed this maximum heat flux by increasing the surface temperature leads to partial or total coverage
of the surface by a film of vapor and a sharp decrease in the heat flux.

Therefore, the heat transfer coefficients given in this table are only for very rough estimating purposes and assume the use of plain or
low-finned tubes without special nucleation enhancement. ATsH, max is the maximum allowable temperature difference between
surface and saturation temperature of the boiling surface. No attempt is made in this table to distinguish among the various types of
vapor-generation equipment, since the major heat transfer distinction to be made is the propensity of the process steam to foul. Severely
fouling streams will usually call for a vertical thermosiphon or a forced-convection (tube-side) reboiler for ease of cleaning.

%ubcooling  heat load is transferred at the same coefficient as latent heat load in kettle reboilers, using the saturation temperature in
the mean temperature difference. For horizontal and vertical thermosiphons, a separate calculation is required for the sensible heat
transfer area, using appropriate sensible heat transfer coefficients and the liquid temperature profile for the mean temperature difference.

�Aqueous solutions vaporize with nearly the same coefficient as pure water if attention is given to boiling-point elevation and if the
solution does not become saturated and care is taken to avoid dry wall conditions.

SFor  boiling of mixtures, the saturation temperature (bubble point) of the final liquid phase (after the desired vaporization has taken
place) is to be used to calculate the mean temperature difference. A narrow-boiling-range mixture is defined as one for which the dif-
ference between the bubble point of the incoming liquid and the bubble point of the exit liquid is less than the temperature difference
between the exit hot stream and the bubble point of the exit boiling liquid. Wide-boiling-range mixtures require a case-by-case analysis
and cannot be reliably estimated by these simple procedures.
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3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.4 Sizing of Shell-and-Tube Heat Exchangers 3.1.4-7

and effective tube length. In this figure, the ordinate is
A,, in m2 , and the abscissa is the effective tube length
(tubesheet to tubesheet for straight tube bundles, or
length of a single straight section from tubesheet to
tangent line for a U-tube bundle) in meters. The solid
black lines in parameter are the commonly specified
shell inside diameters in meters. Using standard tube
count tables for 19.0-mm-OD  tubes on a 23.6-mm
triangular pitch for a fixed-tubesheet heat exchanger
with one tube-side pass, the total outside tube heat
transfer area that can be fitted into a shell has been
calculated.

Therefore, once the required area A, is known,
Fig. 2 shows immediately the combinations of tube
length and shell diameter that will provide that area in
a single shell for an exchanger of the given tube size and
layout. A technique of applying Fig. 2 to other tube
sizes, layouts, number of tube passes, and bundle/type
will be given in the next section.

The dashed lines in parameter in Fig. 2 (marked 3: 1,
6: 1, etc.) show the approximate locus of shells having
a given effective tube length-to-shell diameter ratio.
Shells shorter than three times the shell diameter (3:l)
may suffer from poor fluid distribution and excessive
entry and exit losses, and are likely to be more expensive
than a longer, smaller diameter unit of the same area,
especially if the shell-side fluid is at high pressure. Shells
longer than 15 times the shell diameter are likely to be
difficult to handle mechanically, require a large clearway
for bundle removal or retubing, and show the effect of
diminishing returns on cost. Many heat exchangers fall
into the 6:l to 8:l range, with a pronounced trend
toward the higher values as pressure drop prediction
procedures have improved.

G. Extension of Fig. 2 to other shell/bundle/
tube geometries

Fig. 2 can be employed to estimate the required length
and diameter of exchangers for other tube sizes and
layouts, multiple tube-side passes, and bundle construc-
tions. An �effective� area, AL, is defined by

A: ,  =AoFIF,F, (10)

where AL = the area on the ordinate of Fig. 2
A, = the required outside area of a heat exchanger

as calculated from Eq. 3.1.1(8)
F, = the correction factor for the unit cell tube

array (= 1 .OO for 19.0-mm  tubes on a 23.6-
mm triangular pitch)

F2 = the correction factor for the number of tube
passes (= 1 .OO for one tube pass)

F3 = the correction factor for the shell construc-
tion/tube bundle layout type (= 1 .OO  for a
fixed tubesheet)

Table 3 Values of F, for various tube diameters and
layoutsa, b

Tube outside Tube
diameter, mm pitch, mm Layout F,

15.9 20.6 - a 0.90
15.9 20.6

z�
1.04

19.0 23.8 1.00
19.0 23.8 -0,o 1.16
19.0 25.4 - a 1.14
19.0 25.4 1.31
25.4 31.8 2� 1.34
25.4 31.8 -0,O 1.54

aF, = (heat transfer/cross-sectional area of unit cell),,ference/
(heat transfer area/cross-sectional area of unit cell),,, case.

bThis  table may also be used for low-finned tubing in the fol-
lowing way: The value stimated for Ir, should be based on the
total outside area (including fins) of the finned tube. This vaIue
will generally be somewhat less (lo-30%) than the plain tube
values given in Table 2. Then the required value of A, is based
on the finned tube area, and the above values of F, are divided
by the ratio of the finned tube area to the plain tube area (per
unit length). Typically this value will be from 2.5 to 4.

Values of the correction factors are given in Table 3,
Table 4, and Table 5. Some reiteration may be necessary
because the correction factors change slightly with shell
inside diameter.

It should be emphasized that use of this technique
is approximate, especially for the smaller diameter shells.

H. Example problem

The use of the method can be best illustrated by an ex-
ample.

High-pressure recycle gas (8.3 MN/m�  abs with 40%
hydrogen) is to be cooled from 560 to 395 K, heating
a mixed liquid aromatics stream from 300 to 385 K. The
gas flow rate is 48.0 kg/s, with a specific heat of 7 540
J/kgK, and the aromatic flow rate is 314 kg/s with a
specific heat of 2 240 J/kg K.

Table 4 Values of F2 for various numbers of tube-side
passes�

Number of tube-side passes
Inside shell
diameter, m 2 4 6 8

up to 0.305 1.20 1.40 1.80
0.337-0.438 1.06 1.18 1.25 1.50
0.489-0.591 1.04 1.14 1.19 1.35
0.635-0.838 1.03 1.12 1.16 1.20
0.889-1.14 1.02 1.08 1.12 1.16
1.22-1.52 1.02 1.05 1.08 1.12
Above 1.52 1.01 1.03 1.04 1.06

aSince  U-tube bundles must always have at least two passes,
use of this table is essential for U-tube bundle estimation. Most
floating-head bundles also require an even number of passes.
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3.1.4-S 3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.4 Sizing of Shell-and-Tube  Heat Exchangers

Table 5 F3 for various tube bundle constructions

Type of F, inside shell diameter, m
tube bundle
construction up to 0.305 0.337-0.540 0.591-0.889 0.940-l .22 Above 1.22

Fixed tubesheet 1.00 1 .OQ 1.00 1.00 1 .oo
(TEMA L, M, or N)

Outside-packed floating 1.30 1.15 1.09 1.06 1.04
head (TEMA P)

Split backing ring 1.30 1.15 1.09 1.06 1.04
(TEMA S)

Pull-through floating 1.40 1.25 1.18 1.15
head (TEMA T)

U-tube� (TEMA U) 1.12 1.08 1.03 1.01 1.01

�Since  U-tube must always have at least two tube-side passes, it is essential to use Table 4 as well for this confiiura-
tion.

A U-tube exchanger is to be used with the gas in the
tubes. The tubes will be 301 stainless steel 25.4-mm-OD,
12-BWG (2.7-mm wall) on a 31.8-mm rotated square
pitch. Typical pressure drops of about 70 kN/m2  are
allowed for each stream. Assume average fouling.

Estimate the effective tube length and diameter of
an exchanger for this service.

Solution:
Check heat balance:

Qgas = 48.0(7  540)(560  - 3 9 5 )

= 5.97 X 10� J/s

Q,,, = 314(2  240)(385  - 300)

= 4.98 X 10� J/s

The mean temperature difference is

A T , , =
(560-385)-(395-300)

In f(560 - 385)/(395 - 300) j= 13�  K

From F charts, F = 0.85. Therefore,

AT, = 0.85(131) = 111 K

Estimation of U, :

Gas : Cri = 1 000 W/m2  K (increased over the 500-
800 W/m2  K shown in Table 2 to reflect
the hydrogen content).

Rfi  = 1 X 10e4  m2 K/W

Wall : x, = 2.7 m m

h, = 17.0 W/m K

Aromatic (probably falls at light end of �medium
organics�):

a ,  = 1 3 0 0  W/m2 K

Rfi=2X  10T4  m�K/W

o 1983 Hemisphere f
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Thus,

u, = l/[(l/l 300) + (2 x 10-4)  + (0.002 7/17.0)

X (25.4/22.7)  + (1 X 1O-4)+(1/1  000)(25.4/20.0)

= 393 W/m2  K

Calculation of required area:

A , =
5.98 X 10�

11 l(393)
=I370  m2

This is the actual area required in the exchanger.
However, in order to use Fig. 2, it is necessary to use Eq.
(10) and the associated tables to find AL:

From Table 3, for 25.4-mm  tubes on a 3 1.8-mm ro-
tated square layout, F, = 1.54.

From Table 4, for two tube passes and a shell diam-
eter about 1.5 m, F2 = 1.02.

From Table 5, for U-tube construction and a shell
diameter of about 1.5 m, F3 = 1 .Ol.

Thus,

A:, = 1 370(1.54)(1.02)(1 .Ol)

=2 170m�

Entering Fig. 2 at 2 170 m2 on the ordinate, we
find that the following shell diameter/tube length com-
binations will provide the required area:

Shell Effective

ID, tube
m length, m

Approximate
shell length,
m

L/D
(based on
tube length)

1.98 6.1 8.0 3.1
1.83 7.6 9.4 4.2
1.68 8.8 10.5 5.2
1.52 10.8 12.3 7.1
1.38 13.2 14.6 9.6
1.22 16.8 18.0 13.8
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3.1 INTRODUCTION TO HEAT EXCHANGER DESIGN / 3.1.4 Sizing of Shell-and-Tube Heat Exchangers 3.1.4-9

Any of these would be considered a fairly standard bration limits would certainly play an important role in
job by a medium- to large-size heat exchanger manufac- further calculations. The author would probably select
turer. Site considerations might limit the length and the 1.38-mm-ID  case for further analysis.
tube-side velocity, and shell-side pressure drop and vi-

Nomenclature for Section 3.1.4 appears at the beginning of Part 3.
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3.2 DOUBLE-PIPE HEAT EXCHANGERS 3.2.1-1

3.2.1
Introduction

A. R. Guy

n The simplest form of double-pipe heat exchanger
is a jacketed U tube. Double-pipe exchangers with longi-
tudinal fins were fully developed at the end of World
War II, and an ASME  paper [I] published in 1944 is
still useful as a reference. Longitudinally finned tubes

The author wishes to acknowledge the help given by Fil-
tration and Transfer, Ltd., Poole, Dorset, U.K., in the prepara-
tion of Sections 3.2.1-3.2.6. I would also like to thank Brown
Fintube,  Inc., Tulsa, Oklahoma, for allowing me to use some of
their material. Filtration and Transfer design and manufacture
double-pipe exchangers and other BFT equipment under license
from Brown Fintube.

supplied by Brown Fintube,  Inc., were used to heat fuel
oil on the entire line of Liberty ships, thus using less
of the critical tube material at a time when steel was
required for other duties. Since then the range has been
increased to include multitube finned bundles similar to
double pipes in construction, TEMA [7] type BEU
suction or line heaters, and storage tank heaters, all using
longitudinal fins. Most suppliers offer a full thermal as
well as mechanical guarantee, as the design methods have
traditionally been proprietary. However, these sections
should be useful for in-house design studies and check-
ing suppliers� designs.

References for Section 3.2.1 appear at the end of Section 3.2.6.
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3.2 DOUBLE-PIPE HEAT EXCHANGERS 3.2.2-l

3.2.2
Applications ofdouble-pipe heat

exchangers

A. R. Guy

n The double pipe is used as an alternative to the con-
ventional shell-and-tube heat exchanger when one or
more of the following conditions are met:

1. Low shell-side film coefficient. If the ratio of
tube-side to shell-side film coefficients is greater than
2.1, extended-surface tubing can be utilized. Typical
examples would have gases or high-viscosity fluids on the
shell side, with water, steam, or low-viscosity liquids on
the tube side. The greater the ratio, the more effective
will be the extended surface, hence the number and
height of the fins can be increased.

2. Temperature cross or approach. Double pipes,
because of their geometry, produce true counter-current
flow, and temperature cross situations can be handled
easily. Since they are of a modular construction, they
can be bolted together to produce complex series/
parallel combinations, with a minimum of interconnect-
ing pipework, on common foundations.

I

3. High-pressure duties. For a given duty, double-
pipe exchangers use much smaller shell diameters than
shell-and-tube exchangers, that is, normally 50 (2-in
N/B) through to 200 (g-in N/B) seamless pipes, although
larger-diameter specials are available. Thus high-pressure
shell sides need much lower wall thicknesses because of
the smaller diameters.

4. Small duties. Double pipes are often used for
small duties that do not need fin tubes, such as water/
water. The same construction is utilized, except that
bare inner pipes or bare tube bundles are used.

It is difficult to put a figure on the maximum duty
or heat load that can be considered for double pipes
because of the many combinations of film coefficients,
materials of construction, pressure ranges, and so on,
but anything above 1 000 kW would normally be more
economical as a shell and tube.
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3.2 DOUBLE-PIPE HEAT EXCHANGERS / 3.2.3 Design Parameters 3.2.3-3

Figure 1 Fin profile, cross section.

the derivation of fin efficiency, Ef, the following as-
sumptions are made:

1. Fin-to-tube bond offers no resistance, i.e., there
is continuous fusion.

2. There is a constant cross section.
3. There is homogeneous fin metal with constant

thermal conductivity.
4. The fin thickness/height ratio is so low that tem-

perature gradients across the tin width can be ignored.
5. Shell-side fluid conditions are stable, i.e., there is

uniform film coefficient and temperature.

Ef is calculated as follows:

where afd = fouled shell-side coefficient
hf = fin metal thermal conductivity
Pf = perimeter of tin (= 2Lf + 2Tf)

X, = cross-sectional area of fin (=LfTf)
Lf = length of fin

Since Lf 3 Tf,

P f 2Wf + Tf>
-=
Xf LfTf

or

Pf 2- - -

Xf Tf

then

Ef=
tanh Hf(2afd/hfTf)“‘5

Hf@fd/~fTf)“.5

Note that

tahzeXye
-x

ex + eex

(4)

(5)

(6)

(7)

(8)
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Ef has to be weighted to account for the bare por-
tion of the tube between the fins. There are two ways
of approaching this problem. Kern [4] equates every-
thing to the inside surface; that is,

afid=(EfAf+Ab)g
I

where olfid = shell-side coefficient related to the tube ID
equivalent to olfd on the outside

Af = surface area of fins only (ignoring tip)
Ab = surface area of bare portion between tins
Ai = inside surface area

Kern then calculates an overall heat transfer coefficient,
Uid, to be used with Ai in the rate equation.

Q = UidAi  AT (10)

We prefer to relate everything to the total outside
surface area, A,:

A,=Af+Ab (11)

The effective fin efficiency Ei is given by

(12)

where Af/Ao = finned area fraction
(1 -Af/A,)  = bare area fraction

The effective shell-side film coefficient, o,d, is given

by

%d = E+fd (13)

Values of Af/Ao  and A,/Ai  can be found in Tables
1 and 2.

(c) Overall heat transfer coefficient

The overall heat transfer coefficient, UOd, is given by

-1

(14)

where (Yid  = tube-side film coefficient referred to tube
inside diameter, corrected for total outside
surface area by multiplying by A,/Ai

R, = weighted tube wall resistance

and

(15)

where d, = tube outside diameter
di = tube inside diameter

X, = tube wall thermal conductivity, which may
be different from Xf

..I ._ I .-. - �.
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3.2.3-4 3.2 DOUBLE-PIPE HEAT EXCHANGERS / 3.2.3 Design Parameters

(d) True temperature difference

The true temperature difference equais  the log mean
temperature difference, or LMTD, calculated in the nor-
mal way as per Part 1, but for a single unit or number
of units connected in series on both sides. The only
difference from normal shell-and-tube practice occurs
when more than one unit is connected in an unequal
series-parallel combination. Consider two double-pipe
units in series on the shell side and parallel on the tube
side as shown in Fig. 2.

Half of the inner-pipe fluid enters the upper unit
(2) when the shell-side (or annular) fluid is hot, whereas
half the inner-pipe fluid enters the lower unit (l), in
which the shell-side fluid has already been partially
cooled. This results in a different amount of heat being
transferred in each exchanger, and even though they
are both operating in counter flow, the true temperature
difference, or At, will be significantly different from the
LMTD.

The simplest form of series-parallel combination is
one series hot stream and n parallel cold streams or one
series hot stream and n parallel cold streams. Then At
can be calculated relatively easily as follows:

At = v(Ti - tl)

where T, = hot inlet (and Tz = hot outlet)
tl = cold inlet (and t2 = cold outlet)

v is defined as follows:

(16)

1. For one series hot stream and n parallel cold
streams,

+=* In p(i)��  + i] (17)

where

Figure 2 Parallel-series combination-true mean temperature
difference.
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Tz -tlp’ = -
TI -tl

R�  =
TI - T2

n(t2 -t*)

(18)

(19)

2. For one series cold stream and n parallel hot
streams,

1 -P”
- =* In [(l  -Rr’)(--$)l’n+Rr~

V
( 2 0 )

where

TI -tzp�  = -
T1 -tl

R” = VI - G )
t2 -t1

(21)

(22)

The above relationship is derived in Kern [4] (p. 117),
and similar relationships can be obtained for more
complicated combinations where both sides are con-
nected in more than one parallel path. Alternatively,
one can calculate the LMTD and apply a correction
factor as shown in Fig. 3. These are not the same as
the LMTD correction charts used for shell-and-tube ex-
changers with multipass arrangements.

An important exception to the above occurs when
the number of tube-side parallel paths is equal to the
number of shell-side parallel paths, in which case the
normal LMTD should be used. Figure 4 illustrates this
point, as all three cases would be subject to a normal
LMTD.

(e) Available surface area

The available surface area A is calculated as follows:

A = 2N,L#fvfHf  + ?rd,) (23)

where N, = number of fin tubes
Lf= finned length (or effective length for bare

tube units)
Hf = fin height
d, = tube outside diameter

Note: A is the surface area per unit, that is, the total of
both legs.

Values of surface area/unit length can be found in
Tables 1 and 2.

B. Fin geometry

(a) Fin height

Fin height is normally the difference between the outer-
pipe (or shell) ID and the inner-pipe (or tube) OD with
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T, = hot inlet
T, = hot outlet
r; = cold outlet
r, = cold outlet

Cold in series
Hot in parallel

p- 5 -r,

T, -t,

Cold in parallel
Hot in series

p -  Ti -T2

T, - t1

Tl---*R- t, - t1Rz-
5 -tl T, -T*

2 Parallel (a)

H=86 4 3 2.5 2 1.5 1.25 1.0 0.8 0.6

.7 -

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
P

1 .o 1 Series 4 Parallel (b)

.9 - 0.2,

F

.8 -
R=8 6 4 3 2 1.5 1.25 0.9 0 .8 0.6 0.4

.7 i 1, 1, \\,\J J \
I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
P

Figure 3 Mean temperature difference correction charts.

a �clearance factor� to allow for bundle withdrawal and
pipe tolerances. Since the fins also act as tube supports,
this clearance factor must be kept to a minimum. Typi-
cal geometries are given in Tables 1 and 2.

(b) Number of fins

The number of fins must be divisible by 4 because of the
way in which the tin tube is produced (see Sec. 3.2.5A).
The maximum number of fins is dependent on inner
pipe diameter, fin thickness, and the root width of the

b e
Two hairpin sections Six hairpin sections
arranged in parallel. arranged 3 parallel x 2

series.

a

Two hairpin sections
arranged in series.

Figure 4 Parallel-series combination-normal LMTD.

fin channel, R, (see Fig. 1). Weldable materials normally
have a root width of 1.8-2 mm, that is, 2Tf.  Pairs of fin
c h a n n e l s  a t  180°  t o  e a c h  o t h e r  a r e  e q u a l l y  s p a c e d

around the inner pipe and ideally the gap between
adjacent fin channels should never be less than 2Tf
to ensure good flow distribution between the fins.

C. Pressure drop

(a) Tube-side pressure drop

Tube-side pressure drop is calculated in the usual way,
remembering to use an effective length for the U tubes,
which can be quite significant. The double pipes, as
apposed to multitubes, do not have a tubesheet, and the
transition from pipework to fin tube is such that no
extra pressure drop is experienced; that is, there is fric-
tional loss only.

Multitube units do have a tubesheet with an asso-
ciated channel piece, and the normal shell-and-tube
methods for nozzle/channel loss will apply.

The total entrance and exit loss would not normally
exceed 1.5 velocity heads based on tube velocity.

(b) Shell-side pressure drop

The following section covers shell-side pressure drop
for all types, except for the large (6 and 8-in) bare multi-
tube types with segmental baffles, which should be cal-
culated with a shell-and-tube method.

The frictional loss is calculated using a tube-side
correlation with the equivalent diameter in place of
tube inside diameter. The friction factor for fin tubes
can be found from Fig. 5 as a function of Reynolds
number. The curves are almost identical to a tube-side
plot apart from a slight difference in the �transitional�
flow regime.

The return-bend housing will account for 0.5 ve-
locity head based on the shell velocity. Similarly, the
spider-type tube supports in the 4-in bare multitube
units will cause 0.5 velocity head loss per support,
again based on shell velocity. The nozzle pressure drop
is often highly significant.

The cut-and-twist loss is accounted for by multiply-
ing the frictional pressure drop by a factor, Fcr, defined
by the following empirical relationship:

Fcr=  1.58 - 0.525Lct (24)

where L,r = cut-and-twist length in meters. (Note:
Above Lcr = 1 .O, the factor F,-r = 1 .O.)
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Fin tube Reynolds number

10 100 1 0 0 0 10 000 100 000
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Bare tube Reynolds number

Figure 5 Shell-side friction factor.

Nomenclature for Section 3.2.3 appears at the beginning of Part 3. References appear at the end of Section 3.2.6.
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3.2 DOUBLE-PIPE HEAT EXCHANGERS 3.2.4-l

3.2.4
Types available

A. R. Guy

n Two main types are available, double pipes and
multitube units.

A. Double pipes

Double pipes have a single pipe or tube inside a shell.
Two such double pipes are joined at one end by a U
bend welded to the inner pipes and a return bend hous-
ing on the shell side, which has a removable cover to
allow withdrawal of the inner pipes, or element. The
opposite end of the inner pipes has a closure arrange-
ment incorporating split rings and sealing rings, which
allow the tube-side connections to be removed and the
inner pipes disconnected from the shells. The element
can then be withdrawn from the tail end of the unit
for cleaning or maintenance.

Figure 1 shows such a closure. The tube-side piece
with the grooves and sealing faces is called the fin tube
fitting. The sealing ring between the fin tube fitting
and the shell is normally made from Armco-type soft

Figure 1 Tube-side closure-double pipe (Courtesy of Brown
Fintube,  Inc.).

iron. Other more suitable metals in a softened state can
be used if the shell-side fluid is particularly corrosive.
The tube-side connection joint uses more conventional
gasket materials such as copper, metal-jacketed asbestos,
spiral-wound asbestos, and so on.

Figure 2 shows a typical double-pipe or hairpin
exchanger, and Table 3.2.3(l) gives the more common
combinations of shell and inner pipe sizes.

B. Multitube units

Multitube units, or multis, have the same form of
construction as double pipes except that the inner
pipe is replaced by a bundle of U tubes. Both legs of
the bundle have a separate shell welded into a retum-
bend housing. The tube-side closure arrangement has
developed over the years into two types, uniheads and
separated heads.

(a) Uniheads

In uniheads the tubesheet outer edge is used to seal
both the shell side and the tube side with a common
sealing ring. This type is limited to low pressures and
nonstringent service, as in the event of a leak, the shell-
side and tube-side fluids might mix.

(6) Separated heads

In separated heads the tubesheet has a sleeve on the
back, which takes the shell-side sealing ring and split
rings. The tube side has a channel-like flange bolted

0 1983 Hemisphere Publishing Corporation
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3.2.4-2 3.2 DOUBLE-PIPE HEAT EXCHANGERS / 3.2.4 Types Available

Figure 2 Double-pipe exchanger. (Courtesy of Brown Fintube, Inc.)

onto the face of the tubesheet with a conventional gas-
ket. Thus, any leakage would be to atmosphere and not
between the fluids. The tubesheet also has split rings
to allow the use of a loose flange to take the channel
piece bolting. Similarly, the sealing ring has a loose
flange bolted onto the shell fitting flange with the seal-
ing ring compressed in between. This somewhat compli-
cated arrangement allows the tubesheets and bundle to
be withdrawn. Figure 3 shows a typical multitube sep-
arated head closure.

Table 3.2.3(2) gives typical combinations of shell
sizes and bundle types. With the unihead design it is
possible to use a few more tubes or increase the fin
height slightly, but this small increase in surface area
is normally not worth the risk of interstream leakage.

Obviously the possibility of interstream leakage
still exists via the tube to tubesheet joint, but this can
easily be avoided by specifying a welded joint in place
of the standard expanded joint.

C. Finned length

The finned length (or effective length in the case of
bare units) is normally available from 5 ft (1 524 mm)
to 25 ft (7 630 mm) in steps of 5 ft (1 524 mm). Longer
units are available, and intermediate lengths can be
specified to overcome special difficulties.

Figure 3 Tube-side closure-multitube. Tube side, 34.5 MN/
m�  g (5 000 psig). (Courtesy of Brown Fintube,  Inc.)
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3.2 DOUBLE-PIPE HEAT EXCHANGERS 3.2.5-1

3.2.5
ConstructionZmical design

A. R. Guy

A. Finning

(a) Welded fins

The fins are formed from strip into a U channel and
welded onto the inner pipe using an electric resistance
seam-welding technique. The U channels, two at a time,
are clamped onto the pipe by circular electrodes under
hydraulic pressure. A very high current is passed through
the electrodes, which are also driven, thus moving the
pipe through the machine. The weld takes the form of
a series of spots such that complete fusion takes place
between the fin root and pipe.

This technique is suitable for carbon steel, stain-
less steel, monel, and even titanium under controlled
conditions.

Combinations of materials can also be utilized,
such as a stainless steel inner pipe with carbon steel
fins. This is a very useful combination, as it in-
creases the tin efficiency by using carbon steel fin
while still retaining the corrosion resistance of the
inner pipe.

Distortion of the fins can occur when the tin height
is more than 15 mm. This is caused by differential ex-
pansion and contraction between the fin root and tip,
which gives the fins a wavy appearance. This will not
detract from the performance of the fin tube; in fact,
if any effect were noticeable, it would probably be
beneficial because of the slight mixing effect.

0 1983 Hemisphere I
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(b) Soldered fins

Fins made from brass or similar materials can be
soldered to copper, nickel, admiralty brass, or aluminum
brass tubes. The fin is formed in the same way as above.
The fins are normally 0.5 mm thick up to 12.7 mm high
and 0.8 mm thick above 12.7 mm.

The maximum operating temperature is normally
limited to 250°C when using soldered fins, although
higher-melting-point material is available.

B. Design codes

(a) Pressure vessel codes

Since double-pipe exchangers were developed in the
United States, most standard units are designed and
constructed to ASME  VIII, Div. 1 [5]. In the United
States they can be supplied complete with a U stamp
on an off-the-shelf basis.

Suppliers in other parts of the world are having to
redesign some parts of the unit to comply with their
local codes. This is particularly true in the U.K., where
Filtration and Transfer, Ltd., is building up a set of stan-
dard calculations to BS 5.500 [6], as well as some of
the other European codes.

Double pipes lend themselves to standardization,
and Brown Fintube in particular has built up a range
of design pressures designed to ASME.  The standard

blishing Corporation
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3.252 3.2 DOUBLE-PIPE HEAT EXCHANGERS / 3.2.5 Construction/Mechanical Design

units are designed for 3 448 KN/m2 g (500 psig) both
sides apart from the S-in units that are suitable for
2 069 KN/m2 g (300 psig) shell side. Design pressures
up to 103.45 MN/m2 g (15 000 psig) are also avail-
able. The carbon steel units are normally offered with
a corrosion allowance of 1.6 mm because of the small
diameters.

(6) TEMA /7/

Strictly speaking, only the 6-in  (168-mm  OD) and above
units should have TEMA applied to them, as anything

under 6 in (168-mm  OD) is excluded. However, it is
possible to apply relevant parts of TEMA to all the sizes.
The main difficulty is with minimum bolt size because
of the compact nature of the units; for example, TEMA
R specifies ;3 in (19.02 mm) as the minimum bolt size,
whereas i in (15.875 mm) is necessary on most of the
range, and occasionally 3 in (12.7 mm) is needed.

References for Section 3.2.5 appear at the end of Section 3.2.6.
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3.2 DOUBLE-PIPE HEAT EXCHANGERS 3.2.6-l

3.2.6
Operational advantages

A. R. Guy

A. Fouling

Most fouling is dependent on temperature, and for a
given duty an extended-surface exchanger has a lower tin
metal temperature than the equivalent bare-tube unit,
thus reducing the fouling rate. Also, the longitudinal
flow means no �dead areas� where fouling may build up.
Finally, when fouling does occur, the heat transfer rate
decreases, which increases the fin efficiency, thus par-
tially compensating for the loss in heat transfer.

B . Flexibility

Double-pipe exchangers are often supplied as multiple
units connected in a series-parallel combination. Should
the flow rate be changed, one can add or remove parallel
streams without affecting the velocities or temperatures.

C. Low-cost standby

For critical or severe service, an extra parallel bank can
easily pay for itself by allowing part of the unit to be
cleaned or maintained without stopping the full per-
formance of the unit.

D. Low-cost installation

Double-pipe exchangers are light and easily handled
with a minimum of lifting equipment. They do not re-
quire large foundations and can often be bolted to
existing structures or pipe racks. The standard brackets
have bolt holes on all four sides, which means that

0 1983 Hemisphere I

multiple units can easily be bolted together. Shell sides
connected in series only need a connecting gasket, and
the tube side uses simple return-bend, bolt-on crossover
pieces.

E. Maintenance

Simple constructions, easily reached bolting, lightweight
tin tube elements, and a minimum number of parts
all contribute to minimizing costs. The elements are
easy to remove, and downtime can be kept to a mini-
mum, especially if one spare element per type is avail-
able, allowing the dirty element to be cleaned while the
plant is running.

F. Tube wall thickness

The true double pipes typically have 3.683-mm  or
5.156-mm  wall thickness, as Sch. 40 pipe is required by
the finning process. The finned multitube units have a
minimum wall thickness of 2.1 mm, and heavier wall
thickness can be provided without unduly affecting cost
or performance.

G. Standardization

The advantages of producing standard units are obvious,
but the operator also benefits, as often the same type is
used for different duties. Thus, spare parts can be kept
to a minimum, as often one spare set of gaskets may tit
a number of exchangers. Most suppliers keep stocks of
standard parts, which reduces replacement time, and of
course, delivery of the original unit.

lblishing  Corporation
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REFERENCES FOR SECTIONS 3.2.1-3.2.6

1. De Lorenzo, B., and Anderson, E. D., Heat Transfer and Pressure Drop of Liquids in Double Pipe Fintube  Exchangers, ASME 44-A-
69, December 1944.

2. Sieder, E. N., and Tate, F. E., Heat Transfer and Pressure Drop in Tubes, Znd.  Eng. Chem., vol. 28, pp. 1429-1436, 1936.
3. Engineering Science Data Unit, Paper 67016, 1967; Paper 68007, 1968; Paper 68006 with amendment A, 1970; 4, Hamilton Place.
4. Kern, D. Q., Process Heat Transfer, McGraw-Hill, New York, 1950.
5. ASME VIII, Division 1, ASME Boiler and Pressure Vessel Code, American Society of Mechanical Engineers, New York, 1977.
6. BS 5500: 1976, Specification for Unfired Fusion Welded Pressure Vessels, British Standards Institution, 1976.
7. Standardsof Tubular Exchanger Manufacturers Association, 6th ed., TEMA, New York, 1978.

0 1983 Hemisphere publishing Corporation



3.3
Shell-and-tube

heat exchangers:
Single-phase flow

Contents

3.3.1
OBJECTIVES AND BACKGROUND,
J. Taborek

References for Section 3.3.1

3.3.2
SURVEY OF SHELL-SIDE FLOW
CORRELATIONS, J. Taborek

A. Early developments
B. Shell-side methods based on the integral

approach
C. Shell-size methods based on the analytical

approach

References for Section 3.3.2

3.3.3
RECOMMENDED METHOD:
PRINCIPLES AND LIMITATIONS,
J. Taborek

A. Method structure
B. Shell-side heat transfer equation
C. Shell-side pressure drop
D. Comparison of the recommended method

with the Delaware method and probable
accuracy

References for Section 3.3.3

3.3.4
PRACTICES OF SHELL-AND-TUBE
HEAT EXCHANGER DESIGN,
J. Taborek

3.3.1-1

3.3.1-2

3.3.2-l

3.3.2-l

3.3.2-2

3.3.2-3

3.3.2-6

3.3.3-l

3.3.3-l
3.3.3-2
3.3.3-3

3.3.3-4

3.3.3-s

3.3.4-l

0 1983 Hemisphere 1
r

taE

A. Heat exchanger specification sheets
B. Rating, design, and optimization
C. Calculation method by degree of

comprexity
D. Effects and selection of constructional

elements
E. Some other design considerations

References for Section 3.3.4

3.3.5
INPUT DATA AND RECOM-
MENDED PRACTICES, J. Taborek

A. Basic input data
B. Comments to input data (Table 1)
C. Calculations of basic correlational

parameters

References for Section 3.3.5

3.3.6
AUXILIARY CALCULATIONS,
J. Taborek

A. Segmental baffle window calculations
B. Baffle window flow areas
C. Equivalent hydraulic diameter of a

segmental baffle window, D,
D. Number of effective tube rows in cross

flow, Nt,, and NW
E. Number of baffles, Nb
F. Bundle-to-shell bypass area parameters,

sb and Fsbp

3.3.4-l
3.3.4-l

3.3.4-3

3.3.4-4
3.3.4-S

3.3.4-6

3.3.5-1

3.3.5-1
3.3.5-1

3.3.5-16

3.3.5-17

3.3.6-l

3.3.6-l
3.3.6-l

3.3.6-3

3.3.6-3
3.3.6-4

3.3.6-4

lblishing  Corporation

._., .-. __- - -_... .~.. ._ - ..-_ . _

--

.-... .*-- .l--c . _.



Contents 3.3 SHELL-AND-TUBE HEAT EXCHANGERS

G.

H.

I.

J.

K.

L.

M.

N.

Shell-to-baffle leakage area, s& (mm�)
Tube-to-baffle hole leakage area for
one baffle, &b (mm�)
Segmented baffle window correction
factor J, (Fig. 7)
Correction factors for baffle leakage
effects for heat transfer, Jl, and pressure
drop, 4
Correction factors for bundle bypass
effects for heat transfer, Jb, and pressure
drop, &
Heat transfer correction factor for
adverse temperature gradient in laminar
flow, Jr
Heat transfer correction for unequal
end baffle spacing at inlet and/or
outlet, J,
Pressure drop correction for unequal
baffle spacing at inlet and/or outlet, R,

References for Section 3.3.6

3.3.6-9

3.3.6-l 1

3.3.6-l 1

3.3.7
IDEAL TUBE BANK CORRELA-
TIONS FOR HEAT TRANSFER
AND PRESSURE DROP, J. Taborek

A. Ideal tube bankji  and CX~
B. Ideal tube bank-based fi and Api

3.3.8

3.3.7-l

3.3.7-l
3.3.7-4

CALCULATION OF SHELL-SIDE
HEAT TRANSFER COEFFICIENT
AND PRESSURE DROP, J. Taborek 3.3.8-l

A. Shell-side heat transfer coefficient, 01, 3.3.8-l
B. Shell-side pressure drop, Ap, 3.3.8-l

References for Section 3.3.8 3.3.8-3

3.3.6-4

3.3.6-5

3.3.6-5

3.3.6-6

3.3.6-8

3.3.6-Y

3.3.9
PERFORMANCE EVALUATION OF
A GEOMETRICALLY SPECIFIED
EXCHANGER, J. Taborek

A. Basic evaluation criteria
B. Performance evaluation procedure
C. Overall heat exchanger performance

evaluation

3.3.10
DESIGN PROCEDURES FOR
SEGMENTALLY BAFFLED HEAT
EXCHANGERS, J. Taborek

A. Computer versus manual calculations
B. Preliminary design considerations
C. First size estimation
D. Preliminary performance evaluation
E. Analysis of results

References for Section 3.3.10

3.3.11
EXTENSION OF THE METHOD TO
OTHER SHELL, BAFFLE, AND
TUBE BUNDLE GEOMETRIES,
J. Taborek

A. Divided flow, TEMA J shell
B. No-tubes-in-window tube bundles
C. Two shell pass-TEMA F shell
D. Double segmental or disk-and-doughnut

baffles
E. Application of external low fin tubes

Nomenclature for Section 3.3.11
References for Section 3.3.11

3.3.9-l

3.3.9-l
3.3.9-2

3.3.9-6

3.3.10-l

3.3.10-l
3.3.10-2
3.3.10-3
3.3.10-6
3.3.10-8

3.3.10-g

3.3.1 l-l

3.3.1 l-l
3.3.1 l-l
3.3.1 l-2

3.3.11-2
3.3.11-2

3.3.11-4
3.3.1 l-5

0 1983 Hemisphere Publishing Corporationr ‘(KDiL A



3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.1-1

3.3.1
Objectivesandbackground

J. Taborek

n The basic design of shell-and-tube exchangers was
introduced in the early 1900s to fill the needs in power
plants for large heat exchanger surfaces as condensers
and feedwater heaters capable of operating under rela-
tively high pressures. Both of these original applications
of shell-and-tube heat exchangers continue to be used,
but the designs have become highly sophisticated and
specialized, subject to various specific codes and prac-
tices.

The broad industrial use of shell-and-tube heat
exchangers known today also started in the 1900s to
accommodate the demands of the emerging oil industry.
Oil heaters and coolers, reboilers, and condensers for a
variety of crude oil fraction and related organic liquids
were required for rugged outdoor service, often �dirty�
fluids, and high temperatures and pressures. Ease of
cleaning and field repairs was unconditionally required.

The most serious problems in these early stages of
shell-and-tube heat exchanger development appeared not
to be those of heat transfer (which was crudely
estimated from practice) but rather of material strength
calculations for the various components, especially
tubesheets. A host of other problems in the area of
manufacturing techniques and practices followed, such
as tube-to-tubesheet joints, flange and nozzle welding,
and so on, surprisingly many being still on the list of
items of continued concern and development.

During the 1920s shell-and-tube manufacturing
technology became fairly well developed, mainly be-
cause of the efforts of relatively few major manu-
facturers. Units up to 500 m2 (5 000 ft�),  that is,
approximately 750-mm  diameter and 6-m length (3 ft by
16 ft), were manufactured for the rapidly growing oil
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industry. In the 1930s the shell-and-tube heat exchanger
designers established many sound design principles from
intuition and data emerging on ideal tube banks.
Water-water and water-steam exchangers were probably
designed about as well as they are today, because of the
predominant effects of fouling resistances. Viscous flow
was one of the most difficult problems for shell-side
flow and was poorly understood until the 1960s.
Shell-side pressure drop is not even mentioned in the
literature until the late 1940s. Condensers and reboilers
were designed purely to experience-derived values, often
tightly guarded secrets of the manufacturers.

The need for mechanical design standards was
equally important for reasons of safety, uniformity of
tolerances, quality control, and general orderliness in
competition. The first such document is the TEMA
Standards of 1941 [l] , presently in its sixth edition and
considered a standard practice all over the world.

The steadily increasing use of shell-and-tube ex-
changers and greater demands on accuracy of per-
formance prediction for a growing variety of process
conditions resulted in an explosion of research activities
in the 1940s and through the 1950s. These included not
only shell-side flow but, equally important, calculations
of true mean temperature difference and strength
calculations of construction elements, in particular,
tubesheets. It is also of interest to note that practically
all the developments in thermohydraulic as well as
mechanical design of shell-and-tube heat exchangers
originated from U.S. sources, although influenced by
fundamental ideas of German research 121. The work of
Colburn, Gardner, Mueller, Donohue, Kern, and Tinker
are only a few examples.
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3.3.1-2 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.1 Objectives and Background

Shell-and-tube exchangers as they developed through
the years are the most widely used type of heat
exchangers because of their rugged construction and the
great range of design variations and operating conditions
that can be accommodated, in particular:

No phase change, condensation, and boiling in
horizontal or vertical positions, both in-tube and on the
shell side, depend on best operating conditions.

Pressure can range from vacuum to very high values.
Permissible pressure drop can vary within a wide

range and the design can be adjusted independently for
each fluid because of a variety of shell flow types and
tube bundle arrangements.

Thermal stresses can be accommodated rather in-
expensively.

Sizes range from very small to extremely large
(5 000 m2).

Positive separation of fluids can be obtained.
A great variety of materials can be used, accommo-

dating demands for low construction cost as well as for
corrosion resistance and high pressure/temperature re-
quirements.

Use of a variety of enhanced surfaces, both external
and internal, is readily accomplished. These include
primarily finned tubes (both external and internal),
various tube inserts, and special surface finishes.

Tube bundles can be removed for cleaning or repair.

However, this account of shell-and-tube exchangers�
flexibilities of construction should by no means deter
the designer from searching for possible alternatives,
especially plate, spiral, or compact exchangers, whenever
the design and operating conditions appear suitable and
may result in an economically preferable solution.

A brief note regarding the presentation of the
correlations may be of interest. The heat transfer
relations assume two forms in the various publications,
one based on Nusselt number and one based on Stanton
number. The basic relationship of

Nu=CRe�PrP (1)

is converted for graphical representation into

jam = Nu Prmp = C Rem (2)

In the Stanton number form introduced by Colburn,

the is becomes

jst = St Pr�-P = CRem-�

and accordingly,

(4)

jNu  =ist Re (5)

Thus the two representations in graphical form are not
directly comparable by visual inspection. The Nusselt
number-based representation was used up to and includ-
ing Tinker�s work, whereas the Delaware work used the
Stanton number format. The jst appears lately prefer-
able because it permits an easy comparison to the
friction factor. On the other hand, the jNu  permits a
closer �feel� for the correlation as Nu increases with Re
and hence flow velocity. In this text, we shall use Col-
burn�s jst definition, consistent with the Delaware work.

The friction factor can also be presented in several
forms, and the user should always ascertain that the
friction factor is applied to a pressure drop equation
consistent with the definition.

The process of shell-and-tube heat exchanger per-
formance evaluation or �rating� will consist of calcula-
tions of heat transfer coefficient OL and pressure drop Ap
on both shell side and tube side. Only the methods for
shell-side flow are presented here, the reader being
referred to other sections for tube-side flow correlations.
In some cases, such as with steam as service fluid on the
shell side, the steam coefficient (Y will usually be
specified and the rating becomes purely calculation of
the tube-side flow (which in these cases will usually
constitute the predominant resistance). However, the
method and stepwise calculation procedures shown here
allow for such cases.

In the following sections, a systematic approach to
the performance rating and design of shell-and-tube
exchangers is outlined. First, a survey and an evaluation
of the existing methods are presented, including the
justification of selecting the recommended method and
its limitations. Second, the principles of rating versus
design of exchanger are illustrated and comments on the
aspects of �optimization� are given.

The remainder of Sec. 3.3 is devoted to a detailed
description of the procedures to rate or design a shell-and-
tube exchanger with emphasis on the shell-side flow
performance analysis. The selection of constructional
elements and their effects on the performance are paid
particular attention. Finally, the evaluation of the results
and suggested sequence of alternatives are outlined.

Nomenclature for Section 3.3. I appears at the end of Section 3.3.11.

REFERENCES FOR SECTION 3.3.1

1. Standards of Tubular Exchangers Manufacturers Association, TEMA, New York, 1941.
2. Lienhard, J., Observations on the German Origins of American Heat Transfer Pedagogy, Heat Transfer Eng., vol. 1, no. 1, July 1979.
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.2-l

3.3.2
Survey ofside flow

correlations

J. Taborek

n It is essential that the designer of shell-and-tube
exchangers becomes familiar with the principles of the
various correlations and methods in numerous publica-
tions, their advantages and disadvantages, limitations,
and degrees of sophistication versus probable accuracy
and other related aspects. All the published methods can
be logically divided into several groups:

1. The early developments based on flow over ideal
tube banks or even single tubes.

2. The �integral� approach, which recognizes
baffled cross flow modified by the presence of a
window, but treats the problem on an overall basis
without consideration of the modifying effects of
leakage and bypass.

3. The �analytical� approach based on Tinker�s
multistream model and his simplified method.

4. The �stream analysis method,� which utilizes a
rigorous reiterative approach based on Tinker�s model.

5. The Delaware method, which uses the principles
of the Tinker model but interprets them on an overall
basis, that is, without reiterations.

6. Numerical prediction methods. Here an attempt
is made to predict the shell-side flow pattern by solving
the flow equations numerically for a mesh suitably
selected to describe the shell. Applications of this
method are described by Patankar and Spalding [I] and
Butterworth [2]. Once the velocity is specified, the heat
transfer coefficient may also be calculated on a local
basis. However, although this method is promising, it is
difficult to apply to complex cases and, for design
purposes, it is not yet a substitute for the other methods
listed.

0 1983 Hemisphere 1

A good review of the state of the art as of 1960 was
published by Emerson [3, 41. Only the most pertinent
comments to the various correlations and methods of
the �early and integral� type are included here, mainly
because some are still used in industry. The more recent
methods based on Tinker�s flow model will be reviewed
in greater detail, as present and foreseeable future
developments appear to be best handled by this
approach.

A. Early developments

It was recognized in the early 1930s that baffled
shell-side flow will behave similarly to flow across ideal
tube banks, for which wind tunnel data were emerging.
The first heat transfer correlation suggested is due to
Colburn in 1933 [S]  in the form

Nuf = 0.33 (Ref)�.6  Cprf)�.33 (1)

where the length term in Nu and Re is the tube outside
diameter and flow velocity is based on the minimum
cross-sectional area at shell inside diameter (see Sec.
3.35).  The subscript f denotes that physical properties
are based on fflrn temperature to account for noniso-
thermal effects in viscous liquids. The validity was
restricted to Re > 2 000 and staggered layouts. For
baffled shells, where bypass and leakage streams dimin-
ish the flow effectiveness, a safety factor of 0.6 was later
suggested.

Substantial new data on ideal tube banks in turbu-
lent flow over wide ranges of tube layouts were
examined by Grimison [6] in 1937, but essentially
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3.3.2-2 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.2 Survey of Shell-Side Flow Correlations

confirmed Colbum�s correlation for the usual heat
exchanger geometries. Eventually the correlation form
was slightly modified to include the Sider-Tate form for
nonisothermal effects, which is much easier to handle,
and within the general data scatter produced equal
results:

0.14Nu = 0.2 ReO.6  pro.33 (2)

where all properties are based on average bulk tempera-
ture except pw, which refers to the tube wall. The
validity was restricted to turbulent flow of 2 000 <
Re < 40 000.

Note that the lead constant 0.2 is the product of the
original 0.33 times the �baffle� safety factor of 0.6. As a
matter of fact, for very quick estimations, Eq. (2) may
still be used, as nothing better at this level of simplicity
exists.

Data in laminar flow on ideal tube banks did not for
all practical purposes exist until the Delaware results of
the 1950s.  To suggest at least an approximate solution,
McAdams  [7] blended graphically a curve for laminar
flow (Re < 2 000) based on experiments with air on a
single tube, which attained below Re of 10 the theo-
retically justifiable slope of 0.33.

Prediction of pressure drop was (and still is) much
more difficult and less accurate than heat transfer,
because a = Ve.6 but Ap = V�  s. Data on ideal tube
banks were compiled by Grimison [6] for turbulent
flow above Re = 4 000 in the friction factor form

f=CReen (3)

where Re is again based on tube diameter and maximum
flow velocity through the minimum cross-sectional area.
To extend the frictional relations into the laminar
region, Colburn in 1942 [8] blended graphically some
data with the theoretically justifiable slope of (-1) for
Re < 100.

No treatment of the flow through the baffle
window turnaround was suggested either for heat trans-
fer or pressure drop until much later. However, percep-
tive observations were emerging from the analysis of the
meager data, characterized by Colburn [8] as follows:

It is interesting that while the tube pitch has only a
slight influence on heat transfer, it has a marked
effect on friction; and other things being equal, one
would want as small a pitch as possible in the
turbulent flow, but a large one in the viscous.

Papers published in this period of development are
too numerous to mention, but good historical reviews
are in Colburn [S] and Short [9]. Significant develop-
ments in this era were made also in the field of true
mean temperature difference and mechanical strength
calculations.

B. Shell-side methods based
on the integral approach

We use the term �method� rather than �correlation� to
imply that, contrary to correlations, guidelines are given
for interpretations of complex baffled flow geometries,
the baffle window flow is specifically treated, and the
overall format is put into terms of practical usage. The
term �integral� pertains to the fact that the equations
used are based on the overall data from actual baffled
exchangers. This simplifies the calculations compared to
the �analytical� methods, but the accuracy invariably
suffers as the variations and interaction of the design
parameters cannot be adequately expressed.

Furthermore, the data on baffled exchangers avail-
able in the 1940s were so limited that insufficient
variations even of the basic geometry parameters (baffle
spacing, baffle cut, tube layout) were represented. To
overcome this deficiency the j and f curves were drawn
with more than adequate safety factors.

It should be observed that overprediction of
pressure drop (in all pressure drop-limited cases) results
in poor heat transfer performance. This is due to the fact
that the pressure drop limitation requires the use of
wider baffle spacings and/or larger shell diameter,
resulting in lower flow velocities than was necessary and,
conversely, lower (Y values.

The two major methods of shell-side calculation
(among several others) that qualify under the integral
formulation are by Donohue and Kern.

The Donohue method was published first in 1949
[lo]  and later in an expanded version in 1955 [Ill. It
became quite popular for its simplicity while presenting
more systematic treatment than anything known before.
The earlier editions of the German VDI Warmeatlas  and
other handbooks used this method as a recommenda-
tion.

The heat transfer correlation was, for the first time,
based on a flow area that is the geometric mean between
the minimum cross-flow area at the shell ID and the
baffle window longitudinal flow area. The Nu equation
has a form similar to Colburn�s Eq. (2), except for the
above-mentioned interpretation of the mass velocity,
and the leading constant is converted to a weak function
of the baffle-to-shell leakage area. On the other hand,
the jNu  curve is a single line, not reflecting the effects of
tube layout configuration.

For pressure drop, a set of f curves based on
Grimison�s work [6] with a large safety factor was used.
Again, the baffle window is for the first time accounted
for, assuming the window as an orifice with a discharge
coefficient of 0.7.

There is no doubt that Donohue�s method repre-
sented a step in the right direction, but being based on a
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.2 Survey of Shell-Side Flow Correlations 3.3.2-3

nonsystematic set of data on small exchangers (some of
them with unusual geometric parameters), the prediction
accuracy by standards of today is rather erratic, reaching
up to several hundred percent overprediction on pressure
drop and scatter in heat transfer, although usually on the
safe side. However, the method is simple to handle,
requiring minimum data input, and is suitable for quick
and rough estimations.

Kern�s method, published in 1950 [12], deserves
special mention, as it was used as a virtual industrial
standard for many years. The merits of Kern�s presenta-
tions are not so much that better correlations are used,
but rather in the way the overall design problem is
approached as an entity, including numerous practical
hints and calculated examples.

Both heat transfer and pressure drop are presented
for 25% baffle cut only (a very clever selection, being
reasonably close to the best design). The length term in
Nu and Re is an equivalent diameter based on longi-
tudinal flow projection (to account for tube layout
variations), a concept that was later proved inferior to
other methods for generalization. No account is taken
for variations in the bypass or leakage areas-resulting in
great simplicity of calculation-but also in rather great
scatter of results. Pressure drop predictions are almost
invariably on the safe side (usually more than 100%)
whereas heat transfer may vary from slightly unsafe to
very safe, because of the poor treatment of the bypass
and leakage effects.

The prediction accuracy decreases further in laminar
flow, because very few data were available at that time
and the simple method is not equipped to handle the
complex problem. This has been verified in an unpub-
lished investigation in connection with [13]  . Thus,
although Kern�s method cannot be recommended any
more, many of the practical comments of design remain
qualitatively valid.

C. Shell-side methods based
on the analytical approach

In the late 1940s it became obvious that baffled
shell-side flow is so complex that it cannot be ade-
quately expressed on a generalized basis by the simple
approach described above. Only part of the fluid takes
the desirable path through the tube nest, whereas a
potentially substantial portion flows through the �leak-
age� areas (baffle-to-shell and tube-to-baffle) and the
�bypass� area between tube bundle and the shell wall.
However, these clearances are inherent to the manu-
facturing and assembly process of shell-and-tube ex-
changers, and the flow distribution within the exchanger
must be taken into account.

The early analysis of the shell-side flow is due to
Tinker [ 141,  who suggested a schematic flow pattern as

Figure 1 Schematic flow distribution diagram for baffled shell-
side flow. Based on Tinker [ 141.

shown in Fig. 1. The shell-side flow is divided into a
number of individual streams as follows (retaining
Tinker�s original nomenclature, which became com-
monly accepted in the literature).

Stream A is the leakage stream in the orifice formed
by the clearance between the baffle tube hole and the
tube wall (see Fig. 2).

Stream B is the main effective cross-flow stream,
which can be related to flow across ideal tube banks.

Stream C is the tube bundle bypass stream in the
gap between the bundle and the shell wall. (Note that
the size of the gap will differ for various bundle
construction types, such as fured tubesheet, floating
head, etc.).

Stream E is the leakage stream between the baffle
edge and the shell wall (see Fig. 3).

Stream F is the bypass stream in flow channels due
to omission of tubes in tube pass partitions. This stream
has been added to the original Tinker model by Palen
and Taborek [13]  . It behaves similarly to stream C, but
will be present only in some tube layouts.

Tinker�s original analysis [14, 151  is quite complex
and hard to understand. In basic principle it states that
the pressure drop of the cross-flow stream B will act as a
driving force for the other streams, forcing part of the
flow through the leakage and bypass clearances. This is
demonstrated in Figs. 2 and 3.

For better understanding of the physical mechan-
isms, the flow distribution model of Fig. 1 was reduced

Figure 2 Schematic picture of tube-to-baffle leakage stream A.
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Figure 3 Schematic picture of shell-to-baffle leakage stream E.

to an equivalent piping or nodal diagram as shown in
Fig. 4, with the flow streams represented by arrows and
the above-defined letters, whereas the resistances to flow
for each stream are represented by a valve and the letter
K with proper subscript.

The cross-flow, bypass, and pass partition streams
(B, C, F) are shown flowing in parallel across each baffle
space, joining in the windows, and redividing at the next
baffle space. The tube baffle and baffle shell leakage
streams (A, E) are shown flowing in parallel from a
hypothetical nodal point in one baffle space to a
corresponding point in the next. Once this model is
accepted, well-known piping network flow techniques
can be applied to solve for the flow rate of each stream
in terms of the cross-sectional area for flow and the flow
resistance. The flow rates are given implicitly by the
pressure drop equation:

2

where IL?i = flow rate of any streamj (A, B, C, E, F)
Si = corresponding flow area
Kj = flow resistance of stream j, particular to any

flow channel geometry and Reynolds num-
ber Kj = ffMi)-

�ofal  Flow Out

Figure 4 Schematic model of shell-side flow branches and their
resistances across one baffle space. From Palen  and Taborek

[131.

The pressure drop relations may be expressed as
follows:

Apt = APF  = APB = Apx (5)

&A =&E =APx=  APw (6)

where Apx and Apw  are the cross-flow and window
pressure drops shown in Fig. 4.

The final equation required is the mass balance of
the total flow rate *:

k=~hj=hA  +il~+I;Ic+ti~+tiF (7)

Once the representative cross-sectional flow areas Si
are defined, Eqs. (4)-(7) can be solved for the flow rates
if the flow resistance terms Ki are known. Solution is
somewhat simplified by rearranging the pressure drop
equations into the following forms:

Fi =&
i

(8)

for j = B, C, F

Qj = Sj for i = A or E

,=npw
APX

kj = (e)(G)

(11)

(12)

where Fj = flow fraction of the total stream i
Qi = relative flow stream value, introduced for

simplification of the algebraic manipula-
tions

Apw, Apx = baffle window and cross-flow pressure
drops, respectively

Since the Kj values are functions of Reynolds
numbers, and therefore of the individual stream flow
rates & or flow fractions Fj, the solution of the above
set of equations is a reiterative one. Such time-consuming
calculations were beyond the computational prac-
ticalities of the 195Os,  and Tinker resorted to converting
the method into a nonreiterative one, by assigning
constant values for the Ki resistances and z (Eq. 11).
This permitted solutions by slide rule but at a great
sacrifice to the potential accuracy [ 131.

Notice that in this analytical method, pressure drop
equations must be solved first, in order to obtain the
effective flow rates for each stream. These values are
then applied to the heat transfer equations. The leakage
stream E is considered by Tinker to be fully heat
transfer ineffective, consistent with later developments.
However, Tinker also considered, apparently as a safety
and simplification measure, the bypass C stream as heat
transfer ineffective, which was later proven incorrect.
Because of the relatively complex calculations and poor
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.3-l

3.3.3
Recommended method: Principles

and limitations

J. Taborek

W In selecting the recommended method for this
handbook, the considerations summarized in Sec. 3.3.2
indicated clearly that, of all the methods surveyed,
the Bell-Delaware method is in principle the most
suitable one at the present. It fulfills the following
requirements.

1. It is a method that can be handled readily by
hand-held calculators, progressing in a stepwise manner
and making use of graphical solutions of auxiliary
variables. It is considered essential that the recom-
mended method may be used in this way for educational
purposes and other reasons discussed later. Even if
complex computer programs are available, there is-and
always will be-a need to calculate the performance of
an exchanger by hand methods. Only if calculations are
performed manually will the engineer develop a �feel�
for the design process as compared to the impersonal
�black box� calculations of a computer program.

2. The recommended method can be, however,
readily programmed, possibly in parts, into even small
programmable calculators, This is probably the most
effective way of using the method, freeing the engineer
from the time-consuming details of calculations and yet
retaining the closeness of individual judgment.

3. The method is based on the principles of
Tinker�s flow distribution model, and thus is much
superior to �integral� methods, such as Kern�s or
Donohue�s. It was selected in preference to the original
Tinker method, which did not have the benefit of the
Delaware data. Major overhaul of Tinker�s method
would be necessary to achieve the same accuracy [ 1 ] .
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It should be clear, however, that this nonreiterative
method cannot compete for accuracy with the complex
stream analysis-type methods, which require relatively
fast computers for their solution. Nevertheless, for a
�well-designed� exchanger without any extremes, the
results are within respectable limits of accuracy (see
additional comments later in this section).

A. Method structure

The method uses ideal tube bank ji and fi factors and
then corrects directly the resulting oi and Api for
deviations caused by the various split streams. The ji and
fi factors are defined as follows:

ji = 2 (Pr)2�3  (@)-�  = ffRe, tube layout)
P

fi = 103 APiP
2(ni)2  N,

(@)�  = ffRe, tube layout)

(1)

(2)

where $J is the viscosity correction factor.
The Reynolds number in the above equation is

based on the minimum cross-sectional flow area at the
shell diameter and the full shell-side stream. This is
contrary to Tinker�s method and the stream analysis-
type approach, where the magnitude of the individual
streams is determined. No attempt is made to express
the ji and fi curves [Figs.  3.3.7(l)-3.3.7(3)]  by a
�correlating� equation. The designer can read the values
directly from the graphs, or for computer application a
set of curve-fit constants is used. The schematic diagram
of the flow distribution in a baffled exchanger is shown
in Fig. 3.3.2( 1). The streams are designated as follows:
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A = leakage in the clearance between tube and tube
hole in a baffle

B = cross-flow stream in tube nest
C = bypass stream between shell wall and tube

bundle
E = leakage between shell wall and baffle
F = bypass stream in tubepass partitions (if appli-

cable)

The B stream is regarded as the essential stream in the
exchanger, with the other streams exerting various
modifying effects on the performance as predicted for
the B stream alone.

Not ah of the leakage and bypass streams have the
same relative magnitude of effect and, of course, they
respond differently to the various geometrical param-
eters of the shell side. For example, the A stream
(tube-to-baffle leakage) has only a relatively small effect
on the heat transfer coefficient and a moderate effect on
pressure drop. The C stream has a relatively large effect,
but there are mechanical ways of partially blocking this
flow to minimize that effect. The E stream (shell-to-
baffle leakage) has an extremely serious effect, and
unfortunately there is relatively little one can do to help.
Finally, the pass divider bypass stream (F stream) has a
moderate effect and responds to some of the same
treatments that the bundle bypass stream does.

The Delaware method does not use the actual
magnitude of the streams to correct for the �effective�
flow rate of the B stream, but rather uses a number of
correction factors to modify the Cri and Api values to
account for decrease of the B stream due to bypass and
leakage. This concept is explained later in greater detail.
For further information on the development of these
correction factors from the Delaware data, the reader
should consult [2]. In this connection one additional
note may be useful. The original presentation of the
Delaware correction factors was based on the following
format, for example,

I- % = ffgeometry  )
2

(3)

where crl is the heat transfer coefficient with leakage
present. In later publications this was changed by simple
rearrangement into the much-easier-to-use form of a
multiplier to the ideal tube bank of.

OAR = (YiJl (4)

B. Shell-side heat transfer equation

The basic equation for calculating the effective average
shell-side heat transfer coefficient is given in Eq. (5):

as = dJc JIJz, JsJr) (5)

where Lyi is the heat transfer coefficient for pure cross

flow in an ideal tube bank. This value is calculated
assuming that the entire shell-side stream flows across
the ideal tube bank formed by the tube array at the
centerline of the exchanger. The value of ai is obtained
from the ii curves, Sec. 3.3.7, and is defined in Eq. (1).

J, is the correction factor for baffle cut. This factor
takes into account the heat transfer in the window and
calculates the overall average for the entire heat ex-
changer [Fig. 3.3.6(7)].  This correction factor is
essentially a function of the fraction of the total tubes in
the heat exchanger that are in cross flow (i.e., located
between the baffle tips of adjacent baffles). This value is
equal to 1.0 for a heat exchanger in which there are no
tubes in the window, increases to a value as high as 1.15
for a design in which the windows are very small (and
the window velocity is very high), and decreases to a
value of about 0.65 for very large baffle cuts. A typical
value for a well-designed heat exchanger is near 1.0,
signifying that the tubular surface in the window is
equally effective as in the cross-flow portion of the
exchanger.

Jl is the correction factor for baffle leakage effects,
including both shell-to-baffle and tube-to-baffle leakage
(A and E streams). This correction factor is a function of
the ratio of total leakage area per baffle to the cross-flow
area between adjacent baffles and also of the ratio of the
shell-to-baffle leakage area to the tube-to-baffle leakage
area. Jl weights the shell-to-baffle leakage more heavily
than the tube-to-baffle leakage. It is also a function of
the clearances between tube and baffle and shell and
baffle so that credit is given for tighter constructional
practices. The correlation for Jl penalizes the design if
the baffles are put too close together, leading to an
excessive fraction of the flow being in the leakage
streams compared to the crossflow. A typical value of Jl
is in the range of 0.7 to 0.8 [see Fig. 3.3.6(9)].

Jb is the correction factor for the bundle bypass
flow (C and F streams). Jb accounts for differences in
construction: For the relatively small clearance between
the outermost tubes and the shell for fmed tubesheet
construction, Jb = 0.9, whereas for the much larger
clearances required by pull-through floating-head con-
struction, Jb = 0.7. Jb also takes into account the
improvement made by sealing strips. These are typically
longitudinal strips of metal between the outside of the
bundle and the shell and fastened to the baffles; they
periodically force the bypass flow back into the tube
field, causing higher local velocities and heat transfer
coefficients and mixing of the bypass stream with the
main cross-flow stream. Proper use of sealing strips in a
split-ring or pull-through floating head can increase Jb
from 0.7 to 0.9 [see Fig. 3.3.6( lo)].

Js is the correction factor for variable baffle spacing
in the inlet and outlet sections. Nozzle dimensions
frequently require that the nozzles be located far enough
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.3 Recommended Method 3.3.3-3

from the tubesheets that it may be necessary to increase
the baffle spacing for the inlet and outlet sections. This
correction factor allows for the change in the average
shell-side coefficient caused by these locally lower
velocities. J, will usually be between 0.85 and 1.0 [see
Fig. 3.3.6(13)].

Jr is the correction factor for adverse temperature
gradient buildup in laminar flow. It is well known that,
in laminar flow, the heat transfer coefficient decreases
with increasing distance from the start of heating
because of the development of an adverse temperature
gradient from the conduction process. This gradient
resists further transfer of heat and therefore lowers the
local and the average heat transfer coefficients with
increasing distance. This correction has been worked out
mathematically for flow in well-defined geometries such
as inside round tubes, but it is also found experimentally
to exist during flow across tube banks. For large heat
exchangers in deep laminar flow (Re < 20), it can result
in a decrease in the average heat transfer coefficient by a
factor of 2 or more compared to what would have been
predicted based on flow across a lo-row tube bank, This
correction factor applies only if the shell-side Reynolds
number is less than 100 and is fully effective only in
deep laminar flow characterized by Re, < 20 [see Fig.
3.3.6(  12)].

The combined effect of all of these correction
factors for a well-designed shell-and-tube heat exchanger
is typically on the order of 0.6; that is, the effective
mean shell-side heat transfer coefficient for the ex-
changer is 60% of that calculated if the entire flow took
place across an ideal tube bank corresponding in
geometry to one cross-flow section. It is interesting to
observe that this value has long been used as a rule of
thumb.

Notice that this method does not allow for inter-
action between the effects of the various parasitic
streams. For example, if the bundle bypass clearance
should change (such as transition from futed tubesheet
to split-ring floating-head design), only Jb will be
altered. In fact, any change in any one of the streams
will affect all the remaining ones. However, only the
stream analysis treatment will account for such change
at the expense of much more complicated calculations.

C. Shell-side pressure drop

The shell-side pressure drop is calculated as a summation
of the pressure drops for the inlet and exit sections, the
internal cross-flow sections, and the window sections, as
explained further below. Again, the method uses the
ideal tube bank friction factor fi as a basis, as defined in
Eq. (2). The correction factors (analogous to those for
heat transfer) are defined as follows:
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RI is the correction factor for baffle leakage effects
(A and E streams). This correction factor is different in
magnitude from Jl but depends on the same ratios of
total baffle leakage area to cross-flow area. Typically,
RI * 0.4-0.5, though lower values may be found in
exchangers with closely spaced baffles [see Fig.
3.3.6(g)].

Rb is the correction factor for bypass flow (C and F
streams). It is also different in magnitude from Jb, but
similar in form. Typically, Rb = 0.5-0.8,  depending on
construction type and number of sealing strips. The
lower value would be typical of a pull-through floating
head with only one or two pairs of sealing strips, the
higher value typical of a fixed tubesheet design [see Fig.
3.3.6(  1 l)] .

R, is the correction factor for the entrance and exit
sections having a different baffle spacing than the
internal sections (see Sec. 3.3.8).

Next, let us define the pressure drop in an equiva-
lent ideal tube bank for the cross-flow section as @bj
and for the baffle window section as Apwi.  (For detailed
treatment, see Sec. 3.3.8).

For an exchanger that has both bypass and leakage
streams, the three pressure drop components are calcu-
lated in principle as follows:

1. The pressure drop in the interior cross-flow
sections (baffle tip to baffle tip) is affected by both
bypass and leakage. Therefore, the combined pressure
drop of all the interior cross-flow sections is

APC  = APbi Wb - 1)RIRb (6)

where Nb is number of baffles.
2. The pressure drop in the windows is affected by

leakage but not by bypass. Therefore, the combined
pressure drop of all the window sections is given by

AP, = Apwi  Nb RI (7)

3. The pressure drop in the entrance and exit
sections is affected by bypass but not by leakage.
Additionally, there is an effect due to possibly larger
baffle spacing. Therefore, the combined pressure drop
for the entrance and exit sections is

APe = APbi Nc iNew  Rb R,
c

where N, and N,, are the number of tube rows crossed
in the exchanger and in the baffle window, respectively.
The total pressure drop over the exchanger is then

&tot = AP, + APW  + Ape (9)

This does not include the pressure drop in the nozzles,
which is usually included in the specification. The nozzle
(or other shell entry geometries) pressure drop is
calculated by procedures given in Part 4).
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Although each of the correction factors can vary
over quite wide ranges, depending on the configuration
of the heat exchanger, the total shell-side pressure drop
of a typical shell-and-tube exchanger is on the order of
20-30%  of the pressure drop that would be calculated
for flow through the corresponding heat exchanger
without baffle leakage and without tube bundle bypass
effects. In fact, this is where most of the earlier
correlations for heat exchanger design failed most
seriously: Not knowing the very large effects on pressure
drop due to leakage and bypass, it was not uncommon
for some of them to overestimate the shell-side pressure
drop by a factor of 2 or even 10.

It should be noted, however, that overprediction of
pressure drop may seriously affect the heat transfer
design of a shell-and-tube exchanger. As is customary,
the design is based on a maximum permissible value of
pressure drop, mostly to comply with available pressure
heads. If shell-side pressure drop is overestimated, the
design is forced into large baffle spacings, larger shell
diameters, or other shell geometries, all of which
measures decrease shell-side flow velocity. In turn, the
lower shell-side velocity results in lower heat transfer
coefficients and larger units. In cases where it is
applicable, fouling tendencies will also increase as a
result of lower flow velocity. Thus, correct prediction of
pressure drop is equally as essential as prediction of heat
transfer.

D. Comparison of the recommended
method with the Delaware method
and probable accuracy

The method documented here is based in principle on
the Delaware method (as per the latest published
versions). However, a number of modifications are
introduced here for the first time, as follows:

1. The correction factor curves for leakage Jl and
RI are adjusted to comply better with data and assume a
theoretically correct form, approaching asymptotically
rather low values at high leakage flow areas.

2. A correction factor for entry and outlet baffle
spacing, based on [3], is added.

3. Treatment of the pressure drop has been put on
a more understandable basis [3].

4. The method for low fin tubes has been com-
pletely modified and made systematically comparable to
that for plain tubes.

5. The leakage and bypass flow areas are defined
according to standard practices and experience values
(Sec. 3.3.6).

6. A complete data input section is included, with
comments as to good design practices and limiting
values.

7. A section on interpretation of results gives
guidelines of evaluation of all important performance
parameters.

8. A section on design gives rules on how to
proceed from rating of a given exchanger to the process
of establishing the dimensions of an exchanger for a
given duty and pressure drop limitations.

The question is always asked as to the probable
accuracy of the method. Bell [3] is deliberately cautious,
basing his comments as to the possible errors on the
observations by Palen and Taborek [l] . However, the
data in [l] encompassed a wide variety of exchangers,
some with extremes of design parameters. No method of
the simplicity of the Delaware type will respond
sufficiently to such cases. If the sample is limited to
what may be termed a �well-designed exchanger� with
respect to baffle spacing, baffle cut, tube layout, and all
the bypass and leakage clearances, the probable accuracy
of the method will improve considerably.

Superimposed on this are the effects of the tempera-
ture profile distortion due to the bypass and leakage
streams (see Sec. 1.5). No published method attacks this
difficult subject, and all cases with close temperature
approaches should be given special consideration.

Furthermore, it is often not realized (as it is never
spelled out in the pertinent texts) that even the simplest
case of flow inside tubes calculated by the best available
equations will result not untypically in errors of the
order of magnitude of +15%  (average).

To answer the question of the probable accuracy of
the recommended method for shell-side flow, the follow-
ing speculation can be made, assuming a �well-designed
exchanger.�

1. In turbulent flow heat transfer, a *25% error
must be expected, although some cases will be predicted
with better accuracy. Turbulent flow pressure drop will
show a scatter of about ?40% for 75% of data tested and
larger, as geometry and fluid properties reach more
extreme values. However, the �average� cases will tend
to be on the safe side and have a closer error band.

2. In laminar flow, both heat transfer and pressure
drop tend to be on the safe side, but scatter is too great
to discern any definable trends. No safety factors appear
necessary in this flow regime.

Some additional comments may be useful in the
interpretation of probable accuracy. Specifications often
call for rather exaggerated fouling resistances as an
indirect measure of safety, and may constitute a
predominant resistance. As the relative magnitude of
fouling increases, the less sensitive the design becomes to
errors in the overall heat transfer coefficient. Thus, the
previously quoted error values become much smaller if
projected into the overall coefficient. An error analysis is
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indicated in all such cases. For example, if the shell-side in physical properties, fluid composition, flow rates, and
flow constitutes about 40% of the overall resistance (not temperatures, exhibit the fortunate tendency toward
untypical), 20% error in the shell-side coefficient will compensating rather than additive errors. Thus, the

amount to only about 12% error in the overall co- question of accuracy and the need for safety factors
efficient. must be left to engineering judgment, taking all the

Allowable pressure drops are usually put on the safe above circumstances into account. The user should be
side to begin with. Exceptions are compressor inter- aware, however, of the general philosophy of the
coolers and similar applications where pressure drop is a method, which is geared toward the �average� of the
prime economic variable. Other uncertainties, primarily error band, except as noted previously.

I

Nomenclature for Section 3.3.3 appears at the end of Section 3.3.11.
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3.3.4
Practices of shell-and-tube heat

exchanger design

J. Taborek

n In this section we discuss briefly some of the
practices and problems in shell-and-tube exchanger
design that, although important, are not a direct part of
the thermohydraulic calculation process.

A. Heat exchanger specification sheets

By established practice, a majority of shell-and-tube
exchangers are designed by the manufacturers from
specification sheets supplied by the user and partially
filed out by the designer. A typical such specification
sheet, taken from TEMA Standards [l] , is reproduced in
Fig. 1. Unfortunately, the information transferred from
the user to the designer and fabricator by these forms
almost never contains sufficient information for a really
complete design, and the details of who is really
responsible for what are rather confused. Unless there is
close cooperation between the parties involved, a poor
design may result.

On the other hand, the user often imposes unneces-
sary constraints, such as specified tube diameter and
tube length, shell type and baffle type, and other design
parameters, which at closer examination are found to be
rather arbitrary and prevent an optimum or a �good�
design. Specification of the maximum permissible
pressure drop is probably the most sensitive of the
entries, as it for all practical purposes fures the design by
inherent implications. Nevertheless, this crucial value is
often based on rather arbitrary criteria. Equally so,
fouling resistances are specified from �experience
values� or are based on TEMA Standards for lack of any
better sources.

The frequent practice of using high fouling re-
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sistances as safety factors is dangerous, as the amount of
safety gained is relative and can be determined only after
all the resistances have been established. With the
exception of very common fluids, the specification of
physical properties, especially for fluid mixtures, is not
only a most time-consuming chore, but also is subject to
potentially great errors as sources of data are scarce.
More often than not, crudely estimated values are used
in the absence of better answers.

Thus the practices and usage of the specification
sheets is a rather sensitive problem, and the designer
should make sure that input of sufficient detail but
without unnecessary restrictions is available.

The recent trend, especially with large user com-
panies, is to perform the thermohydraulic design them-
selves and to let the manufacturer design the details of
constructional elements. This has the advantage that the
user has more direct access to various aspects of the
process, checks for operation at other-than-normal con-
ditions, usually a better supply of physical properties
data, and, last but not least, access to large, sophisticated
computer programs. But close cooperation between the
user and the manufacturers remains a very crucial
element.

B. Rating, design, and optimization

The terms rating, design, and optimization have very
definite meanings, but are often confused. Let us clarify
what is understood under these terms in this text.

Rating an exchanger means to evaluate the thermo-
hydraulic performance of a fully specified exchanger.
The result of a rating process is a judgment as to the
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HEAT EXCHANGER SPECIFICATION SHEET
I

611 I

Figure 1 Heat exchanger specification sheet [ 11.

ability of the unit to perform a desired duty and comply
with other design conditions of operation (such as good
pressure drop utilization, cleaning, thermal expansion,
safety, tube vibration, etc.). Bids of manufacturers are
often subjected to the rating process by the user, and a
truly successful design depends on the cooperation of
the two parties.

In other instances, existing exchangers can be rated
for duties deviating from the original design conditions
because of process changes. The so-called unknown heat
balance ratings, discussed later in this section are typical
of the more sophisticated possibilities.

Design is the process of determining all essential
constructional dimensions of an exchanger that must
perform a given heat duty and respect limitations on

shell-side and tube-side pressure drop. A number of
other criteria are also specified or implied, such as ease
of cleaning and maintenance, minimum and maximum
flow velocities, erosion, size or weight limitations, tube
vibration, thermal expansion, and so on-essentially
good practices of design.

The input specifications as to constructional ele-
ments should be restricted to the unconditionally
required ones (such as maximum length, weight, safety,
materials, etc.). Overspecification will impair the de-
signer�s freedom to choose the best combination of
parameters, such as shell type, tube diameter and length,
baffle type, tube layout geometry, and so on. Each
design problem has a number of potential solutions, but
only one will have the best combination of character-
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istics, including cost, and that one should not be missed
on account of overspecification.

Optimization of heat exchanger design is closely
connected with the above statements. Actually, a design
performed with intelligently chosen variations of con-
struction elements is a first-degree optimization, with
the objective function being the most effective overall
operational performance. This type of optimization is
termed the case study method, and is void of mathe-
matical complexities and relies solely on engineering
judgment for acceptance of any potential solution, be it
performed by manual or computer methods.

Analytical methods were tried, but, although
potentially  applicable to specific solutions, they have
not been successful for shell-and-tube exchangers in
general, as the objective function becomes very complex
and sensitive, including such hard-to-define items as cost
of maintenance, reliability, and so on. Geometry con-
straints and step functions in the thermohydraulic
equations often required in the design process are also
very difficult to implement in an analytical formulation.
The results of such optimization can be very misleading,
and ultimately engineering judgment must prevail. A
good recent survey of optimization techniques and
methods for heat exchangers is by Shah et al. [2], and
for specific applications to shell-and-tube exchangers by
Palen et al. [3]. This latter technique is based on M. J.
Box�s �complex method,� which permits any con-
straints, step functions, and arbitrary calculational pro-
cedures, as it is essentially a mathematically organized
�case study� optimization. In Fig. 2 a test case is

presented from [3] showing the process of optimization
from simply estimated initial cost as an objective
function. It takes typically 70 to 150 individual design
cases to reach a solution, and thus simplified methods
must be used to guide the designer in the potentially
right direction. Final detailed study and use of engineer-
ing judgment-the most reliable optimization method-is
always necessary.

C. Calculation method by degree of complexity

In principle, we can distinguish three types of heat
exchanger calculation methods: estimation methods,
methods of intermediate complexity, and computer
program methods.

(a) Estimation methods

Using simple approximations, rules of thumb, or even
selected constant values for the thermohydraulic per-
formance variables, estimation methods are extremely
useful for preliminary calculations. Frequently, such
estimations can identify those design variables that are
the most restrictive, and thus help to focus the designer�s
attention on them in the early stages of the search for a
better solution. Computerized versions of the estimation
methods are useful as an element in an overall program
for the optimization of complex systems and process
loops. Such systems may contain heat transfer equip-
ment, fractionating towers, compressors, and so on. For
these applications, the exchanger design must be per-
formed in a fraction of a second.

Tubes S/S in x 5.9 ft

She,, Diameter-21  in
I
I -

cost $4700

- cost

- _ T u b e  Length I.1

0 . 4  - - - - - -  TubeDiameter
Intermediate Solution 7 I -
Tuba0.7in  x6.1 It I I

. Shell Diameter Shell Diamta  = 22 in I
o,2 _ -.- BaffleSpacing Cost  $4730 I

- - - Tubepasses
- - Pitch Ratio

I

I I I111111 I I I111111

1 2 4 6 8 10 20 40 6 0  8 0 1 0 0 200

Nuder  of Acceptable Solutions

Figure  2 me process of optimization from simply estimated initial cost as an objective function [2].

0 1983 Hemisphere I blishing Corporation



3.3.4-4 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.4 Practices of Design

(b) Methods of intermediate complexity

Solvable by hand-held calculators, preferably with pro-
grammable capabilities, methods of intermediate com-
plexity must still be rather simple in terms of input
variables, but should produce results of substantially
increased accuracy compared to the estimation methods.
A distinct characteristic of methods of this type-for
example, the Delaware method for shell-side flow-is
that the designer�s judgment and engineering �feel�
remain important and integral parts of the design
process. This is in contrast to the frequently impersonal
solutions of generalized computer programs, especially
of the optimization type, where engineering judgment
often disappears. Although the methods of intermediate
complexity are particularly well suited for educational
purposes, it is probable that their use for industrial
designs will diminish in favor of the �quick estimation�
method on the one hand and the sophisticated
computer-oriented method on the other hand.

(c) Computer program methods

Under the category of computer methods we consider
calculation procedures with practically no restriction on
difficulty and with the main objective of accuracy,
although some rational balance between complexity and
probable accuracy is implied. Typically, the input to
such programs is quite complex both in constructional
parameters and physical properties, especially in two-
phase-flow problems. Equally so, the result output is
detailed and unconditionally requires careful engineering
evaluation. A number of heat exchanger programs are
available, but their quality varies widely with respect to
the thermohydraulic methods used, flexibility of input-
output, documentation, and the ease of engineer-
computer interaction. The best ones are in the proprie-
tary domain. Nevertheless, the general rule applies that
no computer program is any better than the engineer-
user�s capability to analyze critically and to evaluate the
results. As a matter of fact, an increasing danger exists
that, under the cover of the seeming perfection, com-
puter results are being accepted without the benefit of
engineering judgment. Beginners in the art of heat
exchanger design should be permitted access to such
programs only under strict supervision of experienced
practitioners of the art, to avoid potentially disastrous
results.

D. Effects and selection of constructional
elements

It is of utmost importance that the designer of shell-and-
tube exchangers become acquainted with probable
effects of elements of construction, such as:
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1. Shell type
2. Tube bundle type
3. Tube diameter
4. Tube length
5. Tube layout pattern and pitch
6. Baffle type, spacing, and cut

These construction elements are described in detail in
Sec. 4.2, and the serious user is urged to become familiar
with these important parameters and their effects on the
design and optimization of shell-and-tube exchangers.
Only a summary is repeated here as a reminder and for
quick reference.

(a) Shell type

The basic shell type is TEMA E, with entry and outlet
nozzles at the opposite ends in single shell pass. The
method documented here without further adjustments
handles only this type of shell (see Sec. 3.3.11).

1. TEMA J is the so-called divided flow type, with
one inlet and two outlet nozzles (thus dividing the
flow in half). This results in pressure drop of approxi-
mately one-eighth that of the E type. The main use is for
low-pressure applications such as gas coolers.

2. TEMA G is the so-called split flow type, with
longitudinal baffle. The pressure drop is about the same
as in an E shell, but the thermal effectiveness is superior.
Its main use is for reboilers, but occasionally it is used
for no-phase-change flow.

3. The TEMA X shell, only recently introduced as a
recognized entity, has the shell-side flow in pure cross
flow, without cross baffles. The result is extremely low
pressure drop. It is used for gases and condensing vapors
at low pressures.

4. The TEMA F shell has two shell passes because it
has a longitudinal baffle. Used in applications where two
shells in a series would otherwise be required, because
close temperature approach and/or low shell-side flow
rate precludes use of an E shell. Pressure drop is
approximately eight times that for an E shell, but this is
usually acceptable in the above-mentioned specific
applications. It is often excluded from industrial applica-
tions because of potential leakage through the longi-
tudinal baffle. A more detailed discussion of this
problem is treated in [4] and Sec. 1.5.

(6) Tube bundle type

The tube bundle type determines mainly-as far as the
thermohydraulic calculation method is concerned-the
possible bundle-to-shell bypass. In mechanical design
considerations, it is selected mainly on account of
compatibility with thermal expansion considerations
such as fuced tubesheet, various types of floating head,
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.4 Practices of Design 3.3.4-s

and U-tube bundle, just to name the most important
types. Not all combinations of baffle type, shell type,
and tubepasses are possible (see Sec. 4.2).

(c) Tube diameter

Thermohydraulic considerations favor small tube
diameter. Also, greater surface density within a given
shell is possible with small diameter tubes. Tube cleaning
practices limit tube diameters to a minimum of approxi-
mately 20 mm OD. For reboilers and condensers, other
tube diameter selection considerations will apply.

(d) Tube length

In general, the longer the tube, the lower the cost of the
exchangers for a given surface. This is due to the
resulting smaller shell diameter, thinner tubesheets and
flanges, fewer pieces to handle, and fewer holes to drill.
The limitations are accommodating shell-side flow areas
with reasonable baffle spacing, and practical design
considerations. Usual length-to-shell diameter ratios range
from about 5 to 10 for best performance.

(e) Tube layout pattern and pitch

A good practice for tube layout calls for minimum pitch
of 1.25 times tube diameter and/or a minimum webb
thickness between tubes of approximately 3.2 mm to
assure sufficient strength for tube rolling. Generally, the
smallest pitch in a triangular 30� layout is preferred for
turbulent and laminar flow in clean service and 90� or
45� layout with 6.4 mm clearance for cases where
mechanical cleaning is required. Exceptions may exist,
however, especially if pressure drop or flow velocity
must be regulated.

(f) Baffle type, spacing, and cut

The function of the cross baffle is to direct the flow
across the tubefield  as well as to mechanically support
the tubes against sagging and possible vibration. The
most common type is the segmental baffle, with a baffle
cut resulting in a baffle window. Baffle spacing is subject
to minimum and maximum limitations for good thermo-
hydraulic performance and tube support [see Fig.
3.3.5(6)].  The ratio of baffle spacing to baffle cut is a
crucial design parameter for efficient conversion of
pressure drop to heat transfer. If very low pressure drops
have to be accommodated, so-called double-segmental or
�disk-and-doughnut� baffles will reduce the pressure
drop by about 60%. Other types include triple-segmental
and no-tubes-in-window, for particularly low pressure
drops and prevention of tube vibration [see Fig.
4.2.5(3)] .
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E. Some other design considerations

The design of a shell-and-tube exchanger is a combina-
tion of proper selection of thermohydraulic elements,
calculation of mechanical and strength requirements,
and respect for operational practices. These demands
most often call for a compromise, as the ideal combina-
tion of the elements may not be possible or practical.
Some of these considerations are briefly reviewed below,
but are treated in specific detail elsewhere in this
handbook.

(a) Thermal expansion

Temperature differences between the shell and tube
fluids cause the construction elements of the heat
exchanger to expand by different amounts, and provi-
sions must be taken to accommodate this situation. The
fured tubesheet exchanger simply absorbs these stresses
either directly (at low Ai�)  or with the help of a
shell-side expansion joint. Special design types of tube
bundles (as described in detail in Sec. 4.2) were created
to absorb the thermal expansion stresses by other means.
The simplest, most effective, and least expensive one is
the U-tube exchanger. If not applicable because of other
considerations, resort is made to the use of some type of
floating-head construction.

In general, thermal stresses should not be calculated
only at the operating temperature levels, but in critical
cases allowances should be made for startup and during
emergency conditions. Thermal stress that is not other-
wise taken care of will result in straining the basic
tube-to-tubesheet joint, potentially resulting in leakage,
buckling of the tubes, or other rather dramatic mechan-
ical failures.

(b) Fluid leakage

The separation of tube-side and shell-side fluid depends
on:

1. Tightness of tube-to-tubesheet joints
2. In all floating-head designs, on the performance

of the internal tubesheet gaskets
3. In stuffing-box designs, on the performance of

the seal.

Tubes are generally rolled into tubesheets provided
with two grooves about 0.4 mm (8 in) deep to assure
tight grip. In some critical cases, tube ends are welded or
brazed to the tubesheets after rolling. Even with all these
precautions, leaks do develop as a result of thermal
expansion (even in floating-head designs, because of
differences between tube passes), and especially when
tube bundles are removed for cleaning, thus imposing
external stresses on the tube joints. Furthermore, tubes
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3.3.4-6 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.4 Practices of Design

may fail because of corrosion or vibration. If the process
is of a nature that fluid leakage is detrimental, designs
should be selected that will minimize such danger and
permit plugging or replacement of defective tubes.
Furthermore, if leakage may result in outright hazards, a
double tubesheet design can be used, which will at least
eliminate the danger resulting from mixing the fluids as a
result of tube-to-tubesheet joint failures (see Sec. 4.2).

(c) Corrosion

In some cases corrosion rather than thermohydraulic
considerations dominate choice of material and ex-
changer design features. However, because corrosion
resistant materials are expensive, the corrosive fluid will
be preferably placed in the tubes so that at least the shell
need not be made of corrosive-resistant material. If
corrosion cannot be effectively prevented but only
slowed by choice of material, a design must be chosen in
which corrosible components can be easily replaced.
This may include the entire tube bundle, thus eliminat-
ing futed tubesheet designs.

(d) Fouling and cleaning considerations

A majority of process fluids will deposit on the tube
surface a scale or �fouling� layer, thus deteriorating heat
transfer and making periodic cleaning necessary. The
fouling characteristic of a given fluid is influenced
mainly by tube wall temperature and flow velocity, and
in some cases by tube material. Cooling water, as
typically used in condensers and process stream coolers,
is the most frequently encountered fouling fluid. Water
tube-side velocities around 2 m/s (6 ft/s) should be used
to obtain reasonable maintenance frequency. This will
often dictate selection of an appropriate number of tube
passes or baffle spacing. Shell-side flow, with its inherent
eddy regions in the baffle corners, tends to foul surfaces

more severely than tube-side flow, and large baffle
spacings and baffle cuts are to be avoided in fouling
services at all cost. Cleaning can be performed by
mechanical means (rotating wire brushes on the tube
side, high-velocity water jets on the shell side) or
chemically (circulating a solvent). If the shell side is to
be cleaned, a 45� or 90� tube layout with 6.3 mm (4 in)
gap width is required for mechanical cleaning. In designs
with expected severe fouling problem, the entire design
may be dominated by features that will minimize fouling
and/or facilitate cleaning.

(e) Fluid quantity

The effect of fluid quantity on proper design is
extremely difficult to generalize. Tube-side flow velocity
can be adjusted by the number of tube passes. Shell-side
flow velocity is governed by the baffle spacing, which is
subjected to practical maximum and minimum limits. In
addition, the various shell flow design types allow
selection from a wide range of flow arrangements,
permitting further variations. As a general rule, however,
it can be stated that if the two fluids have widely
different flow quantities, a careful investigation as to the
fluid allocation (tube side or shell side) is important, as
is a careful analysis of other parameters involved,
namely, tube diameter, tube length, tube layout, and
pitch. The differences in design efficiency can be
dramatic.

(f) Fluid viscosity

As a general rule, the high-viscosity fluid should be
placed on the shell side, as the turbulence induced by
the flow crossing the tube field will promote higher heat
transfer. However, if the shell-side flow would still be
laminar, then placing this fluid on the tube side should
be considered.

REFERENCES FOR SECTION 3.3.4

1. Standards of Tubular Heat Exchanger Manufacturers Associntion,  6th ed., TEMA, New York, 1978.
2. Shah, R. K., Afimiwala, K. A., and Mayne, R. W., Heat Exchanger Optimization, Proc.  6th Int. Heat Transfer Con&, Toronto, 1978.
3. Palen,  J. W., Cham, T. P., and Taborek, J., Optimization of Shell-and-Tube Heat Exchangers by Case Study Method, Chem. Eng, Prog.

Symp. Ser., vol. 70, no. 138, 1974.
4. Rozenman, T. and Taborek, J., The Effect of Leakage Through the Longitudinal Baffle on the Performance of Two-Pass Shell

Exchangers, AIChE  Symp. Ser., vol. 68, no. 118, 1968.

0 1983 Hemisphere Publishing Corporationr 1tEDiA



3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.5-l

3.3.5
Input data and recommended

practices

J. Taborek

n In this section we deal with three subjects:

1. The basic set of input data as required for
shell-side rating calculations, but also including those
required for design of the overall exchanger, that is,
including tube-side flow. These are presented in Table 1.

2. Detailed comments to the input data, to give guid-
ance to the designer as to proper practices and standards.

3. Preliminary calculations of correlatioaal  param-
eters derived from the input data, as required for
subsequent calculations.

A. Basic input data

We assume that the performance of a fully specified
segmentally baffled exchanger is to be determined
(�rating�) by the method recommended in Sec. 3.3.3
and described in detail in subsequent sections. Compared
to some really simple estimation methods (e.g., Kern
[I] ), a relatively complex but still manageable set of
input data is required. These include some values (such
as leakage and bypass clearances) that are not readily
available and usually must be estimated.

Basic data required for tube-side calculations are
also included, as they must form an entity of the entire
shell-and-tube exchanger rating process. Furthermore,
tube-side data enter directly into shell-side flow calcula-
tions in several aspects-for example, tube wall tempera-
ture, tube count, and so on.

Because of their wide acceptance, the TEMA
Standards [2] are used wherever applicable, but metric
(DIN) standards are introduced wherever possible.

The set of required data is shown in Table 1.

B. Comments to input data (Table 1)

Item 1: D, (mm), shell inside diameter. Determine from
drawings if available. Tables 2-4 show suggested dimen-
sional series for inch-based U.S. practice and for metric
as per DIN 28 008 and other industrial standards. Notice
that the inch-based dimensions pertain to the inside shell
diameter, whereas the metric standards are based on
seamless steel tubing and use the outside shell diameter
as the primary dimension, therefore requiring the shell
wall thickness for D, determination.

In the inch-based series, the shells up to 21.25 in
(535.75 mm) diameter are referred to as �standard
pipe�; however, above 12 in, shells are usually rolled and
welded. There is no mandatory accepted standard, the
values in Tables 2, 3, and 4 representing only a recom-
mended series, giving approximately 10% increments in
heat transfer surface. Notice that the D, value is inter-
preted as a �basic dimension� in the sense that it does not
include tolerances. For thermohydraulic calculations this
is acceptable, as the only important dimension in this
respect is the clearance between the shell and the baffle,
item 20. For more detailed discussion, refer to Sec. 4.2.

Item 2: Dt (mm), nominal tube outside diameter.
These dimensions follow generally accepted standards,
both inch and metric based, as shown in Tables 5 and 6.
However, several important criteria must be observed in
the selection of tube diameter. Although small tube
diameters are preferred because of better heat transfer
effectiveness, cleaning considerations often limit the selec-
tion of tube diameter to 20 mm as a minimum. For tube-
side condensation or boiling, still other criteria apply.
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Table 1 Input data required for rating of segmentally
baffled shell-and-tube exchangers

Item Symbol Units Description

Shell-side geometry data

Tube and tube layout

1 4 mm
2 Dt mm
3 Ltw mm
4 Dti mm
5 %w W/m K

6 LtP mm
I QP de

Tube length (Refer to Fig. 2)

8 Lto mm
9 Lti mm

10 Ltcl mm

Baffle geometry (Fig. 7)

11 Bc %
12 Lbc mm
1% Lbi mm
1 3 b  Lbo mm

Nozzle

14 CN code

Tube bundle geometry

15 Ntt

16 NtP
11 Nss
18 CB

19 Ltb

20 -&b

21 Lbb

22 Tsi
23 rso
24 Tti
25 i-to

26 his

code

mm

mm

mm

Inside shell diameter
Tube outside diameter
Tube wall thickness
Inside tube diameter
Tube wall material thermal

conductivity
Tube layout pitch
Tube layout characteristic

angle

Overall nominal tube length
Baffled tube length
Effective tube length for

heat transfer area

Baffle cut as percent of D,
Central baffle spacing
Inlet baffle spacing (optional)
Outlet baffle spacing

(optional)

Shell-side nozzle, impingement
protection, annular
distributor

Total number of tubes or holes
in tubesheet for U tubes

Number of tube passes
Number of sealing strips (pairs)
Tube bundle type (FX, UT,

SRFH, PFH, PTFH)
Tube OD (Dt)-to-baffle  hole

clearance (diametral),
Fig. 12

Inside shell-to-baffle clearance
(diametral), Fig. 13

Inside shell-to-tube bundle
bypass clearance (diametral),
Fig. 14

Temperatures

�C Shell-side temperature inlet
�C Shell-side temperature outlet
�C Tube-side temperature inlet
�C Tube-side temperature outlet

Shell-side process information

k/s Shell fluid mass flow rate

At shell fluid mean temperature

27 Ps
28 As
29 @p)s
30 Tl.y

kg/m� Density
W/m K Thermal conductivity

J/kg K Specific heat
CP = mPa/s Dynamic viscosity (may

require two values)
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Table 1 Input data required for rating of segmentally
baffled shell-and-tube exchangers (Continued)

Item Symbol Units Description

At shell fluid mean temperature
(Continued)

31 (Rf)o m K/W Shell-side fouling resistance
(referred to shell-side
surface)

Tube-side process information

32 hit k/s Tube fluid mass flow rate

At tube fluid mean temperature

33 Pt
34 At
35 (cp)t
36 q

31 (Rf) i

kg/m” Density
W/m K Thermal conductivity

J/kg K Specific heat
CP = mPa/s Dynamic viscosity (may

require two values)
m K/W Tube-side fouling

resistance (referred to
inside tube surface)

Special information

38 as W/m�  K Shell-side heat transfer
coefficient; if specified,
omit items as shown
in comments

39 at W/m2  K Tube-side heat transfer
coefficient; if specified,
omit items as shown
in comments

40 (A~s)rnax kPa Maximum permissible
pressure drop, shell
side

41 (APt)max kPa Maximum permissible
pressure drop, tube
side

42 (vf)max m/s Maximum permissible
tube-side flow
velocity (optional)

43 wmin m/s Minimum acceptable
tube-side flow
velocity (optional)

Furthermore, the ratio of Dt to D, must be
maintained within reasonable limits. Many correlational
parameter effects become increasingly erroroneous as
relatively large tube diameters are used in small shells.
The approximate ratio of minimum D, to Dt should
generally be about 15.

Larger ratios (that is, smaller-diameter tubes within
larger shells) can be used without detriment to the
method�s accuracy, but cost considerations prohibit
extremes, as too small tubes within a given shell would
not be economically justifiable. An approximate guide
to recommended combinations of tube and minimum or
maximum shell diameters is shown in Fig. 1.

I tem 3 :  L1, (mm) ,  tube  wal l  th ickness .  Recom-
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.5 Input Data and Recommended Practices 3 . 3 . 5 - 3

Table 2 Suggested inside shell diameter, dimensional
series (U.S. practice, inches)

Standard pipe Rolled shells

mm
in (equivalent)

5.047 128.19
6.065 154.05
8.071 205.00

10.136 257.45
12.09 307.09
13.25 336.55
15.25 387.35
17.25 438.15
19.25 488.95
21.25 539.75

ill
(mm equivalent) Increment

12 (304.8) 1 in (25.4 mm)

22 (558.8) 2 in (50.8 mm)
.

60 (965.2) 3 in (76.2 mm)

.
102 (2 590.8) 3 in (76.2 mm)

mended dimensions are shown in Tables 5 and 6. Tube
wall thickness is determined according to pressure,
temperature, material strength, and possible corrosion
allowance from standard practice. This dimension is
required for inside tube diameter Dti determination and
for tube wall resistance calculations. For detailed dis-
cussion, refer to Sec. 4.2.

Item 4: Dti (mm), inside tube diameter. Dti = Dt -
2(&,). Nominal values are shown in Tables 5 and 6.

For detailed discussion, refer to Sec. 4.2.
Item 5: At, (W/m K), tube wall material thermal

conductivity. This item is required for determination of
the tube wall heat transfer resistance. In many cases this
resistance is negligible relative to the other heat transfer
resistances. The value of Xhu is a function of tempera-

ture, but approximate values are given in Table 7 for
most common materials at typical temperatures. For
more exact values, use other references, such as TEMA

Standards.
Item 6:  Ltp (mm), tube layout pitch. The  tube

layout pitch, Lp, determines the cross-flow area. The
smaller the value, the more tubes can be accommodated
within a given shell diameter. The limitation, however, is
determined by a minimum necessary �Webb  thickness,�
the distance between adjacent tube holes in the tube-
sheet, which is required for proper tube-to-tubesheet
joint. Shell-side pressure drop can be effectively adjusted
by the tube layout pitch variation. If mechanical
cleaning is required on the shell side, the gap between
adjacent tubes should be kept to about 4 in or 6.3 mm.
For further details, refer to Sec. 4.2.

A useful characteristic value is the tube pitch-to-
tube diameter ratio, referred to as �tube layout pitch
ratio� Ltp/DtDt,  which should be kept between the values
of approximately 1.25 as a minimum and 1.5 as a
maximum, a compromise between the above demands.
Note: The shell-side calculation method is valid only
within these limits of pitch ratio.

U.S. practices of tube pitch dimension for specific
tube diameters are shown in Table 8. The metric-based
standards according to DIN 28 182, Rev. 1979, are
shown in Table 9, where two different values of Ltp are
shown, depending on the type of tube joint.

Item 7: etp (deg), tube layout characteristic angle.
The tube layout is defined by the characteristic angle
and the corresponding definition of the tube pitch, as
shown in Table 10 with 19~~  values of 30�,  45�,  and 90�.

Table 3 Shell dimensions and inside shell diameter for fixed tube-
sheets (metric practice, mm)

Nominal Outside
shell shell
diameter diameter

Shell wall thickness, Shell inside diameter D,,
mma mma

(1) (2) (3) (1) (2) (3)

150 168 4.5 4 159 160
200 219 5.9 4 207.2 211
250 273 6.3 4 260.4 265
300 324 7.1 4 309.8 316
350 355 8 6 4 339 343 347
400 406 8.8 6 4 388.4 394 398
500 508 6 4 496 500
600 600 6 5 588 590
700 700 8 5 684 690
800 800 8 5 784 790
900 900 10 6 880 888

1 000 1000 10 6 980 988
1 100 1 100 12 7 1 076 1086
1 200 1 200 12 7 1 176 1 186

a(l)  Welded tubing, carbon steel; (2) rolled shells, carbon steel; and (3) stain-
less steel.
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3.3.5-4 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.5 Input Data and Recommended Practices

Table 4 Shell dimensions and inside shell diameter for floating-head
tubesheets (metric practice, mm)

Nominal Outside
shell shell
diameter diameter

Shell wall thickness, Shell inside diameter D,,
mma mma

(1) (2) (3) (1) (2) (3)

150 168 4 3.2 160 161.6
200 219 4.5 3.2 210 212.6
250 273 5 3.2 263 266.6
300 324 5.6 6 3.2 312.8 312 317.6
400 406 6.3 6 4 393.4 394 398
500 508 6.3 6 4 495.4 496 500
600 600 6 5 588 590
700 700 8 6 684 688
800 800 8 6 784 788
900 900 8 6 884 888

1 000 1 000 8 6 984 988
1 100 1 100 10 8 1 080 1 084
1 200 1 200 10 8 1180 1184

�(I)  Welded tubing, carbon steel; (2) rolled shells, carbon steel; and (3) stain-
less steel.

Table 5 Recommended tube dimensions (inch standard)

Tube OD Wail thickness Tube ID Outside surface

BWG
in mm gauge in mm in mm ft 2 /ft m*/m

0.250

0.375
G)

0.500

0.625

(2)

0.750
G)

0.875
G)

1.000

1.250

2.0

6.350

9.525

12.700

15.875

19.050

22.225

25.400

31.750

50.8

22
24

18
20
22

18
20

16
18
20

12
14
16
18
20

14
16
18
20

12
14
16
18

10
12
14
16

12
14

0.028 0.711 0.194
0.022 0.559 0.206

0.049 1.245 0.277
0.035 0.889 0.305
0.028 0.711 0.319

4.928
5.232

7.036
7.747
8.103

0.049 1.245 0.402
0.035 0.889 0.430

0.065 1.651 0.495
0.049 1.245 0.527
0.035 0.889 0.555

0.109 2.769
0.083 2.108
0.065 1.651
0.049 1.245
0.035 0.889

0.083 2.108
0.065 1.651
0.040 1.245
0.035 0.889

0.109 2.769
0.083 2.108
0.065 1.651
0.049 1.245

0.134 3.404
0.109 2.769
0.083 2.108
0.065 1.651

0.530
0.584
0.620
0.652
0.680

0.709
0.745
0.777
0.805

0.782
0.834
0.870
0.902

0.982
1.282
1.334
1.370

10.211
10.922

12.573
13.386
14.097

13.462
14.834
15,748
16.561
17.272

18.008
18.923
19.736
20.447

19.863
21.184
22.098
22.911

24.943
32.563
33.884
34.798

0.109 2.769 1.782 45.26
0.083 2.108 1.834 46.58

0.066 0.020

0.098 0.030

0.131 0.040

0.164 0.050

0.196 0.060

0.230 0.070

0.230 0.070

0.327 0.100

0.523 0.16
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Table 6 Recommended tube dimensions (metric stan-
dard)

Tube OD,
mm

Wall
thickness,
mm

Tube ID,
mm

Outside surface,
m2 /m

6.0 0.5 5.0 0.019
8.0 1.5 5.0 0.025

10.0 1.5 7.0 0.031
(12.1) 1.5 9.0 0.038
14.0 2.0 10.0 0.044

(16.0) 2.0 12.0 0.050
18.0 2.0 14.0 0.057
20.0 2.0 16.0 0.063

(22.0) 2.5 17.0 0.069
25.0 2.5 20.0 0.079
30.0 2.5 25.0 0.094
38.0 2.5 33.0 0.119
44.5 2.5 39.5 0.139
51.0 2.5 46.0 0.160

The selection of the layouts is dictated by the
following principles:

The 30� staggered layout has the highest tube
density and therefore permits the largest heat transfer
surface within a given shell. It also has a high effective-
ness of pressure drop to heat transfer conversion.
However, it produces the highest pressure drop for a
given tube pitch. This layout should be considered as the
prime selection, unless other considerations become
predominant.

The 45� staggered layout has also a high effective-
ness of pressure drop to heat transfer conversion, but
permits only about 85% of tubes within a given shell, as
compared to a 30� layout. For a given pitch, the
pressure drop is less than for a 30� layout. It has the
distinct advantage that shell-side cleaning from outside
by mechanical means (water or steam jets) is possible, if
sufficient clearance between tubes is allowed (approxi-
mately 7 mm).

The 90�  in-line layout should be avoided in laminar
shell-side flow, but it has high effectiveness of pressure
drop to heat transfer conversion in turbulent flow;
especially if low pressure drop is desired, it should be
considered as an alternative to the 30� or 45� staggered
layout. External cleaning convenience is the same as for
45� layouts.

6

Figure  1  Recommended combina t ions  of  she l l  and  tube
diameters. Hatched areas are those preferred; dotted areas are
acceptable under specific conditions. Dimensions are in milli-
meters.

The 60�  staggered layout is not considered here or
shown in Table 10. For no-phase-change flow applica-
tions, it produces lower effectiveness in pressure drop-
to-heat transfer conversion and is therefore not generally
recommended.

Items 8-10:  Lt,, Lti, Lta, tube length definitions.
The tube length definitions are shown in Fig. 2. Lt, is
the nominal tube length for all bundle types except U
tubes. For U-tube bundles, the tube length varies
between the outer and inner rows and must be calcu-
lated by the manufacturer from tube layouts and bend
radii. The designer specifies the length from the tube-
sheet to the tangent of the outer tube bend, as shown in
Fig. 2. The last baffle should be located at that position.

Lg (mm) is the length of summation of all baffle
spacings. For all bundles except U tubes, this is the
length between the insides of the tubesheets; for U
tubes, L,i is the distance between the inside of the tube
sheet and the last baffle as shown in Fig. 2.

To determine Lti, we must know the tubesheet
thickness. If drawings are not available, the tubesheet
thickness can be roughly estimated (especially for
preliminary designs) as

Lt, = 0. lD, (1)

Table 7 Thermal conductivities &,,, of some typical tube materials

Material

Industrial grade Cu-Ni
Carbon Low-alloy High-alloy steel,

Cu Al Admiralty 90-10 70-30 steel steel Ti

Qm W/m K) 310 180 120 65 40 38 30 18
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3.356 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.5 Input Data and Recommended Practices

Table 8 Recommended tube layout pitch dimensions
by U.S. practice (inch based); pitch ratio Ltp/Dt

Tube OD Pitch (LQ,)

in mm

0.250 6.350

0.375 0.525

0.500 12.700

0.625 15.875

0.750 19.050

1.000 25.400

1.250 31.750

1.500 38.100

2.000 50.800

in mm Pitch ratio

0.312 7.938 1.250
0.375 9.525 1.500

0.500 12.700 1.330
0.531 13.494 1.420

0.625 15.875 1.250
0.656 16.669 1.310
0.688 17.462 1.380

0.781 19.844 1.250
0.812 20.638 1.300
0.875 22.225 1.400

0.938 12.812 1.250
1 .ooo 25.400 1.330
1.062 26.988 1.420
1.125 28.575 1.500

1.250 31.750 1.250
1.312 33.338 1.312
1.375 34.925 1.375

1.562 39.688 1.250

1.875 47.625 1.250

2.500 63.500 1.250

with limit Lts > 25 mm. This admittedly very simplified
approach will have to suffice for most applications
within the objectives of this handbook and other
approximations used.

The next more accurate estimation of Lts is

Lts = MD,
Ps
%

(2)

where P, is the shell-side operating pressure, and uts is
the allowable strength of tubesheet material at operating
temperature (in consistent units).

Elaborate procedures for tubesheet thickness calcu-
lations exist, depending on whether it is a fixed or
floating-heat tubesheet (TEMA Standards and various
proprietary sources), but these are outside of the
objectives of this section.

By whichever method Lt, is determined (see Sec.
4.2 for more details), Lg is calculated as

L,. = Lto - 2Lt,

for all bundle types except U tubes, and

(3)

L,. = Lt* - Li,

for U-tube bundles.

(4)

Lta (mm), is the effective tube length for heat
transfer area calculations. This length is determined for
all except U-tube bundles in a straightforward manner
from Fig. 2 as

Lt, = Lti (5)

For U-tube bundles, the tubular area in the U bend
beyond the last baffle is estimated as an additional tube
length of 0.3Dotl,  where DotI  is defined in item 21.
Accordingly, from Fig. 2, for U tubes,

Lt, = Lg + 0.3Dotl (6)

For tube-side pressure drop calculations, the total
nominal flow length of the tubes Ltt (mm) is required,
determined as

Ltt = Lt* (7)

Table 9 Minimum tube layout pitch LQ, for various
tube joint types (DlN  28 182, 1979 rev., abstracted);
dimensions in mm

Joint type

s\I I

Symbol Description

I Rolled, with
one or two
grooves

II Welded or
brazed,
tube
recessed

4
mm

I I I and III

LtP LtplDt -QP LtpDt

10
(12)
14

(16)
18

(ii,
25
30
38
44.5

13.5 1.35 13.5 1.35
15.5 1.29 15.5 1.29
18 1.28 19 1.36
20 1.25 21 1.31
23 1.28 24 1.33
25 1.25 26 1.3
27 1.23 29 1.32
30 1.2 32 1.28
36 1.2 38 1.27
45 1.18 47 1.24
53 1.19 55 1.24
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Table 10 Tube layout geometry basic parameters

C r o s s  f l o w  -+ *tP LPP

L
PP

*

LtP

@

OtP  r

LPn
I

LtP

30� 0.5Ltp 0.866Ltp

+ txgl9tP
Lpn =

+ +
Ltl,

LtP 90� LtP LfP

45� 0.707Ltp 0.707Ltp

for all bundle types except U tubes, and for U tubes as

Lti=Lt,  +LB (8)

These values must be multiplied by the number of tube
passes Nn to determine the effective flow length in the
tubes.

Item II: B, (%), segmental baffle cut as percent of
D,. Assuming that the segmental baffle is centered
within the shell inside diameter D,, the baffle cut height
Lbch (mm) is related to BC as shown in Fig. 3 as

B, = (9)

The small difference between the shell and baffle
diameter is for these purposes neglected, as the clearance
&b is of importance orily for leakage corrections, as
explained further under item 21.

If true �rating� of an exchanger is desired, the value
of B, will be known. However, for design purposes
and/or as a check on specified values, a chart showing
the recommended practices, in the form of B, versus the
ratio of the central baffle spacing Lbc (item 12) and the
inside shell diameter D, is presented in Fig. 4. A sound
design should not deviate substantially from the recom-
mended values, which are based on a vast amount of
practical experience as well as on studies of the shell-side
flow patterns, as discussed in previous sections.

Item 12:  L& (mm), central baffle spacing. T h i s
input item is called �central� baffle spacing to designate
a uniform baffle spacing over the baffled length of the
tube bundle. The deviations from this regular pattern,
sometimes necessitated by the inlet and outlet regions,
are described in the subsequent item 13 and Fig. 7.

The central baffle spacing is subject to two limita-
tions, based on established practices for good flow
distribution and adequate support of the tubes, as
discussed below.

1. The smallest acceptable baffle spacing Lbc,min is
required for reasons of good flow distribution, so that a
steady flow pattern of the cross-flow and baffle window
flow would result. Firmly established rules call for
minimum baffle spacing equal to 20% of the shell
diameter D,, but not less than approximately 50 mm.

2. The maximum permissible baffle spacing

LbC ,max is restricted by the following requirements:
(a) Good flow distribution, which, in connection with
the baffle window dimensioning, calls for maximum
baffle spacing not exceeding the shell diameter D, for
segmental baffles, that is Lbc,max = D,. (b) Sufficient

Baffle Tangent to
Outer Tube Row

Outer Tube
�Rend Radius

Figure 2 Tube length definitions.
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hide Shell Diameter, D,

Figure 3 Segmental baffle cut height Lbch related to baffle cut

B, (%).

support for the tubes to prevent sagging and possible
tube vibration. This dimension is defined by TEMA as
the �maximum unsupported span,� Lb ,max.

The TEMA-recommended values of Lb,mU for plain
tubes are a function of the tube diameter and two
material groups: A, steel and steel alloys; and B,
aluminum and copper alloys. TEMA R type (most
restrictive) specifies tube diameters between 3 in (~19
mm) and 2 in (~51 mm). TEMA C type (less restrictive)
uses the same values as the TEMA R, but extends the
tube diameter to $ in (-6 mm). The values are shown in
Fig. 5 and are represented by the following equations.

Material group A:

For Dt = 19-51 mm:

Lb,,,, = 52Dt  +  5 3 2 (mm) (lh)

For Dt = 6-19 mm:

L b,max = 68Dt  +  2 2 8 ( m m ) (lob)

Material group B:

For Dt = 19-51 mm:

Lb ,max = 46Dt  + 436 (mm) (104

For Dt = 6-19 mm:

Lb,max = 6001  + 177 (mm) (1W

For externally finned tubes, TEMA has a rather
COmpleX  fOrIINki for Lb,max  aS fOllOWS:

1. The tube diameter should be interpreted as the
tin root diameter;

2. The value of Lb,max should be reduced in
proportion to the power of 0.25 of the ratio of the
weight per unit length of tube, if stripped of fins, to that
of the actual finned tube.

The latter rule is not explained further and leaves some
ambiguities for practical interpretation. As many param-
eters are involved (e.g., fin configuration, tube wall

0 1983 Hemisphere I blishing Corporation
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& 30

2

t 20

10

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 4 Recommended segmental baffle cut values B, as a
function of Lbc/Ds  ratio. SBC, segmental baffle cuts in no-phase-
change flow; CV, baffle cuts applicable to condensing vapors.

thickness, tube diameter, material), no attempt is made
here at any generalized representation. As a first
approximation, enter Fig. 5 with the fin root diameter
instead of Dt.

Note that for the central baffle spacing, maximum
unsupported length is in the baffle window and
Lbc,maX  = 0.5Lb,,,aX.  However, the longest unsup-
ported span can occur in the inlet or outlet baffle
spacing and through the adjoining baffle window, as
discussed in items 13 and 14 and shown in Fig. 7.

To put the rather confusing limitation of minimum
and maximum segmental baffle spacing into perspective,
Fig. 6 shows the basic relationships. The two limiting
lines reflect the thermohydraulic consideration; the
horizontal lines represent the TEMA upper limit on
maximum unsupported spans Lb,max for plain tubes of
tube diameters as shown and also for the two material
groups A and B, as depicted in Fig. 5. For example, a

30001
/ I

01 I I I I I
0 10 20 30 40 50

Tube Diameter Dt.  mm

Figure 5 TEMA maximum unsupported plain tube span Lb,max
as a function of tube diameter Dt and tube material; A = Fe and
Fe alloys, B = Al, Cu alloys.
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1600

1400

1200

4oc

2Oc

a

- . ..�  .---..-..  -- . ..-.-.. -.

10 20 30 40 50 60 70 80 100
I I I I I I I I

I

60

I I I I I I I I I I I I IO
2 4 6 8 Iwo 2 4 6 8 2000 2 4 6

- Inside Shell Diameter D,. m m

Figure 6 Maximum and minimum limitations on segmental baffle spacing from thermohydraulic and unsupported length
considerations for materials A and B as per Fig. 5.

1 000-mm-diameter shell can have a minimum LbC = 200 used only with odd or even numbers of baffles (hence
mm and the maximum baffle spacing can be limited by baffle spacings):
thermohydraulic considerations to LbC,max  = 1 000
mm, but only if the tube diameter used is at least 25
mm. For tube diameter Dt = 12  mm,  LbC,max is
determined by the horizontal lines, with values of 520 or
440 mm, respectively, for material A or B. Finned tubes
would have still lower limits.

E shell: odd or even, but nozzle orientation is then
determined

J shell: only even number of baffles
F shell: only even number of baffles for standard

cross-flow orientation.

Notice that as the tube diameter gets smaller and I t e m s  13a, 13b: Lbi, I!& ( m m ) ,  i n l e t  a n d  outlet
the shell diameter gets larger, the choice of baffle baffle  spacing. If uniform baffle spacing is maintained
spacing diminishes, restricting the heat exchanger de- throughout the exchanger, ignore this item. However, in
signer in the freedom to manipulate this variable to some cases large inlet and outlet nozzles must be used,
accommodate pressure drop and heat transfer require- making it necessary to enlarge the baffle spacing
ments. In extreme cases this limitation may signify the adjoining the nozzles. In such cases the additional data
need to change shell type or baffle type. entries of Lbi and Lb0 are necessary. It should be further

Finally, note that certain shell types (E, J, F) can be noted that in these cases the longest unsupported tube
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span is in the baffle window adjoining the enlarged
baffle space, as illustrated schematically in Fig. 7. This
value must not exceed the TEMA limitation Lb,max,  as
shown in Figs. 5 and 6.

The thermal performance of an exchanger having
substantially larger inlet and/or outlet baffle spacings
will, of course, suffer, as the shell-side flow velocities in
the enlarged baffle spacings will be decreased. This effect
is treated as a correction factor J, in Sec. 3.3.6. The
effect will be more pronounced as the number of baffles
decreases. Frequently (such as for condensing vapors),
only the inlet baffle spacing needs to be enlarged,
whereas the outlet baffle spacing Lb0 can equal the
central spacing J& in Fig. 7.

Item 14: CN (Code), shell-side nozzle, impingement
protection, and annular distributors. Note: This is an
abbreviated version of practices for nozzle design and
impingement protection. For more comprehensive de-
tailed treatment, refer to Sec. 4.2.

The shell-side stream is discharged into the tube
bundle through a nozzle. If the flow velocity through
the nozzle exceeds a certain maximum, the tubes can
vibrate, and can be subjected to erosion and potential
damage. TEMA specifies the maximum permissible
shell-side nozzle velocity uns,max in terms of limiting
values of P~(u~~)~,  above which an impingement protec-
tion is required. For nonabrasive liquids,

2 250
%s,max  = - (m/s)

PS

or, in terms of TEMA, &u,,)~ = 1 500 lb/ft s2 (2 250
k/m s2 1.

For liquids at boiling point, the TEMA value is
500 lb/ft s2 (750 kg/m s2) and

%s,max  =
J-
F (m/s) (1 lb)

For two-phase flow mixtures, ps is calculated as the
homogeneous gas-liquid density

1
ps = OIIPm)  + (1 -YYPsl

(12)

where psv is the density of the vapor or gas phase and psi
is that of the liquid phase (kg/m3);  y is the vapor
fraction.

The simplest form of impingement protection is a
square or round plate located below the nozzle so that
the escape flow area into the tube bundle is approxi-
mately equivalent to the nozzle area. This is illustrated
schematically in Fig. 8 with the distance Lns of

L,, = 0.250,, (mm) (13)

where D,, is the inside shell nozzle diameter (mm).
An alternative impingement protection is to replace

the two top tube rows below the nozzle with rods, the

Figure 7 Schematic sketch of baffle distribution. Maximum
unsupported tube span Lb,max in the Lb, region (A) and in the
inlet/outlet region (B, and B,).

advantage claimed being better distribution of the flow
into the tube bundle. In either case, the impingement
device will reduce the number of tubes that can be
placed within a shell and should be respected in tube
count estimations (see Sec. 4.2.5E).

The most effective impingement protection, how-
ever, is an annular distributor, which is essentially a
rectangular channel welded at the shell entry or exit, as
shown schematically in Fig. 9. The annular distributor
has several advantages:

The shell wall itself acts as an impingement plate,
thus permitting full circular tube layout (see Sec. 4.2.5
for further details).

The shell flow entry slot can be located inde-
pendently of the nozzle position, thus permitting more
effective piping layout.

The flow can be introduced into the tube bundle
more uniformly and at flow velocities that are low
enough to prevent tube vibration.

Regular baffle spacing can be used throughout the
exchanger (see item 13).

These advantages are offset by the additional cost of the
distributor structure, but in all extreme cases annular
distributors are the only effective solution.

Figure 8 Schematic arrangement of shell-side impingement
protection.
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Figure 9 Annular distributor permitting the location of the first
baffle below the nozzle.

Once an impingement protection has been included,
the values of the maximum permissible nozzle flow
velocities can be calculated with ps(u,J2 values twice
those used in Eqs. (IO)  and (11).

For liquids:

%s,max = 4--
y ( m / s )

For two-phase flow:

%s,max =
J-
y ( m / s )

(144

For gases the permissible shell nozzle velocity is usually
limited to about 20% of the acoustic velocity in the gas
of density ps under pressure ps.

Finally, the minimum inside shell nozzle diameter
Dns,r,i,, (mm) can be determined from the recom-
mended v,,,~~ values and the shell-side flow rate ni,
(kg/s) (input item 26) as

D ns,min = 10-3

J (n/4)  P?ns,max

Pressure drop in the nozzle and tube vibration considera-
tions may, however, frequently require larger nozzles than
those determined by Eq. (15) as the minimum values.

I t e m  1 5 :  Ntt, total  number  of tubes in shell,  or
number of holes in tubesheet for U-tube bundles. T h e
number of tubes in a tube bundle, Nt,, is a function of

1. Shell diameter Ds.
2. Tube bundle type (item 18), which in turn

affects the value of the �tube bundle-to-shell bypass
clearance� Lbb, and determines the value of Dctl, the
circle diameter through the centers of the outer tube
rows [see item 21 and Fig. 3.3.6(l)]. Notice that, for a
given D,d, the effect of the tube bundle type on Ntr is
eliminated.

3. Tube diameter Dt, tube pitch Ltp, and tube
layout pattern angle, Btp (items 2, 6, and 7).

4. Number of tube passes Ntp,  as tubes are omitted
in tube pass lanes (item 16).

5. Omission of tubes due to impingement plates or
no-tube-m-window designs.

0 1983 Hemisphere E

For exchangers specified by drawings or otherwise,
N,, will be known. In most cases it is still important to
know if tubes were omitted for impingement plates
[Fig. (S)]  or bypass partition [Fig. 3.3.6(l)]  , as such
values enter subsequent calculations.

Because of the many parameters affecting Ntt,
tabular information based on actual layouts and often
referred to as �tube count� is always limited, though
dependable (Sec. 4.2.5). Especially for design cases
where D,, NQ,, and other variables may change in the
course of the calculation, an estimation procedure is
important. A simple but reasonably accurate correlation
(within the limitations of this method) is suggested
below.

For a single tube pass, Ntp  = 1:

(16)

where Dctl  is determined from procedures shown in item
21, Eq. (21)

Ltp is tube layout pitch, input item 6
Cr is a tube field layout constant based on input

item 7, etp, and = 0.866 for a 30� layout
or = 1.000 for 45� and 90�  layouts

This method will predict single-tube-pass tube count
within approximately 5% accuracy if the relations of
tube diameter to shell diameter are within recommended
limits (see item 2). The accuracy will decrease rapidly if
large tubes are used in relatively small shells.

If tubes have to be omitted to accommodate
impingement plates (Fig. 8) or for reasons of shell fluid
distribution, apply a correction factor based on sub-
tracting from the area of the D,,l circle in Eq. (16)
0.780&,  the area that is not occupied by tubes.
Expressed in the form of a correction factor to Nr,, r ,

Ntr = &,I (1 - tic> (IQ)

The correction factor Gc is calculated by the same
principles as the baffle cut area shown in Fig. 3.3.6(l)
and Eqs. 3.3.6(2) and 3.3.6(4). Substituting the values
corresponding to this situation, we get

ectr  = 2 cos-‘[2(1-2%]  ( d e g )

SC = 0.78Df,, (g - 2) (mm�)

where Sc is the area of the cutoff from the D,,l circle
and B,* is the cut in percent of D, between the inside
shell diameter D, and the cut line, similar to B, in Fig. 3
or Fig. 3.3.6(l).

Then

B,*= + 1 0 0  (%)
S

w4
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with L&J., the baffle cut height.
The correction factor tic is then

(164

This applies for cut out on one side of the shell only. If
the tube field on both sides of the shell is cut in the
same way (such as for no-tubes-in-window designs), use
2$, in Eq. (lti).

For multiple tube passes, Ntp > 1, a correction
factor J/, must be used to account for the decrease of
tube count due to tube pass partitions. This is very
difficult to generalize, as it depends on several geometric
parameters. A rough estimation for tirn is shown in Fig.
10.

Ntr = (Ntth (1 - IIln) (17)

Expected accuracy of this method is approximately 10%
on small shell diameters (Ds  < 400 mm) and 5% for
larger shell sizes.

Item 16: NtP, number of tube passes. For typical
tube pass layouts, see Sec. 4.2. Notice that pass
partitions should be located as much as possible perpen-
dicularly to the cross-flow stream, to avoid bypass flow.
Tie rods are often placed into the tube pass partitions to
block the flow if pass partitions are in the flow
direction.

For shell-side calculations this item is used only for
estimation of the tube count (item 15),  as tubes are
omitted on account of the pass partitions. For overall

0.26

0.24

0.10

2 0.18

8
;
r*

0.16

.g 0.14
t;
i
s

0.12

0.10

0.06

0 I
1 2 3 4 5 6 7 8

Number of Tube Paws,  NtP

Figure 10 Correction factor en for estimation of number of
tubes for tube bundles with number of tube passes NtP = 2-8.
Best range of application for Nt = 16-25 mm.
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exchanger rating or design calculations, this item is used
for determination of tube-side flow velocity and, in
appropriate cases, for the AT,,, correction factor.

A practical maximum value of Ntp  for a given shell
diameter Ds should be observed, as otherwise too many
tubes would have to be omitted from the tube field. An
approximate guide to Ntp,max as a function of D, is
shown below.

4 (mm) 200 400-800 800-l 200 >l 200
Ntp,max 2 4-6 6-8 8-10

The large N@ numbers can be used if small tube
diameters are used. Another rule of thumb calls for a
minimum number of tubes per tube pass of approxi-
mately 8. The accuracy of the shell-side method will
decrease if the above rules are violated.

Item 17: N,, number of sealing strips (pairs) in one
baffle crossing. If tube bundle-to-shell bypass clearance
(Lbb, item 21) becomes large, such as in pull-through
bundles, the bypass stream will reach considerable
magnitude, resulting in decreased heat transfer effi-
ciency. The effectiveness can be restored by allocating
�sealing strips,� which are usually sheet metal strips
attached to the baffles. These force the flow back into
the tube bundle, as shown schematically in Fig. 11. As a
general rule, sealing strips should be considered if the
tube bundle-to-shell diameter clearance, Lbb, exceeds
approximately a value of 30 mm. (See Fig. 14, item 21.)
This means that fmed tubesheet and U-tube designs
usually do not require sealing strips, but split-ring and all
pull-through floating-head designs usually will.

The final judgment should be made from the
calculation of the bypass correction factors (see Sec.
3.3.6)  from which the effect of sealing strips can be
readily estimated. Sound practice calls for the use of one
sealing strip for approximately four to six tube rows
crossed. See also Sec. 4.2 for additional details.

I tem 18 :  CB (code ) ,  tube  bundle  construct ion
types. The shell-side calculation method as presented
here will handle the following tube bundle types (TEMA
Standards). Only brief description is included here for
convenience. For illustrative drawings and additional
comments, see Sec. 4.2.

1. Fixed tubesheet, code FX
2. U-tube bundles, code UT
3. Split-ring floating-head bundle, code SRFH
4. Packed floating-head bundle, code PFH
5. Pull-through floating-head bundle, code PT�FH

The main effect the bundle construction type has
on the shell-side calculations is the bypass clearance
between the shell inside diameter and the tube bundle-

blishing Corporation
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Figure 11 Typical flow pattern in bypass stream with sealing
strip (Nss = 1).

tube field circumscribed circle DOtl (see item 21). The
main characteristics of the tube bundle construction
types are briefly summarized below, reflecting selection
from several aspects.

UT is the least expensive construction, as it needs
only one tubesheet and is the best for tube expansion
requirements. Only an even number of tube passes is
possible. Mechanical tube-side cleaning in U bends is
impractical or difficult. The tube bundle is removable,
and shell-side mechanical cleaning is possible. Replace-
ment of defective tubes cannot be made.

FX is the next least expensive construction, but it is
limited by tube expansion requirements (expansion
bellows); it needs two tubesheets. Only chemical clean-
ing of the shell side is possible. Replacement of defective
tubes is easy.

SRFH is used for applications where U-tube con-
struction is not desirable and thermal expansion ex-
cludes a futed tubesheet. Shell-side cleaning by
mechanical means is desired at infrequent intervals
(complete disassembly of the rear head is necessary).
More tubes per shell diameter can be accommodated
than with the PTFH type; there is also much less bypass
area. Defective tubes can be replaced or plugged easily.

PFH is similar to SRFH except that tubesheet
packing may cause problems.

PIFH is used when frequent shell-side cleaning is
necessary. It is the easiest type for pulling the bundle for
shell-side cleaning, at the sacrifice of less tubes in a given
shell diameter and the need for sealing strips.

I tem 19: Ltb (mm), diametral clearance between
tube outside diameter Dt and baffle  hole. This dimen-
sion is required for determination of tube-to-baffle hole
leakage stream, which is a correlational parameter of the
shell-side method (Sec. 3.3.6). TEMA Standards specify
recommended clearances in the baffle tube hole as a
function of tube diameter Dt and Lb,max, as shown in
Fig. 12.

This practice is based on the ease of tube bundle
assembly requirements. Notice that an �uncomfortable�
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step function exists (especially for computer calcula-
t i o n s )  for Lb,max = 900 mm, but nevertheless the
dimensions represent a reasonable guide for lack of any
better rule.

DIN Standard 28 182,4.2  presents a somewhat
different recommendation:

Lfb (mm> = IDt,max y.
D t,max

<I 0 0 0

mm
+0.4 -D
- 0 t >l 000

mm

where Dt,max  is the maximum tube outside diameter
( including tolerances) ,  and Dt is the nominal tube
outside diameter. This procedure adds the requirement
for knowing Dt,max, a frequently very cumbersome
chore, depending on type of tubing material, process of
manufacturing, and so on. Without specific knowledge
of these values, Fig. 12 is recommended as being simpler
to use.

For �extruded holes,� such as used for small shell
and small diameter tubes, a special clearance is recom-
mended in Fig. 12, based on practical experience.

Finally, accumulation of fouling layer thickness
may partially or completely block this leakage area. If
such a condition is expected, heat exchanger per-
formance under both extreme conditions should be
investigated.

Item 20: L,b (mm), inside shell-to-baffle clearance

(diametral). The clearance between the shell inside
diameter and the baffle outside diameter provides a
passage for the shell-to-baffle leakage stream, often
seriously affecting the heat transfer effectiveness. To
determine the leakage area, we need to establish the
average diametral clearance between the shell and the
baffle.

The value of D, (mm) is a �nominal� dimension,
subject to manufacturing tolerances as well as �out-of-
roundness� tolerances. The baffle outside diameter will
also be subject to manufacturing tolerances. For this

A" Lb.max

-

Extruded Holes

01 1 ’ I ’ I ’ I ’
0 5 10 15 20 25 30 35 40 45 50

Tube Outside Diameter Dt . mm

Figure 12 Diametral tube-to-baffle hole clearance Lrb as a
function of tube diameter Dt and the maximum unsupported
tube length Lb,max, TEMA Standards and for extruded baffle
holes for small-diameter shells (D, < 350 mm).
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reason, TEMA specifies only the average �clearance�
between the shell wall and baffle, ,Q,, as a function of
the shell diameter D,. This is shown in Fig. 13. The
TEMA step values are approximated with a straight line,
and curve-fitted as

Lsb = 1.6 + 0.0040, (mm) (18)

Because of the out-of-roundness tolerances, which are
not clearly defined by TEMA, an additional clearance of
1.5 mm is often added, resulting in leakage areas with a
greater safety factor for heat transfer (but lower for
pressure drop). This clearance is also shown in Fig. 13
and curve-fitted as

Lsb = 3.1 + 0 . 0 0 4 0 , (mm) (19)

Small shells (approximately up to 300 mm) are often
�expanded,� thus permitting very close tolerances. This
is shown in Fig. 13 as a separate value.

For shell-side flow applications where shell-to-baffle
leakage is of no importance, L& values up to twice those
in Eq. (18) can be used.

Item 21: Lbb (mm), inside shell diameter-to-tube
bundle bypass clearance (diametral). This clearance is,
for purposes of this method, defined as the distance
between the inside shell wall and the circle circum-
scribed to the outermost tubes of the tube field, Dorl,  as
shown schematically in Fig. 3.3.6(l).  For more detailed
description, see Sec. 4.2. It determines the flow area for
bundle bypass stream and the corresponding correction
factors.

The value of Lbb depends mainly on the tube
bundle type used. Fixed tubesheet or U-tube types
require minimum clearances. Split-ring and packed
floating-head designs require much larger clearances, to
accommodate the rear head. Pull-through floating-head
designs must accommodate bolts for the rear head and
require still much larger clearances, which are also

functions of shell-side design pressure. Although Lbb
should be obtained from drawings if available, Fig. 14
shows an estimation of the values of Lbb based on
prevailing practices.

To calculate the bypass area, we define the tube
bundle-circumscribed circle, Doil,  as shown in Fig.
3.3.6(  1) as

Dotr  = 4 - Lbb (mm) GQ7)

or, conversely,

Lbb = 4 -&tl (mm> WI

To calculate other tube field-related parameters, the
diameter of the circle through the centers of the tube
located within the outermost tubes, D,,l, is required:

Dctl  = 4 - (Lbb + &> = Dot/ - 4 (mm> (21)

Items 22-25:  Ti, Tgo, Tti, TtO (“C),  inlet and outlet
temperatures for shell-side and tube-side fluid, respec-
tively. It is assumed that all terminal temperatures are
known. It is often useful to make a rough sketch of the
temperatures, which will indicate possible close
approaches or overlaps and thus assist the designer in
selection of appropriate flow configurations, such as
pure counterflow, need for multiple shells in series, and
so on.

Items 26-29: Self-explanatory.

I t e m  3 0 :  qs (cP = mPafs), d y n a m i c  v i s c o s i t y  o f
shell-side fluid At least one value at approximately the
average shell fluid temperature is required for liquids and
gases. For calculations of the viscosity effect on (Y and
Ap for liquids, a second value of the viscosity, at
approximately the wall temperature, is required. (See
comments in Sec. 3.3.7.)

Item 31: Rf,O (mK/W),  shell-side fouling resistance

(referred to tube outside surface). A careful considera-
tion should be given to assigning a value to this item, as

14.0

I I
I

E 12.0
bh = 3.1 + O.O04D,,

I

0 200 400 600 800 1000 1200 1400 1600 1SCKl 2000 2200 2400 2600

Shell Diameter D, ,mm

Figure 13 Diametral shell-to-baffle clearance Lsb as a function of shell inside diameter D,, Eq. (19).
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- Shell Diameter D,, mm

Figure 14 Lbb (mm), diametral shell-to-tube bundle bypass clearance.

it may substantially affect the performance of the
exchanger. It is recommended that calculations also be
performed for a clean exchanger, RZ,* = 0, to appreciate
properly the effect of the fouling resistance assigned. If
substantial fouling resistance is specified, the resulting
fouling layer thickness may affect the tubular cross-flow
area and the tube-to-baffle hole clearances. Engineering
judgment must be employed in such cases. Also, respect
carefully the flow velocity and tube wall temperature, as
these may strongly affect the allocation of a fouling
resistance.

Unless known from practice, guidelines for selecting
the most probable values of RZ,O for a variety of fluids
are shown in TEMA Standards.

Items 32-36: same comments as to the correspond-
ing shell-side-related items 26-30.

Item 37: Rf,i (mKf W), tube-side fouling resistance
(referred to tube-inside side surface), Similar comments
apply as to shell-side fouling, item 31. However, even
more careful consideration should be given to tube-side
fouling resistance, as it is a strong function of flow
velocity; see comments under items 3 1, 42, and 43.

If tube-side fouling exists on externally low-finned
tubes, this resistance will be multiplied by the ratio of
outside to inside tube surface (which is typically around
3) if the overall coefficient U is based (as is customary)
on the outside tube surface. The effect of RZ,i  is
correspondingly amplified, making application of fin
tubes with high R,f,i values questionable.

I t e m  3 8 :  cys (W/m” K) ,  shel l -s ide  heat  t ransfer
coefficient (specified or estimated). In some cases, the
designer may want to specify the value of as, for
example, if condensing steam is used as a heating
medium (as = 8 000 W/m2 K), while the controlling
heat transfer resistance is on the tube side. The shell-side

heat transfer calculations will, in such cases, be by-
passed, and a number of the input items are not
required, depending on some other requirements, such as
estimation of tube count, and so on. For some cases, the
shell-side pressure drop will be required even if or, is
specified. In such cases, all inputs are required. Use
engineering judgment, reflecting the given circumstances.

Item 3 9 :  q (W/m2 K ) ,  t u b e - s i d e  h e a t  t r a n s f e r
coefficient (specified or estimated). Essentially same
comments apply as to item 38, except that the con-
trolling resistance is in this case on the shell side, and
therefore full specifications of the shell-side flow-related
data input items are required.

Note: Estimation of both os and ot is useful in most
cases for initial design calculation and the wall viscosity
correction factor $I for liquids (see Sec. 3.3.8).

I t e m s  4 0 ,  4 1 :  Aps,max, Apt,max, m a x i m u m  p e r -
missible pressure drops for shell side and tube side,
respectively. These values are essential for design cases,
which are customarily limited by maximum permissible
pressure drops. The best utilization of the allowed Ap
will result in the least expensive and most efficient
exchanger. Customary practices and limitations are
discussed at greater detail in Sec. 3.3.10. However, even
for �rating� cases, it is advisable to compare the
resulting pressure drop to experience-based values, to
avoid poor performance.

Item 42: v~,,,~ (m/s), maximum permiss ib le  tube-
side flow velocity. In some cases, the maximum tube-
side flow velocity is specified instead of and/or in addi-
tion to the maximum pressure drop. This is mainly be-
cause of erosion effects related to tube material used and
the nature of the tube-side fluid (clean or with abrasive
particles present). There are no specific recommenda-
tions on this rather complex subject, but general practice
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for clean fluids calls for a u~,,,~~  of 3 m/s for carbon
steel or Cu-Ni alloys, 5 m/s for alloyed steels, and 6 m/s
for titanium tubes. This is, obviously, only a very rough
screening guide, subject to other considerations. The
presence of abrasive particles will require the lowering of
these limits, especially in U tubes. Impingement protec-
tion is always assumed.

I t e m  4 3 :  Vt,min (m/s), minimum acceptable tube-
side flow velocity. A minimum tube-side velocity is
required primarily to prevent flow velocity-sensitive
fouling. As explained in Sec. 2.10, the rate of fouling for
most fluids is a strong function of the flow velocity.
Consequently, the exchanger designer has to respect this
restriction and eliminate design configurations that
appear otherwise acceptable but that do not meet this
limitation.

As an approximate guide for liquids in turbulent
flow, Ut,min should not be below about 1.0 m/s and
preferably more; for cooling water, ut,min should be 1
m/s, but a generally accepted value based on overall cost
optimizations between pumping power cost and cost of
fouling in primary design and maintenance calls for
ut = 2 m/s.

C. Calculations of basic correlational
parameters

Prior to calculations of correction factors and ultimately
(Y and 4, some basic terms, derived from the data input,
must be determined.

(a) Cross-flow area S, (mm2)  at the shell
centerline within one baffle spacing Lh

This is the minimum cross-flow area in the shell-side
flow direction (perpendicular to the baffle cut). It is
composed of two components:

1. The bypass channel between the tube bundle and
shell inside diameter, Lbb, input item 21, with
Lbb = 4 -Dot/,  Eq. (2%

2. The minimum cross-sectional area within the
tube field. Referring to Table 10, the minimum distances
in cross-flow between tubes for the various layouts are
shown as double lines. For 30� and 90� layouts, the
minimum free cross-flow gap is simply (Ltp - Dt) for
each tube pitch Ltp. For the 45� staggered layout, the
minimum cross-flow gap within the layout pattern is the
sum of the two gaps in the triangle sides (Ltp  - Dt) in
Table 10.

To generalize the above relations, a new term LTp,ee

is introduced, which normalizes the calculational pro-
cedures. Thus

0 1983 Hemisphere I

(Ltp - Dt)1 (22)

where Lbc (mm) = central baffle spacing (item 12)
Lbb (mm) = bypass channel diametral gap (item

21)
Ltp,eff  (mm) = Ltp for 30� and 90� layouts

= L@(O.707)  for 45� staggered layout
(Table 10)

D,tl (mm) = defined under item 21
Consequently, within the definitions used here, the 45�
rotated square layout will have 1.41 times larger
cross-flow area (based on tube pitch Ltp) than either the
90� or the 30� layout, but the number of tube rows
crossed will be 1.41 and 1.22 larger than in the 90� and
30� layouts, respectively.

(b) Average temperatures T, ,(N, Tt ,m

As this method is formulated primarily for manual
calculation, the physical properties are evaluated at the
arithmetic mean temperatures of the shell- and tube-side
fluids:

Ts,av = ;(ITti  f Tml) Wa)

Tt,av  = &(lTti + Ttol) Wb)

using the terminal temperatures from data input items
22-25.

However, if large variation of physical properties
due to temperature change between inlet and outlet
should exist, possibly causing a change from laminar to
turbulent flow, the accuracy of the method will suffer.
See further comments in Sec. 3.3.4.

(c) Shell-side Reynolds number Re,

From input data, we define the maximum shell-side
cross-flow mass velocity, tis (kg/m2  s) as

62, =9 (106) (24)
r?l

where k (kg/s) = shell-side flow rate from data input,
item 26

S,,, (mm2) = cross-flow area, from Eq. (22)
(106)  = adjustment factor from mm2 to m2

The shell-side Reynolds number Re, is then ex-
pressed as

Re, = ?!.!%
77s

(25)

where Dt = tube-side diameter, input item 2
tis = defined by Eq. (24)
Q = dynamic viscosity at average bulk tempera-

ture, input item 30

blishing Corporation
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Any other consistent set of units can be used to produce
Re,, as long as it is dimensionless.

(d) Shell-side Prandtl  number Pr,

By definition from input values,

Pr, = y (10-j)
s

(26)

where the factor (10m3)  adjusts the units used in the
input values. The physical properties cp, V, and X are
referred to average shell temperature.

(e) Mean temperature difference AT,

The effective mean temperature difference is discussed
in detail in Sec. 1 S. From basic definitions,

ATrn = TLMV? (27)

From the input data, we can determine the terminal
temperature differences in terms of hot and cold
streams:

ATI  = Tin,hot - Tout,cold

AT2 = Tout,hot  - Tin,cold
Then the log mean temperature difference

WQ)

(28b)

ATLM =
AT1 - AT,

ln(ATl/AT2>  AT ,  #AT,

= ATI i- Ai-2
2 A T , - A T ,

(29)

The correction factor F needs to be calculated for any
particular flow configuration (shell type) as determined

in Sec. 1.5. For isothermally condensing fluids, such as
steam-heated exchangers, F = 1.0. Also, for pure
counter flow, F = 1.0. All other flow arrangements will
have F <  1.0, but F should be kept above about
0.75-0.8, as otherwise inefficient design would result. If
too low F values are encountered, the design may have
to be reevaluated, adding units in series, changing bundle
type, or accepting pure counter flow, as the case may be,
for overall optimum performance.

(f) Effective tube length

For heat transfer area calculations, the effective tube
length is specified as Lt,. See also comments to end zone
correction factor Jr in Sec. 3.3.6, with respect to
effectiveness of U-tube end zone.

For transfer calculations in the tube-side laminar
flow regime, Sec. 2.5.1,  the �effective� tube length
enters as a parameter in the term d/L. The L term in
these equations should be interpreted as �undisturbed
flow length.� In all except U-tube bundles, this length
should be L = L,; for U-tube bundles, some mixing will
occur in the U bend, but as a safe assumption, L = 2Lta.

(g) Total heat transfer surface
of the exchanger, A, (m’)

Determine the heat transfer-effective tubular area, per-
taining to the tube length Lta,, input item 10. Considera-
tion should be given to the effectiveness of the U-end
baffle area.

A ,  =  nD,L,N,  X 10m6 (m�)

where 10m6  recalculates mm2 to m2.

(30)

Nomenclature for Section 3.3.5 appears at the end of Section 3.3.11.

REFERENCES FOR SECTION 3.3.5

1. Kern, D. Q., Process Heat Transfer, McGraw-Hill, New York, 1950.
2. Standards of Tubular Exchangers Manufacturers Association, 6th ed., TEMA, New York, 1978.
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.6-l

3.3.6
Auxiliary calculations

J. Taborek

n Based on the input data defined in Sec. 3.3.5, there
are a number of calculations required to be able to
compute the various correction factors, flow areas,
surfaces, and so on, as needed for the ultimate purpose
of determining the shell-side heat transfer coefficient
and pressure drop. These auxiliary calculations are
defined in this section.

A. Segmental baffle window calculations

Referring to Fig. 1, which illustrates the basic segmental
baffle geometry in relation to the tube field, we
calculate first the cent&angle of the baffle cut inter-
section with the inside shell wall, 8&, and the angle
intersecting the diameter Dctl, that is, the circle through

(Inside Shell Diameter)

Figure 1 Basic baffle geometry relations.

0 1983 Hemispha 1 lblisbing  Corporation

H H

the centers of the outermost tubes, Dctl = Dot1  - Df (see

Sec. 3.3.5).

8ds =2 Cos-’ l-2 f$j[ 01 (deg) (1)

e,t1= 2 cos-l 15 [I -:($$]/  (ded (2)

In case so-called window baffles are used (see Sec.
3.3.9, that is, baffles where the area between D, and
Dot1  is blocked, the centri-angle referred to Dot1  is
needed:

&,tl=2cos-1  j&E-2($$)]/  (ded (3)

B. Baffle window flow areas

The gross window flow area, that is, without tubes in the
window, SW,, is

S,, =i(DSj2(-$$  - y) (mm2) (4)

The results of Eq. (4) are plotted in Fig. 2 for
convenience, as a function of D,, with B, as a parameter.
If, however, the above-mentioned window baffle is used,
replace 8& in Eq. (4) with OOrl from Eq. (3); Fig. 2 is no
longer valid.

From the relationships in Sec. A, and Eq. (4)  we
can now calculate the fraction of tubes in the baffle
window, F,; and in pure cross flow, F,, that is, between
the baffle cut tips, as indicated in Fig. 1 by the distance
lD,[l  - 2(&/100)1~.
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Figure 2 Gross

10�

8

102 2 4 6 8 lo3 2 4 6 8 lo4

Shell Diameter D,, mm

segmental baffle window area (without tubes) SWg as a function of inside shell diameter D,.

These calculations assume that the tube field is
uniform within the diameter Dog.  This premise is
sometimes violated because of tube pass lanes distribu-
tion. Also, tubes are sometime omitted in the nozzle
entry area to permit the placement of impingement
plates. However, within the overall accuracy of the
method and effects of other simplifications, this minor
error must be accepted or corrected in individual cases.
According to the above premises, the fraction of number
of tubes in one window F,, and the fraction of number
of tubes in pure cross flow between baffle tips F, are
expressed as follows:

F
W

_ eCtl _ sin eCtl
360 2ll

(5)

F, = 1 - 2(Fw) (6) SW = SW,  - swt (mm2 1 ( 9 )

where BCtl is defined by Eq. (2).
The segmental baffle window area occupied by the

tubes, Swt, can be calculated as

Swt =NttFw  (f D;) =Ntw  (zD$  ( m m � )  ( 7 )

and is presented graphically in Fig. 3. The number of
tubes in the window, Nm, is expressed as

Ntw = NttFw (8)

Finally, the net cross-flow area through one baffle
window, SW, that is, the gross flow area SW,, Eq. (4)
minus the area occupied by the tubes, Swt, Eq. (7) is

o 1983 Hemisphere Publishing Corporation



3.3. SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.6 Auxiliary Calculations 3.3.6-3

C. Equivalent hydraulic diameter of a segmental
baffle window, D,

The equivalent hydraulic diameter of a segmental baffle
window, D,, is required only for pressure drop calcula-
tions in laminar flow, that is, if Re, < 100. It is
calculated by the classical definition of hydraulic
diameter, that is, four times the window cross-flow area
SW divided by the periphery length in contact with the
flow. This is expressed in the following equation (except
that the baffle edge is purposefully omitted from the
periphery term):

heat transfer coefficient and pressure drop, and the
corresponding correction factors. It is a function of the
tube layout and tube pitch, the same parameters as are
needed for the determination of the cross-flow area S,
(Sec. 3.3.X). The pertinent values are shown in Table
3.3.5(10) for the three layouts, 30� equilateral tri-
angular, 90" in line, and 4.5" staggered.

The number of effective rows crossed in one
cross-flow section, that is, between the baffle tips, is

(11)

where L, is obtained from Table 3.3.5(10).

D,= 4sw
nDtNm  +nD,t&/360 m-d (10)

D. Number of effective tube rows in cross
flow, Ntcc and Ntcw

The determination of the effective number of tubes in
cross flow is an essential parameter for the calculation of

The determination of the number of effective tube
rows crossed in the baffle window, Ntoy, is not
straightforward and is subject to some interpretation of
the window flow pattern. Highest flow velocity exists
just below the baffle tips and then decreases rapidly, as
shown schematically in Fig. 4. This was demonstrated by
numerous visual experiments, such as in [l] and [2] .
Ultimately, the effective distance of baffle window flow

106

8

103

8

6

Number of Tubes in One Window Ntw = Ntt  F,

Figure 3 Cross-sectional area of tubes in one segmental baffle window S,t as a function of number of tubes in the window

Ntw.
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.6 Auxiliary Calculations

Figure 4 Schematic diagram of effective cross flow within a
baffle window.

penetration, which could be considered cross flow (and
includes implicitly the contribution of the longitudinal
flow component), must be determined from experi-
mental data. For more detailed discussion on this
subject, see [3].

From the Delaware and other data, the effective
distance of penetration, L,, was determined as 0.4 of
the tubular field in the baffle window, which is the
distance between the baffle cut and DC,/, Fig. 4.

L (12)

This distance is crossed twice within each window, and
therefore the effective number of tube rows crossed,
NW,  is

(13)

where L,, the effective tube row distance in the flow
direction, is taken from Table 3.3.5(10).

More accurate but also more elaborate interpreta-
tion of the window flow has been made [4],  but the
data necessary for such analysis are not in the public
domain and the resulting calculations would be beyond
the ease of a manual method.

E. Number of baffles, Nb

The number of baffles Nb is required for calculation of
the total number of cross passes and window turn-
arounds. Use drawings or sketches whenever possible. If
calculation is necessary, use the tube length Lg as
defined in Sec. 3.3.5 and notice the different interpreta-
tion for U tubes. The baffle spacing is the �central� one,
Lbc, even if larger end spacings are used.

N 2!Llb
‘Lbc

(14)

Notice that if end baffle spacings are the same as the
central one, the value should be an integer (or close to
it). If larger end spacings are used, the Nb value
calculated should be rounded down. Confirm on a
sketch if in doubt.

F. Bundle-to-shell bypass area parameters,
sb and Fsbp

The flow area between the shell wall and the tube
bundle is the prime area where the flow can bypass the
desirable path through the tube field. The flow in the
bypass area, having a lower resistance than that through
the bundle, can attain considerable magnitudes (20-
30%) and decreases the efficiency of heat transfer
while decreasing the pressure drop. These effects are
eventually expressed in the respective correction factors
Jb and &, in Sec. 3.3.6K. These factors respect also the
effect of bypass sealing strips (N, in the data input),
which decrease the flow in the bypass channel.

In addition to the shell-to-bundle bypass area, there
can be additional bypass flow in tube partition pass
lanes. The pass lanes are, however, placed perpendicular
to the cross flow whenever possible, but in some cases of
multitube pass designs, it is unavoidable to place at least
some of them in the flow direction. As the bypass
stream in such cases touches the tube field on both sides,
it is more heat transfer-effective than the peripheral
bypass stream. Moreover, the bypass lanes are usually
blocked by tie rods, which act similarly to the sealing
strips. Within the overall accuracy of this method, the
bypass lanes usually can be neglected.

Accordingly, the bypass area within one baffle, Sb,
can be expressed as follows:

sb = Lbc Ws - &td + Lpd (mm2 1 (15)

where L,l expresses the effect of the tube lane partition
bypass width (between tube walls) as follows (Fig. 1):

LPI = 0 for all standard calculations
L,l = half of the real dimension of the tube lane

partition L, (see Fig. 1). For estimation pur-
poses assume that L, = Dt. See Sec. 4.2 for
more detail. For further refinement, engineer-
ing judgment should be used.

For calculations of the correction factors Jl and RI,
the ratio (or fraction) of the bypass area & to the
overall cross-flow area S,,, , as defined in Eq. 3.3.5(22), is
required

F sb
sbp = s (16)

m

G. Shell-to-baffle leakage area, & (mm�  )

The shell-to-baffle leakage area ssb is required for
calculation of the correction factors for baffle leakage
effects Jl and RI. The diametral leakage clearance
between the shell diameter D, and the baffle diameter
Db is designated as La (mm) in the data input section.
This value can be estimated by procedures outlined in

0 1983 Hemisphere Publishing Corporation



3.3. SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.6 Auxiliary Calculations 3.3.6-5

Fig. 3.3.5(13) or allocated according to individual
circumstances and engineering judgment.

Assuming that Lsb has been determined, the shell-
to-baffle leakage area within the circle segment occupied
by the baffle is calculated (with acceptable approxima-
tion) as

&, = 7rDs($)  (�6!&ed$  (mm2)

= 0.00436&L&60  - 8ds) (17)

This equation is represented graphically in Fig. 5 as a
function of the baffle cut I?, and using values of Lsb as
recommended in Fig. 3.3.5(13) and Eq. 3.3.5(19), that
is, the TEMA values with an additional tolerance. Should
the exchanger have another value of Lsb, Sa should be
calculated from Eq. (17).

H. Tube-to-baffle hole leakage area
for one baffle, srb ( mm2  )

Similar to item G, the tube-to-baffle hole leakage area
for one baffle, Stb, is needed for calculation of the
correction factors Jl and RI. The diametral clearance Lrb
is a data input item with recommended values shown in
Fig. 3.3.5(12), and instructions in Sec. 3.3.5, item 19.
The total tube-to-baffle leakage area within one baffle is
then

St, = ; Wt + Ltd2 -@I @tt>(l  --Fw)t (18)
where F, is related to F,, the fraction of tubes in the
baffle between baffle tips, as calculated in Eq. (6). The
expression in braces in this equation represents the
leakage area for one tube (&b)r  , and is represented
graphically in Fig. 6. Accordingly, Eq. (18) can be
simplified to

stb = @tbh (Ntt>(l  --Fw) (19)

I. Segmental baffle window correction
factor J, (Fig. 7)

The correction factor J, is used to express the effects of
the baffle window flow on the heat transfer factor j,
which is based on cross flow. Postulating a number of
logical assumptions on how the window flow is related
to the cross flow at shell centerline, the Delaware
workers developed this correction factor as shown in
Fig. 7. Detailed documentation of the development is
described by Bell [3] . The method, despite its simplic-
ity, appears to hold reasonably well for the range of
recommended baffle cuts and baffle spacing values.

Notice that Jc reaches the value of 1.0 for baffle
cuts around 25 to 30%,  and even larger than 1.0 for
smaller baffle cuts. This can be explained by the fact

IdV~I 1 I / 103
102 1.2 1.5 2 2.5 3 4 5 6 8 10� 1.2 1.5 2 2.5 3

Shell Diameter D,, mm

Figure 5 Shell-to-baffle leakage area as a function of D, and baffle cut B,, using clearance values of L,b per Eq. 3.3.5119)
and Fig. 3.3.5(13).
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1.0.
0 5 10 I5 20 25 30 35 40 45 50

Tube Diameter -Dt ,mm

Figure 6 Tube-to-baffle leakage area for a single tube with diametral gap Ltb from Fig. 3.3.5(12).

that ii is obtained at the largest cross-flow section at the
center row, while much higher flow velocities will exist
below the baffle cut edge, especially as the baffle cut
decreases. This, in turn, is compensated by the fact that
fewer tubes exist in this region. A much more complex
analysis is necessary to express these interactions prop-
erly.

The factor J, is a function of the baffle cut B, and
of the diameter D,rl, as both values determine the
number of tubes in the baffle window. The correlating
parameter is the fraction of tubes in cross flow (between
baffle tips), given as F, in Eq. (6).

The original curve of the Delaware method is shown
in Fig. 7, but for practical calculations in the range of
baffle cuts 1545%, a straight-line approximation is
sufficient, expressed as

(20)J, = 0.55 + 0.72F,

J. Correction factors for baffle leakage
effects for heat transfer, JI,
and pressure drop, RI

The pressure difference between two adjoining baffle
compartments forces part of the flow to penetrate in the
gap between (1) the shell and the baffle edge circum-
ference and (2) the tube and the baffle tube holes. This
decreases the effective cross-flow stream and conse-
quently also both or and Ap,. The leakage streams can
reach considerable magnitudes (up to 40%) and are,
therefore, most important factors in the correlations.

From the two leakage streams considered, the
shell-to-baffle stream is most detrimental to heat trans-

�,JC o.9t-tI �t
linear approximation

0 . 8
l k/: l l\-=..5....zFc

F, = ffB,s Dctpk

Figure 7 Segmental baffle window correction factor Jc as a function of fraction of tubes in cross flow F,, Eq. (6).
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.6 Auxiliary Calculations 3.3.6-7

fer, as it does not exchange heat with any tubes. On the
contrary, the tube-to-baffle stream passes over the tube
surface within the gap, and is consequently partially
effective. Note, however, that the tube hole clearances
may become plugged up by fouling deposits in some
cases, and consequently this stream may decrease with
time. This will increase the cross-flow stream but also
the other bypass streams, with the usual effect of a
relatively small change of heat transfer but usually
increased pressure drop. For sensitive cases, the designer
should consider performing the calculations for the
initial clean condition as well as for the condition with
tube clearances eliminated, Srb = 0.

The results of the Delaware work as originally
published [3] are here somewhat modified, accounting
for additional data that have become available. It is
assumed that the following values have been determined:

S,b, shell-to-baffle leakage area, Eq. (17)
&b, tube-to-baffle hole leakage area, Eq. (19)
SM, cross-flow area at bundle centerline, Eq.

3.3.5(22)

The correlational parameters used are

Qrl =
&b + stb

&l
(21)

which is the ratio of both leakage areas to the cross-flow
area, and

S
r, = sb

&b + stb
(22)

which is the ratio of the shell-to-baffle leakage area to
the sum of both leakage areas.

The correction factors for heat transfer Jl and for
pressure drop RI are shown in Figs. 8 and 9, respectively.
The following characteristics of the figures should be
noted:

1. The most severe correction is for the parameter
r, = 1, which corresponds to the case of all leakage
taking place in the shell-to-baffle area. This is in
accordance with the comments above.

2. The least severe correction is for the case of all
leakage in the tube baffle holes, r, = 0. The effect of
decreased tube-to-baffle clearance due to fouling can be
readily analyzed.

3. A well-designed exchanger should have values of
Jl not less than about 0.6, preferably 0.7-0.9, as
otherwise too great penalty on heat transfer efficiency
will exist. If low Jl values are obtained, the design should
be carefully examined and possible remedial actions
considered, such as: (a) Wider baffle spacing, which will
increase S, and shift q,,, toward higher Jl values. (b)
Increasing tube pitch or changing tube layout to 90� or
45� will have similar effects (usually at the cost of

shell-tdaffle)
0 I

0 0.2 0.4 0.6 0.8

%b  + �tb
�Pm =

%I

Figure 8 Baffle leakage pressure drop correction factor RI, as a
function of r-z,,,, Eq. (21),  and r,, Eq. (22).

0 0.2 0.4 0.6 0.8

�sb  + �tb

�Pm
=-

%

Figure 9 Baffle leakage heat transfer correction factor Jz,  as a
function of rim, Eq. (21), and r,, Eq. (22).
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3 . 3 . 6 - g 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.6 Auxiliary Calculations

somewhat larger surface). (c) More drastic measures
include change to double- or triple-segmental baffles,
TEMA J shell type, or both.

For computer applications, the correction factors
are curve-fitted as follows:

JI = 0.44(  1 - rS) + [ 1 - 0.44(1  - r,)] exp (-2.2r&

(23~)

RI = exp [-1.33(  1 + rS)(rl,)p] (23b)

where p = [-0.15(1  + rs) + 0.81.

K. Correction factors for bundle bypass
effects for heat transfer, Jb ,
and pressure drop, Rb

The flow resistance in the shell-to-bundle bypass is
substantially lower than through the tube field. Conse-
quently, part of the flow will seek this path, in
proportion to the ratio of the resistances of the bypass
area to the tube field cross-flow area. This stream is only
partially effective for heat transfer, as it touches the
tubes on one side. For fixed-tubesheet and U-tube
bundles, the bypass area is usually not too large.
However, for pull-through bundles, the bypass channel
must be blocked by sealing strips.

To determine the Jb and &, correction factors, the
following parameters must be known:

FSbP  = sb/&,, the ratio of bypass to cross-flow
area, Eq. (16)

If sealing strips are used, determine:

N, = number of sealing strips (pairs) in one baffle,
from data input item 17

Ntcc  = number of tube rows crossed between baffle
tips in one baffle section, Eq. (11):

NSSI-,, = ~
N

(24)
tee

Graphic representation of the correction factors Jb
and &, is shown in Figs. 10 and 11, respectively. As can
be expected, the bypass flow fraction is larger in the case
of laminar flow, which for these purposes is defined as
Re, < 100. The recommended range of Jb factors is
indicated in Fig. 10. If lower values result, add sealing
strips, which in almost all cases will remedy the problem.

The curves are curve-fitted for computer applica-
tions as follows:

Jb = =P[-CbhFsbp(l  - %%)I

withthelimitofJb  = l,atr,>i,and

Cbh = I.35 for laminar flow, Re, < 100

(25)

Recommended

�b

- - -  R e
8s

-G 100

0.3 I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Fsbp = SdSm

Figure 10 Heat transfer correction factor Jb for shell-to-bundle bypass as a function of Fsbp, Eq. (16), with effect of
sealing strips per tube rows crossed, rss.
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F
sbp

= SdS,,,

Figure 11 Pressure drop correction factor Rb for shell-to-bundle bypass as a function of Fsbp, Eq. (16),  with effect of
sealing strips per tube rows crossed, rss

Cbh = 1.25 for turbulent and transition flow, Re, > 100

and

Rb = exP [-cb,&bp  (1 - ?%)I (26)

with the limit &, = 1, at r,, > f , and

cbp = 4.5 for laminar flow, Re, < 100

c@ = 3.7 for turbulent and transition flow, Re, > 100

L. Heat transfer correction factor for adverse
temperature gradient in laminar flow, Jr

The Delaware data on deep laminar flow (Re, < ~20)
exhibited a large decrease of heat transfer, which was
eventually postulated as an effect of adverse temperature
gradient development through the boundary layer. This is
similar to the well-defined effect in tube-side flow where
jaL-1’3. The length of flow L is interpreted in tube
banks in a reasonable analogy as the number of tube
rows crossed. From the Delaware data it can be
concluded that for tube banks, j a (NC)-�.18,  that is, the
effect is somewhat weaker than for tube-side flow, due
to partial distortion of the boundary layer between tube
rows crossed, NC. Above Re > 20, momentum change or
inertial effects begin to disturb the laminar layer buildup
and the effect decreases, until at approximately
Re = 100 it disappears.

As the ideal tube bank ji curves [Figs. 3.3.7(1)-
3.3.7(3)] are based on 10 tube rows, the corresponding
correction factor Jr for Re, G 20 can be expressed as

Jr = (Jr), = ;00 .18 1.51

c = (Nc)�.18 (27)

where NC is the total number of tube rows crossed in the
entire exchanger:

Nc = (Ntcc + Ntcw)(!%  + 1) (28)

Between Re, < 20 and Re, = 100, a linear proration is
applied, resulting in

Jr = (Jr), + [(Jr), - 1 I

where (Jrlr  is from Eq. (27) with the limits:

Jr = 1 for Re, > 100

Jr = (Jr), for Re, G 20; Jr 2 0.4

Equation (29) is represented graphically in Fig. 12.

( 2 9 )

M. Heat transfer correction for unequal
baffle spacing at inlet and/or outlet, J,

Refer to Fig. 3.3.5(7) which shows a schematic sketch of
an exchanger where the inlet and outlet baffle spacing Lbj
and Lb0 is enlarged in comparison to the regular central

0 1983 Hemisphere Publishing Corporationr 1t<DiL A
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3.3.6-10 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.6 Auxiliary Calculations

0.6

0.4
10 2 4 6 8 10� 2 4 6 8 103

Total Number of Tube Rows Crowd N,

Figure 12 Heat transfer correction factor Jr for laminar flow (Re, < loo), with Nc from Eq. (28).

spacing Lbc. Let us assume that the heat transfer
coefficient oi was calculated on the basis of the central
spacing LbC and that ai is proportional to uzax, where
urnax is the cross-flow velocity based on LbC and the
definition of ti,, Eq. 3.3.5(24).

Here n is approximately a constant, assumed to be
0.6 for turbulent flow and 3 for huninar flow.

Assuming that the leakage and bypass flow ratios
are not greatly altered by the difference between LbC
and Lbj or Lb0 (which should be the case for well-
designed exchangers where Lbj > LbC is not acceptable),
then, from [5]

(30)

Now, define the mean shell-side heat transfer
coefficient as, which takes into account the different
coefficients in the inlet and outlet spacing (cU,)i  and
(c&, coupled to the respective heat transfer areas (A,)i
and &)o.

%A3 = taiM&)i  + &i Lb - @oh - Uo)o 1
+ Cold0 Uo lo (31)

In the context of the method, correction factor J,
can now be defined as a multiplier to the CY~ value by
dividing Eq. (3 1) by the product of of&.

Introducing the relationships

(32)

(33)

(34)

where L,h and L,? are dimensionless length ratios, it is
noted that

A0 - (Aoh - (Ao)o  _ h$, - 1
Ao -LT+(&-l)+L; (35)

Then, Eq. (32) reduces to

J
S

= (Nb - 1) + (t#� -@ + (I$)(� --)
(Nb - 1) + (Li*)  + (L:)

(36)

Notice that for ,!,bj = Lb = L& or L* = LT = L$ = 1 .O,
J, = 1.0.

For graphical presentation, to give some feel for
the magnitude of this correction, we assume that
L* = LT = L,*, which is often the case. Turbulent flow
results in a stronger correction, so n = 0.6. In Fig. 13, Js
is plotted against Nb with L* as a parameter,

L* - Lbo - Lbi

Lbc Lbo
(37)

Values of L* larger than 2 would be considered poor
design, especially if combined with low Nb. In such cases
an annular distributor or other measures should be used.
Also, a low number of baffle spacings, usually less than
5, is considered generally a questionable design, as the
premises of AT,,, calculations are being violated (see Sec.
1.5).

JS

I
I

0.5 I I I I 1 I I I 1 I I I I 1 1 1 1
2 4 6 8 10 12 14 16 18 20

- Nb

Figure 13 Unequal inlet/outlet baffle spacing correction factor
J, for heat transfer as a function of number of baffles Nb and
the baffle spacing ratio L*, Eq. (37).
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.6 Auxiliary Calculations 3.3.6-l 1

For laminar flow, the correction is about halfway
between 1 and J, computed foT turbulent conditions.

N. Pressure drop correction for unequal baffle
spacing at inlet and/or outlet, R,

The interpretation of the end-zone correction R, can
have several levels of sophistication. The most accurate
one is to set up an equation for each end spacing, similar
to &bj, and to cakulate the corresponding friction
factor based on physical properties at the local tempera-
tures. Such an elaborate procedure will be justified,
within the overall accuracy of the method, only in
extreme cases. The recommended method uses a similar
logic as applied to the derivation of the heat transfer end
zone correction J,, but applies only to the end zone
Ape, Eq. 3.3.8(6).

From basic equations of pressure drop,

2 - n

(38)

where IZ is the slope of the friction factor curve,
assuming that n = 1 for laminar flow, Re, < 100, and
n = 0.2 for turbulent flow.

Because of the specific way pressure drop is treated
in this method as shown in Figs. 3.3.8(l)-3.3.8(3),  a
simple geometric analogy results in

(39)

Refer to Sec. 3.3.8 for basic explanations. The correc-
tion factor R, is treated here for reasons of consistency.

This development assumes that the flow regime
(exponent n) is the same throughout the exchanger. The
correction factor R, has the following characteristics:

1. ForLbc=Lbo=Lbc,Rs=2.
2. For the reasonably extreme case Lb0 = Lbc =

2LbC, R, = 1.0 for laminar flow and R, = 0.57 for
turbulent flow.

3. For a typical U tube, Lbj = LbC and Lb0 = 2LbC,
R, = 1.5 for laminar flow, and R, = 1.3 for turbulent
flow.

Nomenclature for Section 3.3.6 appears at the end of Section 3.3.11.
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.7-l

Ideal tube bank correlations
for heat transfer and pressure drop

J. Taborek

n The shell-side method is based on the heat transfer ji
factor and the friction factor fi from data on ideal tube
banks and then correcting these values for the non-
idealistics  of the flow in a baffled exchanger. Pressure
drop and heat transfer in ideal tube banks are described
in Sets. 2.2.4 and 25.3,  respectively. However, the
development of the Delaware method was based on a
specific set of ideal tube bank data with geometric
similarity to shell-and-tube heat exchanger practices. For
this reason it appears preferable to use the same set of
graphs as a basis. These are presented in Figs. 1-3 as
functions of the layout angles and pitch ratios Ltp/Dt,

covering the industrial range of practical values.
No attempt is made here to correlate the data, and

the user is expected to read the corresponding value of ji
and fi as functions of the Reynolds number Re, from
the graphs. For possible computer application, however,
a simple set of constants is given in Table 1 for a curve
fit of the following form:

ii = (al > a (ReJ”z

where

a3 -
a = 1 + 0.14(ReJaq

and

where

b=--  b3
1 + 0.14(Re,)b4

(1)

(2)

0 1983 Hemisphere I lblishing  Corporation

Note that the ji and fi graphs are based on specific
formulations as defined below.

A. Ideal tube bank ji and ai

The ideal tube bank ji factor is defined as

(3)

Using the Re, value determined in Eq. 3.3.5(25), read
the corresponding value of ji from Figs. l-3 or calculate
ji from the equation given above. Then the heat transfer
coefficient for ideal tube bank becomes oi (W/m2  K):

ctj = ji(Cp)siz,  (Pr,)-2�3  (@s)r (4)

where (C,), = shell fluid viscosity, from data input
k, = shell-side mass velocity, Eq. 3.3.5(24)
Pr, = shell fluid Prandtl number, Eq. 3.3.5(26)

(+s)r = correction factor that accounts for the
viscosity gradient at the tube wall versus
the viscosity at the average bulk fluid
temperature, n,.

The term (@s)r  needs additional explanation. For liquids
the relation usually employed is

(@J = 2 Od4
L> (5)

where n8,W is the shell fluid viscosity determined at the
tube wall temperature, T,,,. As the viscosity of the
liquids decreases with temperature, Q�S  > 1.0 for shell
fluid heated, and @s < 1 .O for shell fluid cooled.

For gases, viscosity is a weak function of tempera-

.I .- .̂ ;*___  j-.X_  _, .__.. _ ^.-. ,.-_ - ._.”
-1”‘ -’

-.I. .._-_.. .__.
- l - - - - T - - - - - - ’  ^
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Figure 1 Ideal tube bank ji and fi factors for 30� staggered layout [ Re, from Eq. (2.5),  Sec. 3.3.51.

1 2 4 6 8 1 0 2 4 6 8 1 0 � 2 4 6 1310� 2 4 6810� 2 4 6 810�
Shellside  Re,

Figure 2 Ideal tube bankji and fi factors for 45� staggered layout [Re, from Eq. (2.9,  Sec. 3.3.51.

0 1983 Hemisphere Publishing Corporation



3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.7 Ideal Tube Bank Correlations 3.3.7-3

ture and increases with temperature. The correction II�,,,  for gas being heated is always larger than
factor as for gases is formulated as follows: therefore as < 1 .O.

10 10
8 8

6 6

4

1 .o
8

6

0.1
8

6

4

0.01
8

6 I i ttttt-e-mm-6

I I / /IIII/l I + Re,

k 0.0010.001-
1 2 4 6810 2 4 6 8102 2 4 6 8103 2 4 6 810’ 2 4 6 810�

Shellside Res

Figure 3 Ideal tube bankji  and fi factors for 90� in-line layout [Re, from Eq. (2.5), Sec. 3.3.51.

Ts,av, and

For gas being cooled: (aQ)T = 1 (Q)
The problem now is that the tube wall temperature

(Qs)�  = ( ~~~2~:3)o�25  (621)

T, is not known a priori, as it is a function of both

For gas being heated: shell-side and tube-side heat transfer coefficients cu, and
a,, respectively, which are not known at this point of

Table 1 Correlational coefficients for ji and fi, Eqs. (1) and (2)

Layout Reynolds
angle number a, a2 a3 a4 b, 6, b, b,

30� 105-lo4
104-lo3
103-lo*
102-10

<lO

45� 105-lo4
104-lo3
lo�-lo2
1o2-10

<lo

90� 105-lo4
104-103
lo�-lo*
102-10
10

0.321 4.388 1.450 0.519 0.372 -0.123 7.00 0.500
0.321 a.388 0.486 4.152
0.593 -0.477 4.570 -0.476
1.360 -0.657 45.100 -0.973
1.400 -0.667 48.000 -1.000

0.370 -0.396 1.930 0.500 0.303 4.126 6.59 0.520
0.370 AI.396 0.333 -0.136
0.730 -0.500 3.500 -0.476
0.498 4.656 26.200 4.913
1.550 ---0.667 32.000 -1.000

0.370 -0.395 1.187 0.370 0.391 -0.148 6.30 0.378
0.107 -0.266 0.0815 +0.022
0.408 -0.460 6.0900 -0.602
0.900 4.631 32.1000 -0.963
0.970 -0.667 35.0000 -1.000
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3.3.74 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.7 Ideal Tube Bank Correlations

the calculations. For practical calculations, proceed as
follows:

1. Estimate the values of oS and ot from experi-
ence or using Table 3.1.4(2) for the types of fluids
involved.

2. Using the average temperature Ts,av and Tt,av,
Eq. 3.3.5(23), calculate the estimated average tube wall
temperature (neglecting tube wall resistance and fouling)
as

(7)

Notice that the average tube wall temperature T,,, will
approach the average fluid temperature with the higher (IL
value. Thus, if os S at, then T, + Ts,av, and vice versa.

If the viscosity of a fluid is given at two tempera-
tures that are different from T,,,, and T,, an interpola-
tion (or extrapolation, within limits) can be made using
an approximation:

rj = a(Tb) (8)

where a and b are determined from the two values ~7~
and n2 at T1 and T2 (K). A plot on semilog paper (7) log,
T linear) serves the same purpose.

3. Complete calculation of (as)�  and determine the
ideal tube bank-based oi from Eq. (4).

4. After calculating the actual (1~~  and at, compare
these values to the estimated ones. If substantial
differences exist, estimate the effect on T,,, and on @s.
Usually this will be negligible. However, especially with
high-viscosity fluids, as may differ from the value based

on estimations; in such cases, repeat calculations starting
with Eq. (5).

B. Ideal tube bank-based fi and Api

The ideal tube bank friction factorfi is defined as

fi = (103) (APi)&
%7&>*  NC

(Qs)r  =f (9)

where N, is number of tube rows crossed and Api is in
kilopascals. This is shown graphically in Figs. 1-3. Using
Re, value as determined in Eq. 3.3.5(25), find fi from
figures or calculate from the corresponding Eq. (2).

The ideal tube bank-based pressure drop Api is used
for the part of the flow between the baffle tips of one
baffle compartment, where the number of tube rows
crossed, N, = Ntcc, is determined in Eq. 3.3.6(11). With
this substitution, and designating now the pressure drop
as APhi (wa),

&bj = 2(10m3  ).fiNtcc  @$ twr (10)

where tiS (kg/m* s) was determined in Eq. 3.3.5(24),
(a,)-�  is the tube wall viscosity gradient correction
factor as defined in this section for ji, Eq. (5) and
subsequent, and (10m3)  is a recalculation factor to
kilopascals.

Notice that the exponent on @ is negative, that is,
a, < 1.0 for shell-side fluid being heated and vice versa.
Possible reiterative procedure on as will apply, as for
heat transfer, in case the first estimated value of (P,
results in substantial difference.

Nomenclature for Section 3.3.7appears  at the end of Section 3.3.11.

0 1983 Hemisphere E blishing Corporation



3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.8-l

3.3.8
Calculation of shell-side heat

transfer coefficient and pressure
drop

J. Taborek

H In this section we convert the ideal tube bank-based
Of and Apbi to the realistic flow conditions of a
segmentally baffled exchanger.

A. Shell-side heat transfer coefficient, (Y$
Based on the ideal tube bank-calculated coefficients oi in
Sec. 3.3.7, we determine now the actual shell-side
coefficient CQ (W/m2  IQ using the correction factors for
nonidealities of baffled flow as determined in Sec. 3.3.6.

ols=ai(J,,JI,Jb,J,,J,)=(Wi(Jtot) (1)

where J, = the segmental baffle window correction, Eq.
3.3.6(20)  or Fig. 3.3.6(7)

Jl = the baffle leakage correction factor, Eq.
3.3.6(23)  or Fig. 3.3.6(9)

Jb = the bypass correction factor, tube bundle to
shell, Eq. 3.3.6(25) or Fig. 3.3.6(10)

J, = the laminar heat transfer correction factor
for adverse temperature gradient, applicable
fo r  Re ,  <  100 ,  Eq .  3.3.6(29) o r  F ig .
3.3.6(12)

J, = the nonequal inlet/outlet baffle spacing
correction factor, applicable only if such
differences exist; see Eq. 3.3.6(36) or Fig.
3.3.6(13).

These correction factors may be particularly im-
portant  for U-tube bundles, where larger outlet baffle
spacing will always exist unless special provisions are
made, such as if the outlet nozzle is located so that the
U-bend area is ineffective, which is the safe procedure.
Otherwise, assume that Lb0 = 1.20, for calculation of
J,, because of the large bypass areas, which have not

o 1983 Hemisphere 1
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been accounted for in the calculation of oi. Consider the
total effective tube length, LB, in connection with this
problem, Fig. 3.3.5(2), and use engineering judgment.

To give the heat exchanger analyst a �feel� for the
overall effectiveness of the baffled exchanger as com-
pared to ideal tube bank, it is considered useful to
calculate Jtot , Eq .  (l),  as the product of all the
correction factors. In general, Jtot should never be less
than 0.4, and preferably aO.5 for a �good� design.
Lower values call for reevaluation of the construction
geometry and remedial alternations.

B. Shell-side pressure drop, Aps

The shell-side pressure drop as interpreted in this
method is composed of three distinct parts: in pure cross
flow, Ap, ; in the baffle windows, Ap, ; and in the end
zones (first and last baffle spacing), Ap, [l] .

Ap, (kpa) is the pressure drop in cross flow between
baffle tips. It is based on Qbi,  the ideal tube bank
pressure drop in one baffle compartment of central
baffle spacing Lbc.  The section of the exchanger covered
by this pressure drop component is shown in Fig. 1. The
number of cross passes is (Nb - l), and the ideal &bi is
corrected for both bypass and leakage effects:

&c = APbi (Nb - l)(Rb)(Rl) (2)

where &?bi is calculated in Eq. 3.3.7(10). Nb, the
number of baffles, is defined in Eq. 3.3.6(14). & is the
bypass correction factor from Eq. 3.3.6(26) or Fig.
3.3.6(11). RI is the leakage correction factor from Eq.
3.3.6(23b)  or Fig. 3.3.6(8).

iblishing  Corporation
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3.3.8-2 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.8 Calculation of Shell-Side Heat Transfer Coefficient

Figure 1 Region of cross flow between baffle tips in the central
baffle spacing.

Q,,, (kpa) is the pressure drop in all the baffle
windows crossed, which equals Nb, as shown in Fig. 2.
The Delaware method offers two different correlations,
one for turbulent and one for laminar flow, based for
simplicity on the shell-side cross flow Re,. Both correla-
tions employ for mass velocity calculations the geo-
metric mean of the cross-flow area S,,, [Eq. 3.3.5(22)]
and the window net area SW [Eq. 3.3.6(9)].

( 3 )

where lo6 recalculates mm2 to m2 and ni, is in
kg/m2 s.

Now we define the baffle window Ap, as follows:
For turbulent flow, Re, 2 100, Apw @Pa)  is

+0.6&,)($$(10-")  RI1 ( 4 )
s

The factor 2 accounts for velocity heads due to the
window turnaround, and 0.6 accounts for the cross-flow
frictional effects over Ntcw tube rows crossed in the
window [Eq. 3.3.6(13)].

For laminar flow, Re, < 100, Ap, &Pa), the
Delaware procedure is rather complicated, accounting
for the pressure loss in cross flow, in longitudinal flow,
and for the turnaround. For detailed derivations refer to
PI.

The first term in brackets accounts for the cross flow
and longitudinal friction, respectively; the second term

Figure 2 Flow region considered for window flow.

t I

Figure 3 Flow region for the end baffle spacings.

in brackets represents two velocity heads for the
turnaround in the window.

The hydraulic diameter of the baffle window, D,, is
defined in Eq. 3.3.6(10). Notice that only the leakage
correction factor RI is applied to the baffle window
&WY whereas the bypass correction factor Rb is
considered not applicable.

Comparing the results of Eqs. (4) and (5) at the
break point of Re, = 100, we find that the values do not
agree exactly, as they are based on different principles.
In most cases some proration between the values may be
necessary within the range of Re, = 50 to about 200,
according to engineering judgment, or the larger value
should be taken as a safety factor.

Ap, is the cross flow pressure drop in the end zones,
the first and last baffle compartment, Fig. 3.

The flow region of the end zones differs, by
definition, from the central cross flow zone, Eq. (2), in
the following respects.

1. The number of tube rows crossed includes the
tube rows in the entry or exit window, Nrcw .

2. The leakage streams have not yet developed
(entry) or just joined the main stream (outlet) in the end
zones, and therefore the leakage correction factor is not
applicable.

3. The baffle spacing in the end zones may differ
from the central spacing, especially for U-tube bundles.
An end zone correction factor R, is therefore used.

Then the pressure drop in the two end zones Ap,
@Pa)  is

Me =(&bi) I+% RbRs
( >

(6)

where &bi is calculated in Eq. 3.3.7(10,), &, is the
bypass correction factor from Fig. 3.3.6(1  l), and R, is
the end zone correction factor as defined in Eq.
3.3.6(39). For all baffle spacings equal, R, = 2.

Finally, the total shell-side pressure drop Ap, (kpa),
excluding nozzles or impingement devices, is

aP,=aP,+aPw+A~e ( 7 )

each of the Ap terms having been defined in the text of
this section.
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Nomenclature for Section 3.3.8 appears at the end of Section 3.3.11.
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.9-l

3.3.9
Performance evaluation

of a geometrically specified
exchanger

J. Taborek

n Under performance evaluation we understand that a
heat exchanger and the process conditions are fully
specified. The primary questions posed to the analyst are
typically as follows.

1. Does the given heat exchanger perform the heat
duty required, Qreq?

2. Does the actual heat duty &et differ from 4&,?
Is the design on the safe or unsafe side, and how can this
be interpreted?

3. Is the design efficient in terms of ideal versus
actual heat transfer coefficients, utilizing the available
pressure drop, temperature driving force, and their
combined effects?

4. Are the basic layout and construction elements
well chosen?

5. How will the exchanger perform on startup (no
fouling) versus fouled conditions?

6. Are the pressure drops within acceptable limits?
7. Are there any suggestions to improve or investi-

gate an alternative design (if the exchanger is in a design
stage)? If calculated performance differs substantially
from the required conditions, this item becomes of
utmost importance.

To demonstrate the performance evaluation pro-
cedure we shall follow an example case.

A. Basic evaluation criteria

The actual heat duty produced by an air exchanger, QaCt
(W), is referred to tube outside surface, designated by
the subscript o:

oact =&Uo  CATLMF=&UO  ATM (1)

where A, (m�)  = the heat-transferring tubular surface of
the exchanger based on outside tube
surface

U, (W/m2 K) = the overall  heat transfer coefficient
based on A,

AT, =(ATLM)F = the effective mean tem-
perature difference (or driving force)
based on the fluid�s temperatures and
flow arrangement

Refer to the Nomenclature for all other items.
The heat duty required by the process specifications

is &es :

ore, = ~scp.s I T ,  - T,l =Mtcp,tlTti - Ttol (2)

or, for isothermally condensing vapors,

& = i�  Ah (3)

&?, can be based on the shell side or the tube side.
Only in a perfectly designed exchanger does Qact  =

Qreq. In general, there is an inherent inequality between

&act and kqrecl as hres is specified by the process to be
performed and Qact is the actual performance of the
exchanger. This inequality has to be reconciled, which is
the very function of heat exchanger performance evalua-
tion. For this purpose we write Eq. (1) in terms of
resistances and compare it to Qreq :

(C R)O is the sum of all resistances referred to the base
surface A0 :
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3.3.9-2 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.9 Performance Evaluation

where ol,, crt are the heat transfer coefficients, Rfis the
fouling resistance on the outside or inside of the tube,
and R, is the tube wall resistance,

R, = Lt, �  1o-3
bw

(W/m2  K)-� (6)

This term neglects the recalculation to the outside tube
area, as it is usually insignificant for plain tubes. For
correct solution, see Sec. 3.3.1.

The inequality in Eq. (4) can be restored by
adjusting either or any of the three factors involved,
namely, (2 R),, Ao, or AT,,, . This is the very process of
heat exchanger performance evaluation and is described
and commented on in the following.

(a) Differential resistance term Rd ,.

Adding a differential resistance term Rd,* to (Z R), in
Eq. (4), we restore the heat transfer balance by
redefining Eq. (4) as follows:

1
Qact = Qrq =Ao AT, cz R>. + Rd,o ( 7 )

Knowing all the values, we can determine the differential
resistance R+ as

Rd,o = +=(ZR), (8)
w

The minus sign implies that Q,,, > Qreq ; that is, there is
a �spare� resistance Rd,o. A negative value of Rd,o
would indicate that the exchanger is underdesigned.

The resistance Rd,o can then be applied to any of
the resistances in Eq. (5). Especially useful are the
following:

1. The fouling resistances RL~  and/or RJi can be
adjusted to show how much the assumed resistances can
be increased (or decreased) to balance Qact.  This
procedure is especially useful if the primary calculation
of Qact is based on clean conditions, RL~ + Rf,i  = 0,
and the question is what fouling resistance can be
tolerated. Conversely, an exchanger designed for high
fouling resistances will have a substantial overdesign
under clean startup conditions, and the question is what
the performance will be under clean conditions.

2. The differential resistance can be combined with
the film resistance l/al, or l/at.  This will indicate how
much safety (or lack of it) is in these values. For
example, if Rd,c is calculated to be 0.000 35 (m�  K/W)
and ot is 1 136 (W/m2  K), adding Rd,* to l/a, shows
that of can be as low as 8 12 and still produce Qreq .

0 1983 Hemisphere P

(b) Adjustment of surface A,

The inequality of Eq. (4) can be restored by a surface
area factor, expressing the heat transfer area actually
required (A,),, a s

The term in parentheses is the �overdesign� or �safety�
factor if <l .O, or �underdesign� if the term is >l .O.

(c) Adjustment of temperature difference AT,

The third way to restore the heat balance of Eq. (4) is
through the actual outlet temperatures of both streams,
Tw and Tto. These, in turn, will affect ATLM,  F, and
Qreq,  Eq. (2). An overdesigned exchanger will produce
larger temperature ranges of both streams, but this will
be balanced by the simultaneously decreased AT,, and
possibly decreased correction factor F. This type of
rating is often termed the �unknown heat balance� and
requires trial-and-error calculations.

For cases with substantial fouling resistances, it may
often be useful to evaluate the outlet temperatures
under clean conditions, as downstream operations can be
affected.

B. Performance evaluation procedure

A typical process of evaluating the performance of a
fully specified exchanger will be demonstrated.

(a) General description of problem

A light oil is to be heated, flowing on the shell side, from
89.8 to 147.3�C.  The heat medium is isothermal steam
in two tube passes, fixed tubesheet exchangers (FX)
at 178°C. The steam coefficient of is specified as 6 000
W/m2  K. This value is considered conservative, allowing
for some corrosion or fouling resistance. Tube-side
pressure drop is of no importance.

The shell-side fluid is assumed with no fouling, and
the results of the evaluation should indicate how much
shell-side fouling could be tolerated. Shell-side pressure
drop should be below 25 kPa, nozzle-to-nozzle.

Note: The example is based on data from a test
exchanger. Various geometry-related values have actually
been measured and will differ slightly from the estima-
tion procedures.

(b) Data input

Data input is given in Table 1. The geometry and process
conditions are specified according to the items in Sec.
3.3.5. Refer to explanations for each item, if necessary.

blishing Corporation
1

HA



3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.9 Performance Evaluation 3.3.9-3

Table 1 Data input

Item Symbol Value Item S y m b o l  Value

1 4 591 mm
2 4 16 mm
3 Ltw 1.24 m m
4 Dti 13.52 mm
5 hW 42 W/m K
6 Ltp 20.8 mm
I *tP 30�
8 Not required
9,10 Lti=  Lt, 2 276 m m

11 Bc 24%
12 Lbc 250 mm

13a
13b
14
15
16
17
18
19
20
21

22 Tsi
23 ~~~

Temperatures

89.8�C 24
147.3�C 25

Lbi
Lbo
CN

Ntt
NtP
Nss
CB

Ltb
Lsb
Lbb

Tti 178°C

Tto 178°C

263 mm
263 mm
None
652
2
0
FX
0.5 mm
5.5 mm
10 mm

Item Symbol  Value Special information

Shell-side process information

26 ni,
27  ps
28 h,
29 (cp)s
30 rls

31

hs), at
(vd2 at
(Rf)o

22.4 kg/s
740 k.g/m�
0.105 W/m K
2 407 J/kg K
Specified at

two tempera-
tures

90°C = 0.6 CP
190°C = 0.3 CP
0

38 01~  = 1 000 W/m�  K esti-
mated only for purposes
of tube wall tempera-
ture correction factor

39 q = 6 000 W/m2  K
fixed estimation, not
to be calculated

40- Do not apply
43

Tube-side process information

32-36 Not required in this
case

37 Rf,i 0

(c) Evaluation of critical items in data input

Item 6: L,, tube pitch. Check for tube pitch ratio,
Ltp/Dt  = 1.30; very close to recommended practice.

Item 7: 0, = 30�, good selection in turbulent
flow, no external cleaning required.

Item 11: Bc = 24%. Check for compatibility with
baffle spacing, Fig. 3.3.5(4). Lbc/Ds  = 2501591  = 0.42.
Very efficient range.

Items 12, 13: Baffle spacing: Check against maxi-
mum unsupported length, Fig. 3.3.5(6). Well within
acceptable values.

Item 15: Ntt = total number of tubes. A check
against the estimating procedure requires the value of
DC,1 from Eq. 3.3.5(21): D,tl = 591- (10 + 16) = 565;
then, from Eq. 3.3.5(17),

Ntt = (0.866)(20.8)2
(1 - 0.04) = 638

A very good check against 652 specified (4%).
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Item 19: Ltb = 0.5 mm; slightly higher than recom-
mended, but within acceptable range, Fig. 3.3.5(12).

Item 20: Lsb = 5.5 mm; exactly in the recom-
mended range of TEMA value + 1.5 mm allowance, Fig.
3.3.5(13).

Item 21: Lbb = 10 mm; this value of bundle-to-
shell clearance is lower than the estimated one from Fig.
3.3.5(14), which is -1.5 mm. However, this bundle was
designed especially to tight tolerances, explaining the
estimation difference.

(d) Calculation of basic parameters

Proceed with calculations as outlined in Sec. 3.3.5C.

Step 1: Calculate the cross-flow area S, (mm*). At
baffle spacing Lbc and using explanations to Eq.
3.3.5(22),

- 16) = 35 096 mm21
Step 2: Calculate average temperatures Ts,av, Tt,av,

Eq. 3.3.5(23).

Ts,av = $189.8 + 147.31 = 118.6�C

Tt,av = isothermal = 178°C

Step 3: Calculate shell-side Reynolds number Re,,
Eq. 3.3.5(25).

ni, =& X lo6 =638 kg/m* s from Eq. 3.3.5(24)

To determine shell-side fluid viscosity, refer to data
input. If viscosity is given at two temperatures, apply
procedures given in Eq. 3.3.7(8), with average shell-side
temperature defined in Eq. 3.3.5(23). For our example
case, (ns)r and (Q)~ are given. Employing the suggested
averaging procedures, we get ns,av = 0.494 cP. Then

Re

S
= 16(638)- = 20 695

0.494

The shell-side flow is solidly in the turbulent region.
Step 4: Calculate shell-side Prandtl number Pr,.

Refer to Eq. 3.3.5(26).

pr
S
= (2 4O7)(o.494  3, x lo-3 = 11 29

0.105

Step 5: Calculate mean temperature difference
AT,, Eq. 3.3.5(29). The terminal temperature differ-
ences are

AT1 = 178 - 89.8 = 88.2�C

AT, = 178 - 147.3 = 30.7�C

The log mean temperature difference is
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88.2 - 30.7

ATLM  = ln(88.2/30.7)  = 54*5�c

There are two tube passes, but the tube-side fluid is an
isothermal steam; therefore F = 1 .O, and

A T ,  = ATLM  = 54S�C

Step 6: Calculate effective tube length. For fmed
tubesheet construction, Lt, applies for area calculation.

Lt, = 2 276 mm

Step 7: Calculate total heat transfer area A0 (m�).
From Eq. 3.3.5(30),

A0 = rr(16)(2  276)(652)(10e6)  = 74.6 m2

(e) Auxiliary calculations

Follow procedures as outlined in Sec. 3.3.6.

Step A: Segmental baffle window, Eqs. 3.3.6(l)
and 3.3.6(2).

Step B: Baffle window flow areas. Obtain �gross�
window area Swg from Fig. 3.3.6(2) or Eq. 3.3.6(4).

1 =  5 0  6 2 0  mm2

Calculate the fraction of tubes in window and cross
flow, F, and F,, Eqs. 3.3.6(5) and 3.3.6(6).

F -114-sin(114)  =0172
w 360 2n *

F, = I- 2Fw =  0 . 6 5 7

Calculate window area occupied by tubes, Swt, Eq.
3.3.6(7) or Fig. 3.3.6(3) with Nm from Eq. 3.3.6(B).

Nm = (652)(0.172)  = 112

Swt =(112)  $ (162)[ 1 = 22 503 mm2

SW =Swg-Swt  =28 117mm�

Step C: Hydraulic baffle window diameter D,.
Flow is turbulent, so this item does not apply.

Step D: Number of effective tube rows in cross
f low,  Ntcc  and Ntcw. From Table 3.3.5(10),  L, =
0.866(20.8) = 18.01 mm. Then

Ntcc  = 17.06 from Eq. 3.3.6(11)

Nicw = 5.7 from Eq. 3.3.6(13)

Step E: Number of baffles Nb. From Fig. 3.3.6(7),
Nb = 8. Otherwise, from Eq. 3.3.6(14),

N ~~~~~-141b-250 �
rounded off to 8

Step F: Bundle-to-shell bypass parameters Sb and
F@. Because of the piping arrangement, the tube pass
partition is located in the cross-flow direction, that is,
perpendicular to the baffle cut. The dimension L, from
Fig. 3.3.6(l)  is L, = 12.7 mm from drawings. Other-
wise use Eq. 3.3.6(15) and Lpi = 6.35 mm, D,d = 581
[Eq. 3.3.5(20a)],  and Sb from Eq. 3.3.6(15) is

sb = 250[(591  - 581) + 6.351 = 4 088 mm2

Using S,,, from step 1 and Eq. 3.3.6(16),

F
4 088

sbp
- = 0.116

= 35 096

Step G: Leakage area &b. The shell-to-baffle leak-
age area S& from Fig. 3.3.6(5) or from Eq. 3.3.6(17),
with .& from data item 20 or estimated from Fig.
3.3.5(13),  Lsb = 5.5  mm is

s,b = 3 442 mm2

Step H: Tube-to-baffle hole leakage area Srb.  Stb is
based on &b from data item 19 or estimated from Fig.
3.3.5(12); Ltb = 0.5 mm. Use Fig. 3.3.6(6) for (&b)r
and Eq. 3.3.6(19) or Eq. 3.3.6(18).

s,b = 6 893 mm2

Step I: Baffle window correction J,. Use Fig.
3.3.6(7) or Eq. 3.3.6(20), with F, from Eq. 3.3.6(6).

J, = 1.02

Step J: Baffle leakage correction factors Jl and RI.
Calculate auxiliary parameters rim and r, from Eqs.
3.3.6(21) and 3.3.6(22) with S, from step 1 and S&
and Stb from steps G and H.

rim = 0.294 r, = 0.333

To determine Jl and RI, refer to Figs. 3.3.6(B)  and
3.3.6(9). Inspection of the location of Jl and RI on the
figures gives the designer a better �feel� for the problem.
Only with computer programs use Eqs. 3.3.6(23a) and
3.3.6(23b).

Jl = 0.665 RI = 0.427

Both values appear to be within an acceptable range.
Step K: Bypass correction factors Jb and Rb. There

are no sealing strips. Nrcc was calculated in step D;
r,,=o.  Fsbp = 0.116 from step F. Lookup of Figs.
3.3.6(10) and3.3.6(11)  yields& = 0.865 and&  = 0.65.
The values and their locations in the figures appear to
be sound.

Step L: Laminar flow correction factor Jr, Fig.
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3.3.6(12). Not required for this case, flow is turbulent,
Re, + 100.

Step M: Unequal end baffle spacing correction
factor for heat transfer, J,. The end baffle spacings are
very close to the dimension of the central spacing Lbc,
only 5% difference. Inspection of Fig. 3.3.6(13) shows
that J, = 1.0.

Step N: Unequal end baffle spacing correction
factor for pressure drop, R,. Similar comments as for
Step N apply. Actual calculation yields R, = 1.82 as
compared to R, = 2.0 for equal spacing. Within overall
accuracy of this method, consider R, = 2.0, which is on
the safe side.

This completes the auxiliary calculations based on
Sec. 3.3.6.

(f) Shell-side heat transfer coefficient 01~
and pressure drop A ps

Item 1: Determination of ideal tube bank ji and fi
factors. Refer to Sec. 3.3.7 for details. Using the
shell-side Reynolds number Re, = 20 659, step 3 in Sec.
3.3.9B(d), and pitch ratio LQ,/D~ = 1.3, determine ji and
fi from Fig. 3.3.7(l)-3.3.7(3)  or, for computer calcula-
tions, from Eqs. 3.3.7(l)  and 3.3.7(2). For our example,
~j=o.oo68;J;:=o.11.

Item 2: Viscosity correction @.s. To determine the
ideal tube bank cui and Api,  we need to establish the
viscosity correction factor Cp,. The shell fluid viscosity is
given in the data by two points. We estimate the wall
temperature from Eq. 3.3.7(7), using of = 6 000
W/m2 K as given in the data and estimate the shell-side
CY~  = 1 000 W/m2 K from tables such as given in Sec. 3.1
and also in the data input,

T, = 178 +
118.6 - 178

>1 + 6 000/l  OOC = 169�c

This is in agreement with the comment in Sec. 3.3.7 that
the wall temperature will be closer to that of the fluid
with higher (Y.  The subsequent procedures such as Eq.
3.3.7(B) estimate the viscosity at 169�C  as ns,w z 0.405.
According to Eq. 3.3.7(5),

~ = 0.494
s 0.405

= 1.22

This will result (raised to the 0.14 or -0.14 power,
respectively) in rather weak correction, =3%, as can be
expected for a light viscosity oil. Preliminary engineering
judgment can often eliminate the need for as calcula-
tions for fluids with small viscosity variations.

Item 3: Determine cwi and CQ. The ideal tube bank
heat transfer coefficient oi is calculated from Eq.
3.3.7(4)  as

oli = jiCp,stis (pr);u3(@s)o.14

= (0.006 8)(2 406)(638)( 11 .29)-2�3

* (1.22)O.l�  = 2 134 W/m2 K

The shell-side heat transfer coefficient os is calculated
from Eq. 3.3.8(l)  with the correction factors J,, Jl, Jb,
Jr, and J,, determined in steps I through M (Jr  and
J, = 1.0).

CQ  = (YiJcJlJb

= 2 134(  1.02)(0.665)(0.865) = 1 252 W/m2 K

This compares to 1 335 measured value, or about 7% on
the safe side. This level of accuracy is not quite typical
(see comments in Sec. 3.3.3)  but within the possible
range for well-designed units and average-property fluids.
The product of all correction factors, Jtot = 0.59, serves
as comparison against the ideal tube bank oi. The value
of around 0.6 is quite typical for well-designed ex-
changers, but lower values may be encountered, especially
in laminar flow.

Item 4: Determine shell-side pressure drop Ap,.
Using Eq. 3.3.7(10)  with Nrcc from step B(e,  d), ti, from
step B(d) and as from item B(f, 2) we get for the ideal
tube bank-based single cross-flow pass APbi:

A&,’ = 2(10-3)h(Nfcc)@$  (@s)-“‘~

= &(0.11)(17.06)(~(1.22)~�~14=  2.0kPa

The shell-side cross-flow pressure drop between baffle
tips is calculated from Eq. 3.3.8(2):

UC = APbi (Nb - l)RbRI

= 2.0(7)(0.65)(0.427)  = 3.9 kPa

For the baffle window Apw,  we need to determine the
window mass flow velocity ti, from Eq. 3.3.8(3).

r?i, =&x lo6

where &fs is from the data, S, is from step B(d, l), and
SW is from step B(e):

niw =
22.4 X lo6

d(35 096)(28  117)
= 713 kg/m2 s

The flow is turbulent, so we use Eq. 3.3.8(4):

&, =Nb(2  + 0.6N,,)  $$$ x lo-3 RI
s

= 8 [2 + 0.6(5.7)] $$$ X 10T3 (0.427) = 6.4 kPa

The pressure drop in the inlet and outlet baffles is
calculated from Eq. 3.3.8(6). The �unequal baffle
spacing correction� R, will be considered equal to 2.0,
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as the difference between LbC and the end spacings is
negligible. Thus:

(0.65)(2) = 3.4 kPa

Finally, the total shell-side pressure drop, excluding
nozzles, is, from Eq. 3.3.8(7),

Ap, = Ap, + Ap, + Ap, = 3.9 + 6.4 + 3.4 = 13.7 kPa

The measured Ap, for this case was 12.5 kPa. Again, this
level of accuracy is not typical. See comments in Sec.
3.3.3. Notice the relatively large Me, which is due to
the flow recombination and consequently RI = 1 .O. The
end-zone pressure drop amounts to about 25% of the
total.

C. Overall heat exchanger performance
evaluation

We shall now use the calculated values of the example
case to perform the overall evaluation, as discussed in
Sec. A.

First we calculate the heat transferred, bact  ON)
from Eq. (1). The summation of all resistances, Eq. (5),
is

+R, (m”K/W)

A nDt 16
T;=�(Dt-2Lti)=16-2(1.24)=1*18

R, = 2 X 1O-3

1.24
= 42 X 10e3  = 0.000 03 m2 K/W

(Z R), = -!- + 1.18  + 0.000 03
1 252 6 000

= 0.000 790 + 0.000 197 + 0.000 03

= 0.001 03 Km2 /w

The clean overall coefficient is then

= 971 W/m2  K

(9)

(10)

(11)

From (ZZ R). we can calculate that the distribution of
the resistances is approximately 78% shell side, 19% tube
side, and 3% tube wall, quite typical for such cases. The

high shell-side resistance, combined with the low tube-
side resistance, may suggest investigating the use of fin
tubes as an alternative.

The heat duty (without fouling), (iact, is

&, = A, U, A~LJ,#�)  = (74.6)(971)(54.5)(l)

=3947794Wor3978kW (12)

Next we calculate the heat duty required from
process specifications (shell side), Eq. (2),

fires  =n;i,C,,,Ki - Tsol

= (22.4)(2 407)189.9  - 147.31 = 3 100 216 W (13)

The inequality of bacct versus &, will be now recon-
ciled by the methods outlined in Sec. A. The differential
resistance Rd,o can be calculated from Eq. (8) as

Rd o = W6WW
3 100 216

- 0.001 03 = 0.000 28 m2 K/W

(14)

This indicates that the exchanger has a safety factor in
heat transfer performance that can be now interpreted in
the ways outlined in Sec. A.

1. The first interpretation of this result is that, for
example, a shell-side fouling resistance ~~~ = 0.000 28
K m2/W could exist and the exchanger would still
perform the duty oreq. This is a good practical precau-
tion, as no fouling resistances were assumed in the
specifications. Second, as the actual JZ R. = 0.001 03 +
0.000 28 = 0.001 31, the overall coefficient could be
only 763 W/m2  K rather than 971 as calculated.

2. The heat transfer surface safety factor from Eq.
(8) is

A
OJeq

3 loo 216  ( A , )  =  0.79A.
= 3 947 794 (15)

that is, only 79% of the available area is used under clean
conditions.

3. Adjustment of the temperature profile is a more
difficult calculation. As the hot stream is isothermal and
considering the cold stream entry temperature as con-
stant, we can increase the shell stream outlet tempera-
ture. This will increase oreq,  but decrease &t due to
lowering of the AT,. Effect of the changed temperature
on physical properties is neglected. A first guess, that the
actual shell outlet temperature T,, = 155°C instead of
the specified 147.3�C  (about 25% increase of the
difference) produces a result that is within a few percent
accuracy, decreasing AT, to 48�C. The heat duty under
these conditions is approximately 3 480 kW. This would
be the performance under initial, no-fouling conditions.

Nomenclature for Section 3.3.9 appears at the end of Section 3.3.11.
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.10-l

3.3.10
Design procedures for segmentally

baffled heat exchangers

J. Taborek

n The process of actually  designing shell-and-tube heat
exchangers, from problem specifications to final
product, has never before been analyzed in the literature
[l] . It differs from performance evaluation or rating
calculations in the following main ways:

1. The process conditions are fully specified, just as
for rating cases, but limits are usually imposed on
maximum allowable pressure drop and/or flow veloci-
ties, both shell side and tube side.

2. As a consequence of (I), a geometric contigura-
tion must be found that will respect these limits while
performing the desired heat duty most economically.
This implies the combination of initial cost, operating
and maintenance cost, ease of cleaning, and potentially a
number of other conditions, such as startup, safety from
fluid mixing in case of mechanical failures, tube vibra-
tion, and many others.

3. It is then up to the exchanger designer (a) to
select the basic construction elements such as shell type,
tube size and layout, baffle type and baffle geometry,
number of tube passes, etc., and (b) to find the ultimate
design dimensions of shell diameter and tube length that
will result in complete thermohydraulic exchanger
specification.

4. The final step of converting the thermohydraulic
solution into manufacturing specifications involves
calculation of mechanical elements such as tubesheets,
flanges, etc., compliance with various codes, and is to a
large extent treated in Part 4 of this handbook.

These preliminary comments suggest that, given a
minimum of restrictions, a large number of potential
solutions is possible-but only a few will  be truly
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eligible, and ultimately only one will emerge as best
overall. However, frequently contradictory demands will
often have to be reconciled, and several acceptable
solutions may have to be considered with respect to
more subtle requirements, such as standardization for
replacement parts, potential construction limitations,
and so on. To perform alI these chores effectively is the
art of heat exchanger design.

A. Computer versus manual calculations

Large numbers of heat exchangers are designed today by
computer programs of grossly varying quality and
sophistication. However, the heat exchanger designer
must understand the art of the design process, whether it
is performed by a computer or by a manual method.
Actually, the condition for success in either case is
identical and lies in the following:

1. Proper preliminary problem analysis, selection of
design parameters, and identification of important items

2. Interpretation of results as to potential variation
of design parameters and ultimate selection of the
�best� design

Thus, the �design� problem is really reduced to a series
of �rating� or �*performance evaluation� cases, as
discussed in Sec. 3.3.9. The analyst in possession of a
good computer program has the advantage of speed, but
the disadvantage that input errors may pass undetected
and results may be accepted without sufficient scrutiny.
The analyst using manual methods has the advantage of
direct engineering interpretation and a �feel� for the
problem. By virtue of this closeness to the design, he or
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3.3.10-2 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.10 Design Procedures

she often can minimize the computational speed handi-
cap.

The unbeatable team is, of course, an analyst with
sufficient �feel� for the tine points of design, who has
access to a good computer program and thus can devote
time to evaluation of results rather than tedious calcula-
tions. The basic problems of exchanger design, regardless
of the method used, are discussed in this section.

B. Preliminary design considerations

The success of the design process is conditioned on a
number of initial analysis steps, through which the main
design features and some specific and/or alternative
construction elements are established. All the following
steps are necessary, regardless of whether a computer
program or manual calculation is used.

(a) Initial problem review

Analyze the problem as specified and single out any
items that may influence the selection of construction
elements and other design considerations. These will
typically include fouling resistances and cleaning, allow-
able pressure drop (especially if one is very low), a
temperature profile (need for pure counter flow or
multiple units in series), and possibly other items.

(b) Fluid allocation: shell side or tube side

One of the primary decisions to be made is which fluid
should be placed on the shell side and the tube side.
Since this decision may affect many other considera-
tions, it should be made first. Some of the factors
influencing this selection are given below.

Fluid pressure. Unless overruled by other serious
considerations, high-pressure fluid 01 000 kPa)  is placed
on the tube side to obtain the most economic design.

Corrosion. Since corrosion-resistant materials are
invariably expensive, the corrosive fluid is preferably
placed inside the tubes.

Fouling and cleaning. In many cases fouling is an
inescapable consequence of the heat transfer process. It
may significantly influence the exchanger design.
Although the understanding of fouling in its various
forms is still limited, some trends in design parameters
are identifiable. Flow velocity should be kept high, as it
will suppress all types of fouling. If the fouling fluid is
on the shell side, the baffle design must be such as to
avoid stagnant regions, that is, a well-proportioned baffle
spacing/cut ratio, multisegmental baffles, or no-tubes-in-
window construction. Polymerization fouling is partic-
ularly sensitive to tube wall temperature, and may
increase rapidly above a certain critical temperature.
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Fluid with a high tendency to fouling is preferably
placed on the tube side for greater ease of cleaning;
however, if chemical cleaning can be used, there is no
preference between tube or shell side. For mechanical
cleaning, straight tubes in a horizontal orientation are
preferred. For hydraulic cleaning on the shell side, a
large tube pitch must be used, which usually increases
the shell size. Finned tubes should be used with caution
if sludge-type fouling is anticipated on the shell side.

Fluid viscosity. As a general rule, the high-viscosity
fluid should be placed on the shell side, as the induced
turbulence by the flow across the tube bundle will
promote higher heat transfer. However, if the flow is
laminar when placed on the shell side, a switch to the
tube side should be considered.

Pressure drop utilization. Different criteria influence
the utilization of pressure drop on the tube side and the
shell side. Tube-side velocity can be adjusted only by the
number of tube passes, provided that tube diameter and
tube length are considered constant. Increasing the
number of tube passes from one to N increases (for the
same number of tubes) the pressure drop by a factor of
approximately N3. This is usually a large step, and
indicates that fine tuning of tube-side Ap utilization may
be difficult and may require variations of tube length
and tube diameter. On the shell side, the designer has
more parameters to work with than on the tube side,
namely, shell type, baffle spacing, baffle type, tube
layout, and tube pitch. The possible combinations of the
various parameters are numerous and require careful
analysis of intermediate results.

The decision as to which fluid should be placed on
the tube side or the shell side can often be made on the
basis of the most effective use of the available pressure
drop for the transfer of heat. Tube-side flow is generally
more effective, as inherently the heat transfer-producing
fluid shear occurs close to the tube wall, where effective
AT driving force is available. Shell-side flow is generally
less effective, as most of the pressure drop occurs in the
eddy currents between the tubes, where temperature
driving force is not present.

However, the following constraints may control the
allocation of the fluid to one side or the other:

If the constraint is low maximum pressure drop for
fluid with controlling heat transfer resistance, the best
design will usually put that fluid on the tube side. The
exception may be if tube-side flow would result in
laminar flow whereas shell-side flow would be turbulent.
Externally finned tubes should also be considered.

For high maximum pressure drop, tube-side flow
will again be generally preferable. Design geometry
restrictions such as maximum practical number of tube
passes and minimum baffle spacing may, however, be the
determining factors.
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If the constraint is maximum heat transfer to
controlling fluid with pressure drop inconsequential, the
best design will generally put that fluid on the shell side,
respecting again design geometry restrictions and the
possible danger of tube vibration.

If the constraint is maximum pressure drop for non-
controlling heat transfer resistance fluid, either fluid
may be put on either side to produce the best design.
Such cases should be investigated carefully.

(c) Temperature profile analysis

Temperature profile analysis should be performed at an
early stage, as it may influence selection of basic
construction parameters, such as straight counter flow or
the need for multiple units in series. It is useful to make
a temperature profile sketch (see Sec. 1.5) and calculate
AT,, and check the F correction factor to get a feel for
possible problems in this respect.

(d) Construction elements selection

Refer to Sec. 3.3.5, data input. Although the items in
this table describe a fully specified exchanger, in the
early design stages some of the items will be, by
necessity, ignored, such as the distinction of the inlet
and outlet baffle spacings; others will be left �floating,�
to be adjusted during the process of design, such as tube
length, shell diameter, baffle spacing, and all the
clearances, as they are functions of other, yet-to-be-
determined parameters. As a guide, and referring to the
general data input, Table 3.3.5(l),  a similar Table 1 has
been prepared for items initially required for a design
case.

C. First size estimation

At this point we are ready to make the first initial
estimate of the exchanger size. Proceed as follows:

1. Estimate heat transfer coefficients, (Ye and at.
Using tables such as in Sec. 3.1, estimate (Ye and at. Use
the lower values if allowable, Ap is low, and vice versa.

2. Estimate maximum pressure drop AP~,,,~~,
&t,max. The design of most exchangers is governed by
the specified (or assumed) maximum permissible
pressure drop, as for all fluids in no-phase-change flow, a!
increases with Ap. Often, the required pressure drop,
rather than the heat transfer, may become the limiting
design consideration. However, there is no simple estima-
tion of the probable pressure drop as there is for the
heat transfer coefficients. The only resort the designer
has is to check if the pressure drop, as specified, falls
into a range under which the values of (Ye and (it have
been estimated to begin with.
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Table 1 Input items required for initial design

Item Symbol Description

1 4

2-7 Tube speck

8-10 Tube length

11-13 Baffle
geometry

14 CN

15-21 Tube bundle
geometry

22-25 Temperatures
26-31 Shell-side data

32-37 Tube-side data
38-39 % �t

40-41 AP

42 Vt,max

43 Vt,min

Shell inside diameter. Subject of
design calculations. Possible limit
on maximum size.

Tube and tube layout are assumed
specified, subject to careful selec-
tion. Changes possible in the course
of design.

Subject to determination in design
process. Fixed values or maximum
limitations can be specified.

Assume first equal baffle spacing in
the range L&/D, = 0.3 for high
Aps and 0.6 for lower ApP Subject
to change in the course of design.
Baffle cut from Fig. 3.3.5(4).
Consider Lb,max,  Fig. 3.3.5(6).

Nozzle and impingement protection.
For initial trials, consider full tube
layout. Subject to final evaluation.

Item 18, tube bundle type, must be
assumed, based on criteria of opera-
tion. All other items in this group
are derived from other assumptions
and/or are subject to design process.

Must be specified.
(1) If shell-side fluid heat transfer

coefficient (Ye  is specified, such
as for isothermal steam heating,
omit all items.

(2) For cases where 01~  and Apps are
to be calculated, specify all items.

Same as for items 26-31.
(1) The heat transfer coefficients tis

or at can be specified for certain
types of operation, such as steam
heating or isothermally boiling
liquids. This is acceptable if the
specified coefficient constitutes
small overall resistance.

(2) It is advisable that estimates of
the coefficients 01~  and at be
specified for purposes of initial
sizing.

Specify each, unless the respective
heat transfer coefficient 01 was
fixed (items 38-39) and/or there
is no interest in Ap.

The maximum tube-side flow
velocity may be specified instead of
and/or in addition to item 41. The
design should respect such limita-
tion (erosion).

Specify only to protect design from
too low tube-side flow velocities,
to suppress fouling.

The �reasonable� pressure drop allocation is a
subject of economics and established rules and practices.
Deviations are always possible, but the following guide-
lines apply:
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3.3.10-4 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.10 Design Procedures

For subatmospheric pressures, use 0.05 to 0.1 of the
absolute fluid pressure.

For above-atmospheric liquids, Ap,,,  is propor-
tional to the gauge pressure of the fluid, but considera-
tion must be taken as to the effectiveness of pressure
drop conversion to heat transfer (all other items being
equal). Reflecting these premises, Fig. 1 shows a band of
recommended values of Ap versus gauge pressure of the
liquid.

The lower line should be considered for cases where
the heat transfer coefficient QI is not controlling and it
would be therefore economically inefficient to expend
higher & (operating cost). In some cases, however, a
minimum flow velocity must be maintained to depress
fouling (maintenance cost). The upper curve should be
used as a maximum for cases where cr is controlling and
therefore decrease of the initial cost is desirable.

Most cases will be somewhere in the middle to lower
range of the curves. For example, for cooling water
(usually at -350 kPa),  a pressure drop is determined as
SO-125 kRa.  As the water heat transfer resistance is
usually not controlling, the low-to-medium values would
apply, that is, 50-100 kPa (-7.2-  14.4 psi), which
coincides well with established industrial practices. In
any case, the soundness of the selected pressure drop
should be checked in the design evaluation process (Sec.

9.
For gases, often special criteria may exist, as the

effectiveness of related process equipment may be a
significant economic factor (compressors). If the speci-

fied aP,,, is substantially different from the suggested
values, the estimates of the heat transfer coefficients
may be questioned and especially careful attention must
be given to both.

3. Estimate overall heat transfer coefficient U,
(W/m�  K). Using the estimated values of crs and ot and
the values of fouling resistances from the data input,
estimate U, from Eq. 3.3.9(5) as l/Z R. Neglect at this
point R, and A,/Aj,  except for finned tubes.

- Fluid Pressure, p, PSig

0 50 100 150 200

500 / I I � , I I �I I I I� I I /�I 1 -70

4 0 0 - - - 6 0

f

50

�3.

t
4 0  6.

a
30

u20

0 2 4 6 8 loo0 2 4 6

- Flu id  P re s su re  p, kPa

Figure 1 Range of usual pressure drop values for liquids as a
function of the gauge pressure of the liquid.
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4. Determine the required heat duty dreq  (W).
From the heat balances of the two streams, calculate
Qreq from Eq. 3.3.9(2), which becomes equal to Qact  for
calculation purposes at this stage.

5. Estimate the heat transfer area A, (m2). At this
point of the calculation, we know or have estimated

Mean temperature difference AT,,
Overall heat transfer coefficient U,,
Heat  duty  Qreq  or Qact  3

Consequently, from the basic heat transfer equation, the
tubular (outside) area required, A,, is calculated as

A, = Qreq
Uo AT,

(1)

The problem now arises, how to interpret the value of
A, in terms of tube length and shell diameter, both
values being still open at this point. From Eq. 3.3.5(30),
the outside tube area A, is

A ,  =  ?rDtLtiNtt X 10m6 m2 (2)

and from Eq. 3.3.5(16), for estimation purposes using
(Ntt)r , the tube count is

Ntt = (Ntth  = c1 cLtpj2-!I?!!-  (Dctl)2 (3)

Substituting now Eq. (3) into Eq. (2) and combining
logical terms, we get

A ,  =  [1O-6  X n(0.78)] Dt
Cl (&d2

tLt&d2  I (4)

The first term in brackets is a pure constant; the second
term reflects the tube size and tube layout geometry; the
third term includes the values of tube length and shell
diameter, which are the items to be determined.

Any desired heat transfer surface A, can b e
obtained by various combinations of the parameters Lta
and Dctl, for any given tube layout [the second term in
h (411.

Defining a value of the tube layout density param-
eter as A* (l/mm),

(5)

the values of A*, for Dt = 6-50 mm and Ltl, = 1.2-1.5,
range between the extremes of 0.02 and 0.25. This is an
expression of how much heat transfer surface can be
packed within a given area, therefore the term �tube
layout density.�

Thus, Eq. (4) contracts to

4 = (10e6)  A*La(~ct~)21 Cm21 (6)

To translate the value of Dctl, the tube bundle-
circumscribed diameter, into terms of the inside shell
diameter proper, D,, we make use of the relations in Sec.
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.10 Design Procedures 3.3.10-5

3.3.5, item 21, and Fig. 3.3.5(14), whichintroduces the
values of (D, - Dcrl)  for various tube bundle types.

Some tube count tables include the value of surface
per unit of tube length, from which the desired
relationship of Eq. (4) can be readily found. If such a
source is not available, the designer must assume a
rational tube length Lt,, and calculate the corresponding
diameter D,,l and eventually D,. This trial-and-error
procedure can be simplified by a few rules:

(a) For usual designs of shell-and-tube exchangers,
the ratio of D,,lIL, should be within the limits of
approximately f to & as extreme values. For most
common cases it will be more like f to $.

(b) A longer tube length Lta is generally preferable,
as it results in less expensive units. However, flow and
pressure drop considerations may favor deviations from
this rule, subject to engineering judgment.

(c) A fine-tuning process for Lti/Dctl  may be
necessary in some cases as described in Sec. B. This will
involve pressure drop calculations, possibly on both shell
and tube side. Advantages of a computer program for
this purpose are obvious.

(d) For some units, where Lta is specified or at least
limited to a maximum, and/or the overall size of the
exchanger is limited, the need will arise to employ more
than one unit. These can be arranged in parallel or in
series (or combination of these between tube-side and
shell-side flow). If sufficient pressure drop is available,
units in series are generally preferable, but there will be

individual exceptions, impossible to define in common
terms.

Finally, a graphic estimation method, representing
Eq. (6), is shown in Fig. 2. For practical use, define
parameter A*, Eq. (5) (Table 2) and relate the desired
exchanger surface A0 (m�)  to D,tl (mm) for any
effective tube length Lt,. The graph also works, of
course, the other way; that is, for known D,tl, A*, and
L&, the area A, can be determined.

6. Estimate baffle and tube pass specifications.
With completion of item 5, the exchanger is fully
specified in all external dimensions. To perform the
rating calculations, we need additional estimations:

(a) Baffle spacing and baffle cut. For most cases,
the interrelation as shown in Fig. 3.3.5(4) should be
followed for best pressure drop-to-heat transfer conver-
sion. If these relations do not produce the desired
results, for example, because of low allowable Ap, it is
generally preferable to explore other shell types (TEMA
J), or to enlarge the tube pitch. Do not deviate
significantly from values in Fig. 3.3.5(4), unless justified
through careful analysis.

(b) Estimate the number of tube passes Nip.  This
value is purely a function of allowable Apt,max,  which
should be utilized in every case of sensible heat transfer
as closely as possible. However, as noted before, Apt
increases with (Ntp)3  and therefore is a very difficult
parameter to deal with. It is also closely connected with

I I lllllll

DdQ*- Heat Transfer Surface, m2

Figure 2 Heat transfer surface A as a function of D,tl with A* and tube length as parameters.
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Table 2 Values ofA* [Eq. (5)]  for selected tube layouts (a) Heat transfer coefficient-limited design

A* If the size of the unit has been determined by heat
transfer requirements only and there will be only a small
overdesign factor, the case is termed �heat transfer
coefficient-limited.� This is generally a desirable solu-
tion, but a further check must be made to ensure that
the permissible pressure drop has been utilized effec-
tively. If there is considerable unused pressure drop, this
may suggest potential further improvements. There may
be cases where the permissible pressure drop was
specified unrealistically high, and no further action is
indicated. However, designs with inherently low heat
transfer coefficients, such as laminar flow or low-
pressure gases, may also reflect heat transfer coefficient
limitations. They deserve special attention, as the varia-
tion of design elements may often substantially improve
the final design.

Dt, mm Ltp, mm LtplDt n-+n-+
6

10
12
14

16

18

20

22

25

30

38

44-45

9 1.5
13.5 1.35
15.5 1.29

18 1.29
19 1.36

20 1.25
21 1.31

23 1.28
24 1.33

25 1.25
26 1.3

27 1.23
29 1.32

30 1.2
32 1.28

36 1.2
38 1.27

45 1.18
47 1.24

53 1.19
55 1.24

0.211
0.156
0.142

0.123
0.110 5

0.117
0.103 4

0.096 9
0.089 0

0.091 2
0.084 3

0.086 0
0.074 5

0.079 1
0.069 6

0.066 0
0.059 2

0.053 5
0.490

0.045 1
0.041 9

0.183
0.135
0.123

0.106 6
0.095 7

0.098 7
0.089 5

0.084 0
0.077 1

0.079 0
0.073 0

0.079 5
0.067 5

0.068 5
0.060 2

0.057 1
0.051 3

0.046 3
0.042 4

0.039 1
0.036 3

the choice of Dctl/Lta. If the tube-side coefficient is
controlling, a thorough investigation is warranted. On
the other hand, one must assure that a certain minimum
tube-side flow velocity is obtained, especially  in fouling-
sensitive cases, and adjust other parameters accordingly.
Computer programs are, again, very useful in this area.

D. Preliminary performance evaluation

Having compl&ed all the estimations as described in Sec.
C, the exchanger is now fully specified (albeit subject to
later possible changes) and a rating calculation, exactly
as described in Sec. 3.3.9, can be performed. The results
will indicate the heat transfer and pressure drop per-
formance. These values must be now compared to those
desired or specified.

Only rarely will the initial analysis identify a unique
and straightforward path to follow. More often, contra-
dictory demands or multiple options will indicate the
need for several alternative trial calculations to evaluate
the complex interactions of the many design elements.

The primary evaluation can be termed �identifica-
tion of the limiting cases,� meaning that one design
parameter will usually emerge as a predominant factor.
These can be grouped into four typical categories [I] :
designs limited by the heat transfer coefficient, by the
pressure drop, by the temperature driving force or by
fouling resistance.

0 1983 Hemisphere 1 blishing Corporation

(6) Pressure drop-limited design

Cases in the pressure drop-limited category are character-
ized by the condition that the exchanger size has been
increased only to accommodate the permissible pressure
drop rather than to satisfy heat transfer demands. This is
a highly undesirable situation, as heat transfer surface is
allocated that is not needed. By proper adjustment of
the design elements, this limitation can almost always be
remedied. The most common and effective actions
include the following and their combinations:

Use double-segmental or multisegmental baffles.
Change the shell type to TEMA J or X.
Decrease tube length.
Increase tube pitch.
Change tube layout pattern.

The prime recognition factor for pressure drop-
limited cases is a higher heat duty overdesign than would
normally be acceptable. However, there will be cases
where the pressure drop-limited design will not be
recognized so readily. The effects of various construc-
tion elements and multiple shells in parallel and in series
can conspire to obscure the normal pressure drop-
limitation characteristics. This is particularly true if only
the final results of computer-designed units are
examined. Careful analysis of intermediate solutions will
invariably permit recognition of a pressure drop-limited
design.

(c) Temperature driving force-limited cases

Cases limited by temperature driving force result from
severe problems associated with the effective tempera-
ture driving force. The effective mean temperature
difference must reflect the corrections to the logarithmic
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mean temperature difference to account for all of the
potential nonidealities of the various flow arrangements.
Some of the most obvious considerations are noted
below.

Multi-tube-pass correction factor F for appropriate
shell flow configuration (from Sec. 1.5) should always
be checked to see that it does not fall into the
asymptotic F-factor region. The often used criterion of
F > 0.8 can be grossly misleading, as illustrated in Fig. 3.
For more detailed discussion on this and other related
items, refer to Sec. 1.5.

Counter-flow arrangement should always be con-
sidered whenever units in series have been allocated
purely for reasons to counteract severe temperature
profile overlap.

TEMA E shells with single tube pass are generally
assumed to be in pure counter-flow operation. However,
if only a few baffles (<5) are used, the exchanger
actually operates as a series of elements in unmixed-
unmixed cross flow. This can result in severe decrease of
the effective temperature driving force compared with
pure counter flow [2].

Thermal conduction through and possible fluid
bypass around the edges of the longitudinal baffle for
TEMA F and G shells can decrease the effective
temperature driving force (see Sec. 1 S).

A most serious problem in the effective temperature
difference determination arises through shell fluid by-
passing and therefore ineffective exposure to heat
transfer surfaces as illustrated in Fig. 4. Stream 1 is fully
heat transfer effective, such as the cross-flow stream in
shell-and-tube exchangers. Stream 2 is partially effective,
such as the bundle bypass stream, whereas stream 3 is
completely ineffective. A mixed outlet temperature is
then obtained, which shows an apparent temperature
difference driving force that is much larger than the one
effectively present. If close temperature differences are
encountered, any deviation from ideality, such as fluid
bypassing, can distort the temperature profde so severely
as to render the exchanger unoperational.

Problems with units showing unexpectedly low heat
transfer coefficients U, in practical application can

00 0.20.2 0.40.4 0.60.6 0.80.8 1.01.0

PP

Figure 3 Schematic representation of mean temperature differ-
ence F-factor method limitations.
Figure 3 Schematic representation of mean temperature differ-
ence F-factor method limitations.
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Figure 4 Effects of bypassing on mean temperature difference.

often be tracked to the fact that they have been heavily
overdesigned, thus producing a much smaller effective
temperature difference (�pinch�) than the inlet/outlet
temperatures would indicate, as shown in Fig. 5. Such
cases should be analyzed with particular care and are
generally recognizable from very close approach of the
terminal temperature.

Finally, the designer should be aware of the
limitations of the F-correction factor, if local co-
efficients vary substantially with flow path. This will
occur in some cases of condensation and boiling, where
both the heat transfer coefficients and temperature may
change significantly from inlet to outlet. This subject is
treated in other parts of this handbook, and requires the
rigorous solution of the basic heat transfer equation as
discussed in Part 1.

For both boiling and condensing liquids in
essentially isothermal manner (linear heat release, Q
versus T), the standard procedures are applicable, as long
as the phase-change process takes place over the entire
flow path without substantial change of the heat transfer
coefficient. Steam-heated units generally qualify under
this assumption.

(d) Fouling resistance-limited cases

Some design cases that operate with high heat transfer
coefficients are often. allocated relatively large fouling
resistances that make the design �fouling limited.�
Efforts of the designer should then concentrate on the
following items:

1. Design features that may suppress the fouling
tendencies: high flow velocities; proper design of baffles

r Isothermal Steam �
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/
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Figure 5 Temperature profile in an overdesigned exchanger.

lishing  Corporation

~4

I�_ I-..- -.-.,* �_. . . . ..- ..__..  ̂ _^� ..-- ..__, I ___
..- . .._.� -.-r-.-~.- -.._ �--�._



3.3.10-8 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.10 Design Procedures

to avoid stagnant areas; lowering tube temperatures,
especially if polymerization fouling exists (use of co-
current flow in some cases).

2. Design features that will promote ease of clean-
ing: horizontal tube-side fouling in straight tubes (not U
tubes) is the easiest to clean. If chemical shell-side
cleaning is not acceptable, 45� or 90� layout with
approximately 6-7 mm clearance is necessary to permit
mechanical cleaning.

3. It is not uncommon that unrealistically high
fouling resistances are specified as a sort of safety factor.
This is rather dangerous practice as the amount of
�safety� is relative with respect to the magnitude of the
heat transfer coefficients. Also, if large fouling re-
sistances are specified, these will usually be associated
with a certain fouling layer thickness, which will
decrease the flow areas. This, in turn, can substantially
increase the pressure drop. Such cases should be investi-
gated under clean and fouled conditions.

E. Analysis of results

The designer must be satisfied that the results are
reasonable and acceptable, compared with generally
recognized practices and the demands on exchanger
performance in all the above-mentioned limitations. This
check will usually show any gross discrepancies, be they
related to undetected input errors or to any other
causes. Furthermore, the designer must question if there
may be a combination of design elements that would
lead to a better solution. To aid in this analysis of the
final results, the following steps are suggested.

Step 1: Overall design geometry. It is a good
practice to make a rough sketch of the main design
dimensions, including baffle geometry. This will verify
the basic rationality of the overall layout or point out
areas of potential concern.

Step 2: Thermal resistances. Check distribution of
the thermal resistances on the shell side, tube side, and
fouling. These can be expressed in percentages of the
total resistance to give the designer an overview of which
resistances are dominating. If one of the resistances
stands out as exceptionally large, the reasons should be
analyzed and possible alternatives investigated. The

possibility of switching the fluid allocations should also
be considered at this point.

Step 3: Pressure drop utilization and distribution.
(a) Check how well the permissible pressure drop

was utilized. If substantial unused pressure drop exists,
the case may be potentially a poor design. A change of
shell type, baffle type, tube length, and possibly other
design elements, as well as combinations of these, should
be considered. Conversely, if pressure drop was fully
utilized but substantial overdesign exists, the case is
pressure drop-limited and actions as described under Sec.
D are called for.

(b) Next, check the pressure drop distribution. The
main concern is that no excessive part of the available
pressure drop be consumed in flow channels with low or
zero heat transfer effectiveness, such as nozzles, which
should, in general, consume not more than about 10% of
the overall pressure drop (see Sec. 2.2.7).

(c) Check the magnitude of the leakage and bypass
correction factors for pressure drop, RI and &, , and heat
transfer Jl and Jb. Their relative magnitude should be
reasonable, so that JlJb > 0.5. If the value is lower,
especially due to baffle-to-shell leakage or bundle-to-
shell bypass, the design is potentially poor. Sometimes
the use of excessively high Ap, results in very narrow
baffle spacing and therefore high cross-flow pressure
drop, which forces more flow into bypass and leakage.
In such cases, reducing pressure drop may result in
increase of heat transfer.

(d) Large bypass and leakage streams, expressed in
this method as low values of RI and Rb, can also distort
the temperature profile, as described in Sec. D.

(e) Compare the pressure drop in the cross-flow
section (between baffle tips) Ap, with the window
pressure drop &,. In well-proportioned baffle
geometry, &, should be not more than about twice the
value of Ap,.

Step 4: Tube vibration check. If shell-side flow has
a rather large pressure drop and hence flow velocity,
potential danger of tube vibration may exist. This is
especially true if the largest unsupported tube span
approaches about 0.7 of the recommended maximum
Lb,,,ax, Sec. 3.3.5. In such cases a tube vibration should
be analyzed, as described in Sec. 4.6.

Nomenclature for Section 3.3. IO appears at the end of Section 3.3. I I.

REFERENCES FOR SECTION 3.3.10

1. Taborek, J., Evolution of Heat Exchanger Design Techniques, Donald Q. Kern Award Lecture, Heat 7bansfer  Erg., vol. 1, no. 1,
1979.

2. Gardner, K., and Taborek, J., Mean Temperature Difference-A Reappraisal, AIChE  J., vol. 23, no. 6, November 1977.
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS 3.3.1 l-l

3.3.11
Extension of the method to other

shell, baffle, and tube bundle
geometries

J. Taborek

W The Delaware method, as originally developed and
on which the method presented here is based, is more or
less explicitly confined to the design of fully-tubed
E-shell configurations using plain tubes. However, there
are many process reasons-better balance required
between the shell-side and the tube-side heat transfer
coefficients, vibration problems, more effective use of
available shell-side pressure drop in low-pressure-drop
cases, etc.-that lead to the importance of applying the
method to variant configurations.

The most important alternative geometries and how
the method can be adapted to them are dealt with in this
section. However, only a few can be described explicitly
at this time. Others are explained only qualitatively, as
additional correlational work is necessary. It is foreseen
that these will be included in a forthcoming supplement.

For detailed description of the various shell and
bundle geometries, refer to Sec. 4.2.

A. Divided flow, TEMA J shell

A diagramatic sketch of this arrangement is shown in
Fig. 1 with a single inlet nozzle and two outlet nozzles.

Figure 1 Schematic sketch of TEMA J shell.

o 1983 Hemisphere 1
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The opposite arrangement can also be used. In principle,
only half of the flow traverses half the length of the
exchanger, resulting approximately in one-eighth of the
pressure drop in turbulent flow compared to a TEMA E
shell.

The adaptation of the method to a J shell is
straightforward:

1. Consider one-half length of the exchanger as a
�Unit� equivalent to an E shell. Take one-half of the
flow rate Ms.

2. For pressure drop calculations, consider the flow
divider partition as a tubesheet, that is, the first baffle
crossing is the entry end zone to be included in Ape.
Then proceed as for E shells.

3. Calculate the heat transfer coefficient based on
the same principles as Ap and consider it valid for the
entire tube length.

4. Determine the AT,,, correction factor from the
charts in Sec. 1 S.

5. Notice that only an even number of baffles can
be used.

B. No-tubes-in-window tube bundles

Tubes are omitted in the window area of segmental
baffles. Support plates can be used between baffles to
shorten the unsupported tube span, thus minimizing
tube vibration. Consequently, baffle spacings can be
enlarged, often up to two shell diameters. This arrange-
ment has the following characteristics:

1. Very low pressure drop (about one-third of
segmental baffle).

iblishing  Corporation
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3.3.11-2 3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.11 Extension of Method

2. Uniform shell-side flow pattern resembling that
of an ideal tube bank. Consequently high ol, values and
lower fouling tendency.

3. With usual baffle cuts between 10 and 25%,
corresponding lower tubular surface in a given shell.

4. Very low Ap in the window (about two velocity
heads), correspondingly lower bypass and leakage
streams.

Based on these comments, the method can be
correspondingly modified. However, as these procedures
have not been tested, they are not specifically included
here.

C. Two shell pass-TEMA F shell

This construction type of a TEMA F shell, Fig. 2, uses a
longitudinal  baffle through the exchanger with an open
turnaround at the opposite end. Combined with two
tube passes, it results essentially in counterflow and is
used mainly for cases with close terminal temperature
approaches, which would otherwise require two shells in
series (at a higher cost). The number of baffles must be
an even number for proper fl0.w distribution. Pressure
drop in an F shell will be approximately eight times that
for an E shell of the same diameter (in turbulent flow).

The basic shell-side method can be adapted to this
case under the rough assumption that the geometric
parameters are modified to recognize that a segmental
baffle has been split into two halves. Again, this has not
been tested at present, and therefore no detailed
procedures are given.

D. Double segmental or disk-and-doughnut
baffles

These baffle geometries (see Sec. 4.2) are used to split
the shell-side flow into two longitudinal components,
each flowing through half the cross-sectional area. Thus,
the pressure drop in turbulent flow is about half that for
segmental baffles. The flow direction is much more
longitudinal than in cross flow, and correlations are
difficult. The present method cannot be easily adapted

FIOWt
*A

- - -

a
- - -

Section A-A

:

mI
L A

f L Longitudinal Baffle

Figure 2 Schematic sketch on TEMA F shell.
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Figure 3 Geometric characteristics for external low fm tubes.

to this baffle type, as the driving forces for bypass and
leakage flow are much smaller than for segmental
baffles.

E. Application of external low fin tubes

The method for segmentally baffled E shells is relatively
easy to adapt to low fin tubes. These tubes are generally
classified as having 630-l 000 tins/m (16-26 fms/in),
and usual fin height of about 1 to 2 mm. The tube
outside surface increase ranges typically between 2 and 3
compared to a plain tube of the same diameter, whereas
the heat transfer coefficient is only slightly lower. Refer
to Fig. 3 for basic geometric characteristics. Such
extended surface tubes are potentially very useful in
applications that have the following characteristics:

1. High tube-side heat transfer coefficient, oy and
low tube-side fouling resistance.

2. Low shell-side heat transfer coefficient, typically
in gas flow and in many organic streams with
Re, > 1 000.

3. Shell-side fouling resistance can be tolerated as
long as the deposit does not block the fin geometry with
a sticky substance. Fouling in the form of a crusty
deposit has been reported to be actually broken by the
fin structure, thus decreasing the fouling resistances as
compared to plain tubes (this is only a qualitative
observation).

No specific rules for fin tube applications outside of
the above mentioned premises exist, as cost factors enter
into the final economic analysis. There are, however,
process conditions where external low fm tubes would
not be recommended:

1. In laminar flow, approximately for Re, < 1 000,
a laminar boundary layer overlap develops inside the tins
(function of fin density), which decreases rapidly the fm
surface effectiveness.

2. Condensing steam on the fin side is ineffective,
as the fin valleys fill with condensate (high surface
tension of water) and do not drain readily, thus
decreasing the effective surface. On the other hand,
condensation of organic vapors can be very effective
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(low surface tension), this subject being treated in other
parts of this handbook.

The adaption of the basic shell-side method for
no-phase-change flow on low fin tubes requires following
a number of modifications to Sets. 3.3.5-3.3.9, as
follows:

1. Section 3.3.5A, input data. Fin geometry speciti-
cations, Table 3.3.5(12): Item 2, Dt, remains unchanged,
pertaining to the �plain end� of the tin tube. Additional
tube geometry items to be included are, from Fig. 3:

Item 2a Dfo (mm> Diameter over the tins
Item 2b Dfr (mm> Fin root diameter
Item 2c Nf (l/m) Number of tins per unit of

tube length
Item 2d L.fs (mm) Average fin thickness

(assuming rectangular fin
shape)

Item 2e A,f (m2 /m) Actual fin surface area per
unit of tube length

Item 19 &I (md Tube-to-baffle hole clearance;
in determination of this
value, use Dfo for fin tubes
in place of Dt

Then, we need to define an �equivalent projected
diameter,� Dreq , as shown in principle in Fig. 3. This is
essentially a correlational value establishing an equiv-
alent cross-flow area as compared to a plain tube.

Dreq = Dfr + 2LFNfLfx (10e3) (mm) (1)

where Le is the fin height, (Dfo - Dfr)/2.  Whenever the
tube diameter D, of the plain tube appears in correla-
tional equations, it must now be interpreted in terms of
the fm tube geometry.

2. Section 3.3.5C,  correlational parameters.

(4 Sm calculations:  Use Dreq for Dt in Eq.
3.3.5(22).

(b) Re,, shell-side Reynolds number: Use Dreq  for
Dt in Eq. 3.3.5(25).

(c) &, heat transfer surface: Using the input value
A,f (m�/m)  as fin surface area per unit length, the total
heat transfer surface based on the fin surface, changes
Eq. 3.3.5(30) to

A ,  =  AofLt,Nn  X 1O-3 (2)

3. Section 3.3.6B  and 3.3.6C,  baffle window. Flow
area S,,: In place of Dt, use Dfo in Eq. 3.3.6(7).

4. Section 3.3.6H, tube-to-baffle hole leakage area
Q,. Use Dfo in place of Dt to determine Ltb, as well as
in Eq. 3.3.6(18).

5. Section 3.3.7, ideal tube bank ji andfi.
(a) Heat transfer factor ji: Curves for plain tubes

can be used for low fin tubes with Re, based on Dreq, up

to Re, > 1 000. Below Re, = 1 000, a laminar boundary
layer overlap takes place, which makes fin tubes less
effective [l] , and a correction factor must be applied so
that

ii = Jfii,pbti  tube ( 3 )

Correction Jf, taken from [l] , is shown in Fig. 4.
Actually, Jf is a function of the fin height/fin spacing
ratio, but data are not available in the open literature.

In calculating the ideal tube bank heat transfer
coefficient oi, a tin efficiency correction factor must be
included, as described elsewhere in this handbook. For
operating conditions usually favorable to fin tube
application, tin efficiency is usually in the range of 0.9
or higher.

(b) Friction factor fi. The fins present a larger
frictional surface than plain tubes, and therefore it can
be logically expected that the friction factor will be
higher. Very few data are available, but the work of
Briggs and Young [l] and other unpublished sources
indicate that for the usual geometry of low fins, the
following relation applies:

&fin = 1.4f;:,,lain  t u b e ( 4 )

In other words, the fi values for plain tubes are used and
multiplied by a factor 1.4. This procedure seemingly
contradicts the finding of Briggs et al. [2] where lower f
values were found for fin tubes, but in this reference the
friction factors are based on a baffled exchanger
including the window pressure drop and are not applic-
able for generalized correlation based on ideal tube
banks.

The methods recommended here were confirmed on
test data of an industrial-size exchanger with 19 fins/in
and produced results 15% and 28% on the safe side for

as and aPs, respectively, which is considered a very
respectable performance.

If 0.8

0.6

0.5
10 2 4 6 100 2 4 6 1000

Be

Figure 4 Correction factor of Jf for heat transfer with low tin
tubes.
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3.3.11-4 3.3 SHELL-AND-TUBE HEATEXCHANGERS /3.3.11ExtensionofMethod

CB
CN

CPJ

Dctr

D ns
Dot1

4
Dt
Qi

NOMENCLATURE FOR SECTIONS 3.3.1-3.3.11

heat transfer surface based on outside tube area
[Eq. 3.3.9(10)],  m2
tube layout density parameter
baffle cut as percent of inside shell diameter D,
(input item 1 l), %
area between D, and a tube layout cutoff line
[Eq. 3.3.5(1&z)],  %
tube field layout constant for N, calculation
[Eq. 3.3.5(16)]
code for tube bundle type (input item 18)
code for shell-side impingement (input item 14)
shell-side fluid specific heat at average tempera-
ture, J/kg K (input item 29)
same as Dotl, except through the centers of the
tubes, mm
shell-side nozzle inside diameter, mm
diameter of a circle circumscribed to outermost
tube of a bundle [Fig. 3.3.6(l),  Eq. 3.3.5(2Oa)],
mm
inside shell diameter (input item l), mm
tube outside diameter (input item 2), mm
tube inside diameter (input item 4), mm

n
W,max maximum outside tube diameter including toler-

ances (item 19, Sec. 3.3.5), mm
DW hydraulic diameter of baffle window [Eq.

3.3.6(10)],  mm

fi friction factor for an ideal tube bank [Eq.
3.3.7(9)]

F correction factor to the ATLM  for non-counter-
flow systems (see Sec. 1.5)

F Sbp ratio of bypass to cross-flow area [Eq. 3.3.6(16)]
F,, F, fraction of tubes in one baffle window and in

cross-flow between baffle tips, respectively [Eqs.
3.3.6(5) and (6)]

ii Colburn�s heat transfer factor [Eq. 3.3.7(3)]

Jb bundle bypass correction factor for heat transfer
[Fig. 3.3.6(10)]

JC segmental baffle window correction factor for
heat transfer [Fig. 3.3.6(7)]

Jl baffle leakage correction factor for heat transfer
[Fig. 3.3.6(8)]

Jr laminar-flow heat transfer correction factor [Fig.
3.3.6(12)]

JS heat transfer correction factor for unequal end
baffle spacings (Sec. 3.3.6)

L* ratio of outlet/inlet baffle spacing to Lbc [Fig.
3.3.6(13)]

Lbb inside shell-to-bundle bypass clearance (diame-
tral) [input item 21 and Fig. 3.3.5(13)],  mm

Lbc, Lbi, Lb0 baffle spacing, central, inlet, outlet [see
Fig. 3.5.5.(6)],  mm

Lb& height of baffle cut [Fig. 3.3.5(2)],  mm
Lbc,max  maximum permissible central baffle spacing

[Fig. 3.3.5(5)],  mm
Lb ,max maximum unsupported tube span [Figs.

3.5.5(5)-(6)]  , mm
L ns nozzle flow escape distance [Fig. 3.5.5(7), Eq.

3.3.5(13)],  mm

LP: tube pass lane width [Eq.  3.3.6(15), Fig.
3.3.6(l)],  mm

&G effective pass lane partition width [Eq. 3.3.6( 15)],

epn, Lpyube layout characteristic dimensions described
in Table 3.3.5(8), mm

L sb inside shell-to-baffle clearance (diametral) [input
item 20, also Fig. 3.3.5(12)],  mm �.

Ltb tube-to-baffle hole clearance (diametral) [input
item 19, also Fig. 3.3.5(1  I)], mm

Lg, Lt,,  Lto tube length [input items 8-10, see Fig.

Ltp
Lts
Ltt
LtW
L WP

m

4

mw

MS
4
Nb
NC

Nss
Ntcc

Ntcw

Ntp
Ntt

NtW

PS
Pr
Prs
Oat,

3.3.5(l)],  mm
tube layout pitch (input item 6), mm
tubesheet thickness [Eq. 3.3.5(2)],  mm
total tube length [Eq. 3.3.5(7)], mm
tube wall thickness (input item 3), mm
baffle window flow penetration distance [Eq.
3.3.6(12)],  mm
mass velocity, kg/m2 s
shell-side cross-flow mass velocity [Eq. 3.3.5(24)],
kg/m* s
shell-side flow mass velocity through segmental
baffle window [Eq. 3.3.8(3)] ; kg/m* s
shell fluid mass flow rate, kg/s
tube fluid mass flow rate, kg/s
number of baffles [Eq. 3.3.6(14)]
total number of tube rows crossed in the
exchanger [Eq. 3.3.6(28)] or any number of
tube rows crossed [Eq. 3.3.7(9)]
number of sealing strips (pairs) (input item 17)
number of tube rows crossed between baffle tips
of one baffle compartment [Eq. 3.3.6(1  l)]
number of tube rows crossed in one baffle
window [Eq. 3.3.6(13)]
number of tube passes (input item 16)
total number of tubes or number of holes in
tubesheet for U-tube bundles [input item 15, Eq.
3.3.5(16)]
number of tubes in one baffle window [Eq.
3.3.6(8)]
shell-side operating pressure, kPa
Prandtl number
shell-side Prandtl number
heat duty of an exchanger actually delivered, W
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.11 Extension of Method 3.3.1 l-5

Qeg required heat duty of an exchanger, W
rlrn, rs leakage area parameters [Eq. 3.3.6(21)]
rss

R

Rb

Rf,i

Rf,o

RI

Rs

Res
sb

SC

Issb

&b

SW

Sw

Swt

sealing strips correlaGor& parameter  [Eq.
3.3.6(24)]
heat transfer resistance, referred to particular
definition as designated by subscripts: o, referred
to outside tube surface; f, fouling; w, tube wall;
d, differential [Eq. 3.3.9(7)] ; i, referred to inside
tube surface, all in (W/m*  K)-�
bundle bypass correction factor for pressure drop
[Fig. 3.3.6(1  l)]
tube-side fouling resistance referred to inside
tube surface (input item 37),  m* K/W
shell-side fouling resistance referred to outside to
the surface (input item 3 l), m* K/W
baffle leakage correction factor for pressure drop
[Fig. 3.3.6(9)]
baffle end zones correction factor for pressure
drop [Eq. 3.3.6(39)]
shell-side Reynolds number [Eq. 3.3.5(25)]
bypass area between shell and tube bundle [Eq.
3.3.6(15)],  mm2
cutoff area for calculation of tube count [Eq.
3.3.5(15c)],  mm*
cross-flow area near shell centerline [Eq.
3.3.5(22)],  mm*
leakage area, shell to baffle [Eq. 3.5.6(17)],  mm*
leakage area, tube to baffle hole, for one baffle
[Eq. 3.3.6(18)] , mm*
net cross-flow area through one baffle window
[Eq. 3.3.6(9)],  mm*
baffle window area without tubes [Eq. 3.3.6(4),
Fig. 3.3.6(2)]  , mm*
area occupied of tubes in one baffle window [Eq.
3.3.6(7), Fig. 3.3.6(3)],  mm*

Ts,av, Tt,av average temperature of she&side and tube-
side fluid, respectively, �C

Tsi, TX, shell-side temperature inlet and outlet (input
items 22,23),  �C

Tti, Tto tube-side temperature inlet and outlet [input
items 24, 251,  �C

Tw temperature at the tube wall [Eq. 3.3.7(7)],  �C

UO overall heat transfer coefficient based on outside
tube area, W/m�  K

Vn.V shell nozzle flow velocity, m/s
Vt,max 9 vt,min maximum or minimum tube-side veloc-

ity [input items 42,431,  m/s

heat transfer coefficient for ideal tube bank [Eq.
3.3.7(4)],  W/m�  K

OC,, ai shell-side or tube-side heat transfer coefficient
[input items 38,391,  W/m*  K

APbi pressure drop in cross flow between baffle tips,
based on ideal tube bank [Eq. 3.3.7( lo)] , kPa

Apt pressure drop in cross flow between baffle tips of
segmental baffles, corrected for nonidealities of
flow [Eq. 3.3.8(2)],  kPa

API pressure drop in end zone baffle spacings [Eq.
3.3.8(7)],  kPa

APi pressure drop in cross flow in ideal tube bank
[Eq. 3.3.7(9)],  kPa

A~s,rnax, Aptmax maximum permissible shell-side or
tube-side pressure drop [input items 40,411,  kPa

APW pressure drop in window of a segmentally baffled
exchanger [Eqs. 3.3.8(4), 3.3.8(5)],  kPa

AT,-, ATh cold and hot end terminal temperature
differences [Eq. 3.3.9(9)],  �C

ATLM  log mean temperature differences [Eq.  3.3.9(9)
and Sec. 1.51, �C

- - .

ATrn

77s

77t

e ctl

eds

Btp

As, At

bw

Ps, Pt

4k

J/c

dJn

effective or true mean temperature difference
[Eq. 3.3.9( 1) and Sec. 1.51, �C
shell fluid dynamic viscosity at average tempera-
ture, cP = mPa/s
tube fluid dynamic viscosity at average tempera-
ture, CP = mPa/s
tube  bundle  baf f le  cu t  cent&angle [ F i g .
3.3.6(l)] , deg
baffle cut centri-angle [Fig. 3.3.6(l)],  deg
tube layout angle [input item 7 and Table
3.3.5(8)],  deg
shell- or tube-side fluid thermal conductivity at
average temperature of each fluid (input items
28,341, W/m K
thermal conductivity of tube wall material (input
item 5), W/m K
shell- or tube-side fluid density, respectively, at
average temperature of each fluid [input items
27, 331,  kg/m3
viscosity correction factor for shell-side fluids,
defined by Eq. 3.3.7(5)
tube count correction factor for cutouts [Eq.
3.3.5(16e)]
tube count correlation factor for multitube pass
layouts [Fig. 3.3.5(10)]

REFERENCES FOR SECTION 3.3.11
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2. Briggs, D. E., Katz, D. L., and Young, E. H., How to Design Finned-Tube Heat Exchangers, CEP, vol. 59, no. 11, pp. 49-59, Nov.
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3.5 EVAPORATORS 3.5.1-1

R.A. Smith

w The function of an evaporator is to vaporize a
liquid or to concentrate a solution by vaporizing part
of the solvent, sometimes to the point at which crys-
tallization occurs. The various types of equipment
used for this are described in Sec. 3.5.2. The arrange-
ments whereby these pieces of equipment may be
combined with each other or with other types of equip-
ment are described in Sec. 3.5.3. The choice of the
best type and arrangement for the duties of vaporiza-
tion, concentration, and crystallization is considered
in Sec. 3.5.5. The design of the reboilers  in the dis-
tillation plant is dealt with in Sec. 3.6. Sections 3.5.6-
3.5.8 deal with the thermal design of evaporators,
including the critical heat flux and pressure drop.

Many types of evaporators are in use, including
shallow ponds heated by solar radiation, direct-fired
open pans, coil-in-vessel evaporators, and evaporators
with internal agitators. Section 3.5.2, however, deals
with only the eight major types:

1. Horizontal shell-side
2. Short-tube vertical
3. Basket type
4. Long-tube vertical
5. Climbing film
6. Falling film

Many of the opinions expressed in this section are based
on advice given by the staff of the Agricultural and Mond
Divisions of Imperial ChemicaI  Industries Limited and on in-
formation published by Chilton and Perry [ 11.  The author
expresses his gratitude for this help and for permission to pub-
lish it.

7. Horizontal tube-side
8. Plate type

In most cases the hot fluid is condensing steam. Except
for the plate type, all are tubular heat exchangers, and
in all except the horizontal shell-side type, boiling is
inside the tubes.

For efficient performance, the boiling liquid must
flow past the heating surface at a high velocity. To
achieve this, the liquid is usually recirculated. Circula-
tion may be natural, when produced by the differences
in the densities of the boiling liquid and the returning
liquid; or forced, when produced by a pump: or assisted,
when both contribute to the flow. When there is no
recirculation, the evaporator is described as once-
through.

The pressure in an evaporator is chosen to give
the required boiling temperature. Hence evaporators
are often operated under vacuum so that the tempera-
ture is below the normal boiling point.

In evaporators where the liquid flows upward
through vertical tubes, the boiling point of the liquid
is greater at the bottom of the tube than at the top,
because of the greater hydrostatic pressure. Thus,
in the lower part of the tube there is no boiling and
the temperature rises until the boiling point corre-
sponding to the local pressure is reached; after that
the temperature falls and boiling occurs due to both
flashing and the further addition of heat. Consequently,
the temperature difference is less in the middle of
the tubes than at the ends, and this may lead to an
appreciable loss in performance in types 2, 3, and 4.
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3.5.1-2 3.5 EVAPORATORS / 35.1 Introduction

In concentrating evaporators it is important to allow
for the elevation in boiling point due to increased
concentration.

All evaporators have devices at their outlet to sep-
arate the vapor from the liquid; see Sec. 3.5.4B.  It is

desirable to minimize the carryover of liquid in a con-
centrating evaporator because this represents a loss of
product, and, if the vapor is to be used to heat a subse-
quent evaporator, carryover will usually lead to excessive
fouling.

References for Section 3.5. I appear at the end of Section 3.5.8
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3.5 EVAPORATORS 3.5.2-l

3.5.2
Types of evaporators

R.A. Smith

w The standard types of shell-and-tube heat exchanger
are described in Sec. 4.2, using the nomenclature of
TEMA. More elaborate designs are usually necessary for
evaporators, as described in this section.

A. Horizontal shell-side evaporator

The TEMA type K (kettle reboiler) is often used as a
still reboiler; it can be used as a concentrating evapora-
tor, as shown in Fig. 1, provided that there is no danger
of scaling. It may also be used as a vaporizer; the con-
centrate outlet can be used as a continuous purge. If
the liquid to be vaporized is clean and contains no dis-
solved solids, the weir and purge may be omitted, but
a drain connection must then be added to the bottom
of the shell for occasional purging.

A simpler alternative consists of a similar horizon-
tal U-tube bundle submerged in a half-filled, large-
diameter vertical vessel.

Further information about boiling on the outside
of horizontal tubes is given in Sec. 3.6.

B. Short-tube vertical evaporator

Figure 2 shows a short-tube vertical evaporator with
boiling inside the tubes and an axial flow impeller to
assist in the circulation of the liquid through the tubes.

Many of the opinions expressed in this section are based on
advice given by the staff of the Agricultural and Mond Divisions
of Imperial Chemical Industries Limited and on information
published by Chilton and Perry [ 11. The author expresses his
gratitude for this help and for permission to publish it.

The tubes are not more than 3 m long and 25-60 mm
inside diameter. The liquid starts to boil when it is
nearly at the top of the tubes; for crystallization it may
be preferable to arrange for boiling not to occur until
the liquid has left the tubes, to avoid the deposition of
solids in the top of the tubes.

It may be possible to omit the impeller and to rely
on natural circulation, in which case the area of the
central downcomer should be somewhat greater than
the cross-sectional area of all the tubes.

When these evaporators are used for the production
of crystals, it may be necessary to fit a device at the
bottom of the evaporator for removing the crystals.

C. Basket-type evaporator

The basket-type evaporator is a natural-circulation,
short-tube vertical evaporator, but instead of having a
central downcomer (as in the short-tube vertical de-
scribed above), the liquid circulates down the annular
gap between the calandria and the shell, as shown in
Fig. 3. The cross-sectional area of the annular gap should
be greater than that of the tubes. The advantage of this
arrangement is that the calandria can be removed for
cleaning or repairs.

When using a natural-circulation evaporator for
the production of crystals, it is important to ensure
that the velocity of liquid in the tubes is high enough
to recirculate crystals until they grow to the required
size. In the evaporator shown in Fig. 3, liquor is recircu-
lated through an elutriator at the bottom of the shell
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3.5.2-2 3.5 EVAPORATORS I 3.5.2 Types of Evaporators

Vapor out

Liquor Q
in oartil :ion

Steam
out

Figure 1 Horizontal shell-side evaporator with hairpin tubes. Separation of droplets by baffle.
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Steam in -
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- Calandria
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- Condensate out

,p- Bottom header

Figure 2 Short-tube vertical evaporator with assisted circulation. Separation of droplets by entrainment separator.
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3.5 EVAPORATORS 13.5.2 Types of Evaporators 3.5.2-3

at such a velocity that only large crystals can leave
through it, while the smaller crystals are recirculated.

With the three types of evaporator described above
it is necessary to provide an adequate interfacial area
between the boiling liquid and its vapor; also, there
must be an adequate disengagement space above the
liquid so that droplets fall back into the liquid. Further
information on this is given in Sec. 3.5.4B,  which also
deals with the design of separators. These may be either
external, as shown in Fig. 2, or internal, as shown in
Fig. 3.

D. Long-tube vertical evaporator

Long-tube vertical evaporators are similar to short-tube
vertical ones in that the tubes are of a similar (or some-
what smaller) diameter, but there are fewer tubes and
their length is 6 m or more. The downcomer is external;
circulation may be natural, but mostly it is forced, as
shown in Fig. 4, to give a higher flow rate and hence a
higher temperature difference, as explained below.

Compared with the short-tube type, the long-tube
vertical evaporator also gives a high heat transfer coeffi-

Wash-water inlet

Pad of knitted
metal wire
supported on
metal grid

Recirculation

Recirculation H
branch

+
Magma out

Figure 3 Basket-type short-tube evaporator with bottom steam and wire mesh separator. Spray pipes supplied with wash
water are provided for intermittent washing of the wire.
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3.5.2-4 3.5 EVAPORATORS / 3.5.2 Types of Evaporators

Vapor
out

t Separator

Vapor 6

Noncondensable
gas outlet  -

Figure 4 Long-tube vertical evaporator with forced circulation and impingement plate separator.

cient,  but there is a bigger rise in temperature in the
nonboiling zone because of the greater pressure at inlet;
this may result in a significant reduction in temperature
difference, the penalty being greater at lower operating
pressures.

E. Climbing film evaporator

The climbing film evaporator is a long-tube vertical
natural-circulation evaporator that differs from those
described earlier in having a much lower head of liquid
at the inlet. Thus boiling starts sooner, so the rise in
temperature is less; also, the circulation rate is less and
the quality at the outlet is higher. Compared with the
long-tube vertical type, the climbing film evaporator
has a higher temperature difference and a greater pro-
portion of the length of the tubes benefits from en-
hancement in heat transfer coefficient resulting from

boiling; however, there is a greater tendency to scaling.
A typical climbing film evaporator is shown in Fig. 5.

An alternative form of the climbing film evaporator
is the once-through forced-flow vaporizer, in which the
liquid to be vaporized enters the bottom of the vertical
tubes and is almost all vaporized as it rises through the
tubes.

F. Falling film evaporator

In the falling film evaporator, liquid is fed to the top of
the tubes and flows by gravity as a film of liquid on the
inside surface of the tubes. The concentrated liquid is
collected at the bottom. Normally the vapor that is gen-
erated flows downward (cocurrent)  with the liquid.
When it is required to operate below the normal boiling
point but not under vacuum, a gas may be introduced
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3.5 EVAPORATORS / 3.5.2 Types of Evaporators 3.5.2-5

at the bottom and flow upward with the vapor counter-
current to the liquid. This type is shown in Fig. 6.

With a falling film evaporator, it is essential to have
a good arrangement for distributing the incoming liquid
evenly to all tubes. The simple baffle placed opposite
to the inlet nozzle, as shown in Fig. 6, gives a pile-up
of liquid immediately around the baffle and at the point
diametrically opposite the baffle. With such an arrange-
ment it is necessary for the tubes to project above
the tubesheet by a sufficient amount for the liquid to
be able to flow across the tubesheet without significant
loss in head. Alternatively, with more tubes, it may be
preferable to use a distributor pipe feeding several
distribution troughs placed at right angles to it.

To obtain good distribution around the circum-
ference of each tube, it is necessary to fit some form of
insert in the top of each tube, or cut several weirs in
each tube, as shown in Fig. 6.

When introducing a gas at the bottom of the evapor-
ator, it is also important to ensure that the gas will be
distributed evenly between tubes.

Steam

Condensate

Figure 5

It is important for the evaporator to be set up so
that the weirs are all exactly in the same horizontal
plane. It is also important that the tubes be straight and
vertical to within a small fraction of the diameter of
the tube.

With the counter-current arrangement, the flow
rates of vapor and gas must nowhere exceed the flood-
ing rates [see Sec. 2.3.2C(d)].

G. Horizontal tube-side evaporator

The horizontal tube-side evaporator is a standard shell-
and-tube heat exchanger with the steam condensing
on the shell side, the calandria supplying sensible heat,
and evaporation taking place in the flash vessel, as shown
in Fig. 7. The calandria can be removed for cleaning or
replacing the heating tubes. With this arrangement,
forced circulation is needed and must be sufficient to
avoid the possibility of dryout at the top of the tubes.

Concentrated
liquor

11 Calandria

x FeedY
liquor

r

Vapor

Tangential
inlet

Sprav
catcher

t
Drain

Climbing fiim evaporator with cyclone separator.
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3.5.2-6 3.5 EVAPORATORS / 3.5.2 Types of Evaporators

Air and
c

vapor out

I

Baffles

, Steam in

Expansion
!(J( joint

df Split spacer
for cleaning
purposes

Tubes welded
to underside

IIIW

h

of tubeplate

, Air in

Air and
vapor out

f
Liquid
level

Tube expanded

Figure 6 Falling film evaporator.

H. Plate-type evaporator

The plate-type evaporator is the same in principle as
the horizontal tube-side evaporator, except that a plate
heat exchanger is used instead of the shell-and-tube
heat exchanger as the calandria. A similar arrangement
of flash vessel, separator, and circulating pump is used.
Alternatively, plate-type evaporators are available that
operate on either the climbing film or the falling film
principle.

Uiwer
tubesheet

Detail of possible arrangement
of top of tube plate for good
circumferential distribution

The advantages of plate over shell-and-tube heaters
are that they cost less (for a given duty), they are less
likely to foul, and they are easier to clean. A suitable
material must be available for the gaskets to resist cor-
rosion and to withstand the temperature of the hot
fluid. Spiral heat exchangers and welded-plate heat ex-
changers are more robust developments of the normal
plate heat exchanger, but the latter cannot be stripped
for cleaning.
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3.5 EVAPORATORS / 3.5.2 Types of Evaporators 3.5.2-7

Impingement
plate

,
/

Noncondensable /

Vapor
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3 Separa to r
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. Liquid
level

Condensate
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1 -iP
Conceni

-out

$- Liquor in

:rate

Figure 7 Horizontal-tube evaporator with heating medium outside tubes, forced circulation, and cyclone separator plus
impingement plate separator.

References for Section 3.5.2 appear at the end of Section 3.5.8
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3.5 EVAPORATORS 3.5.3-1

3.5.3
Arrangements

R.A. Smith

m This section deals with steam economy, which
can be achieved either by arranging several evaporators
in multiple effect, as described in Sec. A, or by vapor re-
compression, as described in Sec. B. Further information
on these topics and the calculations needed have been
published by Chilton and Perry [l] and by McCabe and
Smith [2] . The advantages of flash evaporation are
briefly considered in Sec. C.

A. Multipleeffect evaporation

In multiple-effect evaporation, the steam generated in
the first effect is used as the heating medium for the
second effect, and so on; the steam from the last effect
passes to the condenser. Thus steam consumption,
ideally, is reduced by a factor equal to the number of
effects. In order to maintain a temperature difference,
each stage must operate at a pressure lower than that
in the previous stage. Consequently, the available tem-
perature difference per effect is less with multiple- than
with single-effect evaporation, so that a larger surface
area is needed. Furthermore, the actual amount of
steam generated in each effect is somewhat less than that
in the previous effect, because a certain amount of
feed heating is required and because latent heat increases
with decreasing pressure. The economic number of

Many of the opinions expressed in this section are based on
advice given by the staff of the Agricultural and Mond Divisions
of Imperial Chemical Industries Limited and on information
published by Chilton and Perry (11.  The author expresses his
gratitude for this help and for permission to publish it.

stages can be determined by balancing the saving in
fuel costs against the extra capital charges.

There are three principal feeding systems in use in
multiple-effect evaporation. In forward feed, the liquor
being concentrated and the vapor produced run in co-
current parallel flow from each effect to the next, as
shown in Fig. 1. In backward feed, the liquor and
vapor are in counter-current flow, and this necessitates
the installation of a liquor pump between each stage,
because the liquor must rise in pressure in going from
one effect to the next. In parallel feed, fresh liquor is
fed to each effect, the liquor entering each effect thus
being at the same concentration, but each successive
effect operating at a lower temperature and pressure.

Forward feed is preferred when the feed is hot or
if the maintenance of interstage pumps would be diffi-
cult. Backward feed is best when the feed is cold or
viscous or when there is an appreciable elevation in
boiling point with increasing concentration. Parallel
feed is used where controlled crystallization is needed
or where several feeds must be treated separately.

With multiple-effect evaporation, attention must
be paid to the following five points: (1) the feed must be

Figure 1 Triple-effect evaporator with forward feed,
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3 ~5.3-2 3.5 EVAPORATORS 1 3.5.3 Arrangements

adequately preheated; (2) very efficient separators are
needed (otherwise droplets of liquid carried over from
one effect lead to scaling of the heating surface of the
next effect); (3) steam supplied to all but the first
effect may contain noncondensable gases, due either
to gases coming out of solution from the liquid in the
previous effect, or, in vacuum operation, to leakage of
air into the steam-this must be kept to a minimum and
allowed for in the heat transfer calculations, and an
adequate purge must be included after the final effect;
(4) liquid purge systems may be needed to avoid high
concentrations of impurities in the liquor fed to the
later effects; (5) the point of take-out and return of the
liquid is important.

B. Vapor recompression

The most common method of steam economy is
multipleeffect operation (described above) but, in
countries where hydroelectric power is plentiful, me-
chanical recompression of the vapor has been estab-
lished as the most economical method of reusing steam.
Additionally, vapor recompression may be preferred
when (1) it is necessary to evaporate over a narrow
temperature range, thus restricting the number of effects
that could be used; or (2) when the steam is available
at a pressure considerably higher than that required for

heating, so it can be expanded through a turbine driving
the compressor. Figure 2 shows a simple arrangement.
Alternatively, steam injectors may be used instead of
mechanical recompression.

C. Flash evaporation

If the pressure of a preheated solution is suddenly
allowed to fall to below the vapor pressure, evaporation
takes place, the latent heat being supplied from a loss
of sensible heat of the solution. When heat is not pro-
vided by an external source, the process continues until
a new equilibrium is reached at a lower vapor pressure;
this is known as flash evaporation. It can be used to
obtain a solid product or to produce pure steam from
an aqueous solution. Because of the high latent heat of
steam, the temperature of the solution needs to fall
50 to 60°C for only 10% evaporation.

Figure 2 Evaporation with vapor recompression.

References for Section 3.5.3 appear at the end of Section 3.5.8
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3.5 EVAPORATORS 3.5.4-l

3.5.4
D@gTSdS

R.A. Smith

n This section deals with miscellaneous problems in
the design of evaporators and their ancillary plant.

A. Hot fluid space

When the source of heat is steam condensing on the shell
side of a shell-and-tube heat exchanger, an impingement
plant should be installed opposite the inlet nozzle to
protect the tubes in that region from erosion; see Fig.
3.5.2(7). Alternatively, the steam may be introduced
through a vapor belt; see Fig. 3.5.2(4); with this arrange-
ment the tubes completely fill the shell, whereas with-
out a vapor belt, some tubes must be omitted in the
region of the inlet nozzle to avoid excessive pressure
drop there.

Segmental baffles are fitted on the shell side to
maintain an adequate velocity and to support the tubes.
In the condensation of pure steam, a high velocity
gives little enhancement to heat transfer, but it helps
in the purging of air from the shell during start-up.
When gas is present in the steam, the baffles should be
progressively closer together in successive passes, as
shown in Fig. 3.5.2(3).

The main function of the baffles is to support the
tubes and to prevent damage due to flow-induced
vibrations; see Sec. 4.2.7. This is especially important
in the region of the steam inlet.

Many of the opinions expressed in this section are based on
advice given by the staff of the Agricultural and Mond Divisions
of Imperial Chemical Industries Limited and on information
published by Chilton and Perry [ 11. The author expresses his
gratitude for this help and for permission to publish it.
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B. Separators

The separation of droplets of liquid from the vapor
leaving the evaporator can be carried out in a disen-
gagement space above the level of the liquid or in a
spray eliminator separate from the evaporator; in some
cases both may be necessary. The most common types
of separator are illustrated in Figs. 3.5.2(l)-3.5.2(7),
but it must be realized that each separator may be
used with types of evaporator other than that in the
illustration.

In a horizontal shell-side evaporator, Fig. 3.5.2(l),
the disengagement space should be at least 250 mm
above the level of the liquid. Considerably more than
this is used in large vertical tube-side evaporators, as
can be seen from Figs. 3.5.2(2)-3.5.2(4).  The subject
has been studied by Davis [3] for marine water-tube
boilers; from these experiments the following rough
rule has been derived for the minimum interfacial area
between liquid and vapor when bubbles are bursting:

A, > 0.8ti

� d&

where Ai is the interfacial area (m�),  a is the mass
flow rate of vapor (kg/s), and ps is the density of the
vapor (kg/m3).

The simplest type of spray separator consists of a
baffle placed just in front of the vapor outlet, as seen in
Figs. 3.5.2(l)  and 3.5.2(6). The impingement plate
separators  in Figs. 3.5.2(4) and 3.5.2(7) consist of two
parallel slotted plates close to each other, the slots in
one plate being staggered relative to those in the other.

lblishing  Corporation

I- ._.._ _ . I .- ..~-..l,..xI-__p__.- 1._. �__-  -_-�-.__--.-�  ..-..__*__.-- ..-.. -__. ll-.-l--



3.5.4-2 3.5 EVAPORATORS / 3.5.4 Design Details

Spray separators with tangential inlets are shown in
Figs. 3.5.2(5) and 3.5.2(7). If a high efficiency of
separation is required, a wire mesh separator is fitted
before the entry into the vapor offtake  pipe, as shown
in Fig. 3.5.2(3). The pad should be 100 mm thick,
consisting of layers of woven metal wire; it should be
above the splash zone, and it may be advisable to install
washing sprays above it. The cross-sectional area, A,
(m�),  should meet the following condition, other sym-
bols being as defined above:

A,>%g (2)

With the minimum flow area given by this formula,
the pressure drop across the pad is approximately
250 N/m*; with larger areas, the pressure drop is re-
duced in inverse proportion to Ai.

C. Condensers

The vapor from the last effect of an evaporator usually
passes to a condenser. The cheapest form is the direct
contact spray condenser, as described by the Heat Ex-
change Institute [4] . The vapor enters a chamber con-
taining several water sprays on a ring main; it is impor-
tant to use sprays that produce well-spread droplets
and to position them so that the liquid is well distribu-
ted and kept off the wall of the chamber.

When operating under vacuum, the chamber is
placed at a sufficiently high level for it to be possible
to remove the mixture of condensate and cooling water
by gravity through a tail pipe to a hot well at ground
level.

When the condensate must not be contaminated, it
is necessary to use a surface condenser; the coolant may
be water, air, or the cold incoming feed. The design of
shell-and-tube condensers is dealt with in Sec. 3.4.

It is always necessary to have a vent on the con-
denser, through which gases and uncondensed vapors
can be extracted. In vacuum condensers, it is important
to make sure that there is adequate equipment for main-
taining the vacuum; this often takes the form of a two-
stage, steam-driven ejector with an interstage condenser.
This must be designed for the maximum amount of air
that could leak into the system plus the associated
vapor. Either it must be capable of pulling the pressure
down during the start-up period, or a �hogging� ejector
of higher output but lower efficiency must be added to
to cope with start-up loads.

D. Desuperheaters

It may be advisable to install a desuperheater in the
incoming steam main so that the amount of superheat
is reduced by direct injection of water. This has no
effect on the theoretical performance, since this depends
on the saturation temperature of the steam, which is a
function of the pressure only (see Sec. 3.5.8). However,
a high degree of superheat may lead to trouble because
of (1) overheating of the shell, (2) excessive fouling in
the region of the steam inlet due to the higher heat flux
associated with a hot dry wall, or (3) corrosion of tubes
near the steam inlet nozzle due to higher wall tempera-
ture. As these items are difficult to assess and as desuper-
heaters are not very expensive, they are often installed
when there is some doubt about their necessity.

References for Section 3.5.4 appear at the end of Section 3.5.8
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3.5 EVAPORATORS 3.5.5-l

3.55
Choice of type

R.A. Smith

n Some advice is given on which might be the best
type of evaporator to use for a given duty. Types 1-8
refer to the eight types listed in Sec. 35.1.

A. Vaporization

Under the heading of vaporization are included evapora-
tors for the revaporization of a liquefied gas and for
obtaining a pure vapor from an impure liquid. For the
former application, and also for the latter if the liquid
is clean, the kettle type (1) is probably the best [see
Fig. 3.5.2(l)] . The weir may be omitted for the former
application. An alternative arrangement for revaporizing
a liquefied gas is to use a short-tube vertical evaporator
operating on the once-through principle, that is, having
no downcomer, and keeping the level of liquid well
below the top tube plate. In the region of high quality
(ratio of flow rate of vapor to total flow rate), it is likely
that the wall of the tube will become dry, and conse-
quently a low heat transfer coefficient will be obtained
(see Sec. 2.7.3); either the tubes must be made long
enough to cope with this, or dry-wall operation must
be avoided and an external separator added to remove
and recirculate the droplets remaining in the vapor.
The advantage of the kettle over the once-through
type is that it avoids pulsating flow, but it has the dis-

Many of the opinions expressed in this section are based on
advice given by the staff of the Agricultural and Mond Divisions
of Imperial Chemical Industries Limited and on information
published by Chilton and Perry [l] The author expresses his
gratitude for this help and for permission to publish it.
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advantage with flammable or toxic liquids of requiring
a large capacity of liquid.

To obtain a pure vapor from a dirty liquid, the
short-tube vertical (type 2) is often used, as shown in
Fig. 3.5.2(2) but with a purge at the bottom. Alterna-
tively, a flash system may be used, with heat being
supplied at a pressure too high for boiling to occur;
the calandria can be either a plate heat exchanger or a
vertical or horizontal shell-and-tube heat exchanger
with the heating fluid on the Shell side.

Further information on the choice of equipment
for vaporization is given in Sec. 3.6.1B.

B. Concentration

Here the object is to produce a concentrate from a dilute
solution. With a clean liquid, the long-tube vertical
(type 4) with natural circulation is best, except when
the temperature rise in the nonboiling zone is appre-
ciable compared with the overall temperature differ-
ence. Under these circumstances, possible alternatives
are to use forced circulation or to change to the climb-
ing film type (5) or to the kettle type, in order to ob-
tain a higher temperature difference.

With a viscous liquid, a flash system should be used
at a sufficient pressure to suppress boiling in the calan-
dria. For small rates of flow, the calandria may take the
form of a helical coil with steam condensing on the
outside of it; for higher rates, one of the types of calan-
dria described at the end of the previous section may be
used.

When the liquid being heated is likely to cause scal-
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3.552 3.5 EVAPORATORS / 3.5.5 Choice of Type

ing or fouling of the hot surface, the long-tube vertical
(type 4) with forced circulation is usually preferred.
Consideration should also be given to the possibility of
using a plate-type heat exchanger.

With foaming liquids, the climbing film (type 5)
is best. With heat-sensitive liquids, the climbing film or
the falling film (type 6) should be used so that the heat
is applied for only a short time with a small tempera-
ture difference. The more usual form of the falling film
evaporator is with cocurrent  flow of liquid and vapor,
with no added gas; the arrangement shown in Fig.
3.5.2(6) is used only when it is desirable to add gas to
avoid operating under vacuum. These two types of
evaporator are available in the form of plate heaters, as
an alternative to the shell-and-tube types shown in
Figs. 3.5.2(5) and 3.5.2(6).

C. Crystallization

For crystallization the best type to use depends very
much on the nature of the crystals required. A choice
must be made between the short-tube vertical (type 2)
as shown in Fig. 3.5.2(2), the basket (type 3) as shown
in Fig. 3.5.2(3), and the long-tube vertical (type 4) as
shown in Fig. 3.5.2(4). Type 4 is the most popular at
present. Alternatively, it is possible to use a flash system
in which heat is supplied in a shell-and-tube or plate
heater (without boiling) followed by a flash vessel; the
liquid then goes to a crystallizer.

Pumps may cause crystals to break down. If the
crystals are sensitive to this trouble, or if they are very
abrasive, it might be desirable to avoid the need for
pumps by using natural circulation (and also avoiding
backward-feed multiple effect).

In a crystallizing evaporator, the size of the crystals
is determined by the residence time; hence control is
very important and unstable flow must be avoided (see
Sec. 3.5.6).

D. Choice of tube diameter

Normal sizes of tube (19-28 mm) may be used for
shell-side boiling and for vaporization or concentration
inside tubes when there is no danger of scaling or when
little or no boiling occurs inside the tubes. Larger tubes
(32-60 mm) are used when there is a significant amount
of boiling inside the tubes, including the falling film
evaporator. For evaporators where crystallization takes
place inside the heated tubes, tube diameters range
from 40 to 80 mm.

In designing natural circulation evaporators with
limited temperature difference, the circulation rate, and
hence the boiling heat transfer coefficient, can be in-
creased by using longer tubes of smaller bore. Thus a
compromise is needed between the requirements for
heat transfer and the danger that the tubes will become
choked if too small a bore is used.

References for Section 3.5.5 appear at the end of Section 3.5.8
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3.5 EVAPORATORS 3.5.6-l

3.5.6
Estimation of& drop and

circulation rate

R.A. Smith

n It is necessary to be able to estimate the pressure
drop through the circulation loop of an evaporator.
This is especially important in a natural circulation
evaporator, where the circulation rate must be esti-
mated by trial and error so that the head available
from the differences between the densities in the riser
and downcomer equals the loss due to friction around
the circulation loop. Computer programs are normally
used for this. With assisted and forced circulation it
is also necessary to be able to estimate pressure drop
so that the head required from the impeller can be
estimated.

The estimation of pressure drop in the regions of
single-phase flow presents no major problem, and the
methods can be obtained from Sets. 2.2.2 and 2.2.4.
The pressure drop in the boiling zone is more impor-

Many of the opinions expressed in this section are based on
advice given by the staff of the Agricultural and Mond Divisions
of Imperial Chemical Industries Limited and on information
published by Chilton and Perry [ 11. The author expresses his
gratitude for this help and for permission to publish it.

tant because it is usually greater and always much more
difficult to estimate, there being big discrepancies be-
tween the various published correlations. It is first
necessary to be able to estimate the density of a two-
phase mixture, for the estimation both of the pressure
drop due to acceleration and of the pressure rise or
drop due to gravity. Second, the pressure loss due to
friction must be estimated. Correlations for two-phase
density and friction are given in Sec. 2.3.2.

Two-phase fluid flows are liable to be unstable.
There are several different forms of instability, and it
is important to ensure that the flow in an evaporator
will be steady. Unsteady flow in an evaporator can
upset other items of equipment on the plant, and it
has a very serious effect in a crystallizing evaporator
on the size of the crystals. If the single-phase pressure
drop exceeds the two-phase pressure drop, flow will
be stable; otherwise see Sec. 2.3.2.

It is important when estimating the pressure drop
through an evaporator to allow for the reduction in
flow area due to the deposition of dirt or scale-see
Sec. 3.5.7C.

References for Section 3.5.6 appear at the end of Section 3.5.8
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3.5 EVAPORATORS 3.5.7-l

3.57
Estimation of heat transfer

coefficients

R.A. Smith

n The overall heat transfer coefficient (u) is the
reciprocal of the sum of the five thermal resistances
through which heat must pass: (1) the boiling liquid,
(2) the dirt deposited by the boiling liquid, (3) the wall,
(4) the dirt deposited by the heating fluid, and (5) the
heating fluid. Each resistance is the reciprocal of the
individual coefficient (II),  corrected where necessary to
refer to the same area, usually the outside. The estima-
tion of these individual coefficients is dealt with below.

A. Heating fluid

Most evaporators are heated by condensing steam,
which may have been generated for heating purposes or
may be the exhaust from a turbine or the vapor gener-
ated in the previous effect of a series of evaporators.
Whatever the source, the heat transfer coefficient may
be estimated by the methods given in Sec. 2.6.2. If the
source of some of the heat is a hot process fluid, the
single-phase heat transfer coefficient can be estimated
from Sec. 2.5.1 or 2.5.3 according to whether the hot
fluid is inside or outside the tubes.

B.

The heat transfer coefficient for the tube wall of a
heat exchanger (referred to an area derived from the log

Many of the opinions expressed in this section are based on
advice given by the staff of the Agricultural and Mond Divisions
of Imperial Chemical Industries Limited and on information
published by Chilton and Perry [ 11. The author expresses his
gratitude for this help and for permission to publish it.

mean of the inside and outside diameters of the tube) is
given by

h
(y=-

Y

where )�  is the thickness of the tube wall and h is the
thermal conductivity of the material of the wall. Data
on the thermal conductivity of solids can be found
in Sec. 5.4.3. Materials of high thermal conductivity
are desirable.

C.
Dirt is the most difficult item to assess in the design of
a heat exchanger; it can only be based on past exper-
ience. On the side of the boiling fluid, the deposits
result not only from the normal fouling processes but
are reinforced and magnified, in many applications, by
scaling from solids dissolved in the liquid. On the other
hand, when evaporating a fairly corrosive liquid, the
amount of fouling may be negligible. Theoretically the
dirt coefficients can be calculated from Eq. (l), but in
practice neither the thickness nor the thermal conduc-
tivity of the deposit can be even roughly estimated, the
latter being very dependent on the composition and
density of the deposit. The most useful source of infor-
mation on dirt resistance is tests on existing evaporators,
the estimated resistances of the wall and the two fluid
films being subtracted from the measured total resis-
tance to give the sum of the inside and outside dirt
resistances. Such information will not be available for a
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3.5.7-2 3.5 EVAPORATORS / 3.5.7 Estimation of Heat Transfer Coefficients

new process, but advantage should be taken of any
semitechnical or pilot plant, which should be planned
so that data on fouling can be obtained using the same
type of evaporator operating at similar temperatures.
It has been found that all the information required to
check a design can be obtained by carrying out a simple
test on a single tube, of the same dimensions as those
for the proposed full-scale design, provided with a heat-
ing jacket and fitted into equipment so that it can take
a sample of the boiling process fluid. The tests should
be carried out at the circulation velocity that w-ill be
used in the full-scale evaporator; to achieve this with
natural circulation, the vapor generation rate should
equal the ultimate vapor generation rate per tube and
the resistance of the external circuit should be the same
as in the full-scale evaporator when expressed in terms
of the velocity head in the tube. Achieved values of the
boiling fouling coefficient range from 1 000 W/m2 K
for heavy scale deposits to 10 000 W/m� K for slight
scale.

Steam from a steam main gives virtually no fouling,
but a figure of 10 000 W/m2 K may be used for safety.
In multipleeffect evaporation this figure might be
achieved for effects after the first provided that an
efficient separator is installed; otherwise a lower figure
will result from dissolved solids carried over.

D. Boiling liquid

There are five possible mechanisms of heat transfer in
evaporators:

1. Single-phase liquid convection
2. Liquid falling film evaporation
3. Nucleate (pool) boiling
4. Two-phase convective boiling with subcooled or

saturated liquid
5. Dry wall convection

For a given mass flow rate through an evaporator, the
heat transfer coefficient is greater with mechanisms 2,
3, and 4 than with 1 and 5. The coefficient is so low
with the last that this form of boiling is usually avoided.

The mechanisms are discussed below, and methods
are given for estimating the heat transfer coefficient and
the limits to operation in each mechanism.

(a) Single-phase liquid convection

The process is identical with that occurring in a heat
exchanger in which there is no change of phase, SO the
same equations may be used to estimate the heat trans-
fer coefficient, namely, those given in Sec. 2.5.1 or
2.5.3, according to whether the boiling fluid is inside
or outside the tubes. This mechanism occurs in sub-

cooled regions where the pressure of the liquid is greater
than the vapor pressure, viz., in the calandria of a flash
evaporator or at the inlet to vertical tubes.

There are two limits to this mechanism of boiling:
either the temperature of the wall acquires a sufficient
amount of superheat for nucleation to take place and
the mechanism changes to type 3; or the bulk of the
liquid reaches its boiling point and the mechanism then
changes to type 4.

When estimating the single-phase convective heat
transfer coefficient for an aqueous solution, it must be
remembered that this will be less than that for water at
the same temperature because the solution has a higher
viscosity, a lower specific heat, and (possibly) a lower
thermal conductivity. Typically the coefficient for a
saturated aqueous solution of an inorganic salt will be
75-80%  of that for water at the same temperature.

(b) Liquid falling film evaporation

When a film of liquid flows by gravity down a vertical
heated surface, evaporation can take place from the
free surface of the liquid; this is the reverse of conden-
sation inside a vertical tube, and the same equations
may be used to calculate the heat transfer coefficient
(see Sec. 2.6.2).

Experimental data on the boiling heat transfer
coefficient in falling film evaporators have been pub-
lished by Whitt [5],  Chun and Seban [6],  and Chiesa
et al. [7]. These experiments were carried out with
clean water and single-component organic liquid with-
out the addition of gas; they confirm the supposition
that for the evaporation of falling films the heat trans-
fer coefficients are similar to those for condensation.

When concentrating or crystallizing an aqueous
solution, there is an additional resistance due to mass
transfer in the liquid film. Experiments reported by
Chun and Seban [8] on evaporation from falling films
of water and brine (solutions of 7 and 14% initially)
showed that the evaporation rates with 14% brine were
about 1% less than those with water at the same
flow rate and with the same temperature difference
from wall to liquid. The limitations to this mechanism
are that the flow rate must be sufficient to wet the wall
(see Sec. 2.3.2) and the amount of superheat at the wall
must be less than that for nucleation.

With upward flow of vapor and gas, flooding must
be avoided (Sec. 2.3.2) and allowance must be made
for the gas film resistance to mass transfer.

(c) Nucleate (pool) boiling

When the liquid in contact with a hot surface is super-
heated beyond a certain value, bubbles start to form;
the rate increases rapidly with increasing superheat.
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3.5 EVAPORATORS / 3.5.7 Estimation of Heat Transfer Coefficients 3 . 5 . 7 - 3

As these bubbles leave the surface, they convey heat
rapidly from the surface. The equations for nucleate
boiling are given in Sec. 2.7.2. Section 2.7.6 shows
how nucleate boiling coefficients are much reduced
with binary and multicomponent mixtures.

The equations for nucleate boiling are often for
conditions of pool boiling, that is, for a heated sur-
face in a stagnant liquid. In evaporators there is always
a significant flow past the heated surface, in conse-
quence of which the bubbles may be detached before
they can grow fully. The estimation of the suppressed
nucleate boiling coefficient is dealt with in Sets. 2.7.3,
2.7.4, and 2.75,  according to the geometry. A simple
correlation that has been found to give quite accurate
predictions for the nucleate boiling of many fluids is
given in Eq. 3.6.2(4).

(d) Two-phase convective boiling

The presence of bubbles in a flowing liquid increases
the velocity of the liquid in contact with the heated
surface and so enhances the heat transfer coefficient
above that for single-phase flow, as shown in Sec. 2.7.
If the wall is hot enough for nucleate boiling, the heat
transfer coefficient for suppressed nucleate boiling
may be added to that for two-phase convection.

Experimental data leading to the boiling heat
transfer coefficient in a climbing film evaporator have
been published by Doll-Steinberg [9]. Palen and
Taborek [IO] have published heat transfer coefficients
for hydrocarbons boiling outside tubes in horizontal
kettle and internal reboilers, and have compared them
with expected values for a single tube under the same

conditions, thus showing the effects of the number of
tubes and of their pitch. A method of predicting the
bundle heat transfer coefficient is given in Eq. 3.6.2(5).

(e) Critical heat flux

As the quality of the flowing boiling liquid increases,
a condition may be reached whereby liquid cannot
reach the heated surface fast enough to replace the
vapor formed. This is known as dryout. This is accom-
panied by a fall in heat transfer coefficient and possibly
an increase in fouling, so it is important to find out
whether this will occur and, if so, where.

Dryout  occurs very suddenly in vertical in-tube
boiling (see Sec. 2.7.3). Inside horizontal tubes, dryout
occurs gradually as the top of the tube is alternately
dried and splashed by waves in the liquid (see Sec.
2.7.4). In shell-side boiling the maximum heat flux is
less than that for a single tube because tubes near the
top of the bundle become starved of liquid [see Sec.
3.6.2A(f)].

(f) Dry wall convection

Under conditions of complete dryout, all of the liquid
is in the form of mist and the heat transfer coefficient
falls to roughly the value for the vapor only in single-
phase flow. The vapor becomes superheated, possibly
to the extent of significantly decreasing the temperature
difference (see Sec. 2.7). The only type of evaporator
where this mechanism of boiling should be allowed is
once-through vaporizers.

References for Section 3.5.7  appear at the end of Section 3.5.8
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3.5 EVAPORATORS 3.5.8-l

3.5.8
Estimation~rface area

R.A. Smith

n The required surface area of a heat exchanger is

A =
/

de
u(Th - Tc)

(1)

where e is the heat load, U is the overall heat transfer
coefficient (from Sec. 3.5.7), Th is the saturation tem-
perature of the condensing steam, and T, is the tempera-
ture of the boiling liquid. The steam temperature (Th)
is constant throughout an evaporator. In a heat ex-
changer without phase change, it can usually be assumed
that U is constant and that the specific heat of the
fluids is constant; thus, in a single-phase heater in which
heat is supplied by isothermal condensation, the area
required is

A = u(Tc,out - Tc,in)Q log, (;:;;;:i) (2)

If boiling is also isothermal, then with U constant the
area is

In a horizontal shell-and-tube evaporator, with boil-
ing inside or outside the tubes, or in a plate evapora-
tor, Eq. (3) may be used, T, being the boiling point
of the liquid at the pressure on the centerline of the
evaporator.

Many of the opinions expressed in this section are based on
advice given by the staff of the Agricultural and Mond Divisions
of Imperial Chemical Industries Limited and on information
published by Chilton and Perry [ 11. The author expresses his
gratitude for this help and for permission to publish it.

In a vertical in-tube evaporator, U and T, vary sig-
nificantly along the tubes. Equation (2) may be applied
to the preheating (lower) section of the tubes, but in
the boiling (upper) section, U increases and T, sig-
nificantly decreases with increasing height, so Eq. (1)
should be used. The boiling zone must be divided into
sections. Equation (2) may be applied to each section;
alternatively, Eq. (1) may be solved graphically by
plotting l/u(T~, -T,)  against Q, the area under the
curve being equal to the required surface area of the
evaporator.

The temperature profile in the preheating zone
may be calculated from a heat balance, and it may be
assumed that boiling starts when this temperature
equals the boiling point corresponding to the local
pressure, there being no significant superheating in
commercial vaporizers and concentrators and none in
crystallizers. A typical temperature profile is sketched
in Fig. 1, the dashed curve showing the boiling point
of the liquid in the preheating zone. It follows that a
reduction in flow rate results in a more rapid initial
temperature rise, a smaller temperature difference, and
a smaller heat transfer coefficient before the onset of
nucleate boiling; however, boiling starts sooner, so a
larger proportion of the tube benefits from nucleate
boiling. Similarly, lowering the head of liquid lowers
the curve of boiling point and so also increases the boil-
ing length. There is no simple way of predicting if either
of these changes will improve performance.

Before attempting an accurate thermal design of an
evaporator, it is advisable to carry out a rough design.
Equation (3) may be used to determine the surface area
(A), taking an approximate value of U based on pre-
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Figure 1 Variation of temperature with height inside a vertical
in-tube evaporator.

vious experience. McCabe and Smith [2] give (in their
Table 16-1) some typical overall heat transfer coeffi-
cients for clean water in various evaporators. Allowing
for fouling and the reduced heat transfer properties of
solutions, the following guidelines are suggested. For an
aqueous solution in a forced-flow evaporator, U ranges
from about 2 000 W/m� K for clean fluids down to
about 700 W/m2 K for fairly dirty fluids. The upper
value may also be taken for the concentration of a clean
aqueous solution in a falling film evaporator without
any injection of gas. For an aqueous solution in a
natural circulation evaporator, it may be assumed, for
a first approximation, that U ranges from 1 000 W/m2  K
for clean fluids to 500 W/m2  K for fairly dirty fluids,
but these values depend very much on the amount of
vapor generated per tube, as explained in the next para-
graphs. Having decided on the length and diameter of
the tubes, the number of tubes required can be calcu-
lated from the approximate value of the surface area.
A more accurate procedure may then be used, based on
the approximate dimensions, after which the length or
number of tubes may be adjusted accordingly.

In natural circulation evaporators, design procedure
is complicated by the necessity to determine the circu-
lation rate by trial and error, as described in Sec. 3.6.5.
It is important to remember that reducing the overall
temperature difference reduces the natural circulation
rate and so reduces the boiling heat transfer coefficient.
Fouling has a similar effect.

When designing an evaporator from plant tests or
research results, if U has been determined from the

simple equation [Eq. (3)],  this equation may be used
to design the new evaporator because the errors from
not calculating the correct temperature difference will
cancel out at the same overall temperature difference.

Shellene et al. [ 1 I] describe tests on a highly instru-
mented thermosiphon reboiler of 10-m� surface area
with tubes of 19 mm diameter, 2.4 m long. The relation-
ship between the heat flux and the overall temperature
difference, under clean conditions, is plotted for water,
several organic liquids, and some aqueous mixtures.
With overall temperature differences in the range of 25
to 3O�C,  the achieved values of the overall heat transfer
coefficient were about 3 000 W/m2  K with water or iso-
propyl alcohol alone, but only 2 500 W/m2  K with an
equal mixture of the two liquids. With an equal mixture
of water and glycerine, the coefficient was about 2 300
W/m2  K; with benzene it was as low as 1 800 W/m2  K.
The coefficients fell at higher temperature differences,
particularly in the presence of organic liquids, because
the critical heat flux was being approached; there was
evidence that the overall heat transfer coefficients would
fall at lower temperature differences because of a reduc-
tion in the circulation rate.

Engelbrecht and Hunter [12]  describe how they
designed a climbing film evaporator for the concentra-
tion of a solution of aluminum sulfate and checked their
design with a semitechnical scale evaporator, which con-
tained two tubes of 28.5 mm bore, 6.1 m long. Operat-
ing at a pressure of 0.84 bar absolute and with a tem-
perature difference of 75�C,  the achieved heat transfer
coefficient was 754 W/m2 K.

The most important postwar advance in the design
of heat exchangers has been the application of the com-
puter to the design of reboilers and evaporators operat-
ing with natural circulation. Using the latest correlations
for two-phase heat transfer and pressure drop, these
programs easily perform the necessary trial-and-error
calculations for the estimation of the circulation rate.
The application of one of these programs has been de-
scribed by Engelbrecht and Hunter [12], who used it
to show that in their semitechnical evaporator (described
above) fouling accounted for about half of the thermal
resistance. It is urgent that future work be devoted to
the testing of new evaporators before fouling has oc-
curred, so that the correlations and computer programs
can be checked, thus facilitating the estimation of
achieved dirt resistance and avoiding troubles such as
have occurred in the past from over- or underdesign of
evaporators.
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3.6 SHELL-AND-TUBE REBOILERS 3.6.1-1

3.6.1
Introduction

J.W. Palen

A.
Boiling heat transfer equipment is frequently used in
the process industries to supply vapors to distillation
columns for separation of chemical components. In this
application the heat exchangers are called reboilers, and
this term is used for the equipment described in this
section. Most process reboilers are of shell-and-tube
construction. Boiling may take place on either the shell
side (outside the tubes) or the tube side, depending on
various requirements described in the next section. The
heating medium is usually steam, but may also be a heat
transfer service fluid or a gas, vapor, or liquid process
stream. The rate of vaporization in a reboiler is sensitive
to the available temperature difference because the boil-
ing heat transfer coefficient itself is a strong function of
temperature difference.

In cases where adequate AT is available, gross ap-
proximations in design are often made without serious
consequence because vaporization can be easily adjusted
to the required level by adjusting AT. However, continu-
ing trends toward more efficient energy utilization
require designs with lower AT�s and less flexibility in
heating medium operating conditions. This produces a
requirement for better reboiler selection, much more
accurate sizing of heat transfer surface, and better analy-
sis and prediction of probable performance. Further-
more, even with adequate AT available, reboiler per-
formance is always limited by a �critical heat flux�
above which vapor blanketing takes place. Because of
the complicated nature of the boiling process, very com-
plex calculations are required for a comprehensive de-
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sign, and use of computers has become standard prac-
tice for at least the more critical designs.

The boiling heat transfer coefficient decreases
sharply with decreasing AT. Therefore, the trend toward
smaller AT has prompted the use and further study of
various types of enhanced boiling surfaces that provide
more surface and/or more bubble nucleation sites at
low AT. Use of some of these surfaces is described in
later sections. One of the great unknowns in the use of
enhanced surfaces and in reboiler design in general is
the effect of fouling.

Because of the usually high values of heat transfer
coefficients in reboilers, the fouling resistance assigned
can represent a large part of the required heat transfer
surface. However, it has been frequent practice in the
past to assign arbitrarily high fouling factors to make up
for gross simplifications in analysis of the boiling pro-
cess. Actually, many process reboilers will operate with
a very small amount of fouling if properly designed (e.g.,
see [I]) and the assigned fouling factor is often just a
�safety� factor. When extremely large fouling factors
are required, it is often a sign that the designer should
investigate other reboiler geometries, higher velocities,
or lower wall temperatures.

Development of adequate design techniques for
reboilers has suffered in the past from a lack of data in
the open literature on multitube units. Only a few
articles (see for example [2-41) have appeared present-
ing performance of actual process reboilers. The articles
by Palen et al. [5, 61 present a summary of principles
of reboiler operation that have been developed from a
comprehensive set of plant data. The procedures sug-
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gested in this review are consistent with actual per-
formance trends observed, and the literature methods
recommended are those that are most consistent with
industrial proprietary results. The next section discusses
the basic types of reboilers and their applications.

B. Types and selection criteria

Reboiler types may be divided into cross-flow and axial-
flow categories. Cross-flow reboilers all have boiling on
the shell side. The common types are referred to as
kettle, internal, and horizontal thermosiphon reboilers.
Axial-flow reboilers have flow in the direction of the
tube axis. The most common type is the vertical thermo-
siphon. If thermosiphon circulation is not adequate, a
pump is used to feed the reboiler, which is then called a
forced-flow reboiler and may be either vertical or
horizontal. Usually, both vertical thermosiphon and
forced-flow reboilers have boiling on the tube side, but
shell-side boiling is also used in special applications.
The following sections further describe the various
reboiler types and their advantages and disadvantages.

(a) Kettle reboilers

I. Characteristics

Kettle reboilers (see Fig. 1) are characterized by an en-
larged shell in which separation of the liquid and vapor
phases may be achieved. Liquid level is maintained over
the top of the bundle usually by a vertical baffle. Liquid
draining over the baffle is taken off as the distillation
column bottoms product. The vapor is taken overhead
to the column. The bundle is usually two tube-pass
U tubes, but may be a multitube-pass floating head.

II. Advantages

Kettle reboilers are insensitive to hydrodynamics and,
therefore, relatively reliable and easy to size. The prob-

1 Bottoms

Figure 1 Schematic arrangement for a kettle reboiler (321.
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H

lem of how to calculate two-phase flow pressure drop
is eliminated. This means highest reliability in deep
vacuum and near the critical pressure where hydro-
dynamics are most difficult to predict and least favor-
able to performance. Very high heat fluxes may be ob-
tained by sufficiently increasing tube pitch. Efficient
operation is obtained at low AT. Integral low-finned
tubes and other enhancement surfaces may be used.

III. Disadvantages

Kettle reboilers are �dirt� collectors and often the worst
of all reboilers for fouling service. Because of the total
vaporization, nonvolatiles tend to accumulate in the
shell unless an adequate bottoms draw-off is maintained.
This concentration effect can become a problem if the
bottoms stream contains even small amounts of highly
fouling or corrosive components. Because of the mixing
in the shell, the temperature profile is very difficult to
calculate accurately for wide-boiling-range fluids. The
safest and most reliable approach is to base the effective
AT on the vapor temperature, which causes a large
penalty in surface for wide-boiling-range fluids at low
AT. The oversized shell is, of course, expensive and
often provides no advantage.

IV. Best applications

Best applications are for low-pressure, narrow-boihng-
range, clean fluids at very low AT or at high AT, and for
operation near critical pressure when, regardless of shell
cost, reliable operation is very important.

(b) Column internal reboilers

I. Characteristics

Characteristics of column internal reboilers (see Fig. 2)
are the same as for kettle reboilers except that the
bundle is inserted directly into the distillation column
bottoms reservoir.

II. Advantages

Advantages are the same as for kettles, with even fewer
hydraulics problems. These are the least expensive of
all reboilers, because the shell and connective piping are
eliminated.

III. Disadvantages

Disadvantages are the same as for kettle reboilers ex-
cept for the absence of the oversized shell. However,

blishing Corporation
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Figure 2 Schematic sketch of an internal reboiler [32].

the amount of surface area that can be installed is
limited.

IV. Best application

Applications are similar to those of kettle reboilers.

(c) Horizontal thermosiphon reboilers

I. Characteristics

Horizontal thermosiphon reboilers (see Fig. 3) usually
have TEMA X-, G-, or H-type shells, although E-type
shells are sometimes used. The boiling fluid is on the
shell side and discharges as a two-phase mixture through
the exit piping into the column. The driving force for
circulation is provided by the density difference between
the liquid in the column reservoir and the two-phase
mixture in the reboiler and exit piping. The heating
medium flows on the tube side, which may be single or
multipass.

Vapor

t .
- -

I t

Bottoms

Figure 3 Typical schematic arrangement for horizontal thermo-
siphon reboiler [ 321.
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II. Advantages

Because of the higher circulation rate, the effective
AT is more favorable for boiling-range mixtures than is
the case with kettle reboilers. The higher velocity and
lower exit vapor fraction prevent accumulation of un-
wanted residual components in the reboiler and tend to
decrease the fouling potential. Relatively good perfor-
mance is expected for viscous fluids because of high
shear and turbulent mixing. Because of the horizontal
orientation and controllable flow area, a relatively low
static head is required for circulation.

III. Disadvantages

Fouling, such as occurs, is on the shell side and difficult
to clean. Vapor blanketing and localized dryout are
possible at high heat fluxes because of the required
baffling and tube supports. Multiple nozzles and expen-
sive manifolded piping are required for good flow dis-
tribution for large units.

Wide-boiling-range fluids may require horizontal
baffles (G- or H-shell construction) to prevent flashing
of light components above the inlet nozzles and con-
centration of heavy components at the ends. Presently
there are fewer data for these units than for other types.
Maximum heat flux may be limited by bundle vapor
blanketing or choke flow instability, but no tested de-
sign relations are presently available. Hydrodynamics
problems are ill defined and could cause trouble in
vacuum and at very high pressure.

IV. Best application

Best applications are for boiling-range fluids at moderate
pressure with low to moderate velocity-controlled
fouling tendencies, low available static head, and mod-
erate AT. These reboilers should not be designed to high
heat fluxes unless supporting data are available.

(d) Vertical tube-side thermosiphon reboiler

I. Characteristics

Boiling in vertical tube-side thermosiphon reboilers (see
Fig. 4) is inside vertical tubes with the heating medium
in a TEMA E-type shell. Two-phase flow is discharged
through the exit piping at high velocity into the column.
Because of the high exit piping velocity, the pipe diame-
ter must be larger than is normally used for E-type
exchangers and should be as short as possible. The cross-
sectional flow area of the exit piping should be at least
as large as the total cross-sectional area of the tubes,
unless careful calculations are made to ensure that the
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Figure 4 Typical arrangement for a vertical tube-side thermo-
siphon reboiler [ 321.

piping pressure drop is less than 30% of the total. Both
long-radius elbows with axial exit nozzles and side-
exit tee arrangements are used. Tests indicate that per-
formance is not very sensitive to the type of exit piping
configuration, but is very sensitive to the minimum flow
area. Driving head for flow is provided by a liquid level
in the column that is usually maintained at about the
top of the tubesheet. For vacuum service some advan-
tage is obtained by lowering the liquid level to about
050.8 of the length of the tubes, which decreases the
effective subcooling of the liquid feed to the reboiler.
A valve or orifice is sometimes used in the inlet liquid
line to dampen out possible instabilities in the flow loop
that can occur at low pressure and high heat flux. For
best operation the exit vapor weight fraction should be
in the range of about 0.10-0.35 for hydrocarbons and
in the range of 0.02-0.10 for water and aqueous solu-
tions. Proper tube diameter selection is important for
adequate circulation. Tube outside diameter (at normal
tube wall thickness) should be greater than 25 mm for
low-pressure operation and wide-boiling mixtures, but
can be as small as 19 mm for high pressures with narrow-
boiling-range fluids. Tube length had been held to
around 3.7 m or less in the past, but successful opera-
tion with tube lengths up to 6 m has been reported.
For long tube lengths, careful design is required to
assure adequate circulation to prevent dry out.

II. Advantages

Vertical tube-side thermosiphon reboilers tend to mini-
mize fouling if well designed, as a result of high flow
velocity and a relatively high heat transfer coefficient
in the tubes, which lowers the wall temperature. Such
fouling as does occur is on the tube side and relatively
easy to brush out. However, the vertical orientation may
make this operation inconvenient. The TEMA E-type
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shell is relatively inexpensive, as is the connecting
piping if it is kept short as recommended.

The temperature profile is beneficial for wide-
boiling-range mixtures, since a pure counter-flow ar-
rangement is possible. For narrow-boiling-range mixtures
with sensible heating mediums, cocurrent flow may be
used to provide high vapor generation at the bottom of
the tube and improve circulation.

Because of the simple flow geometry, two-phase
flow distribution is less of a problem than for horizon-
tal shell-side thermosiphons.

III. Disadvantages

These units can be very sensitive to operating condi-
tions and are difficult to design properly in deep vac-
uum, at very high pressure (near the critical), and for
wide-boiling-mixtures with high liquid viscosity. In
such cases it is better to use a kettle-type reboiler,
which is less sensitive to hydrodynamics unless a re-
liable, rigorous computer program is available for design.
Because of the vertical orientation, the column skirt
height must be higher than for other types to supply
the static head, and consequently mechanical cleaning
may be awkward.

Maximum heat flux is usually lower than for kettle
reboilers and more difficult to predict, so design to very
high heat fluxes is risky. Also, at very low heat fluxes,
there may be insufficient pumping action for good cir-
culation. For this reason and because of the inherent
boiling-point elevation imposed by the large static head,
these units are a poor selection for very low AT service.

IV. Best applications

Best applications are for pure-component or narrow to
moderately wide-boiling-range fluids with potential

-
Level ControlP

I

t Bottoms

Plllll
Figure 5 Typical arrangement for a vertical shell-side thermo-
siphon reboiler [32].
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fouling tendencies in the medium-pressure range (not
deep vacuum nor near critical) and at moderate AT.

(e) Vertical shell-side thermosiphon reboiler

I. Characteristics

Vertical shell-side thermosiphon reboilers (see Fig. 5)
are similar to vertical tube-side thermosiphons but with
boiling fluid on the shell side. Shell-side baffling should
be constructed to provide as much longitudinal flow and
as little flow restriction as possible. Triple-segmental
baffles or rod-type tube supports are recommended to
prevent tube vibration.

II. Advantages

Vertical reboilers may be used in special cases where a
thermosiphon is wanted but it is impractical to put the
heating medium on the shell side. An example is a waste
heat boiler for which the hot fluid is corrosive or re-
quires special metallurgy because of its temperature.

III. Disadvantages

Very careful consideration must be given to boiling-side
flow distribution to avoid dead areas or recirculating
areas where either vapor or high-boiling-range compo-
nents may accumulate. Design information is limited.
Feedback from the field indicates that most problems
have to do with local overheating resulting from vapor
accumulation. This can be a serious problem at the top
tubesheet unless care is taken to provide for uniform
high-velocity flow of the two-phase mixture past the
tubesheet.

1 Bottoms

Figure 6 Schematic arrangement for forced blow reboilers

1321.
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N. Best application

The best application of these reboilers is for vaporiza-
tion of pure components at moderate pressures and
moderate AT where the heating medium must be on the
tube side.

(f) Forced flow reboilers

I. Characteristics

Forced flow reboilers (Fig. 6) may be either vertical or
horizontal, with boiling usually on the tube side. Flow
is provided by a high-capacity pump so that vaporization
is usually less than l%, and may be suppressed com-
pletely with flashing across a valve in the exit piping.

II. Advantages

Occasionally this is the only economical way to boil
severely fouling viscous fluids. Fouling can be greatly
diminished if velocity is maintained high enough and
vaporization low enough. However, velocities required
for effective performance may be as high as 5-6 m/s.

III. Disadvantages

For effective velocities, pump cost and energy consump-
tion are very high and must be offset by elimination of
severe maintenance problems to be economical.

N. Best application

The best application of forced flow reboilers is for se-
verely fouling or extremely viscous fluids for which no
other approach is satisfactory.

(g) Selection guide

In Table 1 the four main types of reboilers are rated
against certain process conditions according to rating
categories. It should be clearly understood that any
general recommendation for selection of reboiler type
is certain to be wrong in some specific applications, and
that each case should be carefully evaluated according
to the specific economic and process factors which
apply. However, Table 1 basically agrees with present
good practice, and may be useful for initial screening
of types. In Table 1, the designation Rd (risky unless
carefully designed) does not necessarily mean that the
reboiler is unsuitable, but rather that it requires detailed
analysis to ensure that some hydrodynamics or thermal
constraints are not violated.
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Table 1 Reboiler selection guide�

Reboiler type

Process conditions
Kettle or
internal

Horizontal
shell-side
thermosiphon

Vertical
tube-side
thermosiphon

Forced
flow

Operating pressure
Moderate
Near critical
Deep vacuum

Design AT
Moderate
Large
Small (mixture)
Very small (pure component)

Fouling
Clean
Moderate
Heavy
Very heavy

Mixture boiling range
Pure component
Narrow
Wide
Very wide, with viscous liquid

E
B-E
B

E
B
F
B

G
Rd
P
P

G
G
F
F-P

G
R
R

G
R
F
F

G
G
Rd
P

G
G
G
G-Rd

B
Rd
Rd

B
G-Rd
Rd
P

G
B
B
Rd

G
B
B
P

E
E
E

E
E
P
P

E
E
G
B

E
E
E
B

%ategory abbreviations: B, best; G, good operation; F, fair operation, but better choice is possible; Rd, risky unless
carefully designed, but could be best choice in some cases; R, risky because of insufficient data; P, poor operation; E, oper-
able but unnecessarily expensive.

References for Section 3.61 appear at the end of Section 3.6.5.
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3.62

J.W. Palen

A. Kettle, internal, and horizontal
thermosiphon reboilers

Kettle, internal, and horizontal thermosiphon reboilers
are similar in that they have heat transfer to a vaporizing
two-phase mixture flowing across a tube bundle. Nuc-
leate boiling and convective boiling mechanisms are
both effective in the boiling process. For kettle reboilers,
convective circulation takes place in the enlarged shell,
with mostly vapor going overhead. For the thermo-
siphon, a two-phase mixture is discharged from the
reboiler and convective circulation involves the external
piping and column liquid reservoir. Nevertheless, the
heat transfer processes are similar in both types, so
thermal design is covered in the same section. The
following elements are important.

(a) Single-tube nucleate boiling

The nucleate boiling mechanism has considerable in-
fluence on the behavior of kettle and horizontal thermo-
siphon reboilers, so that a correlation for nucleate boil-
ing on single tubes is a necessary (but not sufficient)
component for design. For a more detailed discussion
of nucleate boiling theory, refer to Sec. 2.7.2.

The nucleate boiling heat transfer coefficient can
be described by either of the two following forms,
both of which may be convenient in different types
of calculations:

�t,b  = cl (AT,)�l (1)

%b = c2(4>“’ (2)
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Usually, for typical, nonenhanced commercial tubes,
the value of m, ranges roughly around 2-3. Since
q = (Y AT, the corresponding value of m, ranges around
$ to f . For a large number of published nucleate boiling
correlations, c~ is proportional to (fj)�.7.

A simple correlation in the literature that has been
found by Palen et al. [5] and by Starczewski [7] to
give very reasonable results for a wide range of pure
fluids is the Mostinski correlation [S]  , evaluated in
Fig. 1.

%bl =  0 . 0 0 4  17p,“.69cjo.7FP (3)

where +br = nucleate boiling heat transfer coefficient
for a single tube, W/m2  K

pc = critical pressure, kPa
4 = heat flux, W/m2

FP = pressure function correction factor
The pressure function FP is given by Mostinski as an
empirical polynomial curve fit of a large amount of data
over a reduced pressure range from deep vacuum to near
the critical [see Eq. 2.7.2(12)].

However, the data in the range near the critical pres-
sure are quite scattered, and the amount of uncertainty
in this region may be too great for a reliable design
method. A check of the overall method proposed in
this section against the plant data of [2] shows that
better prediction is obtained if both the second and
third terms of Eq. 2.7.2(12)  are omitted. In view of this
and in the interest of presenting a reliable if somewhat
conservative method, it is recommended that for kettle
and horizontal thermosiphon reboiler design the follow-
ing simplified version of FP be used in Eq. (3)  evaluated
in Fig. 2.
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F,=1.8 ;0 0.17

6 1 , / /
FP  = 1.0, at p/p, = 0.0315

/ I/If / I I I
4-

6

lo4 2 4 6 8 IO5 2 4 6 8 lo6

4, W/m2

Figure 1 Nucleate boiling heat transfer coefficient, Eq. (3).

(4)

Other single-tube nucleate boiling correlations are dis-
cussed in Sec. 2.7.2 and may be substituted for Eq. (3)
at the decision of the designer. It is especially recom-
mended that for refrigerants the specific University of
Karlsruhe equations given in Sec. 2.7.2 be used. For
other fluids also, if specific data are available, empirical
equations of the form of Eq. (1) may be used. A list of
these for selected fluids is given by Fair [9] .

(b) Bundle-induced convection effects

Because of the presence of surrounding tubes, the effec-
tive velocity of the two-phase flow past any given tube
is greater and the effective liquid film thickness is less
than for a single tube. Consequently, the heat transfer
coefficient for a bundle can often be considerably
greater than that for boiling from a single tube under
otherwise identical conditions. This is shown by Naka-
jima and Morimoto [lo],  Montgomery [ll] , Wallner
[12], Palen et al. [5], and others and is further dis-

10’
8
6

1o-3 2 4 6 8102 2 4 6 8 10-l 2 4 6 8100

PIP,

Figure 2 Pressure correction factor for nucleate boiling, Eq. (4).
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cussed in Sec. 2.7.5. Unfortunately, the amount of
natural circulation and hence the effective vapor velocity
is very difficult to determine, especially for kettle re-
boilers, for which circulation is entirely in the shell.
Proprietary methods are available for determining a
bundle boiling heat transfer coefficient that accounts
for bundle convective effects in the form

ab = %b,FbFc  + %c (5)

The factor Fb is a function of bundle geometry and
can easily range as high as 2-3 for large bundles. How-
ever, in the absence of specific data, it is recommended
to let F, = 1.5. This will give a reasonable design that
will be on the safe side, but not nearly so much so as
previously used �rules of thumb� (for example, [ 151).
For special low-AT refrigeration evaporators, Fb may be
even greater than 3.0, and more detailed recommenda-
tions given in Sec. 2.7.5 should be followed. The factor
F, is a correction for mixture effects that is 1.0 for
pure components and is discussed in Sec. (d).

The heat transfer coefficient for liquid-phase natural
convection in bundles, (II,,, is approximately 250
W/m2  K for hydrocarbons and around 1 000 W/m2  K
for water and does not become significant except at
low AT (ATb  < 4 K). For more accuracy, a correlation
is recommended in [ 141.

(c) Externally induced convection effects

For horizontal thermosiphon reboilers, a circulation
rate through the reboiler can be obtained by a pressure
balance between the available static head and the pres-
sure drop in the reboiler and piping as shown in a later
section. Once the two-phase friction pressure drop is
obtained, the convective boiling heat transfer coefficient
may be estimated by the general approach suggested by
Taborek [ 131 _

%b = a!? (6)

The coefficient (YQ  is estimated from an ideal tube
bank convective heat transfer coefficient based on
liquid flow alone. The exponent m3 ranges from about
0.4 to 0.5, and an average value of 0.45 may be used for
approximation.

The presently recommended procedure for hori-
zontal thermosiphons is to calculate oCb from Eq. (6)
and (Yb from Eq. (5) and use the higher value for design.
As a much quicker approximation on the safe side, rea-
sonable results can be obtained by using just @b for
both horizontal thermosiphon and kettle reboilers.

(d) Mixture effects

It is now well known that the apparent heat transfer
coefficient for boiling mixtures can be much lower
than for single components boiling alone. A qualitative
discussion of this effect is given in [5],  and a detailed
discussion of observations from the literature is given
in Sec. 2.7.6. For many specific binary mixtures, the
correction for such effects can be obtained as described
in that section. For most process fluids (more than
two components), a more generally applicable correc-
tion is necessary. An approximation that was tentatively
proposed for reboiler design by Palen and Small [14]
was later found to give reasonable results when com-
pared with other data described in [5] . This relation-
ship is shown in Fig. 3 and is given as follows:

Fc = exp [-0.027 BR] (7)

with the limit if F, < 0.1, let F, = 0.1, where Fc is
the mixture correction factor, Eq. (5)  and BR is the
boiling range (difference between dew point and bubble
point), K.

Although improved proprietary methods (also
based on boiling range) have been developed, Eq. (7) is
recommended as a reasonable published approach that
can be used for multicomponent systems. It should be
recognized that prediction of heat transfer to wide-

100 2 4 6 8 10’ 2 4 6 8 102

BR, K

Figure 3 Mixture correction for nucleate boiling, Eq. (7).
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boiling mixtures is presently in a very uncertain state
and some safety factor should be applied in critical
cases. An alternative approach that has been used in the
past is to assign a constant value to the boiling heat
transfer coefficient for hydrocarbon mixtures. Kern
[ 151 proposed that for AT, > 4.5 K,

(Yb  2 1 700 W/m2  K (300 Btu/h ft2 F) (8)

A comparison with the above-recommended method
indicates that Eq. (8) will not always give conservative
results, especially for wide-boiling-range mixtures. Past
success of this approach may have been due to arbitrary
assignment of excessive fouling factors. Use of Eq. (5)
with Eq. (7) should give more accurate results over a
wider range of conditions.

(e) Effective mean temperature difference

For narrow-boiling-range mixtures and pure compo-
nents, the boiling-side temperature is nearly constant
and the log mean temperature difference is theoretically
correct and recommended. If there is a significant tem-
perature rise across the reboiler due to the boiling range
of the fluid, the temperature profiles in either a kettle
or horizontal thermosiphon reboilers are such that a
counter-flow log mean AT may give too optimistic re-
sults, as explained in [5] . For the kettle reboiler, unless
operating data are available, it is recommended to use
a log mean temperature difference based on the exit
vapor temperature. This most conservative approach
gave the best results when tested against available data
for wide-boiling-range mixtures in laboratory reboilers.
For a horizontal thermosiphon reboiler, because of
improved circulation, the above approach will be too
conservative, whereas the use of a counter-flow log
mean AT will be too optimistic. It is therefore recom-

mended as a first conservative approximation to use a
cocurrent  flow log mean AT. As a less conservative al-
ternative, the normal single-phase mean temperature
difference corrections for cross-flow or TEMA G shells
could be considered.

For large bundles and for horizontal thermosiphon
reboilers with a large static head, the boiling point of
the fluid will be increased because of the imposed static
head. Above atmospheric pressure this is normally a
negligible effect unless AT is very small. For vacuum
reboilers, however, the boiling temperature for MTD
calculation should be based on the mean pressure in
the reboiler, including the imposed static head rather
than on the system operating pressure.

(f) Critical heat jlux and film boiling

Whenever possible, it is recommended to use a low
enough AT to avoid film boiling due to the low heat
transfer coefficients and corresponding high wall
temperatures.

The basic phenomenon of critical heat flux is ex-
plained in Sec. 2.7.2. For tube bundles, the critical heat
flux is a strong function of bundle geometry. The corre-
lation of Palen and Small [ 141 is discussed in Sec. 2.7.5.
This relationship can also be expressed in a more general
form as follows:

qb,max  = ~l,max @ b (9)

The maximum heat flux for a single tube, ql,max, can
be obtained from the Kutateladze-Zuber or other rela-
tionships described in Sec. 2.7.5 or can be estimated
with sufficient accuracy for most design purposes from
the reduced property correlation of Mostinski [8],
evaluated in Fig. 4.

103
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Figure 4 Maximum heat flux for boiling outside a single horizontal tube, Eq. (10).
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Heat Flux is Greater than

Figure 5 Bundle correction to single-tube maximum heat flux, Eq. (12).

(It,max = 367&y-)O.lr  (1 --;)O.� (10)

where  41,,, = maximum heat flux for single tube,
W/m2

p = pressure, kPa
pc = critical pressure, kPa

The bundle correction factor & from Eq. (9) can be
shown to be related to a dimensionless bundle geometry
parameter,

nDbL
tib=A- (11)

This factor is physically equal to the perimeter of the
bundle divided by the heat transfer surface contained
within, and is equal to 1.0 for a single tube. The rela-
tionship between @b and $b, which was determined in
[14] from limited field data, was found by later pro-
prietary studies [5] to be conservative. However, it
represents a reasonable, safe design value and is recom-
mended in lieu of better published information (see
Fig. 5):

@b = 2.2tib

with the limit & < 1 .O.

(12)

As shown by Eq. (12) for bundles with $b greater
than l/2.2, & = 1.0, and the maximum heat flux for

the bundle is approximately as high as for a single tube.
This is demonstrated in the classic test by Comley [ 161 .
As tubes are placed closer together or the bundle diame-
ter increases, the potential for vapor blanketing and
liquid starvation of the bundle increases and @b de-
creases, producing a lower maximum heat flux. It is
recommended that for #b < 0.1, vapor release channels
should be considered to promote vapor flow out of the
bundles, unless design heat flux is less than 0.54b,.,,U.

If the design AT is such that the design heat flux is
greater than 4b,ma from Eq. (9), the bundle design
should be changed if possible by increasing bundle
length and decreasing bundle diameter or by increasing
tube pitch. If this is not possible and the AT cannot
be decreased because of process considerations, it may
be necessary to design for film boiling. This will mean
a much lower heat transfer coefficient and higher wall
temperature, but sometimes the economics of using an
available high-temperature heating medium will require
such a design. The AT should be high enough so that
complete film boiling rather than transition boiling is
obtained. Design in the transition boiling regime is not
recommended because of reverse control characteris-
tics (increasing AT produces decreased heat flux). Re-
lationships for the minimum AT for film boiling and
the film boiling heat transfer coefficients for single
tubes as given in Sec. 2.7.5 may be applied for design
for bundles and will be somewhat on the safe side.
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3.6.2-6 3.6 SHELL-AND-TUBE REBOILERS / 3.6.2 Thermal Design

(g) Vapor-liquid disengagement

For kettle reboilers, the shell is oversized to cause dis-
engagement of the liquid so that vapor alone is dis-
charged  from the overhead nozzle. In practice, it is
probable that some entrainment always occurs. If dry
vapor is really required, as in the case of a compressor
feed, additional protection, such as mechanical mist
eliminators, is needed. The basic relationship used in
sizing separator drums is

(13)

The vapor velocity V,, above which a certain amount of
entrainment is obtained, is a function of the entrain-
ment coefficient K,, which usually ranges between 0.03
and 0.09 m/s and is itself a function of the maximum
amount of entrainment permitted and ratio of surface
tension to density.

An empirical relationship that has been used suc-
cessfully in the past is

0.5

(14)

where VL = vapor load, kg/s m3 (vapor rate, kg/s, di-
vided by volume of vapor space required to
prevent entrainment, m3)

A helpful nomograph for solving Eq. (14) is given
in [14].

(h) Flow distribution and hydraulics

For both kettle and horizontal thermosiphon reboilers,
steps should be taken to assure adequate longitudinal
flow distribution. Above a certain length-to-bundle
diameter ratio, the number of liquid and vapor nozzles
should be increased. As a rule of thumb,�the  number of
pairs of nozzles (liquid and vapor) is given by

L
N,=K (round up) (15)

For kettle reboilers, the liquid and vapor piping should
be sized large enough so that the liquid level in the
kettle is not suppressed by flow resistance in the piping.
A method for checking the liquid static head required
for bundle coverage with a given kettle reboiler piping
configuration is given in [14]  . For a horizontal thermo-
siphon, hydraulic calculations are similar to those for a
vertical thermosiphon and are covered in detail in a
subsequent section.

(i) Finned or enhanced tubes

It was shown in [5] that low integral finned tubes are
very effective for pool boiling-type reboilers at low AT.

Not only is the finned surface fully effective, but the
boiling heat transfer coefficient is also increased by as
much as 50-100%  because of improved nucleation
capabilities provided by the manufacturing process. At
high AT the effectiveness is lost as a result of vapor
blanketing of the fin valleys and relative dominance
of wall, fouling, and heating medium resistances,

Other special surfaces that produce improved nuc-
leation capabilities can also be very effective at low
AT. Performance of sintered surface tubes in kettle
reboilers is described in [5] . For more detail on en-
hanced surface in boiling, see Sec. 2.7.7.

B. Axial-flow reboilers

Axial-flow reboilers have flow either in the tubes or
longitudinally outside the tubes. Two-phase flow rela-
tionships for channel flow are used for design. The most
common type is the vertical thermosiphon reboiler with
vaporization in the tubes. Flow rate is predicted by a
trial-and-error balance of available static head against
pressure drop in the reboiler and piping, as described in
a later section. The following considerations are neces-
sary for design.

(a) Convective and nucleate boiling

For most designs, the flow regimes in the tube are such
that both convective and nucleate boiling mechanisms
are present and are combined in the following form:

(Yb  = s&,b �,- (Y,b (16)

Chen [17]  gives a good description of the convective
and nucleate boiling mechanisms and presents a correla-
tion that has been popularly accepted as one of the
best available. The Chen method is described more fully
in Sec. 2.7.3. An earlier, very similar approach which has
been used successfully for design for a number of years
in the process industries was presented by Fair [9] .

The nucleate boiling heat transfer coefficient corre-
lation recommended by Chen is the Forster-Zuber
correlation (see Sec. 2.7.3). Fair does not recommend a
general correlation, but lists a number of specific con-
stants from measured single-tube nucleate boiling
curves. Neither author gives a recommendation for a
mixture correction. For general application, a reasonable
approximation can be obtained using Eq. (3) for c&b1
and applying F, from Eq. (7) as follows:

%b = %blFc (17)

The nucleate boiling suppression factor s may be ob-
tamed as shown in Sec. 2.7.3.

The convective boiling heat transfer coefficient
can be obtained from the general relationship given in
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3.6 SHELL-AND-TUBE REBOILERS / 3.6.2 Thermal Design 3.6.2-7

Eq. (6). However, since the ratio Aptpfl&~  is usually
correlated in terms of X,, most correlations are pre-
sented as

(18)

A curve fit of the Chen correlation, which is recom-
mended as one of the best in the open literature, is given
in Sec. 2.7.3.

At the entrance of the reboiler, the liquid is usually
subcooled to some extent because of the static head im-
posed on it, so a subcooled boiling zone of varying
length exists before the two-phase region starts. A rea-
sonable estimation of the heat transfer coefficient in
the subcooled boiling zone can be obtained by using
Eq. (16) with s = (ATJAT,),  (Y& = (YQ, and (Y,b  based
on the temperature difference between the tube wall
and the saturation temperature of the liquid at the
given local pressure, AT,. The term AT, is the differ-
ence between the tube wall and the subcooled bulk
temperature. For this calculation, Eq. (3) must be trans-
formed from an Eq. (2) type to an Eq. (1) type formula-
tion, resulting in

(Y&,1  = 1.4 x lo-8p;�3  Apb.33F;.33 (19)

Correspondingly, Eq. (17) evaluated at constant AT,
rather than constant 4 is obtained for the subcooled
zone as

%b =%bl c
F3.33

(20)

with ff,,bl obtained from Eq. (19) and F, obtained
from Eq. (7). Above atmospheric pressure the subcooled
boiling zone will normally be negligible. For vacuum,
it should be checked by a reliable, rigorous method
Ii 91.

(b) Heat flux limitations

The boiling curve of heat flGx as a function of A T
for axial-flow reboilers is similar to that for pool boiling

[6] with the heat flux passing through a maximum
value. In vertical thermosiphon reboilers, the flux limita-
tions may be caused by several different mechanisms as
explained in [6]. At low reduced pressure @/pc), a
periodic surging instability is reached as AT is increased
above a certain value. This phenomenon is reviewed
and further discussed with regard to process reboilers
by Blumenkrantz and Taborek [ 181 . This limitation can
always be stabilized by increasing the frictional resis-
tance in the inlet piping by using a smaller diameter or
with a valve or orifice in the line. At high reduced pres-
sure, the critical wall temperature for film boiling is
reached before instability occurs and the limitation is
due to film boiling.

The empirical correlation of Lee et al. [4] was
found by Palen et al. [6] to do a fairly good job of
predicting the observed maximum heat flux in thermo-
siphon reboilers. The Lee correlation is given as a non-
linear empirical plot of two-dimensional groups contain-
ing a large number of physical property parameters.
The designer is referred to [6] for details.

An alternative, simpler correlation in terms of re-
duced properties was found to give equally good results
for the existing data. These data cover a wide range of
fluids, including water, alcohols, and hydrocarbons with
tube diameters ranging from 19 to 50 mm and tube
lengths ranging from 1.5 to 3.7 m. This correlation is
similar to that presented for kettle reboilers and was
given in [6] as

qmax = 23 660 c)“.3E  P;.~~(~)~‘” (I -E) (21)

where pc = critical pressure, kPa
Di = tube ID, m
L = tube length, m

Equation (21) is evaluated in Figs. 6 and 7. An alterna-
tive approach giving a different perspective on the prob-
lem is presented in Sec. 2.7.3. For forced flow reboilers,
refer to Sec. 2.7.3.

Equation (21) does not account for the lowered

z 2
62

�x
E�  IO2

w 1w3 2 4 6 810.* 2 4 6 810’ 2 4 6 810’

P/P,

Figure 6 Maximum heat flux for natural circulation tube-side boiling in a vertical thermosiphon reboiler with 25.4 mm
OD, 14 BWG, 3.66-m-long  tubes.
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3.6.243 3.6 SHELL-AND-TUBE REBOILERS / 3.6.2 Thermal Design

lo-’ 2 4 6 8 10.’ 2 4 6 8 1O-3

Figure 7 Tube size correction factor to thermosiphon reboiler maximum heat flux.

maximum heat flux caused by small exit piping. Small
exit piping has been found to be the cause of many
cases of poor operation in the field. It is recommended
that the minimum exit pipe flow area be at least equal
to the total cross-sectional area of the tubes. If this rule
is followed, either long-radius elbow or side-exit tee
piping may be used with good results. Exceptions can
be made for operation at very low heat flux, but calcu-

lations should be made to ensure that the frictional
pressure drop in the exit piping is less than 30% of the
total reboiler pressure drop.

Equation (21) also does not predict the mist flow
limitation, which is a function of vapor fraction and
flow rate. For this limit, the Fair [9] flow regime map
has been shown to agree with available data and is
recommended. This flow map is given in Fig. 8. The

Figure 8 Flow regime map for vertical in-tube boiling, from Fair [9].
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3.6 SHELL-AND-TUBE REBOILERS / 3.6.2 Thermal Design 3.6.2-9

mist flow criterion from the Fair flow map may be
represented as

timr = 2 441x, (22)

where rit,, is the maximum mass velocity before mist
flow (kg/m�s). If the total mass velocity ti, exceeds
the local value r&r from Eq. (22), mist flow may be
expected. Other, more elaborate correlations have been
obtained for the purpose of very accurate determina-
tion in specific cases, as discussed in Sec. 2.7.3. How-
ever, Eq. (22) in most cases will give adequate predic-
tion for process reboiler design, since the objective is
usually to keep velocities comfortably below the mist
flow limitation. An additional recommendation is that
for hydrocarbons the weight fraction vapor not exceed
about 0.35 for pressurized reboilers or 0.50 for vacuum
operation. For water, better operation is obtained if
the weight fraction vapor is limited to less than 0.10.

(c) Film boiling

As discussed above, it is sometimes not possible or eco-
nomical to provide a low enough AT to produce boiling
in the nucleate boiling regime and a film boiling design
is required. It is recommended in this case that the A T
be high enough so that the entire tube is in film boiling.
Under these conditions, operation is quite satisfactory
for clean fluids. In fact, the circulation rate for thermo-
siphons in ftirn boiling is higher than for nucleate boil-
ing, since the vapor film on the wall provides much
lower friction than the liquid film. The higher wall tem-
perature required, however, may accelerate fouling, and
this aspect must be carefully considered.

Methods for film boiling criteria and heat transfer
are available in proprietary literature 161. An approxi-
mate value for the AT required for film boiling may be
obtained from the Cichelli-Bonilla pool boiling work
[ 191  , as given by the following equation:

AT~~=O.555[12  (1 --&)+-$&I (23)

If AT,  is greater than AT,,, it is estimated that film
boiling will occur for narrow boiling range fluids.

The heat transfer coefficient in film boiling inside
tubes may be estimated by the correlation of Glickstein
and Whiteside [20], which was based on data from
several rather typical industrial hydrocarbons. This
correlation, however, requires calculation of the circula-
tion rate, which is difficult for thermosiphons because
no correlations are available in the open literature for
two-phase pressure drop in the film boiling regime. An
estimation on the safe side can be obtained from the
pool boiling correlation of Frederking and Clark [21] .
A modification of the Frederking-Clark equation in

0 1983 Hemisphere I

terms of reduced properties that may be used as a first
estimate is

afb = lo~(p,)�~s  AT;o�33 (;)��3*  (1 -~)�.�  (24)

Equation (24) is expected to give an estimate of the film
boiling heat transfer coefficient in axial-flow boiling
that will become increasingly conservative as velocity
increases.

(d) Mist flow

It is not recommended to design reboilers to include a
mist flow zone or liquid-deficient region. This can be
avoided by keeping the exit vapor fraction low and the
mass velocity less than the mist flow value given by
Eq. (22). However, in analyzing the performance of
operating units, it is useful to have a method of esti-
mating the heat transfer coefficient in the mist flow
regime. Considerable work in this area has been per-
formed, as it is important in certain types of nuclear
power systems, and a more detailed review of the avail-
able correlations is given in Sec. 2.7.3. At the level of
accuracy required for reboiler design, however, a rea-
sonable estimation is given by using the single-phase
gas convective heat transfer coefficient based on the
total mass velocity and on vapor properties.

(e) Temperature profiles

Vertical thermosiphon reboilers usually operate in single-
pass counter flow with condensing flow from top to
bottom and boiling flow from bottom to top. However,
the log mean temperature difference may not always
be an accurate representation of the true heat transfer
temperature difference because of nonlinearities of the
boiling temperature profile. Two basic types of deviation
from linearity are possible. Under vacuum, a significant
amount of subcooling is present in the inlet liquid as a
result of imposed static head. The bulk temperature of
the inlet fluid increases up to the saturation temperature
and then, for pure components, decreases as the local
pressure decreases in further flow up the tube. This
produces a hump in the boiling fluid temperature pro-
tile and a minimum AT at the top of the liquid zone,
which would be ignored by a calculation of log mean
AT from end conditions. Another deviation is obtained
in the case of wide-boiling-range fluids, for which the
bulk temperature increases as the light material is vapor-
ized, producing a sometimes nonlinear profile with the
minimum AT usually at the top of the reboiler. This
effect is a function of the exit vapor fraction. The effec-
tive AT decreases as exit vapor fraction increases, further
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3.6.2-10 3.6 SHELL-AND-TUBE REBOILERS / 3.6.2 Thermal Design

confirming the need to limit the exit vapor fraction for
mixtures.

C. Heating mediums

Because of these nonlinearities, and because the
boiling heat transfer coefficients can change significantly
along the tube, it is recommended that for final design,
incremental calculations be performed using local AT’s.
A log mean AT based on end conditions should be con-
sidered only for initial estimation.

For sensible heating mediums and a narrow-boiling-
range fluid, it is good practice to use cocurrent  flow,
which produces the highest AT at the bottom of the
tube, effectively increasing heat transfer in the sub-
cooled zone and improving circulation.

The boiling-side heat transfer coefficient can be very
high in some cases, and the heating-medium heat trans-
fer coefficient is important in the overall design. For a
condensing heating medium, refer to Sec. 3.4 for recom-
mendations. If the heating medium is steam, a reason-
able first approximation, which applies to all geometries,
is to assume that the average condensing heat transfer
coefficient 01, = 8 500 W/m*  IS, based on the outside
surface area and including fouling allowance.

For a single-phase, sensible heating medium, refer
to Sec. 3.3.

Nomenclature and References for Section 3.62 appear at the end of Section 3.65.
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3.6.3
Prezdrop

J.W. Palen

H Two-phase pressure drop calculations are especially
important for thermosiphon type reboilers because they
are necessary to determine flow rates on which heat
transfer calculations are based. More detailed descrip-
tions of two-phase pressure drop correlations are covered
in other sections. In this section, approximate methods
that are useful in reboiler design are summarized.

.-
A. General

Pressure drop in a vaporizing system is composed of
three elements: static head Aptps, momentum Aprpm,

and friction Q,,, as follows:

AP t p  =  aptps  + aPtptn + np, (1)

Normally, the pressure drops are calculated for short-
length increments, over which the vapor fraction is
assumed constant, and summed. The individual pressure
drop elements may be estimated as follows.

B. Friction loss

The basic separated flow formulation of Martinelli is
recommended. See Sec. 2.3.2 for specific equations.

C. Static head loss

Static head loss can be an important parameter in ver-
tical thermosiphon reboilers, especially at low design
heat fluxes in the bubble flow regime for which two-
phase static head may be controlling.

&t,s =p,,gAHsin  e (2)

The angle 8 is measured from the horizontal, so that for
a vertical unit with upflow, sin 0 = 1 .O.

A common mistake made in predicting thermo-
siphon reboiler pressure drops is to calculate the
two-phase density from the homogenous flow as-
sumptions. This approximation can give very poor
results on the unsafe side for most conditions, since
there is usually a great amount of vapor slip and re-
sulting liquid holdup in reboilers. This produces a
much higher actual two-phase density than is obtained
by homogenous flow assumptions. The density for
Eq. (2) should be calculated using the �true� liquid
volume fraction, which must be obtained from an
empirical correlation.

A number of correlations are available for the
liquid volume fraction, as discussed in Sec. 2.3.2.

D. Momentum change loss

Vaporization causes a momentum change that increases
the pressure drop of vaporizing fluids. The momentum
loss term may be theoretically derived, but results de-
pend on the correlation used for the vapor volume
fraction.

For tube-side or axial shell-side flow, the vapor
volume fraction should be determined from appropriate
equations in Sec. 2.3.2. For shell-side cross flow, because
of the greater mixing caused by the irregular geometry,
it is usually assumed that homogenous theory is more
appropriate for the momentum-change term.

Nomenclature for Section 3.6.3 appears at the end of Section 3.6.5.
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3.6 SHELL-AND-TUBE REBOILERS 3.6.4-l

3.6.4
Special des=siderations

J.W. Palen

w This section summarizes certain important design
considerations that apply to all reboilers. Often when a
reboiler fails to operate properly, the cause is not mis-
calculation of the boiling heat transfer coefficient but
ignorance of special conditions that fall outside the mini-
mum required design procedures. Some of these are
discussed in this section.

A.

The heat transfer resistance that must be specified
to account for anticipated fouling is one of the most
troublesome unknowns in the design of reboilers and
one that requires the most engineering judgment. Some
of the basic characteristics are summarized in [22]
and [23]. For a more detailed discussion of fouling
considerations, see Sec. 2.10. Since the heat transfer
coefficients in reboilers are generally high, the fouling
resistance specified usually accounts for an appreciable
fraction of the total required surface. Yet it is doubtful
if it will ever be possible to predict analytically the
true fouling resistance for any particular boiling fluid
with much confidence. Therefore, the only practical
approach is to attempt to select equipment and operat-
ing conditions so that fouling is minimized.

A few of the most important considerations for
boiling fluids with significant fouling tendencies are
the following.

(a) Design for low vaporization

For many cases it is impossible to know what type of
fouling is likely to occur because it may be caused by

0 1983 Hemisphere 1
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trace elements or conditions not known to the designer.
However, most types of fouling tend to be decreased
by designing to low exit vapor fractions. For streams
with greater-than-normal fouling tendencies, the maxi-
mum local weight fraction vapor should not exceed
about 0.2, as a rule of thumb. Lower vapor fraction
means higher total velocity, which not only minimizes
velocity-dependent fouling and vaporization-dependent
fouling, but also tends to lessen temperature-dependent
fouling by lowering the tube wall temperature through
increase of the boiling-side heat transfer coefficient.
Sometimes extra large tube diameters or tube pitches
are required. Kettle reboilers are not automatically
eliminated from consideration, since very high internal
circulation rates may be obtained in these units with
wide enough tube pitch. However, kettles are normally
the last choice for fouling fluids.

(b) Design for good flow dim-ibution

The generally detrimental effects of poor flow distri-
bution are greatly amplified for fouling fluids. Distribu-
tion problems occur more frequently for shell-side flow
and are usually due to too small tube pitch, large bypass
areas, and too large or too small baffle cut. Shell-side
distribution problems for single-phase flow are described
in [24]. Similar effects will be obtained in two-phase
flow, but the results will be more severe.

In general, any shell-side geometry that causes local
regions of higher vaporization, higher wall temperature,
or lower velocity will usually cause local concentrations
of heavier fouling. Tube-side boiling is not immune to
these problems. If shell-side distribution causes some

Iblishing  Corporation

14

- .�^ I -. -- .̂  ..��_ ___^.
T----�  -7. .-



3.6.4-2 3.6 SHELL-AND-TUBE REBOILERS / 3.6.4 Special Design Considerations

tubes to have higher wall temperatures, these tubes may
begin to plug and initiate tube-side maldistribution.
Tube-side nozzle orientation may also cause maldis-
tribution. Larger tube diameters tend to minimize these
effects.

(c) Use of a realistic design fouling resistance

Use of excessively high design fouling factors �just to
make sure� is not recommended for several reasons,
in addition to the obvious one of wasted surface [l] .
First, excessive fouling factors may cause the unit to
be so oversurfaced that the AT required for clean
start-up conditions will be too small for proper opera-
tion. Smith [25]  describes field observations of poor
vertical thermosiphon reboiler performance resulting
from excessive overdesign. A related problem is that
the actual run conditions may be so different from the
design conditions (which would occur only if the excess
specified fouling were actually obtained) that perfor-
mance analysis based on design conditions alone may
be meaningless. This is not to say that fouling factors
should be eliminated, but that they should be as realistic
as possible. Frank and Prickett [26]  indicate that a
boiling-side fouling resistance of about 0.000 18 m2 K/W
gave the best average reproduction of typical plant data
for nonpolymerizing fluids when using literature meth-
ods to calculate the boiling heat transfer coefficient.
They recommend a minimum value of 0.000 09 m* K/W
for fluids known to be clean and nondegrading and a
value of 0.000 S-0.000 7 m* K/W for polymerizing
materials. This is in basic agreement with the recom-
mendations of [ 141,  which are reproduced in Table 1.

For extreme cases, such as solvent clean-up column
reboilers, for example, boiling should always be assigned
to the tube side. For such cases, it probably will be
necessary to provide a spare reboiler for continuous op-
eration during frequent cleaning. Design should be for as

Table 1 Suggested fouling resistance ranges [ 141  for
reboilers

Fouling resistance Rf,
m* K/W

Boiling side
C, -C, normal hydrocarbons
Heavier normal hydrocarbons
Diolefins and polymerizing

hydrocarbons
Heating side

Condensing stream
Condensing organics  (without

entrained heavy components)
Sensible heating, organic

liquids

O-0.000 18
0.000 18-0.000 5

0.000 5-0.000 9

0-0.000 09

0.000 09-0.000 18

0.000 09-0.000 35

0 1983 Hemisphere 1 bkhing Corporation

high velocity as possible. Low pressure drop, full-open-
type gate valves should be used to isolate the spare
reboiler. It may be economical to provide a pump for
some systems to increase velocity and thereby prolong
the on-stream time. Use of high-velocity forced circu-
lation reboilers in fouling service is discussed in [27]  .

B. Start-up and control

All reboilers are designed with some specified fouling
resistance. Therefore, on start-up with a clean unit the
AT, surface, or heating medium heat transfer coefficient
must be decreased below the design level to make up
for the absence of the design fouling resistance. For
reboilers heated by steam as a condensing vapor, the
preferred method of controlling performance is with a
valve throttling the inlet vapor. This adjusts the pressure,
saturation temperature, and consequently the AT to
correspond to that required to produce the needed
vaporization rate. A clear discussion of the effects of
this process is given in [28]  . A more general discussion
of the characteristics of steam heating operations is given
in [29].

A reboiler designed with a high specified fouling
resistance will require a much lower AT on start-up than
after the specified fouling resistance has finally been
reached. For some systems, especially at high pressure,
the AT required for film boiling in clean operation may
be less than the design AT with specified fouling resis-

tance. If the clean unit is supplied with the full design
AT? the reboiler can very possibly start boiling in the
film boiling regime. For this reason, it is recommended
that reboilers always be started with the minimum
possible AT and that the heating medium temperature
then be gradually increased until capacity is reached.

Another method of controlling condensing vapor-
heated reboilers consists of decreasing effective reboiler
surface by accumulating a level of condensate in the
reboiler. This method has several disadvantages, but is
still sometimes used when a very large range of capacity
will be required or when it is not permissible to take
control valve pressure loss from the heating medium.
This method will cause a long nonboiling zone and low
velocity in the part of the reboiler corresponding to the
condensate flooded portion. The boiling-side fouling
rate may be accelerated as a result. A worse problem
occurs when the AT for clean operation exceeds the
film boiling AT In this case, since this method does
not affect the AT in the nonflooded portion, that por-
tion will certainly start up in film boiling with the
high wall temperature and probably increased fouling.
It is recommended that, if condensate flooding is used,
it be combined with inlet vapor throttling to permit
some control on the AT. A condensate pump may often
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be used effectively if the condensate pressure falls too
low [28, 291  .

C. Very-wide-boiling-range mixtures

If the boiling range of the fluid is very large, additional
problems may occur. The viscosity may be much higher
than is normally encountered with boiling fluids because
of the presence of heavy material. Nucleate boiling at
the wall may be completely suppressed. Heat transfer
coefficients tend to be very low for the boiling fluid
because of nucleate boiling suppression plus the resis-
tance to circulation caused by the high viscosity. Up to
roughly 20 CP bulk viscosity, vertical thermosiphon
reboilers can still give good operation if carefully de-
signed by rigorous methods for as high circulation as
possible (short, large-diameter tubes). For more viscous
solutions, shell-side horizontal thermosiphons may give
better results, as they will obtain better mixing. Care
must be taken to assure even flow distribution. A longi-
tudinal baffle is often used at the bundle centerline
above the inlet nozzle (TEMA G and H shells) to pre-
vent the more volatile components from flashing and
shortcutting through the middle of the bundle. Alter-
natively, vertical tube-side falling film evaporators can
be very effective for this type of service if properly de-
signed for good liquid distribution.

D. Operation near the critical pressure

Very-high-pressure operation can cause problems for
thermosiphon-type reboilers because as the critical pres-
sure is approached, the vapor density approaches the
liquid density and the net driving head for circulation
decreases. Kettle reboilers have been found to operate
well in this region, but have the economic disadvantage
of the oversized high-pressure shell. Column internal
reboilers potentially offer the most advantages and least
difficulties if sufficient surface can be fitted into the
column. If tube-side vertical thermosiphon reboilers are
used, they should be carefully designed with close atten-
tion paid to physical properties.

E. Operation in deep vacuum

Heavy fluids, especially temperature-sensitive ones,
are often distilled under vacuum. Special care must be
taken to prevent problems in reboiler performance.
Boiling heat transfer coefficients in vacuum are relatively
low because of a long nonboiling zone, suppression of
nucleate boiling, and low circulation rates. Since most
of the vacuum problems are hydrodynamic in nature,
the kettle reboiler, which is the least sensitive to hydro-
dynamics, is a logical choice for vacuum. However, in

spite of the potential problems, the less expensive ver-
tical tube-side thermosiphon reboiler can be quite effec-
tive and economical for vacuum if properly designed.
For these units there is an optimum static head that will
give sufficient circulation without excessive subcooling.
This value will range from about 0.5 to 0.8 times the
tube length, depending on the system.

Because of the many complex interrelated flow and
heat transfer mechanisms important in vacuum design,
it is not recommended to specify vertical thermosiphon
reboilers for this service unless they can be checked by
a reliable computer design program. If design heat fluxes
are to be as high as around 30 000 W/m*,  instability is
a potential problem and should be checked by a reliable
method, Instability can always be stabilized by increas-
ing frictional resistance in the inlet liquid line, and a
valve in this line is good insurance in questionable cases.

F. Sparging

One way to eliminate the liquid zone of vacuum re-
boilers and to increase circulation for wide-boiling-
range viscous fluids is to inject a small amount of non-
condensable light gas or superheated steam into the
reboiler feed stream. This procedure causes extra prob-
lems downstream. However, when it can be used, it will
produce a significant improvement in the reboiler heat
transfer rate and even greater improvement in circula-
tion rates for low-pressure operation.

G. Very low AT

It is sometimes necessary because of economics or pro-
cess restrictions to operate a reboiler at very low AT
(less than about 4 K). This can cause several types of
problems. At low AT, nucleate boiling becomes very
sensitive to microscopic surface configuration. The
nucleate boiling heat transfer coefficient can be very
low and can change drastically from surface to surface,
depending on the distribution of nucleation cavity sizes.
One possible solution for clean fluids is to use one of the
specially designed porous surfaces that greatly increase
the nucleation potential [5, 30, 311  . Low-finned tubes
also improve performance due to increased nucleation
as well as increased surface [5]. However, nucleate
boiling heat transfer coefficients at low AT are ex-
tremely difficult to predict, and experimental verifica-
tion on the specific fluid surface combination is ad-
visable where possible, before final design.

In thermosiphon reboilers, low AT causes the
siphoning effect or pumping action to be greatly sup-
pressed, resulting in low circulation rates and unpre-
dictable performance. For vertical in-tube thermo-
siphon reboilers, it is advisable to have a design heat
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flux of at least 5 000 W/m*  to provide sufficient pump-
ing action for good circulation. At lower flux levels it
is usually preferable to use a kettle-type reboiler.

H. Very high AT

More potential problems are created by high AT than
any other single condition in reboilers. On the other
hand, more improvement in heat transfer can be ob-
tained by increasing AT than by adjusting any other
variable. This emphasizes the importance of being able
to determine limitations resulting from high AT. The
maximum heat flux may be limited by film boiling,
mist flow, or instability, and the design heat flux should
be checked against each of these limits. This is especially
important in deep vacuum, where the instability and
mist flow limits are rather low and above about 0.7 of

the critical pressure where the film boiling limit can
become very low.

In some cases it is economical to use a high-
temperature heating medium even though the resulting
AT is too high for the nucleate boiling regime in the
reboiler. In this case, it is possible to design for the
film boiling regime. However, it is not recommended
to design a reboiler with part of the tubes in nucleate
boiling and part in film boiling or mist flow. This is
because operation is difficult to predict; shifts in operat-
ing condition can cause extreme shifts in performance;
and because this region has a reverse control characteris-
tic (increasing the AT results in decreasing the duty
and vapor rate). Therefore, it is recommended that
reboilers be designed either for complete nucleate or
complete film boiling. If this cannot be accomplished
under the required process conditions, it is usually pos-
sible to adjust either conditions or reboiler geometry.

References for Section 3.6.4 appear at the end of Section 3.6.5.
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3.6.5

J.W. Palen

n Thermal design of reboilers is now done largely
by computer programs that make possible the stepwise
calculations necessary to account accurately for the
effects of the changing vapor fraction through the re-
boiler. Many programs are available for sale or through
membership in proprietary organizations. Any computer
program should be carefully reviewed with respect to
internal methods used and amount of data support be-
fore trusting for final designs. This is especially true
in boiling, because many empirical relationships are
still necessary even in a computer-based reboiler design
method. Even if detailed computer calculations are used,
it is helpful to have available shortcut manual methods
that can be used for preliminary estimates of reboiler
size or to verify the general range of the computer-
calculated heat transfer coefficients. This section gives
stepwise  instructions for applying the equations in
Sec. 3.6.2 to obtain a shortcut initial estimate of the
required reboiler heat transfer area.

A. Example problem

Vaporize a medium-wide-boiling-range hydrocarbon
mixture at moderate pressure using available steam.
Roughly size kettle, horizontal thermosiphon, and
vertical thermosiphon reboilers for this service.

(a) General data

Duty required: 14.6 MW
Operating pressure: 1 000 Wa

0 1983 Hemisphere I lblishing  Corporation

(b) Boiling fluid properties at operating pressure

Bubble-point Tb = 140°C
Dew-point Td = 180°C
Critical pressure pc = 3 400 kBa
Latent heat Ah = 3.49 X 10�  J/kg
Liquid viscosity QQ = 4.1 X lo-�  kg/m s
Vapor viscosity n, = 0.4 X lo-�  kg/m s
Liquid heat capacity (C,)Q  = 2 090 J/kg K
Liquid density pQ = 640 kg/m3
Vapor density pv = 24 kg/m3

(c) Maximum available steam saturation
temperature

Ts, = 2iso”c

B. Kettle reboiler

(a) Estimated bundle geometry

Tube diameter D, = 19 mm
Tube pitch P, = 25.4 mm, square layout
Length L = 6.1 m
Diameter D, = 1.42 m
Area A = 930 mz

(b) Percentage vaporization

Bottom liquid draw-off will be about 30% of liquid
feed to reboiler.

Dew point of exit vapor = 165°C.
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(c) Calculation of required heat transfer area

Step 1: Mixture correction factor F, from Eq.
3.6.2(7). Boiling range of reboiler feed = 40°C.

F, = 0.34

Step 2: Bundle convection factor Fb. Let

Fb = 1 .5

as suggested in Sec. 3.6.2(f)
Step 3: Natural convection heat transfer coefficient

a,,. Let

a,, = 250 W/m2  K

as suggested in Sec. 3.6.2(f)
Step 4: Single-tube nucleate boiling heat transfer

coefficient o,bl, from Eq. 3.6.2(3). Heat flux 4, based
on estimated area = 14 600 000/930 = 15 700 W/m�.
Reduced pressure = 1 000/3 400 = 0.294.

%bl = 1 442 W/m2  K

Step 5: Bundle average boiling heat transfer coeff-
cient from Eq. 3.6.2(5).

ab = 985 W/m2

Step 6: Calculate overall heat transfer coefficient
lJO. Let steam heat transfer coefficient, including fouling
resistance, (Y,  = 8 500 W/m2  K. Let boiling-side fouling
resistance Rfb = 0.000 35 m2 K/W. Then

(neglecting wall resistance)

U, = 674 W/m2  �C

Step 7: Calculate effective temperature difference

AT,, . Base on dew point of exit vapor and steam
temperature. Maximum steam temperature available =
200°C. Allow 10°C for control. Design steam tem-
perature = 190°C.

AT,, = 190 - 165 = 25°C (1)

Step 8: Calculate required area A,.

Q
A, .  =  u, AT,, = 866 m2 (2)

Assumed surface = 930 m2. Therefore, assumed unit is
acceptable unless design heat flux is excessive.

Step 9: Check maximum heat flux. 4,,max, from
Eq. 3.6.2(10), is 594000 W/m�.  $b, from Eq. 3.6.2(1  l),
is 0.029 3. @b, from Eq. 3.6.2(12), is 0.064. Since
$b < 0.1, vapor lanes should be provided if design flux
is greater than 0.5 times 4b,max. Now 4b,max,  from
Eq. 3.6.2(9), is 38 238 W/m?. 4, from step 4, is 15 700

W/m2. Therefore, Q/db,max  < 0.5, so full tube bundle
may be used.

C. Horizontal thermosiphon reboiler

Calculate as cross-flow (TEMA X shell) type.

(a) Estimated geometry

Try same as for kettle.

(b) Percentage vaporization

Try to supply head for exit vapor fraction of 0.25. Exit
vapor temperature is 150°C.

Total vapor rate W, = 41.8 kg/s
Total liquid feed rate to reboiler W, = 167.2 kg/s

(c) Calculation of required heat transfer area

All calculations made for the bundle boiling heat trans-
fer coefficient for the kettle reboiler apply, and the
same area will be adequate. However, to determine how
much additional heat transfer would be provided due
to the circulation, calculate the convective two-phase
heat transfer coefficient.

Step 1: Calculate the bundle cross-flow pressure
drop and piping pressure drop using methods in Sec.
2.7.3. Compare calculated pressure drop to available
static head. If static head is insufficient, increase tube
pitch and exit piping diameter until satisfactory pressure
drop is obtained. For the purpose of this example, it
will be assumed that a satisfactory balance has been
obtained with a 2.5-m static head, that the two-phase
friction pressure drop across the tube bundle, APtpf =
1.5 kPa, and that the corresponding friction pressure
drop for liquid flowing alone, APp  = 0.10 kPa. The
exact values obtained for APtpf and APQ will depend
on the method used, and the above values, while rea-
sonably realistic, are for illustration only.

Step 2: Calculate the convective heat transfer co-
efficient for cross flow for liquid flowing alone, CQ.
Use methods in Sec. 3.3. For the purpose of this illus-
tration only, assume that (YQ  = 275 W/m2  K for an
average liquid weight fraction of 0.875.

Step 3: Calculate the convective two-phase heat
transfer coefficient o,.b. Using Eq. 3.6.2(6) with m3 =
0.45,

1.5 o.4s
%b = 275  0.1

c )
- = 930 W/m2  K (3)

Since ff& is smaller than (Yb as calculated from step 6
of the kettle reboiler example, nucleate boiling is domi-
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nant and the use of CQ for design will be reasonable,
if somewhat conservative.

Step 4: Calculate effective temperature difference
AT,,. As stated in Sec. (c) above, the effective AT
for thermosiphon reboilers is improved compared to
kettles because of better circulation. Since the steam
temperature is constant at 19O�C,  the LMTD may be
used for this case.

AT,, = LMTD =
(190 - 140) -(190 - 150)

In [(190  - 140)/(190  - ISO)]

= 44.8'C

Step 5: Calculate required area A,..

(4)

Q
A , . =  u, AT,, =483  m2 (5)

This is compared to 866 mz for the kettle case and
indicates quite an advantage for the thermosiphon for
the wide-boiling-range mixture case because of com-
bined effect of the circulation and lower fraction vapor-
ized on the effective temperature difference. Care should
be taken, however, to design nozzles and baffles for
flow distribution in order to realize this advantage.

D. Vertical tube-side thermosiphon reboiler

(a) Estimated bundle geometry

Number of tubes = 1 230
Tube outside diameter D, = 25.4 mm
Tube inside diameter Di = 21.2 mm
Tube pitch P, = 3 1.75 mm
Tube length L = 4.9 m
Diameter Db = 0.81 m
Area A = 480 m2

(b) Percentage vaporization

As for the horizontal thermosiphon case, try to design
for an exit vapor fraction of 0.25, which corresponds
to an exit vapor temperature of 150°C.

Total vapor flow rate W, = 41.8 kg/s
Total liquid feed rate to reboiler W, = 167.2 kg/s

(c) Calculation of required heat transfer area

Step 1: Calculate the pressure drop to make sure
there is enough static head for the required circulation.
Use methods given in Sec. 2.3.2 to calculate aP,.
Static head AH is then calculated as

&+!c!
Pai?

(6)

If AH is less than the tube length, the above assumption
of exit vapor fraction will give conservative results and
may be used. If AH is greater than the tube length, the
tube diameter should be increased or tube length short-
ened and the &,p recalculated.

For vacuum operation a lower static head is neces-
sary to prevent excessive subcooling, and the net avail-
able head is less because of a significant liquid zone.
Therefore, for vacuum the calculated AH should not be
greater than 0.5 times the tube length. It may be neces-
sary for vacuum to increase the design exit vapor frac-
tion to as high as 0.5 to achieve a satisfactory pressure
balance, but this value should not be exceeded. For
this example case, which is at high pressure, the liquid
zone length will be negligible.

Step 2: Calculate the nucleate boiling heat transfer
coefficient (Y,~. Heat flux 4, based on estimated area,
is 14 600 000/480 = 30 400 W/m�.  From Eq. 3.6.2(3),

%bl = 2 290 W/m2 K

From step 1 of the kettle reboiler example,

( 7 )

F, = 0.34 (8)

From Eq. 3.6.2( 17),

(Y,b = 779W/It12  K ( 9 )

Step 3: Calculate the convective boiling heat trans-
fer coefficient, (Y&. Base on mean vapor fraction of
0.125. Calculate the liquid convective heat transfer
coefficient, ap, using methods given in Sec.  3.3. Assume,
for the purpose of this example only, that aQ = 1 100
W/m2  K. Calculate the ratio acb/aQ using the Chen
method given in Sec. 2.7.3.

F =  2.35(+4+0.2L3)o.06  =  2 . 2 2

%b
-= 2.22

(YQ

Therefore,

%b = 1 100 X 2.22 = 2 440 W/m2  K

Step 4: Calculate the average boiling heat transfer
coefficient, using Eq. 3.6.2(16). Calculate s as shown in
Sec. 2.7.3.

Vapor rate, neglecting sensible duty, is 14 600 OOO/
(3.49 X 105)  = 41.8 kg/s

Liquid rate at 25% vaporization = 125.4 kg/s

Rep  = WQ�N 125.411 230

(7r/4)D,~ =(0.785X  0.021 2)(4.1  X 10-5)

= 149 400
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Re,, = 149 400 X 2.221.25  = 404 800

1
S=

1 + (2.53 X 10-6)(404 800)�.�
= 0 .098

From Eq. 3.62( 16)

ab = 2 516 W/m2 K (10)

Step 5: Calculate overall heat transfer coefficient
U,. Let steam heat transfer coefficient (Y,  = 8 500
W/m2  K, including fouling resistance. Let boiling-side
fouling resistance Rfb = 0.000 35 m2 K/W.

(11)

(neglecting wall resistance)

U, = 928 W/m2 K (12)

Step 6: Calculate effective temperature difference,
AT,,. See step 4 for horizontal thermosiphon. Since
this case is at high pressure, there will be no significant
liquid zone, and an LMTD will provide an approximate
AT,,.

A T , ,  =  44.8’C (13)

Step 7: Calculate required area A,..

Q
A , =  u. ATe, =350  m2 (14)

A

‘4,
BR

<cp>Q
&

Di

DO
Fb
FC
FP
g
Ah
AH

K,
L

%tt

mt

Therefore, because of both an improved AT,, and an
improved (Yb caused by the high-velocity tube-side flow,
the vertical thermosiphon shows considerable advantage
for this case over either the kettle or the horizontal
thermosiphon. This is not always true, of course, and
each case must be evaluated individually. For this case
it will be possible to decrease the number of tubes.
However, the critical heat flux should be checked
closely.

Step 8: Check the critical heat flux. A quick ap-
proximation for the design maximum heat flux for
thermosiphon reboilers is obtained from Eq. 3.6.2(21).
For more detail see Sec. 2.7.3. From Eq. 3.6.2(21),
using an inside tube diameter of 0.02 1 2 m,

tj,,, = 67 760 W/m2 (15)

By using the tables for n-pentane [2.7.3(7)]  in Sec.
2.7.3 and interpolating to the conditions of this ex-
ample, a critical vapor fraction of about 0.6 is obtained,
which gives a critical heat flux of about 87 000 W/m2
from Eq. 2.7.3(69).  This is in reasonable agreement
with the design equation 3.6.2(21) for a hydrocarbon
with properties similar to those of this example. The
design heat flux for an area of 250 m2 is 4 = 41 570
W/m�. Therefore, design heat flux is 0.6 times the
recommended design maximum, which is permissible.
The number of tubes should be decreased and the design
rechecked.

NOMENCLATURE FOR SECTION 3.6.1-3.6.5

heat transfer surface of bundle based on outside
tube surface, m2
calculated required heat transfer area, m2
boiling range; difference between dew-point tem-
perature and bubble-point temperature, K
liquid heat capacity, J/kg K
tube bundle diameter of circle tangent to outer
tubes, m
inside tube diameter or equivalent diameter for
noncircular channel, m
outside tube diameter, m
tube bundle boiling correction factor
mixture correction factor
pressure correction factor for nucleate boiling
acceleration of gravity, m/s2
heat of vaporization, J/kg
vertical height increment, m
entrainment coefficient, m/s
length of tube bundle, m
maximum total mass velocity above which mist
flow is expected, kg/m2 s
actual total mass velocity, kg/m* s

NN number of pairs (inlet plus outlet) of boiling-side
nozzles for horizontal thermosiphon

P operating pressure, kPa
PC critical pressure, kPa
@Q friction pressure drop for liquid-phase flowing

alone, kPa
pt tube pitch, m

@tP two-phase pressure drop across a given length
increment, kPa

@,Pf two-phase friction pressure drop, kPa
APtpm momentum pressure drop, kPa
@tps static head pressure drop, kPa
4 heat flux, W/m2
41,~~~ critical heat flux for a single tube, W/m2
qb,max critical heat flux for tube bundle, W/m2
4,, limiting heat flux for axial thermosiphon reboil-

ers, W/m2

Rfb boiling-side fouling resistance, m2 K/W
s nucleate boiling suppression factor in axial-flow

convective boiling
Tb bubble-point temperature, �C
Td dew-point temperature, �C
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T
as;,

AT,

AT,,

AT,,
UC7

VL
V�

X

Xtt

saturated steam temperature, �C
difference between temperature of the wall and
bulk temperature of the boiling fluid, K
difference between temperature of the tube wall
and saturation temperature of the boiling fluid,
kPa
value of AT, above which film boiling is expec-
ted, K
effective mean temperature difference, K
overall heat transfer coefficient based on outside
area, W/m2  K
vapor load parameter, kg/m3 s
vapor-phase velocity, m/s
weight fraction vapor
Martinelli parameter for both phases turbulent.
Square root of pressure drop for liquid phase to
that for vapor phase
corrected bundle boiling heat transfer coefficient
for nucleate boiling mechanism, W/m2  K
condensation heat transfer coefficient, W/m2  K

convective boiling heat transfer coefficient,
W/m2  K
heat transfer coefficient for film boiling, W/m2  K
convective heat transfer coefficient for liquid-
phase flowing alone, W/m2  K
single-tube nucleate boiling heat transfer coeffi-
cient for pure component, W/m*  K
nucleate boiling heat transfer coefficient for boil-
ing in axial flow, W/m2 K
natural convection heat transfer coefficient,
W/m2  K
liquid viscosity, kg/m s
vapor viscosity, kg/m s
orientation angle of tube axis with respect to the
horizontal, deg
liquid density, kg/m3
vapor density, kg/m3
two-phase density, kg/m3
surface tension, N/m
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3.7 PLATE HEAT EXCHANGERS 3.7.1-1

3.7.1
Construction and operation

Anthony Cooper and J. Dennis Usher

W The plate heat exchanger (PHE) consists of a series
of parallel plates that are corrugated both to increase
turbulence and to give mechanical  r igidi ty.  T w o
examples of plates are shown in Fig. 1. They normally
have flow ports in all four corners and are clamped
together in a frame that carries bushes or nozzles lined
up with the plate ports and connected to the external
pipework that carries the two liquid streams.

As shown in Fig. 2, the plates are suspended in
the frame from a top carrying bar and are aligned by a
bottom bar. The plates are compressed against the
stationary head of the frame by a movable follower,
which slides along the top carrying bar. The follower
and the head are clamped together by lateral bolts.
Full constructional details of the PHE are given in Sec.
4.4.2.

The plates themselves are f i t ted with gaskets ,

which are shaped and located both to prevent external
leakage and to direct the two liquids normally counter
currently through the relatively narrow passages be-
tween al ternate pairs  of  heat  t ransfer  plates .  An
exploded view of a two-pass/two-pass arrangement i s
shown in Fig. 3.

Most applications for plate heat exchangers are for
liquid/liquid duties at operating pressures below 2,000

TThe  authors acknowledge the directors of The APV
Company, Ltd., England, for approval to publish the material in
Sec. 3.7, which contains information previously proprietary to
the Company.

Acknowledgments are also due to The Controller of Her
Britannic Majesty�s Stationery Office (HMSO) for Figs.
3.7.8(4)-3.7.8(7) and to Alfa Lava1 AB, Sweden, for Fig.
3.7.11(l).
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Figure 1 Typical plates showing intermating and chevron
troughs.

kN/m* and temperatures below 15O�C,  although some
models  can operate  a t  temperatures  up to  275�C.

Plates can be pressed in many different metals, including
stainless steel, titanium, Hastelloy alloys, nickel, Monel,
and Incolloy 825. Gaskets are available in nitrile, butyl,
silicone, and fluorocarbon rubbers; in addition, certain

lblishing  Corporation

I ..- - .y.-
I ----

._,._-.�
-T-- �--

. . .�_
-r--~T-~



3.7.1-2 3.7 PLATE HEAT EXCHANGERS / 3.7.1 Construction and Operation

Figure 2 A large plate heat exchanger with all connections on the head. Photo courtesy of APV Company, Ltd., England.

plates can be supplied with gaskets of compressed
asbestos fiber.

The plate heat exchanger is particularly suitable
for heat recovery duties in the chemical, petroleum,
food, dairy, and brewing industries.

Unlike shell-and-tube units, which can be custom
built to conform to virtually any capacity and operat-
ing conditions, plates are mass produced in thicknesses
ranging from 0.6 to 1 mm by complex and expensive
press tools. They are therefore available only in a

limited number of types and sizes, each of which has
its own clearly defined specification with regard to
performance and operating conditions.

There are two different aspects of PHE design,
(1) the design of individual plate types so that they
conform to specific performance and operational char-
acteristics, and (2) the calculation of the number and
arrangement of such plates in order to satisfy the
thermal and pressure drop requirements of a particular
duty as requested by a customer.

Figure 3 Flow pattern in two-pass/two-pass plate arrangement.
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3.7 PLATE HEAT EXCHANGERS / 3.7.1 Construction and Operation 3.7.1-3

Because plate design varies from manufacturer to out the world, it is impossible to give specific and
manufacturer, so does performance. Since there are accurate characteristics. Any data in these sections are
more than 60 different plate types available through- thus only representative of plates in general.

I

o 1983 Hemisphere Publishing Corporation? 1
KDI1L A

__ . . ._- _ ^-_ ---*-  .-11 I..-. -  �-.d%_  . . -. .-_�-- ..---.~.  ..I �..I___ ._-.. ,.-=-.,-.--



-. -.-_- .--- ._ .



3.7PLATEHEATEXCHANGERS 3.7.2-l

3.7.2
Factors Ging plate

specification

Anthony Cooper and J. Dennis Usher

w The two most important parameters are flow
capacity and the range of NTU, the number of transfer
units, defined as the temperature change of one fluid
divided by the logarithmic temperature difference.

Flow capacity determines the size of the port in
the four corners of the plate and, in turn, decides the
overall plate dimensions. The NTU range is related to
the heat transfer and pressure drop characteristics of
the plate and governs the type of trough or corruga-
tion to be adopted. The actual choice of NTU range
must be considered in relation to the type of duties

for which the plate is intended. Achievement of the
highest possible NTU value is not necessarily repre-
sentative of the optimum design; a careful investigation
of the proposed market is necessary, and the range of
thermal performance eventually chosen must ensure
that (1) the lowest NTU duties can be handled without
the heat transfer area being limited by pressure drop so
that surface is wasted, and (2) the highest NTU duties
can be handled without an arrangement involving too
many passes so that pressure drops are unduly high.

I
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3.7 PLATE HEAT EXCHANGERS 3.7.3-l

3.7.3
Corrugation design

Anthony Cooper and J. Dennis Usher

n A wide range of types of corrugation is used in
plate design, and the proper corrugation must be
chosen from both thermal and mechanical considera-
tions. Thermally, the corrugation function is to induce
turbulence and increase the heat transfer area by
amounts varying from 1.5 to 25%. The two most
commonly adopted forms, illustrated in Fig. 1, can be
described as the intermating type and the chevron or
herringbone type. Further details are given in Sec.
4.4.2.

The intermating-type plate shown in Fig. 3.7.1(la)
is based on corrugations that are pressed to a depth
greater than the compressed gasket depth. When the
machine is closed, the corrugations fit into one
another. A cross section at right angles to the flow
direction is shown in Fig. la. This gives a constant
change in direction and cross-sectional area in the
direction of flow, so that turbulence is induced by a
continuing variation in liquid velocity. The maximum
flow gap b varies typically from 3 to 5 mm, with the
minimum flow gap c being between 1.5 and 3 mm.
Liquid velocities in the turbulent regime range from
approximately 0.2 to 3 m/s depending on the pressure
drop required,

Chevron troughs, shown in Fig. 3.7.1(lb),  use
parallel corrugations that are pressed in the plate to
the compressed gasket depth. These corrugations run
obliquely across the plates, with the angle of obliquity
reversed on adjacent plates. The cross-sectional area in
the direction of flow is constant, as shown in Figs. lb
and lc, but the change in shape of the flow passage
induces turbulence by a continual change in direction.

Q 1983 Hemisphere I
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Figure 1 Sections through intermating and chevron troughs.

The corrugation depths on typical plates vary from
about 3 to 5 mm. Velocities in the turbulent regime
vary from about 0.1 to 1 m/s.

The intermating and chevron forms are examples
of two- and three-dimensional troughs, respectively.
The performance of a wide variety of trough types can
be correlated by using a hydraulic mean diameter
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3.7.3-2 3.7 PLATE HEAT EXCHANGERS / 3.7.3 Corrugation Design

derived from the expression

d, =
4 X volume between plates

wetted surface between plates
(1) d,=F (2)

Nomenclature for Section 3.7.3 appears at the end of Section 3.7.12.
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3.7 PLATE HEAT EXCHANGERS 3.7.4-l

3.7.4
Friction factor correlations

Anthony Cooper and J. Dennis Usher

n Although the performance of the many different
corrugation forms can vary considerably, the pressure
loss in a plate heat exchanger can always be calculated
from a friction factor type of equation:

(1)
For a typical small plate heat exchanger with intermat-
ing plates, Fig. 3.7.1(la),  the friction factor would be
predicted from the following equations:

1.22f=-
Reo.252

orf=g

In turbulent flow In laminar flow

In the transition regime, the friction factor rela-
tionship can be determined by interpolating between
the boundaries of the turbulent and laminar flow
regimes. However, with the intermating trough plate,
the friction factor is also a function of liquid viscosity
as well as Reynolds number (Fig. 1).

The Reynolds number at which the transition
between the three flow regimes can occur varies con-
siderably between plates. As a general rule, all types of
plate heat exchangers will operate in fully turbulent
flow at Reynolds numbers over 1 000 and will be in
laminar flow at Reynolds numbers below 10. In be-
tween lies a range of duties that is difficult to predict

100

t i i i i i iiii �\i

0.1 1 10 100 1000 10000

Re

Figure 1 Performance characteristics of a small intermating-trough plate heat exchanger.
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3.7.4-2 3.7 PLATE HEAT EXCHANGERS / 3.7.4 Friction Factor Correlations

tiiiiiii i iii/ii/l

K m 0.1

Figure 2 Performance characteristics of a small chevron-trough plate heat exchanger.

without accurate test work on the individual exchanger
types.

For a typical small plate heat exchanger with
chevron corrugations, the transition regime would
range approximately from Reynolds numbers of 10 to
150 (Fig. 2).

From Figs. 1 and 2, it is obvious that with plate
heat exchangers the friction factors are much higher
than for equivalent Reynolds numbers in tubes. How-
ever, velocities in plates are much lower and usually
range from 0.1 to 3 m/s depending on the type of plate
and application. Also, the length of plate required to
achieve a given NTU is much less than with a tube, so
the pressure drop in Eq. (2) is often less than that in
tubes for equivalent heat transfer performance.

In laminar flow applications, the plate heat ex-
changer is also an effective heat transfer device, partic-

ularly for those pseudoplastic non-Newtonian fluids
where an increase in shear rate causes a decrease in
viscosity. Prediction of pressure drop is, however,
extremely difficult. Some success has been obtained by
Parrott  [l] , who combined Wilkinson�s generalized
Reynolds number [2] with flat-plate theory. Currently,
however, these correlations are still academic and not
very applicable to practical use.

From the viscosity/shear rate/temperature relation-
ship and knowledge of the shear rate in the exchanger,
the user can generally make a good design using
conventional Newtonian equations. For particularly
difficult fluids that are highly sensitive to shear and
temperature, most manufacturers offer a loan service
so that a test can be carried out in the field on an
actual heat exchanger.

Nomenclature and References for Section 3.7.4 appear at the end of Section 3.7.12.
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3.7PLATEHEATEXCHANGERS 3 . 7 5 1

3.7.5
Heat tranzrrelations

Anthony Cooper and J. Dennis Usher

H The heat transfer performance of plate-type units m and values of d, in the range of 4 mm for the
is also calculated from typical dimensionless heat trans- smaller plates. This rises to 5-7 mm for the larger
fer equations with the appropriate exponents and plates. A typical length/width ratio for many plates is
constants for each specific type of exchanger. A num- 2. The plate gap can be taken as one-half the equiva-
ber of references [3-51  have reported correlations. lent diameter d, for budget calculations.

For a small intermating heat exchanger, Figs.
3.7.1(la) and 3.7.4(l),  the heat transfer equations
would be

0

0.1

Turbulent flow N u  =  0.2(Re)0.67Pro.4  2 (1)

Calculation methods including two simple exam-
ples are given in Sec. 3.7.10 for the estimation of
surface areas based on correlations similar to those
described.

The effect of non-Newtonian characteristics on
heat transfer is less than on pressure drop and usually
less significant than the effect of temperature on
viscosity. Calculation procedures for Newtonian fluids
are generally used that, for a typical pseudoplastic
non-Newtonian fluid, will give conservative designs.

Laminar N u =  l.6g(RePrg)e4 (-$-r�

(2)

In the transition regime, the heat transfer relation-
ship can usually be determined by interpolating be-
tween the boundaries of the turbulent and laminar
regimes, Figs. 3.7.4(l)  and 3.7.4(2).

It is impracticable in any study such as this to give
specific, accurate performance equations. Since indi-
vidual plate performance varies greatly, the equations
given here and in Sec. 3.7.4 can be regarded as typical
and can be used only to estimate approximate surface
area requirements for duties when the flow is fully
turbulent or completely laminar.

To employ the equations in these sections, the
reader is advised to use values of L in the range 0.7-2

By far the most important design problem with
viscous fluids, whether they are Newtonian or non-
Newtonian, occurs with cooling duties, where a basic-
ally unstable system can develop. If the fluids are
poorly distributed either over the plate area or along
the plate pack, overcooling of the fluid can occur. This
increases the viscosity, lowers the velocity, and causes
further cooling. Channeling of the fluid is increased,
and this makes large areas of the plate virtually
ineffective. This does not occur on heating duties,
where the effect of maldistribution or channeling is
self-balancing, or in turbulent flow, when the pressure
drop characteristics help to establish better distribu-
tion.

Nomenclature and References for Section 3.7.5 appear at the end of Section 3.7.12.
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3.7 PLATE HEAT EXCHANGERS 3.7.6-l

3.7.6
Factors affezplate design

Anthony Cooper and J. Dennis Usher

A. Corrugation geometry

Much of the published information on corrugation
performance is based on specific shapes and relates to
pressure drop rather than heat transfer. The majority
of corrugations, however, give approximately the same
relation between these two quantities if they are
expressed as (1) film heat transfer coefficient (HTC) CY
and energy loss per unit area of developed surface E,

Fig. 1 [3], or (2) film HTC LY and specific pressure
drop J, expressed as pressure drop per NTU, Fig. 2
[3]. These correlations allow therefore an estimate of
heat transfer performance to be made from an assess-
ment of pressure drop.

Experimental work carried out on different corru-
gations indicates the following:

(a) Intermating troughs

Tests [6,7]  on a wide range of corrugation types
shows that the Nu/Pr0.4 value increases and the film
HTC LY decreases with increase in plate spacing b at
constant Re values. Pressure drop likewise increases, a
simple corrugation giving the approximate relation

Other work has confirmed the influence of spacing on
pressure drop, which also increases both with corruga-
tion height h and with the base angle h [8-lo].

Q 1983 Hemisphere 1 iblishing  Corporation
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3.7.6-2 3.7 PLATE HEAT EXCHANGERS / 3.7.6 Factors Affecting Plate Design

(b) Chevron troughs

Graphs of Nu/Pr0.4  and Ap/L plotted against Re show
that both quantities increase as the angle of obliquity fl
is increased from 30 to 120� [6] . Mass transfer studies
using the Chilton-Colburn analogy give the same gen-
eral relationship [ 1 l] .

The effect of increase in trough pitch p from 8 to
15 mm with a constant corrugation depth b of 4 mm
is to halve the pressure drop per unit length, whereas
Nu/PrOV4 is unaffected [6].

B. Distribution

Since the diameter of the entry port at either end of
the plate is small compared with the width of the main
heat transfer area, transverse distribution of flow across
the plate can be adversely affected. The most impor-
tant factors are port arrangement, aspect ratio, and
plate entry losses.

(a) Port arrangement

Ports can be arranged either in diagonal flow (entry
and exit at opposite corners of the plate) or vertical
flow (entry or exit on the same side of the plate) as
shown in Figs. 3.7.1(k)  and 3.7.1(lb),  respectively,
and discussed in Sec. 4.4.2. The resulting difference in
flow distribution has some effect on the transverse
temperature profile, as shown in Fig. 3. This compares
diagonal and vertical downward-flowing plates at an
identical Reynolds number of 8 280 [12]  .

The effectiveness of air removal is important,
particularly in downward-flowing plates where the
liquid velocity must be high enough to ensure that the
plates run full [ 131.  For practical purposes this can
normally be achieved by ensuring that the pressure loss
down the plate is not significantly less than the static
head corresponding to the vertical distance between
the ports.

(b) Aspect ratio

The effects of poor distribution can be accentuated by
low aspect ratio (i.e., mean heat transfer length/flow

(3) Re=8230 (3) Re=8280

Figure 3 Temperature distribution CC) on vertical- and diagonal-
flow plates.

width). No positive recommendations appear to be
available for this factor, but on most commercial plates
the aspect ratio does not fall much below a value of
1.8.

(c) Plate entry losses

Extraneous pressure losses must be minimized at the
plate entry area by avoiding any undue restriction.
Since this entrance region of the plate is the most
mechanically weak area of the entire plate, the mutual
support between adjacent plates adds to the restriction
and therefore requires very careful design. The lower
the thermal and pressure drop performance of the
plate, the greater will be the proportional effect of
these extraneous losses.

Nomenclature and References for Section 3.7.6 appear at the end of Section 3.7.12.
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3.7 PLATE HEAT EXCHANGERS 3.7.7-l

3.7.7
Over al= design

Anthony Cooper and J. Dennis Usher

A. NTU rating

A heat exchanger plate can be regarded as a module of
known characteristics that can be defined by the NTU
range covered by a single plate. For such a plate
operating under unit flow ratio conditions,

MCp c$ = Ua A T

so that

NJ-U = .?!? = =
A T  MCp (1)

For n active plates, the total area is na. The total flow
passages for each liquid are (n + 1)/2. Hence,

3
NTU=in&-

n + 1 MC,

and when n is infinite,

2Ua

NTU  = MC&J
(2)

Because plates are normally arranged in large packs, it
is customary to define the NTU value of a plate by the
expression given in Eq. (2) for n = 00.

B. Performance characteristics

Figure 1 plots overall HTC U and overall pressure drop
Ap against flow rate for a typical plate in 0.6 mm
stainless steel, whereas Fig. 2 plots NTU directly
against pressure drop.

If as a rough approximation the following laws are
assumed:

8000

6000

Y
�E
2 4000

5

2000

q, m3/s

Figure 1 Overall HTC and pressure drop/plate flow rate.

u a v2�3 and Ap a V513 (3)

we find that

IJ a ap2fS and NTU  a V -1�3  a AP�~ (4)

The actual indices depend on the corrugation design,
but these expressions give the order of the relationship
between the different quantities involved. Since the
lowest feasible plate flow rate is that corresponding to
a pressure drop approximately equal to the static head
between the ports, it will be seen that this condition
determines the maximum NTU value, which has al-
ready been fixed by the plate specification.
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3.7.7-2 3.7 PLATE HEAT EXCHANGERS / 3.7.7 Overall Plate Design

30 I I , ,

20 40 60 60 100

Ap, kN/mZ

Figure 2 NTU/pressure  drop curve for typical plate.

C. Design procedure

From a design specification that defines the maximum
flow rate and NTU value, the stages in developing a
particular plate are as follows:

1. From the maximum flow rate that the PHE has
to handle, determine the port size. Excessive velocities
along the manifold comprised by the plate ports can
give rise to significant extraneous pressure losses, the
allowance for which is discussed later. Port sizing on
the basis of a maximum velocity of about 6 m/s is
normal practice.

2. The largest size of flange is selected to meet
the specified operating pressure and code requirements.
Allowing for adequate clearance, the center distance
between ports can then be determined and from this
the width of the plate.

3. The length can now be determined from con-
siderations of the aspect ratio. This leads to both the
developed and projected heat transfer areas (the ratio r
normally lies between 1.15 and 1.25, depending on the
shape of the corrugation).

4. Knowing the maximum NTU value, the corre-
sponding pressure drop, and the plate area, the parame-
ters are available to allow a suitable corrugation to be
selected to conform to these conditions.

Nomenclature for Section 3.7.7 appears at the end of Section 3.7.12.
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3.7 PLATE HEAT EXCHANGERS 3.7.8-l

Plate arran .d carrection

Anthony Cooper and J. Dennis Usher

n The preceding sections cover the design of indi-
vidual plates. This is mainly the concern of the plate
manufacturer, who defines the performance of each
type of plate in terms of its thermal and pressure drop
characteristics. These are then used in calculations in
order to determine the number and arrangement of
plates to meet any specified duty. The basis for these
calculations is explained in the remaining sections of
this chapter .

A. Types of pass arrangement

There are three fundamental ways in which plates can
be arranged: single pass, multipass with equal passes,
and multipass with unequal passes.

(a) Single pass

Both liquids flow countercurrently through parallel
passages that make up a single pass as shown in Fig. 1.

(b) Multipass with equal passes

When NTU values greater than those given by a single
plate are required, multipass arrangements can be ob-
tained by blanking off the correct flow port at P and Q

---l--L-I-IA
Figure 1 Single-pass plate arrangement.
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Figure 2 Two-pass/two-pass plate arrangement.

to define the end of each pass. Figure 2 shows a two-pass
(2/2) arrangement.

(c) Multipass  with unequal passes

When flow ratios are high or there is some other
reason for minimizing the pressure drop on one side,
unequal passes can be used with fewer passes on the
low-pressure-drop side. Figure 3 shows a two-passlone-
pass (2/ 1) arrangement.

B. Concurrency corrections for large
unequal passes

Where the number of passes for each liquid is unequal,
concurrency occurs as shown by Fig. 3. Depending on
the NTU value and flow rates, this will reduce the
effectiveness of any particular arrangement. If Ti is the

L--i-i--l-1--L-i-l-,

Figure 3 Two-pass/one-pass plate arrangement.
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3.7.8-2 3.7 PLATE HEAT EXCHANGERS / 3.7.8 Plate Arrangement and Correction Factor

inlet and To the outlet temperature of one fluid and
T,! and TL the inlet and outlet temperatures of the
second fluid, then for a basically countercurrent
arrangement with these temperatures,

MICp,(Ti  -To) =M&,,(T:, - Ti) (1)

T:, - T;
NTU = nT

T:, - T;
Ratio Z = 7

Ti - To

T; - T; MICpl
Effectiveness  = Ti _ T; (M Cp)min

( 3 )

( 4 )

Effectiveness/NTU charts for shell-and-tube units
are based on the assumption that the transverse temp-
erature across the shell is uniform. In the case of a
PHE, the degree of correction is less severe, since the
flow passages are segregated by plates so that the cross
flow that occurs in a shell-and-tube unit is avoided.

Information for a number of different plate
arrangements has been published in terms of the
correction factor F to be applied to the LMTD (where
F = AT,/AT)  as a function of the parameter Z [ 141.
The graphs relating to infinite passes of 2/l,  3/l,  and
4/l for values of R from 1 to 10 are shown in Figs. 4,
5, and 6. Ti, T,,, Ti’, and TA can be determined from
the relevant Z and R values. This leads to the corre-
sponding figures for effectiveness and NTU.

C. End effect

The concurrency corrections given above assume that
the size of the passes is infinite. For small platages,
however, certain additional factors become important.

10

09

07

06

z
Figure 4 Concurrency factors, two-pass/one-pass arrangement.
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Figure 5 Concurrency factors, three-pass/one-pass arrangement.

(a) End passages

In all plate arrangements, every passage transfers heat
in both directions except the end passages, which
transfer heat in one direction only.

(b) Equal number of passes

From Fig. 2 it will be seen that although the flows are
basically counter current, the plate that separates pas-
sages PQ at the end of each pass is subject to
concurrent flow,

(c) Unequal passes

The two-pass/one-pass system in Fig. 3 has eight
concurrent and seven countercurrent plates. This in-
equality, which applies to all pass arrangements, must
be taken into account.

u.

0 5 10 15 20

2

Figure 6 Concurrency factors, four-pass/one-pass arrangement.
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3.7 PLATE HEAT EXCHANGERS / 3.7.8 Plate Arrangement and Correction Factor 3.7.8-3

These factors can be denoted as end effects,
because they result from passages at the end of each
pass. Their magnitude increases with the following
parameters:

1. Increase in plate NTU
2. Decrease in size of pass
3. Increase in number of passes

Some published information [23]  about these
factors presents them in terms of �looped flow,� (i.e.,
number of passes of single passages, rarely encountered
in practice), �series flow� (i.e., single passes), or �com-
plex flow� (i.e., multiple passes). Another analysis
[14]  has investigated the effect of pass size on 2/l and
3/l pass arrangements. An F/Z plot for a 2/l pass
arrangement for R = 5 is given from three thermal
plates to infinity in Fig. 7. This shows that with about
20 or more plates, the end effect is not serious.

D. Distribution along port manifolds

On small plate packs, the effect of pressure drop down
the port manifold can be ignored and calculations can
be based on the assumption of equal flow rates down
each plate in a pass. On large plate packs, distribution
effects can become significant, depending on the rela-
tive magnitudes of the plate and manifold pressure
drops. This will reduce the effective LMTD.

The two factors that affect the port pressure drop
are (1) the frictional loss along the manifold, and
(2) the momentum change due to the variation in
liquid velocity.

Distinction must be made between two port
arrangements [ 151 .

10

09

08

IL

07

Figure 7 Concurrency factors, two-pass/one-pass of different
sizes.
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Figure 8 Pressure distribution along port manifolds.

(a) U connections

On U connections the inlet and outlet connections are
made to the head of the machine only, so that this
system is restricted to single-pass arrangements. The
combination of frictional loss and velocity head P,
shown in Fig. 8a results in maximum pressure drop
across the plate adjacent to the head and minimum
against the follower.

(b) Z connections

On Z connections the inlet and outlet connections are
on the head and follower, respectively. This arrange-

2.0 -

1.0 -

�E
1x 0 . 5

a�

0.2 :0.1
1 2 3 4 5 6

V, m/s

Figure 9 Pressure drop/velocity curve for port manifold.
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3.7.8-4 3.7 PLATE HEAT EXCHANGERS / 3.7.8 Plate Arrangement and Correction Factor

ment, shown in Fig. 8b, also applies to each pass of a
multipass system. The combination of frictional loss
and velocity head P, usually gives a variation in
pressure drop across the plate pack that is less than
with the U arrangement.

(c) Performance analysis

The friction factor as a function of the number of
plates can be obtained by measuring the pressure drop

down a port manifold operating with a constant flow
rate from end to end (i.e., not withdrawing any liquid
down the plates), and a typical pressure drop/velocity
curve for 100 plates (50 passages) is shown in Fig. 9.
These data, in conjunction with the plate pressure drop
characteristics, can be used as a basis for an iterative
program to determine the pressure drop down the
manifold.

Nomenclature and References for Section 3.7.8 appear at the end of Section 3.7.12.
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3.7 PLATE HEAT EXCHANGERS 3.7.9-l

3.7.9
Fouling

Anthony Cooper and J. Dennis Usher

n Often termed the most unresolved problem in heat
transfer, fouling is usually handled better in plate heat
exchangers than in most other types of exchanger. The
high induced turbulence between the plates minimizes
the build up of most types of fouling. The high
turbulence also enhances the effect of in-place cleaning
methods. Should the extent of fouling require manual
cleaning, this type of exchanger is easily opened,
cleaned, and closed.

Experimental data have been obtained by Heat
Transfer Research Inc. (Alhambra, CA) on fouling
with cooling tower water in plate and tubular heat
exchangers [ 161 . These tests showed that the fouling
resistance on the plates was less than half that in the
tubular exchangers. Data from one of the tests are
shown in Fig. 1. The fouling resistance in the plate
heat exchanger was only 25% of that recommended by
TEMA for cooling tower water.

These tests were performed on chevron plates with
a gap of 3 mm. This type of plate gives higher
turbulence than the intermating design, so fouling on
some types of scaling liquids is less severe. The chevron
design, however, usually has more contact points be-
tween the plates, so when the liquid carries discrete
solids in suspension, it can be more prone to blockage.

Initial surface temperature = 6O�C

0 600 1200

Time,.h

1800 2400

Figure 1 Fouling resistances at two different plate velocities.

Nonetheless, because of the high turbulence within the
plates, the PHE is particularly good at minimizing
sedimentation fouling. Slurries, for example, can be
easily processed, since the particles are maintained in
suspension. However, because of the narrow gap, it is
essential where possible to ensure that all particles over
2 mm in size are removed by screening before the heat
exchanger.

Because PHE heat transfer coefficients are much
higher than for tubular units, the use of tubular
fouling resistances is unrealistic. For design purposes, it
is recommended that values of not greater than one-
fifth of the published tubular figures [ 171  be used.

References for Section 3.7.9 appear at the end of Section 3.7.12.
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3.7PLATEHEATEXCHANGERS 3.7.10-l

3.7.10
M e t h o d o f f a c e  a r e a

calculation

Anthony Cooper and J. Dennis Usher

A. Performance limitations

The previous sections have shown the principles under-
lying the design and performance of plates, both
individually and arranged in a heat exchanger. Assess-
ment of the suitability for a particular duty must be
based on the fact that the world-wide range of plates
operating in a single pass at unity flow ratio on
aqueous liquids cover the following range of parame-
ters:

Area Up to 2.5 m2 approx.
NTU 0.3-3.5 approx.
Maximum operating pressure 2 000 kN/m�  approx.
Maximum viscosity 5 kg/m s
Port diameter Up to 400 mm
Maximum flow rate 2 500 m3 /h

A quick assessment of the PHE suitability can be made
by comparing the above figures with the actual flow
rate and duty NTU required, that is, the NTU based
on LMTD corrected to allow for physical properties,
fouling, and so on, from which the number of passes
required can be derived. NTU values in excess of 12
are normally avoided, because the increase in tempera-
ture change and pressure drop rarely justify the addi-
tional area required.

B. Basic procedure

The actual calculation method is based on the follow-
ing procedure, which indicates the iterative process
involved. The object is to establish the number of

plates n and of passes H to conform to the specified
heat transfer and pressure drop requirements.

Consider a duty of M kg/s of an aqueous liquid
with similar flow rates on each side and with a LMTD
of AT. The required temperature change is 4 and the
permissible pressure drop Ap. The passages per pass is
n/W, so the plate flow rate is 2MH/n.

The overall HTC is a function of plate flow rate,
fouling, and physical properties, so

L 0)

Allowing for end effect, concurrency, and port losses,
which depend on the plate arrangement,

Actual LMTD AT� = AT f2fn,  H) (2)

thus from

Q=UAAT

we have

MCP@ = fi na ATf~fn,  W (3)

Allowing for port losses, the available pressure drop is
Ap f3fn,  Hj,  and this is also a function of plate rate,
fouling, and physical properties, that is,

If the functions fi , fi , f3, and f4 are known, n and H
can be obtained from the complex relationships given
in Eqs. (3) and (4), suitably modified where necessary

0 1983 Hemisphere I lblishing  Corporation

-..�.. -. .7--
- .. I. ....... �7-I _.-. ... . _._. .. - ....., �F-~-- ..... ..- ..-- ,_ ,_--



3.7.10-2 3.7 PLATE HEAT EXCHANGERS / 3.7.10 Methods of Surface Area Calculation

for variations such as unequal flow rates. Manual
calculations can be based on either the so-called LMTD
method or the effectiveness-NTU method [18], where-
as a very approximate estimate of surface area can be
made by the method given below for aqueous liquids.

C. Approximate assessment for turbulent flow

This method, based on data representative of PHEs in
general, can be used to obtain an approximate estimate
of the heat transfer area required for a particular duty
within the following limitations:

Turbulent flow conditions (i.e., viscosity not ex-
ceeding 4 X 10e3  kg/m s)

Volumetric flow ratio not exceeding 3:l

However, for any degree of accuracy, plate manu-
facturers must be approached for quotations based on
their own data.

Three basic curves for water/water at unity flow
ratio are employed:

1. Area/flow rate curve that relates the individual
plate heat transfer area to the total flow the PHE can
handle. See Fig. 1.

2. cr/Ap curve representative of plates in general,
where 01 in this case is equal to 2U, thereby incorporat-
ing an approximate allowance for metal resistance. See
Fig. 2.

3. Typical Ap/plate flow rate curves for plates of
different areas between 2 m2 and 0.1 m2. See Fig. 3.

These curves apply to water at 313 K, for which
the following physical properties can be assumed:

Density = 1 000 kg/m3
Specific heat = 4.2 kJ/kg K
Thermal conductivity = 0.63 W/m K
Viscosity = 0.65 X 1O-3  kg/m s

The procedure is then as follows:

�O�O l-----l

0.11 I I ,I,,,  !I I llli81ui  I I /WWl
0.001 0.01 0.1 1 .o

ri,  m3 Is

Figure 1 Plate area/total flow rate.

2oooo 0

10 100 200

Ap, kN/m'

Figure 2 E;ilm  HTC/pressure  drop for typical plates on water.

Step 1. Select from the plate area/flow rate graph,
Fig. 1, the approximate area a of the plate to be used,
based on the higher of the two liquid flow rates.

Step 2. Modify the cz/Ap curve, Fig. 2, for each
liquid by correcting the (Y ordinate in each case to
allow for fouling and physical properties in relation to
those of water using the correlations in Sec. 3.75.

Step 3. The two curves in Fig. 2, already revised
in step 2, should be further modified by adjusting the
Ap ordinates to allow for fouling and physical proper-
ties of the liquids in relation to water by using the
correlations for friction factor and pressure drop in
Sec. 3.7.4.

Step 4. Similarly modify the two curves in Fig. 3
by factoring the Ap ordinates to allow for fouling and
physical properties in relation to those of water using
the correlations given in Sec. 3.7.4.

Step 5. To find the number of plates n and the
number of passes H on each side to comply with the
required duty:

0.001
9. d/s

0.01

Figure 3 Pressure drop/plate flow rate for different plate areas
on water.

0 1983 Hemisphere Publishing Corporation



3.7 PLATE HEAT EXCHANGERS / 3.7.10 Methods of Surface Area Calculation 3.7.10-3

(a) Select a whole number of passes H and deter-
mine the available pressure drop per pass on each side
as given by

&=
allowable pressure drop

H

(b) From modified Fig. 2 in step 3, select the (Y
values corresponding to Ap values for each side.

(c) Using the reciprocal equation and incorporat-
ing any fouling allowance, but excluding metal resist-
ance, combine the two cr values obtained above to give
the overall U value.

(d) From the modified curves in Fig. 3, determine
the q values corresponding to the allowable pressure
drop per pass on each side and select the higher of the
two values.

(e) Calculate n = WV/q,  where P is the higher of
the two liquid flow rates and q is the higher value
given in (d).

(f) Calculate Una AT and compare with the re-
quired heat transfer rate; if necessary, repeat with
different values of H until optimum agreement is
reached.

The value of na will give a very approximate idea
of the area required, but for the correct plate arrange-
ment, proper calculations must be used.

(a) Example I

Duty: To heat 7.78 kg/s of wash oil by regeneration
from 331 K to 371 K using hot feed at 383 K. The
allowable pressure loss = 130 kN/m2 each side.

Physical properties:

Density = 880 kg/m3
Specific heat = 1.926 kJ/kg K
Thermal conductivity = 0.125 W/m K
Viscosity = 3 X 10e3  kg/m s

Solution: From heat balance,

4 = 40 K and AT = 12 K

Required heat rate & = MCp$  = 600 kW

1. PIate area from Fig. 1: The volumetric rate is

1= 8 . 8  X lop3 m3/s

and the corresponding plate area is

a  =  0 . 2 7  m2

See point A in the figure.
2. Modification of the a! ordinates in Fig. 2: From

Eq. 3.7.5(l)  relating physical properties to heat trans-
fer, the film coefficient OL is proportional to

ignoring the factor (n/n,,,)�.l  .
Using the data already given for wash oil and

water, the correction factor for cy becomes 0.17, and
this must be applied to the (Y ordinate in Fig. 2. See
curve C in Fig. 4.

3. Modification of Ap ordinates in Figs. 2 and 3:
From Eqs. 3.7.5(l)  and 3.7.5(2) for turbulent flow,
the pressure drop is related to physical properties by
the expression

0.252 0.748
apal7 P

Using the data already given, the correction factor for
Ap in relation to water becomes 1.34, which must be
applied to the & ordinates of the curve in Fig. 2
already modified as in step 1 (see curve D, Fig. 4) and
to the Ap ordinates of Fig. 3. This being a regenerative
arrangement with the same liquids on both sides, only
one curve is necessary for each figure, but if dissimilar
liquids were involved, corrected curves for both sides
would be required in each case.

4. Selection of pass arrangement:

(a) Try H = 8. Then

Pressure drop per pass = F = 16.25 kN/m2

(b) and (c) The modified o/Ap curve D in Fig. 4 shows
that this corresponds to an a! value of 1 200 W/m2  K
at point E and, as conditions on both sides of the
plate are the same, this can be halved to give the value
of U so that

U = 600

Where conditions are not the same, follow the treat-
ment given in Example 2.

(d) In Fig. 3 the curve for a = 0.27 m2, with Ap
ordinates factored by 1.34, gives

2oooo I

I_52
1 0 0 0

,n
I�

Ap, kN/m’

Figure 4 Modified Fig. 2 corrected for physical properties.
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3.7.10-4 3.7 PLATE HEAT EXCHANGERS / 3.7.10 Methods of Surface Area Calculation

q = 0.44 X 10e3  m3/s when Ap = 16.25 kN/m�

(e) Therefore,

2 X 8 X 8.8 X 1O-3
n =

0.44 x 10-j
= 320

(f) As already stated, for a regenerative arrange-
ment,

U = �  = 600 W/m2  K
2

which gives a heat transfer rate of

600 X 320 X 0.27 X 12 X 1O-3  = 622 kW

This is sufficiently close to the specified figure of 600
kW to be an acceptable solution, so that

Total area = na = 86.4 m2

Where different liquids or flow rates are involved, (Y
values for each side would be required from the two
modified versions of Fig. 2, using the two Ap values
relating to the two sides, and they would then be
combined by the reciprocal equation.

Example 2

Duty: To heat 22.7 kg/s of water from 283 K to
361 K by 34 kg/s of hot water at 368 K. The allow-
able pressure drops are 100 kN/m�  and 150 kN/m�  ,
respectively.

SoWion:  Let suffixes 1 and 2 denote the primary
and secondary flows. From the heat balance,

@=78K and A T  =  16.77K

Required heat rate 0 = M,C,@
= 22.7 X 4.2 X 78
= 7 437 kW

Volumetric flow rate VI = 22.7 X 10m3  m3/s,
V2 =  3 4  X 10m3  m3/s

1. Plate area from Fig. 1: Based on the higher
flow rate v2,

a = 0.52 m2

See point B in the figure.
2, 3. Modification of Q and AP ordinates: For water

at the given temperatures, the overall corrections for
physical properties would be small and may be
ignored.

4. Selection of pass arrangements:

(a) Try H = 3, which gives pressure drops per
pass:

Ap, = 7 = 33.3 kN/m�

Ap, = 7 = 50 kN/m�

(b) Figure 2 shows tha
are

t the corresponding values

a1 = 9  000 W/m�  K

a2 = 10200 W/m2 K

See points F and G in Fig. 4.
(c) Using the reciprocal equation, we find

U= 4780 W/m2 K

(d) Figure 3 gives, for Ap, and Ap,,

q1 =  0 . 8 5  X 10e3 m3/s

q2 = 1.1 X 10m3  m3/s

See points X and Y in the figure.
(e) Therefore,

WV2 2 x 3 x 34 x 10-3n=-= = 185
q2 1.1 x 1o-3

as q2 has the higher of the two values.

Rate of heat transfer achieved .= Una AT

= 4 780 X 185 X 0.52 X 16.77 X 1O-3  kW

= 7 710 kW

This is sufficiently close to the specified figure of
7 437 kW to be an acceptable solution, so that

Total area = nu = 185 X 0.52 m2 = 96.2 m2.

D. Computer programs

As already explained, the correlations given in Sets.
3.7.4 and 3.7.5 are merely typical of a wide range of
plates whose performance characteristics vary consider-
ably. The presentation of specific correlations in this
book, therefore, is impossible. To combat this problem
certain manufacturers make computer programs avail-
able so that customers can size and budget price plate
heat exchangers [ 191.

Nomenclature and References for Section 3.7.10 appear at the end of Section 3.7.12.
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3.7 PLATE HEAT EXCHANGERS 3.7.11-1

3.7.11
Thermal mixing

Anthony Cooper and J. Dennis Usher

n Single rather than multipass operation is often
desirable on large industrial PHEs because the U
arrangement of inlet and outlet flow enables follower
connections to be avoided and the machine to be
opened easily for plate accessibility. However, a single
pass of any particular plate type gives a single finite
relationship between NTU and pressure drop. It is,
therefore, not always possible to conform exactly to
any specified thermal and pressure drop requirement.
This problem has been overcome by utilizing the
phenomenon that the NTU value of a chevron plate
type is dependent to a large extent on the angle at
which the corrugations cross 1201.

By using two different angled troughed plates as
shown in Fig. 1 that are mechanically compatible, it is
possible to form three different thermal characteristics
as is shown in Fig. 2. This gives a high, medium, and
low NTU passage. In addition, by mixing a batch of
one type with a batch of different NTU plates in one
frame, it is possible to vary the combined NTU
performance of the exchanger between the extremes of

0 1983 Hemisphere I lblishing  Corporation

the two mixed plates. The advantage of this technique
is that it is possible to match more closely a single-pass
design to the required duty, within the limits of the
NTU range of two types of plate.

The different combinations are set out as an
NTU/AP  relationship in Fig. 3, where it will be seen
that, by mixing the plates to vary the passages:

H passages alone can cover duties along AB
L passages alone can cover duties along CD
H, L, and H/L passages in different proportions

can cover duties in the area A B C D ,  each set of
passages heating the liquid to different temperatures
which, when mixed, give the required outlet value.

Below CD, oversurfacing is necessary to meet
pressure drop requirements, whereas above AB, more
than one pass must be used. In any case, multipass
arrangements are much more acceptable on small
machines, where the follower connections can be un-
coupled easily for inspection.
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Figure 1 Typical plates that can be used in mixed formation. Photo courtesy of Alfa-Lava1  AB, Sweden.

H channel M channel L channel
(high + high) (hfgh  - low) flow + low)

Figure 2 Schematic representation of mixed plates.

L O G  Ap

Figure 3 NTU/Ap  for mixing plates.

References for Section 3.7.11 appear at the end of Section 3.7.12
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3.7 PLATE HEAT EXCHANGERS 3.7.12-1

3.7.12
Two-phase flow applications

Anthony Cooper and J. Dennis Usher

n Although almost all plate heat exchanger types have
been specifically designed for liquid/liquid duties,
many units operate on boiling and condensing duties.
In particular, these exchangers are often used to evapo-
rate liquids with viscosities up to 0.5 kg/m s.

Plate heat exchangers are also used to cool mix-
tures of gases and water vapor where a close tempera-
ture approach to the cooling water is required.

For many condensing duties, this exchanger can be
highly efficient, particularly where the heat fluxes
involved are low due to either a low temperature
difference or poor thermal properties of the fluids.
However, since the port sizes of the plates are fixed
for each type and the plate gaps are small, pressure
drop is often the controlling parameter in condenser
design. If a very low vapor pressure drop is available,
the plate will only operate for a fraction of its length
and the efficiency will be reduced.

There are many applications in the above areas,
but the most common duty is for heating process
fluids with steam. Often the available pressure drop is
over 2 kN/m�  , and efficient designs can be achieved.

For designs with low pressure or vacuum steam,
the main design requirement is to predict the pressure
loss accurately, since the pressure drop can signifi-
cantly affect the condensing temperature of the steam,
and therefore the available temperature difference [21].

The pressure drop of the steam is a function not

only of flow rate but also of the temperature profile
down the plate. In the case of the process fluid being
in counter-current flow, the steam pressure drop at a
given steam flow rate is higher than when the flow is
concurrent at the same steam flow rate. This occurs
since in concurrent flow most of the condensation
takes place in the top half of the plate, which gives a
lower average steam velocity in the entire plate.

The steam pressure drop is therefore a function of
steam flow rate, pressure, and the temperature differ-
ence profile along the plate. Since the pressure drop
affects the steam condensation temperature, the temp-
erature difference is also a function of the pressure
drop.

Although the steam pressure drop can be predicted
for known conditions by the application of conven-
tional two-phase pressure drop techniques to the
normal single-phase PHE pressure drop correlation
[22],  the calculation procedures are so complex that
they can only be carried out by a computer.

A further complication is that when the process
fluid takes more than one pass through the exchanger,
the steam passages are not loaded equally [21]  This
complicates the rating, since the pressure loss down all
the steam passages has to be balanced. For ail but the
most simple applications, the rating of a PHE for these
duties should be left to the manufacturers, who have
the necessary computer programs.

NOMENCLATURE FOR SECTIONS 3.7.1-3.7.12

?I
individual plate heat transfer area, m* b plate spacing, m
total heat transfer area, m* c maximum plate gap (intermating corrugation), m
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3.7.12-2 3.7 PLATE HEAT EXCHANGERS / 3.7.12 Two-Phase Flow Applications

CP specific heat

de effective diameter, m

F
energy per unit area, W/m�
fanning friction factor

F concurrency factor
G mass velocity, kg/m2 s
h height of corrugation, m
H number of passes for each liquid
J specific pressure drop, kN/m2  NTU
L length, m
MlMz maximum flow rate, kg/s
n number of thermal plates
Nu Nusselt number
P corrugation pitch, m
P� velocity head, KN/m2
Pr Prandtl number
4 volumetric flow rate per passage (plate rate),

m3 Is
i! heat rate, W
r (developed heat transfer area)/(projected heat

transfer area)

R CC3 - G/(Ti  - To)
Re Reynolds number
Ti, To, T;‘, TL temperatures, K
u overall heat transfer coefficient, W/m2  K
V velocity, m/s
P volumetric flow rate, m3 /s
X function of physical properties relating to heat

transfer
Y function of physical properties relating to pres-

sure drop
z TA - Ti’/Ti - TL

;;:
film heat transfer coefficient, W/m2 K
angle of trough obliquity

Ap pressure drop, kN/m2
AT, AT� LMTD, K

AT, concurrent LMTD, K
rl bulk dynamic viscosity, kg/m s
VW wall dynamic viscosity, kg/m s
h base angle of corrugation
P density, kg/m3
4 temperature change, K
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3.8 AIR-COOLED HEAT EXCHANGERS 3.8.1-l

3.8.1
Air as coolant for industrial

processes: Comparison to water

P. Paikert

n In many industrial processes a large amount of
heat is developed, which must be removed by cooling
systems. In the past, cooling was done only by water.
However, with growing industrialization the large
quantities of water needed for cooling can no longer
be procured economically, so that atmospheric air is
now often used as coolant.

In spite of its relatively bad cooling properties, air
has been successfully introduced as an economical
coolant in many fields of industrial cooling by the use
of suitable heat exchangers.

The poor cooling properties of air are compen-

sated for by a number of advantages that air has over
water, namely:

Availability in unlimited quantities
Higher purity, uniform over the entire year
No scale, calcerous,  salt, or mud deposits, no

formation of algae or growth of other biological sub-
stances in the cooling system

Fewer corrosion and cleaning problems
No permanent supervision of quality required, no

treatment or retreatment with chemicals
No costs for procurement and waste disposal
Little impact on the environment.
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3.8 AIR-COOLED HEAT EXCHANGERS 3.8.3-l

3.8.3
Fin-tube systems for air coolers

P. Paikert

n The relatively low heat transfer coefficients of
flowing cooling air as compared to those of the
products to be cooled or condensed may be partly
compensated by a surface extension on the air side.
This is realized by fin-tube heat exchanger bundles.

By finning the tubes, the heat exchange surface
may be extended to 10 to 2.5 times the bare tube
surface. The surface extension is optimized on the
basis of considerations of economy and manufacture.

One criterion for the optimization is the specific
performance increase in the heat transfer attainable per
cost unit C, which first grows with increasing surface
extension A/LI~ but decreases after having reached the
optimum value (Fig. 1). The vertex of this function
indicates the optimum surface extension, which grows
with increasing tube-side heat transfer coefficient.

In the optimization coefficient UA/S/C,  according
to Fig. 1, both A/S and U depend on the surface
extension. The parameter A/S, the surface area in
contact with air per square meter of face area, is
merely a geometric factor and can be determined easily
according to Fig. 2 on the basis of the selected
fin-tube type.

The quantity U, the heat transfer coefficient,
however, is very complex. According to Eq. (l), it
depends on a large number of parameters in addition
to the surface extension A/A;.

1 1-= p-+&+Ri
UA vfi-~oA , ,

(1)

where a0 = mean value of the locally varying air-side
heat transfer coefficient (W/m2  K). It also
depends on the following characteristics:

1 2 4 6 810 20 40

- AlAi

Figure 1 Optimum surface extension of fin tubes.

Cooling air velocity
Spacing between the fins
Geometric shape of the fins (round, ellipti-
cal, rectangular)
Degree of turbulence of the cooling air
Artificial turbulence intensifiers on the sur-
face

vF = fin efficiency as defined by Eq. (2) below
and Fig. 3, depending on
The fin geometry (height, thickness, cross-
sectional shape)
The fin material (thermal conductivity co-
efficient)
The heat transfer coefficient.
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3.8.3-2 3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.3 Fin-Tube Systems for Air Coolers

Figure 2 Customary fin-tube systems of varying geometry and with various fin-to-tube connections.

oi = product-side heat transfer coefficient of
the fluid in the tubes (W/m2  K).

Ri = further heat transfer resistances from the
cooling air side up to the product side
(m� K/W), in which the contact resistance
between fin and bare tube as well as the
tube-side fouling may be essential quanti-
ties, whereas the thermal conductivity re-
sistance of the tube wall and the fouling
on the air side, which are also contained in
Ri, mostly play a minor role.

A = reference area for the overall heat transfer
coefficient U. This reference area is arbi-
trary and may be any real or assumed
surface, e.g., the internal tube surface, the
external tube surface, the total surface
area, or a combination of various surfaces.
Consequently, the quantity of the overall
heat transfer coefficient U is no standard
of valuation. It is only admissible for a
comparison of various fin tubes where the
reference area A in Eq. (1) is identical.

A. Applications of common fin tubes

Figure 2 shows a selection of typical fin tubes for
air-cooled heat exchangers and various methods of

Figure 3 Temperature distribution in a fin tube (definition of
fin efficiency).

fixing the fins on the bare tube. Although a general
evaluation is not possible, the various systems have
their typical fields of application.

The contact resistance at the base of the fin is
decisive for the maximum operating of the fin tubes.

Round fin tubes: Aluminum fins wrapped on steel
tubes under tension according to Fig. 2, a and d, have
a high contact resistance which quickly increases with
the operating temperature so that their application is
limited to temperatures of 100°C or less, since other-
wise the tension would be reduced until the fins loosen
due to the higher thermal expansion of aluminum.

Fins mounted in a groove and back filled as shown
in Fig. 2f are usable up to a temperature of approxi-
mately 350°C but require a bare-tube wall thickness
increased by the groove depth.

Fins extruded from a thick-walled aluminum sleeve
as shown in Fig. 2g provide good contact properties
even when thin-walled, high-quality core tubes are used
so that operating temperatures up to 250°C are admis-
sible.

Metallic fin-to-bare tube connections such as
shown in Fig. 2, b, h, and k, have a minor contact
resistance and are applicable up to the solder melting
temperature.

Plate fin tubes as shown in Fig. 2b allow the use
of any type of tube section and any fin shape and size.

Elliptical tubes with rectangular fins are widely
used, especially in Europe, for compact units with low
flow resistance.

Plate-type fins permit the mounting of turbulators
to increase the air-side heat transfer while maintaining
low cooling air velocities and low pressure drops.

By hot-dip galvanization, the fin tubes receive a
uniform metal coat, which also serves as additional
protection against corrosion.
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3.8 AIR-COOLED HEAT EXCHANGERS 3.8.2-l

3.8.2
Custom-built units

P. Paikert

n Air-cooled heat exchangers are constructed either
as mechanical draft fan coolers or as natural draft
cooling towers.

A. Mechanical draft fan coolers

With mechanical draft fan coolers, the cooling air may
be pushed (forced draft) or pulled (induced draft)
through the heat exchanger. With a forced draft
arrangement, the fan always supplies cooling air at
ambient temperature, whereas with induced draft,
heated air is discharged by the fan (Fig. 1).

Consequently, when both types of fans supply the
same air volume, a higher cooling air mass flow and a
better cooling efficiency are obtained by forced draft
units. To reach the same cooling efficiency (i.e., the
same cooling air mass flow) as in the forced draft fan,
the induced draft fan must deliver a higher air volume
and thus requires more horsepower.

In spite of these thermodynamic disadvantages, the
induced draft arrangement is often chosen for other
advantages, such as

More even distribution of air across the bundle
Protection of the heat exchange surface against

damage under extreme climatic conditions, e.g., sleet,
hail, heavy rainfall, snow, and sun rays.

B. Natural draft heat exchangers

Air coolers of the natural draft type always pull the
cooling air through the heat exchangers, the cooling air
supply being assured by the draft effect in a lOO-  or

o 1983 Hemisphere 1
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Figure 1 Arrangement of air-cooled heat exchangers.

150-m-h&h  tower, which is due to the difference in
density between the heated air in the tower and the
ambient air.

With high towers and a high rise in air tempera-
ture, the draft may grow considerably, so that a
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3.8.2-2 3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.2 Custom-Built Units

(a) peripheral arrangement (bl cross~sectii  arrangement

Figure 2 Arrangement of cooling bundles in natural draft dry cooling towers.

cooling air velocity in the heat exchanger, that is, a zigzag arrangement is possible which would increase
cooling air supply rate, may be obtained that equals the air inlet cross section (Fig. 2). Towers with large
that in a fan-cooled air cooler. diameters for higher heat duties are usually equipped

The types of natural draft heat exchangers depend with heat exchangers over their entire cross section.
on the shape and size of the towers. Towers with The exchangers may be arranged horizontally or zigzag
smaller diameters may be more conveniently equipped and on one plane or in the form of stairs within the
with heat exchangers at the tower periphery, where a tower cross section (Fig. 2b).

0 1983 Hemisphere Publishing Corporationr 1KDiL A
..-- -



3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.3 Fin-Tube Systems for Air Coolers 3.8.3-3

Welded fins as shown in Fig. 2h are used where
high temperatures (over 400°C) are involved and where
fin tubes described above cannot be used.

B. Fin efficiency and temperature
distribution in fin tubes

The thermodynamic quality of a fin tube is expressed
by the fin efficiency, which indicates the temperature
loss in the fin and is defined as follows:

effective temperature difference between
fin center and atmospheric air

VF =
temperature difference between fin base
and atmospheric air

6F M - Q2
VF =

79E-F - *2
(2)

according to Fig. 3. For most fin types there is no
definite mathematical solution for nF.

The known solution for the specific case of the
flat fin of constant thickness

tanh X
UF = -X

where

(3)

(41

These factors are
h = fin height (m); often not constant (e.g., Fig. 2b)

o(~ = external heat transfer coefficient (W/m2  K); vary-
ing locally over the entire fin

hF = thermal conductivity coefficient of the fin material
(W/m K); with galvanized plate fins, a value com-
bined from fin sheet and zinc layer

6F = fin thickness (m); often not constant
Figure 3 illustrates the typical temperature curve

through a tin tube. The temperature variation is pro-
portional to the heat flow resistance.

Nomenclature for Section 3.8.3 appears at the beginning of Part 3.
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3 .8  AIR-COOLED HEAT EXCHANGERS 3.8.4-l

3.8.4
Fin-tubebundles

P. Paikert

n The fin tubes selected for an actual requirement
are arranged in rectangular cooler bundles up to 3 m in
width and 15 m in length, mostly with four to eight
tube rows. The arrangement substantially influences
the cooler bundle performance.

With in-line arrangement of the fin tubes, the
pressure loss is up to 60% lower and the heat transfer
coefficients approximately 30% lower than with the
staggered arrangement, which is most commonly used
because of its compactness.

The mean heat transfer coefficient decreases as
more rows are installed. Heat transfer coefficients
often relate to six-row systems. Correction values for
units with much more or less than six rows and with
in-line or special tube arrangements must be defined by
the fin-tube manufacturer.

Fin-tube bundles must be designed with considera-
tion of the fan diameter and number. Within certain
limits, longer tube bundles are less expensive than
short ones, since fewer tubes and fewer tube-to-
tubesheet welds are needed.

Product distribution headers may be welded or
bolted onto the tube plates (Fig. 1).

0 1983 Hemisphere 1

(a) all welded (blremovoble
cover plate

(c)removable plugs

Figure 1 Product distributing and collecting headers.

All-welded headers assure good air-tight sealing but
make mechanical cleaning of the tubes impossible.

Bolted headers must be provided in case the tubes
require regular cleaning from product-side deposits.
Typical solutions are removable cover plates or plugs
(Fig. 1, b and c). The thermal expansion of the tubes
must be accounted for by a floating tube plate. Large
variations in the temperature of the product to be
cooled make additional measures necessary-for ex-
ample, the splitting of the headers.

Figure 2 shows a typical fin-tube bundle structure.
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3.8.4-2 3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.4 Fin-Tube Bundles

PROFILE  HEADER  IINLE

FLOATING  TUBESHEE

, -� -STATIONARY  TUBESHEET
GASKET

VENT CO�/::  PLATE

Figure 2 Fin-tube bundle of GEA air-cooled heat exchanger.
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3.8 AIR-COOLED HEAT EXCHANGERS 3.8.5-l

3.8.5
Thermal rating

P. Paikert

n The thermal rating first requires a reasonable adap-
tation of the means to be selected to the specified
requirement. This implies a certain experience. Shape,
size, finning, and fin-tube material must be suitable for
the fluid to be cooled or condensed and must be
adapted to its physical properties. The rating is then
carried out by the following step-by-step method.

A. Estimation of the tube-side heat
transfer coefficients (Yi

On the basis of the specified task, an initial guess of
the expected CY~ values may be made by means of
Tables 1 and 2 or Fig. 1. The indicated values refer to
typical conditions of air coolers and air condensers.

When the tube-side conditions such as flow veloc-
ity and temperature of the streaming fluids or the
temperature difference of condensing or evaporating
fluids are specified or known, the tube-side heat trans-

Table 1 Estimated heat transfer coefficients
of flowing liquids inside tubes (fluid velocity
about 1 m/s, service values)

Liquid q, W/m�  K

Cooling water 2 000-4 000
Paraffins (C,H,,-C,,  H,,) 800-l 200
Benzene/toluene 1 000-I 500
Methanol 1 400-l 700
Ethanol 1 100-l 500
Hexanol 600-800
Octanol 400-600

Table 2 Estimated heat transfer coefficients
of condensing vapor

Condensing vapor cq, w/m� K

Steam 3 000-5 000
Paraffins 800-l 600
Benzene/toluene 1 400-l 800
Ethanol 1 500-2 000
Methanol 1 600-2 200
Ammonia 2 500-3 000
Refrigerant R 12 1 0 0 0 - l 500

fer coefficients may be determined more exactly-for
example, in accordance with Part 2 of this handbook.

B. Selection of fin tubes

The estimated heat transfer coefficient gives a first idea
of the required and expedient surface area ratio A/Ai
of the fin tube to be chosen according to Fig. 3.8.3(l).
The thermal and hydraulic data of the selected fin
tube should be available as a function of the cooling
air velocity u, as shown in Fig. 2 or according to E q .
3.8.3(l)  (obtained from the fin-tube manufacturer).

C. Selection of the cooling air velocity u

The cooling air velocity is fixed within rather narrow
limits, since the increase of the air-side pressure drop
with growing velocity is almost square and due to the
low static pressure of 100 to 200 Pa developed by
conventional fans. It ranges mostly from 2 to 4 m/s,
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3.8.5-2 3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.5 Thermal Rating

Figure 1 Mean heat transfer coefficient of flowing mineral oils
(estimate).

depending on the face area, the number of tube rows
n, and on the admissible and feasible temperature rise
of the cooling air.

D. Overall heat transfer coefficient (I

After the (Yi value and the cooling air velocity have
been determined, the overall heat transfer coefficient
for a selected fin-tube system may be obtained from
Fig. 2 or Eq. 3.8.3(l).  When an additional product-side
fouling afoul needs to be taken into account, the
actual service value Olism is first determined. Then:

1

%serv = + + lfoul

Fin-tube characteristic i
L-Foot sm&- I -
ll FPI
A,& = 28 A&

\

’,/

1 2 3 4 5 6 7 B

Figure 2 Overall heat transfer coefficient U and air-side pressure
drop Afair  as function of air velocity U.

The fouling resistance afoul may be taken from perti-
nent manuals or gotten from experience.

Generally, air-side fouling need not be considered
for the U value. Although relatively high air-side
fouling may adversely affect the air flow through the
unit and thus decrease the effective temperature differ-
ence, it scarcely influences the U value because of the
relatively small air-side heat flux.

E. Number of tube rows nR

The number of tube rows needed depends on both the
specific requirement and the efficiency of the selected
fin-tube system. Roughly estimated, these two factors
can be expressed by a quantity a, which includes the
temperature difference between product and cooling
air inlet as well as the value U(A/S)  of the fin tube
(Fig. 3).

Iprod, in - tair, in AGOa =
UAIS =-UA/S (2)

nR = cl aG (3)

where C1 = 24 for fin tubes of the kind according
to Fig. 2

c, = 0 .49

F. Product thermal number aprOd

One auxiliary term for the further thermal rating is the
dimensionless number

cp
Atprod Iprod,  in - tprod, out

prod = - =
Ago tprod,in - tair,in

(4)

It is used later to determine the effective mean temper-
ature difference (EMTD) and the surface area needed.

G. Coolant design number K

The dimensionless design number applicable for one
tube row is now calculated on the basis of the
available results.

where cP is the specific heat of air at constant
pressure.

H. NTU number

The dimensionless NTU number (number of transfer
units) is obtained by the product of the coolant design
number and the number of tube rows:
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3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.5 Thermal Rating 3 . 8 5 3

Atair
N T U  =  nR K = EMTD

Figure 3 Optimum tube rows for air coolers.

(6)

For optimum design it normally lies in the range of
0.8 < NTU < 1.5. This quantity already represents a
control value for the available quantities u and HR.

I. Coolant thermal number aah

The dimensionless value <Pair  = Atai,/Ago  for various
types of flow in air coolers is given in [ 1, 21. For
three typical flow arrangements with air coolers (1,
cross flow; 2, cross-counter flow return bend; 3,
counter flow), @air  is given by Eqs. (7), (8), and (10)
or may be obtained from Figs. 4-6. Besides the known
quantity NTU, the equations also contain the quantity

7 = AtprodI Atair, which must first be estimated in
order to obtain @air. 7 generally lies between 0 and 1,
but may also be higher.

For isothermal condensation, Atprod  = 0 a n d
7 = 0, SO the same ~�air is obtained for all flow types.

Arrangement I: cross j70 w

On the tube side, one or more passes, side by side:

@air =
1 - exp [- ~(1  - edNTU)]

7 (7)

Arrangement 2: cross-counter-flow return bend

On the tube side two passes in the counter-flow
direction to the air flow:

1 -
1

1 + (1 - l&/2) (PVo - 1) 1 (8)

+,.  = 1 _ eN=U/* (9)

Arrangement 3: counter flow

On the tube side four or more passes in the counter-
flow direction to the air flow:

(10)

06

021
OS 06 07 08 09 10 1s

- NTU

Figure 4 Coolant thermal number @air  for cross flow.
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3.854 3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.5 Thermal Rating

t
+A Prod {,T 31,"

06

021 ""'I"" "I"
05 is " L 15

- NTll

Figure 5 Coolant thermal number @air  for counter-flow return
bend.

The flow arrangements are selected according to
the product volume to be cooled or condensed and
the temperature difference between the product and
the cooling air. Arrangement 1 applies when large
product volumes are to be cooled or condensed or

0.6

02
05 06 07 08 09 10

.~--w NT(,

Figure 6 Coolant thermal number @air  for counter flow.

when high temperature differences are involved.
Arrangement 2 applies to liquid coolers with small
volumes and low temperature differences. Arrangement
3 applies to high-pressure coolers or coolers where the
temperatures of the two flows approach or overlap
each other.

J. Effective mean temperature difference
EMTD

The EMTD is obtained from the definition of NTU
according to Eq. (6) as follows:

Atair
EMTD = NTU =

@air A~O

NTU (11)

In order to simplify the calculation and avoid a
trial-and-error procedure, Eqs. (7)-(10) can be re-
arranged to get the expression

(12)

which can be solved graphically as a function of

Atprod and NTU. This is shown in Figs. 7-9 for the
three arrangements.

K. Surface area A

The surface area needed is

Figure 7 Effective .nean temperature difference (EMTD) for
cross flow.
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3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.5 Thermal Rating

06

Figure 8 Effective mean temperature difference (EMTD) for
counter-flow return bend.

d
A=UEMTD (13)

in which 0 is the total heat transferred in the ex-
changer.

L. Face area S

The coolant-side face area needed is obtained from the
expression

-05 06 07 CB 09 10 '1 '2 13 iL

- NTU

Figure 9 Effective mean temperature difference (EMTD) for
counter flow.

This face area is so apportioned to length and width
that reasonable bundle dimensions are obtained.

Nomenclature for Section 3.8.5 appears at the beginning of Part 3.
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3.8 AIR-COOLED HEAT EXCHANGERS 3.8.6-l

3.8.6
Tube-side flowarrangement

P. Paikert

n To determine the tube-side flow arrangement, the cooling air velocity. The pressure loss is obtained
carry out the following steps. from the fin-tube characteristic and the number of

1. Calculate the tube-side heat transfer coefficient tube rows as follows:
oi. This may require correction of the initial guesses.

2. Determine the tube-side pressure loss as a func- &�st = &air  nR Cn (1)

tion of the product velocity, the fluid properties, and where c, is a correction factor that must be defined
the geometric characteristics of the cooler bundle, by the fin-tube manufacturer and that accounts for the
according to Part 2 of this handbook. fact that due to the losses at the inlet and outlet the

3. Calculate the air-side static pressure loss of heat pressure drop is not directly proportional to the num-
exchangers for the volume of the cooling air flow and ber of tube rows.

I

Nomenclature for Section 3.8.6 appears at the beginning of Part 3.
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3.8 AIR-COOLED HEAT EXCHANGERS 3.8.7-l

3.8.7
Cooling air supply by fans

P. Paikert

A. Selection of fan type and size

To supply cooling air, axial-flow fans are used that can
handle large volumes at low pressure. To assure good
air distribution, the following ratio between face area S
and cross-sectional area of the fan S, should be
observed:

1.8 <f < 2.6
�

(1)

Usually, axial-flow fans are provided with four to eight
blades. Both the fan cost and the air volume supplied
at the given fan speed increase with increasing blade
number.

When the air volume remains unchanged, the rpm
can be reduced with increasing blade number. This has
the favorable effect of reducing noise and increasing
efficiency.

B. Power consumption of fans

The energy consumption of axial-flow fans often
accounts for 1% to 3% of the cooling capacity.
Roughly estimated, the following result is obtained
from the volume supplied and the pressure difference:

N =
WPstat + k�dyn)  kW

1 OOOTj� (2)

where P = cooling air rate (m3 /s)
apstat = static pressure difference (Pa)
&?dyn = dynamic pressure difference over the fan

cross section (Pa) to be calculated from fan

charts or from the air flow and the effec-
tive fan cross section SvE ; and

&dyn  =

&dyn = 40-60 Pa
qv = fan efficiency (often, nV = 0.6-0.7)

when reading the fan power from fan charts, it must
be noted that these charts apply only to a certain
temperature and that the power must be converted to
the air temperature over the fan cross section. Figure 1

kW

N

A

30

20~

0

0 20 40 80 100 120 140
--- In% Ar Vol�me

Figure 1 Fan chart: air volume, static pressure, and power
consumption at fan shaft.
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3.8.7-2 3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.7 Cooling Air Supply by Fans

shows a typical fan chart for an axial-flow fan. To
minimize the calculation work, in such a chart the fan
efficiency and the dynamic pressure are already in-
cluded and one needs only the static pressure and the
air volume to get the blade angle from the lower part
of the diagram and then get from the upper part the
power consumption of the fan out of the blade angle
and the air volume.

C. Fan drive design

Fans and drives should be low cost, solid, and reliable.
Therefore, fans up to a diameter of 1.5 m are often
mounted directly on the motor shaft. When fans with
larger diameters are used, the fan rpm must be reduced
to avoid the development of noise growing with the tip
velocity. The cheapest solution for speed reduction is a
V-belt drive mounted between the motor and fan. V
belts are used up to driving powers of 30-40 kW. For
higher driving powers, various types of reduction gears
are used. These may be installed on the ground with
an extended fan shaft or on a supporting structure
directly on the fan hub (Fig. 2).

Direct

V belt

Gear (compact)

Gear (separate)

Figure 2 Normal fan drives.

0 1983 Hemisphere I
r

HL

8760

8 000

t 7000 6 000

5
r" 5000

EL000

B 3000
a
:-2 2000

1 cl00

0

Figure

100%
divwd
HWS

30 20 10 0 10 20 30 36°C

D-y-Rib Temperature -

3 Temperature distribution of outside air.

Since a fan always supplies a constant air volume,
an increase in driving power is required at low air
temperature, especially in winter, because of higher air
density. This must be taken into account when rating
the driving motor for fans that are not autovariable. In
this case the motor must be oversized by 25-30%.  For
fans where the blades are mechanically adjusted for
summer and winter operation the motor must be 15%
oversized.

D. Air design temperature

The cooling air design temperature tarr is of great
importance for cooler design and thus for investment
cost, since the temperature difference between product
and coolant inlet is directly proportional to the surface
area needed. Because of seasonal temperature variations
in atmospheric air, a design temperature must be
chosen that is at the tolerable limit for the cooling
process and still appears reasonable for the investment
cost. In general, this temperature is not the statistical
maximum air temperature at the plant location but
often the temperature that is not exceeded during
94-96% of the annual operating hours.

By renouncing the full cooling capacity for the
remaining 4-6% of the annual operating hours, it is
possible to reduce the air design temperature by 12-
14°C and the investment cost by 50-60%,  for example,
when the temperature of the product to be cooled is
60°C and a typical air temperature chart as shown in
Fig. 3 applies. These annual air temperature charts are
available for many places or may be obtained from
meteorological stations. Unless a reduction of the
cooling capacity is allowable for the few hours per
year or in case the product temperatures are still
lower, the capacity may be increased by humidifying
the air and thus cooling it down to almost its wet-bulb
temperature. For example, the wet-bulb temperature of
atmospheric air of 32°C is approximately 20-24�C,
depending on the relative humidity.

lkhing corporation
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3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.7 Cooling Air Supply by Fans 3.8.7-3

Air humidification should be practiced over short
periods only, and should be confined to special cases
since otherwise problems may arise by corrosion attack
or deposits on the fin tubes.

E. Economic operation and control
of the cooling air flow

Because of the variations in the atmospheric air temp-
erature, a fan without control supplies too much
cooling air most of the year and thus often has the
unwanted effect of subcooling the product. Further-
more, the horsepower consumption of the fan supply-
ing the full air volume is unnecessarily high.

By adapting the cooler air volume to the actual
requirements, much power may be saved since the
latter goes with the third power of the air volume. The
air volume may be reduced by the following measures:

1. Shutdown of individual fans (expedient only
when more than three fans are installed)

2. Pole-changing driving motors. (By throttling the
speed to two-thirds of the rated rpm, the driving
power may be reduced by approximately 70%)

3. Autovariable blades (These fans automatically
adjust pitch in response to a preset product outlet
temperature.)

The annual saving in energy achieved by the three
measures still depends on the difference between
product and air design temperature and on the number
of fans installed. The amount of energy saved varies
with each specific case and must always be investigated
separately. Savings of 2040%  of the rated horsepower
are possible.

F. Exchange rate during fan outages

In case of fan failure, the air in the cooler bundles first
heats up considerably and then leaves the bundle by
free convection so that ambient air can flow in. The
height of the horizontal cooler bundle and, with an
induced draft arrangement, the height of the plenum
chamber, forms a chimneylike unit filled with hot air
with corresponding draft. Calculation of the air flow
through the unit and thus of the exchange rate can
proceed according to Sec. 3.8.8.

Nomenclature for Section 3.8.7 appears at the beginning of Part 3.
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3.8 AIR-COOLED HEAT EXCHANGERS 3.8.8-l

3.8.8
Cooling air suY

towers

P. Paikert

natural draft

1 When exchange rates above 100 MW are to be
handled, the energy consumption for the cooling air
supply by fans becomes so important that natural draft
towers are more economical in most cases.

The air flow rate in a natural draft tower is
determined by the hot air draft in a tower of height H.
The draft equals the resistance of the tower plus the
resistance of the cooling bundles:

nP = A~tow + aPstat = Heff  AP g (1)

where Ap= difference in density between the atmo-

spheric air and the hot air in the tower

(kg/m3 >
g = acceleration due to gravity (m/s2)

Heff = effective height of tower (m)
= difference in height between the center of

the cooling bundle and the tower outlet
Aptow = pressure losses in the tower including the

pressure caused by the air supply, turn, and
outlet (Pa)

It often reaches the same value as the static pressure
difference of the cooler bundle.

Nomenclature for Section 3.8.8 appears at the beginning of Part 3.
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3.8 AIR-COOLED HEAT EXCHANGERS 3 . 8 . 9 - l

3.8.9
Special features of air coolers

P. Paikert

A. Sound power and sound pressure levels

Definitions:

Sound power level: objective quantity; the total
sound emitted by a system to the environment. It is
identical to the sound pressure level related to a
reduced surface of 1 m2.

Sound pressure level: subjective quantity; the mea-
sured sound pressure related to a fixed value, largely
depending on the distance from the noise source.

The sound power emitted to the environment by
air-cooled heat exchangers originates almost entirely
from the fans and drives. The fan drive-motor and
gear unit-often accounts for as much sound power as
the fan itself, a fact that should not be neglected.

The noise developing in the fan by interruptions
of the air flow and by air turbulence has a low basic
frequency resulting from the product of the number of
blades and the rpm, and therefore is resented less with
decreasing basic frequency. All measures likely to
reduce the turbulent vortex within the range of the fan
help decrease the noise and increase the fan efficiency.
This applies particularly to the air inlet.

Approximate equation for the sound power:

ap p
L,=c+3Ologw+1Olog  ls;;o -5logDdB(A)

(1)

where c = specific basic level; 44 dB(A), normal de-
sign; 37 dB(A), low-noise design

o 1983 Hemisphere I

H

w = tip velocity (m/s)

npstat = static pressure rise (Ba)
P = air quantity (m3 /s)
D = fan diameter (m)

The sound pressure level at a distance R (m) from the
fan is approximately

LP = L w - 10 log 27rR’  dB(A) (2)

If n identical fans are installed in a plant, the total
noise is obtained by the expression

(~5~)~ = Lw + 10 log n dB(A) (3)
A reliable prediction of the sound power of the
electric motors and fan drives is not possible. The
sound power of these units is near the following
values:

Electric motors

V belts
Gear boxes

up to 50 kW 60-70dB(A)
SO-100 kW 70-80 dB(A)
20-40 kW 60-65 dB(A)
40-60 kW 70-80 dB(A)
60-100 kW 80-100 dB(A)

With a larger number of smaller fans and drives, the
increased sound power must always be taken into
account by the summation according to Eq. (3). This
may result in a considerable additional impact on the
environment.

In natural draft towers, noise may develop to a
minor extent by air vibrations in the exchanger bundle
at high air velocities.
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3.8.9-2 3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.9 Special Features of Air Coolers

B. Vacuum condensers

Air-cooled condensers with the product flowing inside
the tubes are usually provided with long tubes for
economic reasons. For calculating these units, not only
the condensation heat to be removed but also the
product-side pressure loss must be taken into account.
In vacuum condensers with a pressure below 30 torr,
the change in pressure often is of the same order of
magnitude as the absolute pressure, which has the
effect of considerably increasing the volume coupled
with a still higher pressure loss. This may cause a quick
approach to the maximum flow limit of a condenser,
which is reached when the fluid flows at sonic velocity
at the tube inlet.

In many cases this maximum flow, not the heat
amount to be removed, is the dominant factor for the
rating of a condenser. Furthermore, pressure losses
occurring before the fluid enters the tubes as a conse-
quence of acceleration and of the entry into the
headers must be taken into consideration. For sharp-
edged tubes, the absorption limits may be as low as
50-600/O  of the sound velocity of the vapor to be
condensed, related to the geometric tube cross section
so that short tubes of 1.0 or 2.0 m must be used.

C. Air-cooled exhaust steam condensers

The direct condensation of the turbine exhaust steam
of power stations often causes specific problems at low
ambient temperatures during the winter season. The
plant must be designed for full load at the maximum
summer temperature of the cooling air and is thus
oversized for operation under partial load, which may
become necessary at low winter temperatures. In this
case subcooling of the condensate and freezing must be
feared unless special provisions are made. Figure 1
shows a schematic of a properly built exhaust steam
condenser. The exhaust stream from the turbine flows
through the exhaust steam piping first into the upper
collecting headers of the condensers and is cooled and

Upflow  condenser Downflow  condenser

;.a,

Figure 1 Air-cooled condenser for power stations.

partly condensed when flowing down the tubes. The
remaining steam enters the succeeding condenser
bundles, where the steam rises and continuously heats
the down-streaming condensate and thus prevents
freezing.

However, if the steam is not properly distributed
between the downflow and upflow units, flooding may
be caused at the tube inlet of the upflow unit by
excess vapor velocity so that the performance is con-
siderably reduced, and the tubes blocked by the con-
densate may freeze. The shares of the downflow and
upflow units in the plant may be varied by means of
control valves in the distribution piping.

The tube portions of the upflow unit that are not
used for condensation contain inert gas (air), which
must be permanently removed by a vacuum pump in
order to maintain the condensation performance. The
moisture contained in the air may freeze on the tubes
until they are blocked.

D. Gas/vapor mixtures with a nonlinear
t/Q curve

When gas/vapor mixtures are cooled or condensed, the
EMTD cannot be determined as defined in Sec. 3.8.55,
where the determination of the EMTD is based on a
linear temperature curve plotted against the heat load
(t/i, curve). This applies only to the cooling and
condensation of pure fluids (Fig. 2, a and b). For
gas/vapor mixtures with heavily curved temperature/
heat load curves similar to Fig. 2c, the EMTD and the
exchanger surface must be calculated in several steps
after the t/e curve has been linearized. Because of the

Figure 2 Temperature distribution for cooling and condensing
pure fluids and gas/vapor mixtures. (a) Cooling product with
constant specific heat. (b) Condensing pure vapor with negligible
pressure loss. (c) Condensing gas/vapor mixture.
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3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.9 Special Features of Air Coolers 3.8.9-3

varying (Yi values in the individual sections, which
decrease with increasing curvature (= increasing gas
content), the following expression must be used:

Atot  = iAiEtl(~s,$
i=l

( 4 )

Problem: An air-cooled water retooler  has to be
designed for a closed-cycle process.

Heat load 0 = 5 X lo3 kW

Water inlet t, = 55°C

Water outlet tp = 45°C

Ambient air tair  = 25�C

Determine size, power consumption, noise power, and
noise pressure level at a distance of 300 m from the air
cooler.

Solution: For a closed-cycle cooling process and
low temperature level, a design with induced draft and
horizontal cooler bundles similar to Fig. 3.8.2(l)  and
an L-foot fin tube as in Fig. 3.8.3(2a,  d) has been
chosen. Fin-tube characteristics are given in Fig.
3.8.5(2).

Air velocity (chosen):

u = 3.0 m / s

&air = 21 Pa Fig. 3.8.5(2)

(Yi = 4 000 W/m2 K Table 3.8.5(l)

U= 33 W/m2  K Fig. 3.8.5(2)

Number of tube rows:

a = 0.032 Eq. 3.8.5(2)

nR = 4 Eq. 3.8.5(3)

Product thermal number:

cpprod = 0.33 Eq. 3.8.5(4)

Effective mean temperature difference:

NTU = 1.06
Eq. 3.8.5(5)
Eq. 3.8.5(6)

Em=053
Ar.YO  .

Fig. 3.8.5(8)

EMTD = 15.9 K

Surface area:

A = 9 530 m2 Eq. 3.8.5(13)

Face area:

S= 86m2 Eq. 3.8.5(14)

o 1983 Hemisphere E

Chosen dimensions:

Four bundles, each 10 m long, 2.2 m width
Size of aircooler: 11 m X 9.2 m overall
Number of tubes per bundle: nTn = 128
Number of tubes per flow pass: np = 256 (cross-

counter-flow return bend)

Water flow in tubes:

mw
c! -* =-- 120kg/s

At, cw

Water velocity in tubes:

m,u, =
pw npdizd4

= 1.49 m/s

and therefore oli = 4 000 W/m2 K from Table 8.5(l)  is
justified.

Fan selection and power consumption:

Air temperature rise:

Atair = NTU EMTD = 16.8 K Eq. 3.8.5(8)

Cooling air volume:

Pair = (SU)
2 7 3  +  tair + Atair

2 7 3  +  tair
=  2 7 2  m3/s

Chosen: four fans, each 68 m3/s air volume capacity

Dv = 3.65 m

1
Fig. 3.8.7(l)

DN = 1.2 m

rpm = 288

V-belt drive Fig. 3.8.7(2)

Static pressure:

Cooler bundle: 4 X 21 Pa = 84 Pa

Entrance losses (estimated) = 26 Pa

417stat = 110Pa

Power consumption:

N = 15 kW at 7.5� fan blade angle Fig. 3.8.7(l)

or

N = 68 (11’  + 30)= 14.7 kW
lo3 X 0.65

Eq. 3.8.7(2)

Motor size:

Nmot =  2 0  kW

Sound power level:

L, = 4 4 + 3 0 log 55 + 10 log 110 x 68
1 ooo

- 5 log 3.65 = 102 dB(A) Eq. 3.8.9(l)

Ming Corporation
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3.8.9-4 3.8 AIR-COOLED HEAT EXCHANGERS / 3.8.9 Special Features of Air Coolers

With four fans: Sound pressure at 300-m distance:

L w4 = 102 + 10 X 0.6 = 108 dB(A) Eq. 3.8.9(3) Lp = 108 - 10 X 5.75 = 50 dB(A) Eq. (2)

Nomenclature for Section 3.8.9 appears at the beginning of Part 3.
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3.9 COMPACT HEAT EXCHANGERS 3.9.1-1

3.9.1
Introduction

R. L. Webb

n A brazed plate fin heat exchanger is used primarily
for gas-to-gas, gas-to-liquid, or two-phase service. It was
initially developed for gas-to-gas and gas-to-liquid air-
craft and mobile applications. Here, compactness and
low weight were valued. This favored aluminum con-
struction. Next, development focused on regenerative
heat exchangers for gas turbines, which also valued
compactness. Because of high gas turbine exhaust
temperatures, stainless steel was used for construction.
The brazed aluminum concept has found wide accep-
tance for gas processing applications (separation and
liquefaction). This includes gas-to-gas and two-phase
service. Such heat exchangers may be made up of cores
1 X 1 X 6 m in size, manifolded into large batteries.
Small brazed aluminum designs are used for air-to-
liquid or oil coolers, and as automotive refrigeration
evaporators. More recent applications include heat re-
covery from combustion products, heating ovens, and
for recovery of heat from building ventilation air.
Because of the compactness possible, the brazed alumi-
num design is also being considered for large dry
cooling towers of multimegawatt capacity. Many other
applications are possible.

Primary construction materials are aluminum for
temperatures below 250°C and stainless steel for tem-
peratures up to 650°C. Although plate fin construction
is usually employed for pressures less than 2 000
kN/m*, designs have been developed for pressures as
high as 5 000 kN/m�.  With clean fluids, fin densities of
5-8 fins/cm are common. When dirty gases are in-
volved, 2-5 fins/cm are more common. Illustrations of
heat exchanger design for the various duties are shown
and discussed in Sec. 4.4.3. In this section we consider

the construction details of the heat exchanger as it
influences its thermal and hydraulic performance.

Brazed plate fin heat exchangers normally employ
a sandwich-type construction, as illustrated in Fig. 1.
The space between the parting sheets is filled with fins
that are stamped and folded in an accordion pattern.
The fins are bonded to the parting sheets by brazing.
Kays and London [l] have termed this construction a
�compact� heat exchanger. Based on parting sheet or
prime surface area, the compact heat exchanger will
yield a very high heat transfer coefficient. Three basic
principles are employed to obtain high heat transfer
rates per unit volume for heat transfer to gases: (1) use
of extended surface, (2) small hydraulic diameter pas-
sages, and (3) augmented or special fin surface geome-
tries.

In addition to a compact, low-weight design, the
plate fin construction offers other advantages. The heat
transfer surface for each stream may be independently
selected. This allows one to select the optimum surface

Figure 1 Illustration of plate fin assembly

o 1983 Hemisphere Publishing Corporationr 1KDtL A
.

--  �-  -  *--A� - .
---  -.-

.-..__ _.. .- -----v.  . ._. ..-.



3.9.1-2 3.9 COMPACT HEAT EXCHANGERS / 3.9.1 Introduction

geometry and flow area for each fluid stream. The cleaning may be possible for a simple cross-flow design
design concept also allows one to employ multiple without distributor fins. Therefore, most plate fin
fluid streams in a single heat exchanger. A plate fin exchangers are normally limited to the use of relatively
heat exchanger may be designed for any flow arrange- clean, nonfouling fluids. Since the sandwich construc-
ment-counter flow, cross flow, and so on. Major tion must also function as a pressure vessel, design
limitations of the plate fin design include difficulty in pressures are limited to moderate values, for example,
cleaning the fin passages. The use of special augmented 2 000 kN/m2.  If higher design pressures are of interest,
surface geometries and flow distributor fins render the possible selection of fin geometries is more limited
mechanical cleaning virtually impossible. Mechanical and thicker fins must be employed.

References for Section 3.9.1 appear at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS 3.9.2-l

3.9.2
Definition of geometric terms

R. L. Webb

n The design of a plate fin heat exchanger requires
the use of a special terminology. First, a terminology is
required to define the geometric characteristics of a
particular surface geometry. Second, certain relations
are required to define the geometry of the heat
exchanger. The geometric factors needed to specify the
fin geometry are (1) the basic surface description,
(2) plate spacing b, (3) hydraulic radius rh, (4) fin
thickness 6, (5) surface area per unit volume between
parting sheets /3, and (6) fraction of total surface area
formed by the fins Af/A. These factors will be pro-
vided with the test data for each fin surface geometry.
Other geometric factors are required to define the flow
and heat transfer surface geometry for each stream of
the heat exchanger. The geometric factors that must be
specified for each of the exchanger streams are A,,

Afr, L, y, and u. The thickness of the parting sheets is
a, and the total heat exchanger volume is V.�  Table 1
defines the surface and core geometric relations for
side 1 of the core. The terminology is defined in the
Nomenclature at the end of Sec. 3.9.13.

Table 1 Compact heat exchangers: surface
and core geometric relations

b, Pi%,

@f-h),
=-= (Yrh),

V

‘=I = b, + b, + 2a

A ,  =  (yl,Afr)I = Y, V

Nomenclature for Section 3.9.2 appears at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS 3.9.3-l

3.9.3
Plate fin surfacegeometries

R. L. Webb

n Figure 1 shows typical surface geometries used for
heat transfer to gases. The figure shows seven basic
types of surface geometry, and defines the geometric
variables associated with each type. By varying the
basic geometric variables for each type of surface, it is
possible to obtain a wide variety of specific surface
geometries. Although typical fin spacings are 5-8 fins/
cm, applications may exist for as many as 16 fins/cm.
Fin thicknesses of 0.1 to 0.25 mm are common. Fin
heights may range from 0.25 to 2 cm. A plate fin
exchanger with 6 fins/cm provides about 1 300 m2 of
heat transfer surface per cubic meter of volume. Such
a heat exchanger would contain 10 times as much heat
transfer surface per unit volume as in a typical shell-
and-tube heat exchanger having 19-mm-diameter  tubes.
Operated at a frontal velocity of 3 m/s, the heat
transfer coefficient based on prime surface area would
be on the order of 1 800 W/m2  K.

The rectangular and triangular fins are simple
geometries that offer increased heat transfer because of
their small hydraulic radius. The addition of perfora-
tions or holes in the fin surface provides some heat
transfer increase as a result of wake mixing that occurs
in the hole regions. The wavy fins yield increased heat
transfer because of secondary flows established by the
wavy channel. The offset strip fin, louvered, and pin
fins all provide heat transfer augmentation via the
repeated growth of laminar boundary layers, followed

Reclmgdar

Wavy f/, e, wave shape)

Offset S/rip  0, t j
.L

f’

Figure 1 Plate fin surface geometries.

by dissipation in the wake regions. The offset fin
provides heat transfer coefficients two to three times
higher than a plain fin geometry having the same fin
spacing.
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3.9 COMPACT HEAT EXCHANGERS 3.9.4-l

3.9.4
Surface performance data

R. L. Webb

n The heat transfer and friction data are normally
presented in the form j E St PrU3,  and f versus a
Reynolds number (Re) based on the hydraulic diame-
ter. This approach is somewhat arbitrary, since several
variations of one basic type of surface geometry will
generally not correlate on the j and f versus Re basis.
This is because geometric variables, other than the
hydraulic diameter, may have a significant effect on
surface performance. For example, in laminar duct
flows, j and f are influenced by the channel shape, or
aspect ratio. Because the values of j, f, and Re are
dimensionless, the test data are applicable to surfaces
of any hydraulic diameter, provided that geometric
similarity is maintained.

A standard reference for the heat transfer and
friction data of plate fin heat exchanger surfaces is the
book by Kays and London, Compact Heat Exchangers
[l] . This book presents j and f versus Reynolds
number plots for 52 different plate fin surface geome-
tries. Similar data are also included for tube banks,
fin-tube heat exchangers, and crossed-rod matrices.
Creswick et al. [2] present a very complete report of
existing data as of 1964. Since the publication of the
Kays and London book in 1964, additional perform-
ance data have been published. Recent additions in-
clude:

1. Perforated surfaces [3-7]
2. Offset strip fins [8-121
3. Louvered fins [ll,  13, 141
4. Pin fins [15]

A compilation of f and j versus Re plots is not
presented, because of space limitations. Such data are

readily available in the book by Kays and London and
the above references. Figures 1 and 2 show the j and f
versus Reynolds number characteristics for two surface
geometries: a plain rectangular tin, and a high-perform-
ance offset strip fin. Surface 101, from [8], has 9.84
fins/cm X 0.1 mm tin thickness; and surface 10-27,
from [I], has 4.37 fins/cm X 0.2 mm fin thickness. If
the dimensions of surface lo-27 are scaled down to
9.84 fins/cm, the plate spacing and thickness are 5.35
mm and 0.089 mm, respectively. The corresponding
hydraulic diameters are 1.49 mm (surface 101) and

Figure 1  Plot of j and f versus Re for surface 101. Fin
pitch = 25.01/in. Plate spacing b = 0.200 in. Flow passage
hydrau l ic  d iamete r  4rh = 0.004 905 ft .  Fin metal thick-
ness = 0.004 in., aluminum. Total transfer area/volume between
plates0 = 719.4 ft�/ft3.  Fin area/total area = 0.881.
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3.9.4-2 3.9 COMPACT HEAT EXCHANGERS / 3.9.4 Surface Performance Data

Figure 2 Plot of j and f versus Re for surface 10-27. Fin
pitch = ll.ll/in.  Plate spacing b = 0.48 in. Flow passage hy-
draulic diameter 4rh  = 0.0115 3 ft. Fin metal thickness = 0.008
in., copper. Total transfer area/volume between plates p = 312
ft�/ft�.  Fin area/total area = 0.854.

1.61 mm (surface 10-27). Thus, the scaled-down
dimensions of surface lo-27 are approximately equal
to those of surface 101. Comparison of the two figures
shows the offset strip fin has considerably higher heat
transfer and friction characteristics. At Re = 2 000, the
j factor of the offset strip fin is 2.9 times higher than
the rectangular fin, and the relative friction factor
increase is 3.66. Considering the j/f ratio as an effi-
ciency index between heat transfer and friction, the
offset strip fin yields a 190% increased heat transfer
coefficient with a heat transfer-to-friction ratio (j/f)
80% as high as the plain rectangular fin. The steep
slope of the plain rectangular fin at low Reynolds
numbers indicates that the surface is operating in the
laminar flow regime. As the Reynolds number in-
creases, the flow passes through a transition regime and
then into the turbulent region, where it exhibits a
lower slope.

The channel hydraulic diameter is small because of
the closely spaced fins. Operation with low-density gases
requires excessive friction power, unless the gas veloc-
ity in the heat exchanger channels is low. These factors
usually imply operational Reynolds numbers in the
range 500-I 500. Typically, the operating point may
be in the transition region between the laminar and
turbulent flow regions. As the hydraulic diameter is
reduced, the Reynolds number is forced to yet smaller

values. As a result, very compact surfaces may operate
in the laminar flow regime. Small hydraulic diameter
alone, without a special fin surface geometry, will
provide high heat transfer coefficients compared to the
flow through circular tubes. For example, an 8 fin/cm
plain fin geometry in the laminar flow regime would
provide the same heat transfer coefficient as a
19-mm-diameter  tube operated at Re = 25 000. If the
plain fin geometry is replaced by the offset strip fin,
the resulting heat transfer coefficients may be 2.5
times higher. Thus, the combination of small hydraulic
diameters, large surface area per unit volume, and
specially augmented surface geometries can yield very
high heat transfer rates per unit volume. When liquids
are used on one side of the heat exchanger, a fin
geometry different from that used for gases may be
desirable. For a thermally balanced design, we desire
naul to be equal for both streams. For liquids having
high heat transfer coefficients, the resulting low fin
efficiency would render high fins impractical. Thus, it
is reasonable to use shorter fins and a larger fin
spacing. For high-viscosity oils, it may be advantageous
to use turbulator strips on the oil side. These may be
viewed as very short offset strip fins oriented 90� to
the direction used for gas flow.

Although the fins of Fig. 3.9.3(l)  were developed
for gases, they have also been used in boiling and
condensing applications. Parting sheet materials espe-
cially designed for reboiler service have also been devel-
oped. Several U.S. patents [16-181  illustrate special
nucleate boiling surfaces. At high vapor velocities and
high vapor qualities, the offset strip fin has proved to
be a good choice for forced convection vaporization.
The liquid-vapor mixing induced in the fin channels
causes good wetting of the fin surface, and allows heat
to be transferred by evaporation across thin liquid
films. Milton�s patent [16] also suggests the use of the
fluted Gregorig condensing surface. However, this re-
quires vertical orientation of the flow channels for best
performance. In the vertical orientation, a simple rec-
tangular or triangular fin also serves to draw conden-
sate to the base of the fins, and thus provides drainage
and thin films for condensation. Although liquids and
two-phase flows may allow a larger fin spacing for
thermal performance, a certain maximum fin spacing
may be permitted to meet the mechanical strength
requirements (dictated by design pressure).

References for Section 3.9.4 appear at the end of Section 3.9.13.
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3.9.5
Laminar flow surfaces

R. L. Webb

n We have previously noted that very compact sur-
faces (small hydraulic diameter) may operate at Rey-
nolds numbers well within the laminar flow region. In
the laminar regime, surface geometries designed to
produce boundary layer interruptions may be of little
benefit. Therefore, plain fin surfaces are likely candi-
dates for very compact designs operating in the laminar
regime. Laminar-flow plate fin geometries are also used
in rotary regenerators, discussed in Sec. 3.10. For fully
developed laminar flow, Nu and f Re are independent
of Reynolds number. But Nu and f Re are dependent
on the cross-sectional shape of the flow channel.
Because of the small hydraulic diameter of the flow
channels, their L/Dh may be sufficiently large that
fully developed laminar flow solutions are applicable.
For most channel shapes the mean Nusselt number and
friction factor will be within 10% of the fully devel-
oped value if L/Dh > 0.2 Re. If the heat exchanger
flow length is short (L/Dh < 0.2 Re), it will be neces-
sary to use analytical solutions that account for the
developing flow. In the developing flow region, Nu and
f are greater than the fully developed values. Consider-
able information exists on analytical solutions for
channel shapes commonly used on compact heat ex-
changers. Shah and London [19] present an excellent
compilation of analytical solutions for heat transfer
and friction of 21 basic cross-sectional shapes. The
results include information on the entry length re-
quired for fully developed flow and some results for
developing flow. Solutions are given for wide range of
aspect ratios for each basic channel shape, for example,
triangular and rectangular channels.

o 1983 Hemisphere I

Table 1 gives fully developed laminar flow solutions
for 11 channel shapes of interest in compact heat ex-
changer design. The tables gives NuH  (constant heat
input per unit length with uniform peripheral tempera-
ture), and Nur (constant wall temperature). The ratio j/f
(for Pr = 0.7) is proportional to the required flow
channel frontal area for specified OrA and friction power.
The hydraulic entrance length L+hv  =X/Dh  Re is the
dimensionless length required for the centerline velocity
to attain 99% of its fully developed value. The constant
K(m) defines the pressure drop increment to be added to
account for the increased friction in the flow develop-
ment region. The pressure drop, accounting for the flow
development region, is

Table 1 lists the channel shapes in order of decreasing
Nu. Low aspect ratio rectangular channels are superior
to circular or square tubes and triangular channels.
High j/f is also associated with high Nu. Thus, increas-
ing channel frontal area would be required for equal
oA and friction power, as one moves down the table.
The high-aspect-ratio channels not only require less
surface area to do the same job, but also require
smaller frontal area. Also, notice that the hydraulic
entrance length usually increases as one moves down
the table.

If the channel length is sufficiently short, it may
be necessary to use entrance length solutions to predict
the mean Nu and f over the flow length. The parame-
ter X* =x/D,,RePr  is a dimensionless length for the
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Table 1 Fully developed laminar flow solutionfl

Geometry NUH NUT f Re K(m) iH/f h-/f GZJJ

2b
Iz=O

2b I-$= $
20

2 b  -Is-;+

2a

8.235 7.541 0.386 0.354 0.005 6

6.490 5.597

24 0.686

20 .585  0 .879 0.355 0.306 0.009 4

6.049 5.137 19 .702  0 .945 0.346 0.294 0.011 0

5.331 4.439 18.233 1.076 0.329 0.274 0.014 7

4.364 3.657 16.00 1.24 0.307 0.258 0.038

4.123 3.391 0.299 0.245 0.025 5

3.608 3.091

15.548 1.383

14 .227  1 .552 0.286 0.236 0.032 4

3.111 2.47 13 .333  1 .818 0.263 0.209 0.039 8

3.014 12 .630  1 .739 0.269 0.214 0.040 8

2.88 13 .026  1 .991 0.249 0.192

2.60

2.39

2.22

1.99 12 .622  2 .236 0.232 0.178

0.044 3

0.051 5

�Jo  and Jo for Pr = 0.7. T = constant temperature. H = heat flux, = heat flux with uniform peripheral
temperature.

entrance region. For circular tubes, the local Nusselt channels. Triangular channels have a longer entrance
number will attain its fully developed value within region. Figure 2 gives the pressure drop increment
about X* z 0.1 for gases. But the value of the mean K(x)/K(=) of the entrance region for several duct
Nusselt number over the developing flow region (Nu,) shapes. Equation (1) applies to the entrance region
would be about 35% higher than NUKE. Therefore, it is with K(m) replaced by K from Fig. 2 at the appro-
important to know when L/D,, is sufficient to use the priate X/D,,  Re.
Nufd for the heat exchanger design. Figure 1 shows Mondt and Siegla [3] and Kays [20]  give test
the ratio Nu,/Nufa for several channel geometries, results of several laminar flow geometries. They com-
having a constant wall temperature boundary condition pare their experimental results to the laminar flow
[19] . If X* < 0.2, it appears that the entrance region analytical solutions and show good agreement, includ-
solutions are required for rectangular and circular ing one case for developing flow.

0 1983 Hemisphere Publishing Corporation



3.9 COMPACT HEAT EXCHANGERS / 3.9.5 Laminar Flow Surfaces 3 . 9 5 3

I

I. EOUIL.  TRIANGLE
2 SQUARE DUCT
3. CIRCULAR TUBE
4 3:I RECT. DUCT
5. 6.1 RECT DUCT
6. PARALLEL PLATES

3

Ii
2

I-

E
; 2- 3\
t- 4
<
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-a
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1
^.�I .I 1.

x*=X/D
Re Pr

Figure 1 Plot of Nu,JNufd  for different channel shapes.

16
2: I RECTANGULAR

K/K(a)
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WRAI I F, PI A T F l-
-,--?=-lJc*-

- -.-__- -... -
CHANNEL (REF.41 K/K(d  ;:;r;, , , , , , , �j

l-In0 nln  ml7

X/DhRe0~l�_.llllill11;1
0 0.01 0.02 0.03 004 0,005 0.06 0.07

x/D,Re

Figure 2 Plot of K/K(-)  for different channel shapes. K(m)  channel: 0.65, parallel plates; 0.96, 5:l rectangular; 1.24
circular tube; 1.46, 2: 1 rectangular; 1.67, equilateral triangle; 1.85, 30� isosceles triangular.

Nomenclature and References for Section 3.9.5 appear at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS 3.9.6-l
-

3.9.6
Correlation of heat transfer

and friction data

R. L. Webb

n Although performance data are normally presented
on a surface-by-surface basis, some progress has been
made in prediction or correlation of surface perform-
ance. Analytical solutions exist for most possible plain
fin geometries in laminar flow regions as discussed in
Sec. 3.9.5. In the turbulent flow region, the hydraulic
diameter is the significant dimension. One may predict
the turbulent region j and f characteristics of plain fin
geometries using the hydraulic diameter. This will
generally give good results, except for isosceles triangu-
lar channels having a very small apex angle.

effect is not considered. The Wieting correlation is
given by Eqs. (1) and (2).

-0.38

(cr*)�.09Re-o.71 (Re < 1 000)

-0.16
@y#)0.18Re-0.54

No specific correlations or prediction methods
exist for the j and f values of wavy or herringbone
tins. However, several studies of wavy channel geome-
tries used in plate-type heat exchangers [21, 221 are
applicable, using the principle of geometrical similarity.
These studies relate specifically to small-aspect-ratio
channels, where the aspect ratio in a typical compact
heat exchanger is on the order of 1: 8.

f= l.14($�~78(~~53Re~o~2 (Re > 1 ooo)

j = 0.24(~)��32(~~09Re-o.37 (2)

Sparrow [9] provides a numerical solution for laminar
flow in a matrix, which approximates the offset strip
fin geometry. His analysis is for zero-thickness fins,
and for an infinite aspect ratio.

No general correlations have been developed that
accurately correlate the performance of the offset strip
fin geometry. In addition to fin spacing, the major
variables are the fin thickness and the length of the fin
strip in the flow direction. The situation is complicated
by burrs formed on the leading and trailing fin edges
during the manufacturing operation. Wieting [23]
established an empirical correlation of f and j versus
Re for 22 offset strip fin geometries with
0.7 <X/Dh < 2.7. Although 85% of the data are
within +lO%  for j and +15%  for f, the  maximum
deviation is ?30%. The deviation is probably influenced
by burrs on the fin leading and trailing edges, whose

The offset strip fin is the most widely used
augmented fin geometry, because of its high perform-
ance. A basic understanding of its heat transfer mecha-
nism is possible. This is discussed in Sec. 3.9.7.

The pin fins may be considered as tube banks
having very-small-diameter tubes. As such, low Rey-
nolds number tube bank correlations may provide a
first-order prediction of the J�  and f characteristics of
the pin fin geometry. Theoclitus [15] measured the
performance of pin fin surfaces with in-line square pin
spacings of 2 <s/d < 12. He compared the experi-
mental results with predictions using tube bank correla-
tions. The friction factor results �bracketed� the tube
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3.9.6-2 3.9 COMPACT HEAT EXCHANGERS / 3.9.6 Correlation of Heat Transfer and Friction Data

bank correlations. However, the heat transfer results
were 20% lower than predicted by the tube bank
correlations.

Attempts to correlate surface data other than plain
fins must recognize that end effects exist. Approxi-
mately 5-15%  of the total surface area is associated
with the smooth parting sheets. These end effects were
not accounted for by Wietang and Theoclitus. LaHaye
et al. [24] have been moderately successful in develop-
ing an empirical first-order correlation for all possible
surface geometries in the turbulent flow region. Their
data for a variety of surface geometries correlated within
+20%  when plotted in a form of j Re and f Re3 versus
x/D,,.  Essentially, this method plots orA/V  and P/V for
equal Dh versus X/D*.  If the correlation is restricted
to variations of one specific type of surface geometry,
such as offset fins, the scatter of the data is reduced to
the ?lO% range. In this correlation method, the length
X in the term X/Dh is defined as the flow length
between major boundary layer disturbances.

The offset strip fin provides augmented heat trans-
fer by the repeated growth and destruction of laminar
boundary layers. Figure 1 illustrates the boundary
layer over the short strip length, followed by its
destruction in the wake region between the strips. A
typical strip length is 3.2 mm. If a Reynolds number
based on the strip length is calculated, it will be well
within that of a stable laminar boundary layer. Kays
[20,  251 has shown that j and f may be approximated
using the Polhausen laminar boundary equations for a
flat plate. His results are

, J

Figure 1 Heat transfer mechanism of offset strip fin.

j =  0 . 6 6 4  Re;�.�

f  = $$ +  1 . 3 2 8  Re;‘.’

(3)

(4)

This model assumes that the thermal and hydraulic
boundary layers are destroyed in the wake region. The
first term in the friction equation accounts for the
form drag on the plate. Kays suggests use of CD =
0.88, based on potential flow normal to a thin plate.

The friction factor increases with fin thickness as a
result of increased form drag. For Re, = 2 000 and
3.18-mm  strip lengths, the form drag contribution is
32% for O.lO-mm fin thickness and increases to 54%
with 0.25mm fin thickness. Usually, the experimental
friction factor exceeds that of Eq. (4). This is due to
burrs that may exist on the leading and trailing edges
of the fins. The burr increases the effective plate
thickness, causing increased form drag.

Nomenclature and References for Section 3.9.6 appear at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS 3.9.7-l

3.9.7
Goodness f~omparisons

R. L. Webb

H Surface geometries must be selected for each fluid
stream before the heat exchanger design can be under-
taken. This selection will depend on mechanical design
and thermal performance considerations. On a thermal
performance basis alone, one desires a surface geome-
try that meets the required cost, size, and friction
power limitations. Several �goodness factors� have
been proposed to allow comparison of surface perform-
ance characteristics in this regard [26-291. These
methods compare the thermal performance of two
surfaces on a friction power basis. By writing the heat
transfer coefficient (o) and the friction power (P) as
functions of j, J Re, and Dh, one obtains Eqs. (1) and

(2).

The thermal performance of two surfaces may be
compared by plotting j Re/D, versus f(Re/Dh)3,
which compares the heat transfer coefficients for equal
friction power per unit surface area. For equal P/A, or
f(Re/D,)3,  the surface having the largest value of j
Re/D, will require the least heat transfer surface area
for equal thermal effectiveness. Alternatively, one may
modify Eqs. (1) and (2) to allow comparison on a
volume basis. Multiplying each equation by p = A/V =
40/D,,  allows comparison of d/V versus P/V. Thus,
for equal friction power per unit volume (P/V), one
compares the heat exchanger volumes for equal ther-
mal effectiveness.

0 1983 Hemisphere I

The application of Eqs. (1) and (2) are illustrated
in Fig. 1. This figure shows the performance of the
surfaces of Figs. 3.9.4(l)  and 3.9.4(2) on a surface
area goodness factor basis. The graph is prepared for
the case of equal hydraulic diameter. Figure 1 shows
that the offset strip fin yields significantly higher heat
transfer coefficients for equal P/A. As the Reynolds
number is reduced to small values, associated with
laminar flow, the offset fin loses some of its advantage.

Similar goodness factor comparisons may be made
with other surface geometries shown in Fig. 3.9.3(l).
We would find that the rectangular fin is superior to
the triangular fin, and the offset fin is superior to the
wavy fin. The pin fin would be competitive with the
offset fin, but it contains less surface per unit volume,
so a pin fin heat exchanger will require a larger volume
for the same oul.

The goodness factor comparison method illustrated
in Fig. 1 provides only qualitative information. A more
realistic comparison would be to specify flow rate (@)
and friction power (P), and determine the relative OlA
offered by the two surfaces under consideration. Or, to
specify flow rate ($I)  and the CUA  required, and calcu-
late the friction power (P) required by the two sur-
faces. An expression relating the quantities may be
obtained by dividing Eq. (1) by Eq. (2) and solving for
the ratio j/J The result is

I _ v2 Pr213  CIA Re2_~--
f 2% p Df

Substituting Re = D+,h@&,  we obtain
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2 0 I , 1 I III0 , I 11,111, 1 I

Oh= 0.001495m

ha j,?E/Dh

16 - P/A cc f(Re/Dh13

WI l2- Offset fin (101)

b
I
I -

%
p_ 8 -

4 -

Figure 1 Area goodness factor comparisons for surfaces lo-27 and 101.

1_-  Pr 213 d A2
_---

f 2cpp2  P Af
(4)

This equation provides a third goodness factor. It
allows definition of the frontal area required for two
surfaces operating at the same duty (equal II$ P, and
A). If frontal area is important, the designer may
choose a smoother surface, having a higher value of j/c

Equations (l), (2), and (4) are particularly useful
to compare the relative performance of two surface
geometries for equal duty. Assume that the heat
exchanger flow rate ($!)  is specified. Three possible
cases of interest are defined in Table 1.

Example 1: Compare the relative performance, of
rectangular and triangular fin geometries, both designed
for equal OrA,  and operating at the same frontal
velocity. Air at 27°C and ufr = 4 m/s enters the flow
channels. For case 2, calculate the relative friction
power (P) and the total surface area (A). Also, deter-
mine the relative channel lengths. Figure 2 shows the
two surface geometries. Fluid propert ies are
p = 1 . 1 7 7  kg/m3, cP = 1.00 kJ/kg �C,  ,Q = 1.983 X
lOA5  kg m/s, k = 0.026 2 W/m �C. Subscripts T and R
refer to the triangular and rectangular fins, respec-
tively. Table 2 gives the calculated results for each
surface geometry.

Table 1 Cases for performance
comparison

Case Specify Calculate

1 d,P -4 Afr.  v, L
2 CA Afr f’, A V, L
3 R Afr 4 A, K L

0 1983 Hemisphere. I blishing Corporation

D,,=2.962x lG3m

,9 = 1215 m2/m3
c =0.900

D,,  = 2.939 X � 6 %

@ = 1225 m2/m3
c =.900
a *  = ,225

Figure 2 Triangular and rectangular fin geometries for Example
1.

For OlA = constant,

vT AT~R 1 2 2 5-~--=2~1x-=2.13
vR ARPT ' 1215

LT
- = 2.13 (since Afr is fixed)
LR

Table 2 Calculated results for example

Triangular Rectangular

Re = D,,Gfr/oq 781 776
f Re from Table 3.9.5(  1) 13.026 18.67
N UT from Table 3.9.5(l)

(by interpolation) 2.22 4.65
01 = Nu k/D,, 19.64 41.45
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Conclusion: For the same frontal area, flow rate,
WI, and P, the triangular fin requires 111% more
surface area and 40% higher friction power. The

triangular flow channel must be twice the depth and
volume of the rectangular channel.

Nomenclature and References for Section 3.9.7 appear at the end of Section 3.9.13.
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3.9.8
Specification of rating and sizing

problems

R. L. Webb

l There are two basic types of thermal design prob-
lems: rating and sizing. In a rating problem, the
geometry and size of the heat exchanger are fully
specified. Entering flow rates and fluid temperatures
are known. The job is to calculate the thermal effec-
tiveness (heat transferred) and pressure drop of each
stream. This is a quite straightforward problem, with
one exception. Since the exit stream temperatures are
not known, the average temperatures at which fluid
properties are evaluated are not known.

In a sizing problem, the heat exchange require-
ment is specified and the designer must calculate the
heat exchanger size. Normally pressure drop limits are
given for each fluid stream. Since the entering flow
rates, temperatures, and pressures are given, and the
heat duty (or leaving temperatures) is specified, the E
and NTU (number of transfer units) are directly cal-
culable. A true sizing problem is considerably more
complex than the rating problem. A number of deci-
sions must be made prior to making the thermal
performance calculations. These include the selection
Of:

1. Heat exchanger flow arrangement, e.g., counter
flow, cross flow.

2. Heat exchanger materials, as influenced by fluid
temperatures and corrosion potential.

3. Fin geometry and fin thickness, as influenced
by design pressure requirements.

4. The type of surface geometry and fin spacing
and height. Fouling considerations influence the type
of surface geometry and fin spacing that may be

selected. Fin height is influenced by the desired fin
efficiency.

5. Heat exchanger frontal area. This key decision
establishes the Reynolds number for each flow stream.
The pressure losses are directly dependent on this
decision. Use of high-performance surfaces (high j
characteristics) will tend to require larger frontal area
and less core depth (and less core volume) for a
specified pressure drop. If. a small frontal area is
preferred, surfaces having a high value of j/f will
support this need. However, such a selection will likely
require greater core volume, and heat exchanger mate-
rial.

The specification of the above five items is quite
complex, and cannot be completed by a step-by-step
rational decision path. The main complicating factor is
the choice of available surface geometries. Since several
candidates are likely, a number of heat exchanger
designs that meet the specified thermal and pressure
drop performance are possible. Identification of the
optimum design requires considerably more effort.
First, the designer must establish what variables are to
be optimized: first cost, operating cost, or size. Design
optimization is discussed by Shah et al. [30] and Palen
et al. [31].

Aside from the optimization question, the first
crucial element of a design problem is selection of the
surface geometries for which the heat exchanger size
will be calculated. The second crucial element is selec-
tion of the flow frontal areas (or velocities) on which
the pressure drops depend. Methods for selecting the
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fluid velocities are discussed in Sec. 3.9.11. Once the
surface geometry and flow velocities have been speci-
fied, the thermal design calculation is relatively
straightforward. The calculation steps are basically the
same as for a rating problem.

Pressure drop calculations are normally performed

after completion of the thermal rating (or sizing)
calculations. Given the fluid velocities and flow length,
the pressure drop calculation follows a straightforward
procedure.

In the next sections, we discuss step-by-step pro-
cedures for performing sizing and rating calculations.

Nomenclature and References for Section 3.9.8 appear at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS 3.9.9-l

3.9.9
Calculation procedure for a rating

problem

R. L. Webb

n This section outlines a step-by-step procedure for
the thermal calculations involved in a rating problem.
Steps 4-9 are required for each fluid stream.

1. Surface geometry parameters: Given p, Af/A,
Dh. Calculate y, u, for each stream.

2. Using the given heat exchanger size, calculate
the frontal mass velocity (Gfv) for each stream. Then
calculate G, using G, = Gf,./a.

3. Estimate E to allow calculation of the average
fluid temperature for each stream. This may be based
on an outright guess, or a preliminary calculation
following steps 4-l 2.

4. Evaluate fluid properties (p,, n,,,, cpm) at
the estimated average fluid temperature.

5. Calculate Re = D,,G&,, .
6. Determine f and j (or Nu) from j and f versus

Re plots for the surface, or from tabled laminar flow
solutions, where appropriate.

7. Calculate (Y = jGccpm  Pr-�13  or (Y = Nu k/D,.
8. Calculate fin efficiency. With ml = (24

k6)“‘Z calculated, the fin efficiency (nf) is determined
from the appropriate fin efficiency chart or equation.

9. Calculate surface efficiency, no = 1 - (1 - nf)

@f/A).
10. Calculate heat transfer surface areas and deter-

mine UA. A simpler approach is to use the given heat
exchanger volume (v) and calculate UA  from

(1)

11. Calculate Cmin/Cmax and NTU = UA/Cmin.
12. Using the parameters in step i 1, determine E

from the e-NTU  chart (or equation) for the given heat
exchanger flow arrangement.

13. Compare calculated e with estimated E. Repeat
steps 4-12 as necessary to obtain desired accuracy.

Nomenclature for Section 3.9.9 appears at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS 3.9.10-l

3.9.10
Pressure drop calculation

R. L. Webb

n After the heat exchanger geometry is fixed, the
pressure loss may be calculated. The pressure loss for
each stream through the heat exchanger finned pas-
sages is calculated by

-0 - c-r2  - Ke)1
P2 J

(1)

The terms of Eq. (1) are entrance loss, flow accelera-
tion loss, core friction, and exit loss, respectively. The
Kc and K, values depend on the cross-sectional flow
geometry, u, and Re. Figure 1 gives KC and K, for a
1: 1 ratio channel [I] . Kays and London [l] give
similar curves for two other channel geometries (paral-
lel-plate channel and triangular channel). The entrance
and exit losses are normally less than 10% of the total
core loss, so the data of Fig. 1 will cover most
situations with adequate accuracy. The differences due
to other channel configurations should cause only a
second-order effect for most situations. Figure 1 is
based on a uniform velocity entering the heat ex-
changer and fully developed flow in the core, and at
the exit. This assumption is not valid for interrupted
fin surfaces. In this case, Kays and London [I]
recommend use of the Re = 00 curves to evaluate Kc
and K,. In this case, all channel configurations have
the same Kc and K, values for Re = m. The calculation
steps for the core pressure loss requires the informa-
tion developed through step 6 of the rating calculation
procedure. After calculation of the Kc, K,, values and

&? 0.3 0.4 0.5 0.6 Cl7 0.9
#

Figure 1 Entrance and exit loss coefficients for multiple square
channels with abrupt contraction entrance and abrupt expansion
exit.

the densities entering and leaving the core (p, , p2), the
core AP may be calculated using Eq. (1).

If the heat exchanger construction contains mani-
folds and flow distributor fins, one must also account
for these losses. These losses may be a significant
fraction of the total pressure loss.
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3.9.10-2 3.9 COMPACT HEAT EXCHANGERS / 3.9.10 Pressure Drop Calculation

Kays and London [l] recommend calculation of
the losses for each stream in the form APIP,,  where
PI is the inlet pressure. This defines the fraction of the

inlet flow energy dissipated as flow losses. In a bal-
anced gas-to-gas design, one desires approximately
equal values of AP/P for each stream.

Nomenclature and References for Section 3.9.10 appear at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS 3.9.1 l-l

3.9.11
Procedures fthehermal sizing

problem

R. L. Webb

n The sizing problem was introduced in Sec. 3.9.8.
Assume that the factors discussed in that section have
led to the selection of surface geometries for each fluid
stream. Then, it is necessary to size the heat exchanger
for the required thermal duty and fluid temperature
and pressure conditions. The remaining unspecified
variables are the velocities for each flow stream. The
heat exchanger will require minimum surface area if
the velocity is chosen to use all of the allowed pressure
drop. Two approaches are possible.

The simplest method is to compute designs for a
series of velocities that yield pressure losses above and
below the allowable value. Each design meets the
required E. Then, a graph of the calculated pressure
drops versus the frontal velocity permits selection of
the design velocity. This approach is ideally suited for
a digital computer design program. In essence, the
design for each velocity is a rating problem calculation.
Since the required thermal duty is known, the average
fluid temperature of each stream is known, and the
properties are evaluated at these average temperatures.
The calculation procedure for a counter-flow or paral-
lel-flow heat exchanger is as follows:

1. From the required E and given Cmin/Cmax,
calculate the required NTU.

2. Calculated the required UA = NTU Cmin .
3. Follow steps 1, 2, and 4-9 of the rating

problem (Sec. 3.9.9).
4. Using the equation given in step 10 of the

rating problem, calculate the required heat exchanger
volume.

5. Calculate heat exchanger length by L = V/Af,..

0 1983 Hemisphere I

The frontal area (Af,.) is directly calculable, since the
frontal velocity was initially specified for each
stream.

6. Calculate the pressure drop following Sec.
3.9.10. This procedure is not applicable to a cross-flow
design.

In this case, independent specification of each
velocity fixes the heat exchanger size. Adaptation of
this procedure to cross flow requires setting the veloc-
ity for stream 1, and applying the procedure to a range
of velocities for stream 2. Then repeat this procedure
with a new velocity for stream 1. This will require an
extensive number of calculations. However, they may
be done quickly using a digital computer.

The second procedure uses the coupled heat trans-
fer and pressure drop Eq. 3.9.7(4) for each channel
(1). This equation is solved for the velocity that
satisfies both the thermal effectiveness (E) and pressure
drop limits. This should define the design velocity
within 10% for most cases. The core friction term is
usually the dominant term in the pressure drop equa-
tion 3.9.1 O(10).  Because the entrance and exit losses
are opposite in sign, their effects tend to cancel. For
gases, the flow acceleration loss should be less than
10% of the total core friction loss. One may approxi-
mately specify the allowable core friction loss as 90%
of the total core pressure loss. The design equation to
select the approximate G, for stream 1 is developed in

W. Cl), (2), and ( 3 ) .
Let RI = Cmin/Cr and F1 = (U/qoa)l  , where Ur

is based on Al and j = St Pr2�3.  The NTU may be
expressed as
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3.9 COMPACT HEAT EXCHANGERS / 3.9.11 Procedures for the Thermal Sizing Problem

Solve Eq. (1) for (A/A,), and substitute in the pressure
drop equation, (2), yielding Eq. (3).

(2)

1 0

$$j$ $ (2Pm AP rlOfl11 l/2

GCl = (3)
1

Equation (3) is to be solved for the required mass
velocity, G, 1 . The known quantities in Eq. (3) are
NW, RI, M, and Pml- Approximate values must be
established for (j/jjl,  qol, and F1. The recommended
procedure is as follows:

1. Estimate, or specify the desired value for F,

(0.5) and estimate the surface efficiency, qol (q. z 0.8).
2. Plot (j/a,  versus Re for surface 1. This value

will probably vary no more than 15% over the Re of
interest. Select an approximate value for Cj/fll.

3. Using the estimated values of F1, vol, and
Q/fil, calculate GC1 from Eq. (3).

4. Repeat steps 1-3 for stream 2.

Once the approximate values of GC1 and CC2  are
fixed, the procedure initially described may be used
for the final design calculations. The preliminary design
procedure is of considerable value in establishing a
reasonably close starting point for the design. It is
particularly useful for a cross-flow heat exchanger. This
procedure will define the approximate design velocity
for each stream of the cross-flow exchanger.

Ideally, a two-fluid heat exchanger should have
equal thermal resistance values for each stream. Thus,
hod)1  = hQ44)2  * And, for gas-to-gas designs we
may equally desire API/PI = AP2/P2. Both of these
criteria are virtually impossible to achieve for a limited
choice of surface geometries. The design is biased
toward minimum material content if the thermal resist-
ances are equal.

Nomenclature for Section 3.9.11 appears at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS / 3.9.12 Multifluid Service 3.9.12-1

3.9.12
Multifluidservice

R. L. Webb

n Plate fm heat exchangers are frequently used in
applications involving three or more separate fluid
streams. Important applications include the liquefac-
tion or separation of gas mixtures. The brazed alumi-
num exchanger is ideally suited for this service. Its

compact design yields minimum size and surface area
for environmental heat leaks. The heat transfer and
pressure drop requirements for each stream are satis-
fied by varying the fm geometry (type, fin spacing,
and height), and the number of flow channels appor-
tioned to each fluid stream. Further, barriers can be
provided within the channel stack to allocate one
channel to more than one fluid over the length of the
exchanger. Headers and flow distributors are located
on the core, as required, to accommodate the number

Figure 1 Brazed aluminum heat exchanger for three-fluid ser-
vice.
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Figure 2 Plate stacking pattern for four-fluid exchanger.

of fluids involved. Within a single core, heat may be
transferred between boiling, condensing, or sensible
streams. Figure 1 illustrates a brazed aluminum design
for three fluid service.

Multifluid designs consist of a large number of
passages stacked in a repeating pattern. Figure 2 illus-
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3.9.12-2 3.9 COMPACT HEAT EXCHANGERS / 3.9.12 Multifluid Service

trates one possible stacking arrangement for a four-
fluid exchanger [32].  Fan [32] discusses the thermo-
dynamic advantages of different plate stacking arrange-
ments for up to four-fluid service. Depending on the
number of fluids, the core may contain several
different repeating patterns. The design problem
involves analysis of the heat transfer process in each of
the repeating patterns, and then scaling the results to
satisfy the total flow requirements. The thermal
effectiveness of a two-fluid exchanger is expressed as a
function of two variables (NTU,  Cmrn/Cmax).  In the
three-fluid case, two thermal effectiveness values must
be calculated, each of which depends on five variables
(an inlet temperature ratio, two capacity rate ratios,
and two NTUs).  Sorlie [33], Willis and Chapman [34],
and Chato et al. [35]  have developed modifications of
the effectiveness-NTU method for three-fluid
exchangers. They assume that two fluids exchange heat

with a third, but not with each other. Sorlie considers
parallel- and counter-flow problems, Willis and
Chapman a cross-flow problem, and Chato et al. a
parallel-flow problem. Demetri and Platt [36] extend
the procedure to account for heat exchange among
nonadjacent fluids, due to conduction through the fins
of intervening passages. Because of the number of
variables involved, these design methods must be
performed by computer, and it is not possible to draw
generalized performance charts for each flow arrange-
ment.

.

Demetri and Platt describe a generalized design
procedure based on the analogy between heat transfer
paths and electric circuits. They present results for
parallel flow, cross flow and counter flow. Their results
agree well with Sorlie and Willis and Chapman for the
case of negligible fin conduction.

Nomenclature  and References for Section 3.9.12 appear at the end of Section 3.9.13.
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3.9 COMPACT HEAT EXCHANGERS 3.9.13-1

3.9.13
Recent theory and data

on vaporization
and condensation

R. L. Webb

n In recent years, several important studies dealing
with vaporization and condensation in plate-fin chan-
nels have been completed. Haseler [l] condensed
nitrogen in a plain-fin channel having 709 fins/m. The
measurements defined the local condensation coefficient
as a function of vapor quality. Figure 1 compares the
ability of several existing correlations to predict the
experimental condensation coefficient. The Nusselt
equation (N) clearly underpredicts the data. Although
the Shah (S) and Boyko-Kruzhilin (B) correlations
predict the 58.5 kg/m2 s data of Fig. 1 well, Haseler
shows that these correlations underpredict the lower
mass flux (30.6 kg/m2 s) data on the order of 40%.
Yung et al. [38]  condensed ammonia in a �serrated-
fin�  geometry (see Fig. 1 in Sec. 3.9.3). They develop
an analytical model, which assumes the condensate
flows in an uninterrupted sheet in the wake region
between the fin segments. The net effect is to reduce
the film thickness 50%, compared to a plain-fin
geometry. Their model also includes the effect of
interfacial shear. Their predicted overall heat transfer
coefficients agree within 20% of the experimental
values.

Robertson and Lovegrave [39] have measured heat
transfer coefficients for vaporization of nitrogen [39]
and R-l 1 [40]  in a serrated-fin geometry having 591
fins/m. Figure 2 shows the measured heat transfer
coefficients vs. ReL (DhG/qL) with vapor quality as
the parameter. They conclude that nucleate boiling was
not present, so convective boiling was the dominant
heat transfer mechanism. For 800 < Re, < 1600, the
heat transfer coefficient is independent of Reynolds
number. Above the transition Reynolds number, the
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Figure 1 Condensation heat transfer coefficient for nitrogen as
a function of vapor quality. Pressure (337 kPa),  mass flux (58.5
kg/m� s), heat flux (8.26 kW/m�).

coefficient is proportional to the 0.8 power of ReL.
The boiling nitrogen data showed essentially the same
transition Reynolds number range as that for R-l 1.

Yung et al. [38]  vaporized ammonia in the previ-
ously described serrated-fin geometry. Their analytical
condensation model is also assumed to apply to the
convective vaporization data, e.g., evaporation from a
thin liquid film. Their overall heat transfer coefficients
are predicted within +5% by this model. Since the
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3.9.13-2 3.9 COMPACT HEAT EXCHANGERS / 3.9.13 Recent Theory and Data on Vaporization and Condensation

Figure 2 Boiling heat transfer coefficient vs. Reynolds number
(DhG/qL)  for R-l 1.

model assumes no liquid entrainment, its validity is
limited to a critical Reynolds number, at which en-
trainment will occur. They argue that entrainment is
expected for ReL 2 1 000. Their model does a very
good job of predicting the boiling coefficient of the
Robertson and Lovegrave data [39].
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NOMENCLATURE FOR SECTIONS 3.9.1-3.9.13

plate thickness
short side of a rectangular flow passage
exchanger total heat transfer area on one side
exchanger minimum free-flow area
exchanger total fin area on one side
exchanger total frontal area
plate spacing
long side of a rectangular flow passage
specific heat at constant pressure
flow stream capacity rate (Jfc,)
flow stream capacity rate of cold-side fluid
flow stream capacity rate of hot-side fluid
minimum of C, or C,
maximum of Cc or Ch
diameter of pin fin
hydraulic diameter of any internal passage
(Dh = 4rh = 4A,L/A)
mean friction factor, defined on the basis of
mean surface shear stress
exchange flow stream mass velocity (&,,A,),
G, = &/AC,  G,, = �ciIAfr
unit thermal conductivity
contraction loss coefficient for flow at heat
exchanger entrance
expansion loss coefficient for flow at heat
exchanger exit
fin length from root to center
total heat exchanger flow length; also, flow
length of uninterrupted fm
a fin effectiveness parameter @$Z
mass flow rate
number of heat transfer units of an exchanger, a
heat transfer parameter (AU/C,,,i,)

Nu
AP
P

Pr
4
rh
R

Re
s
St
T
tc
th
u
u
V
X
CY
a*

P

Y

6
A

E

9
v

77F

Nusselt number (dh/k)
pressure drop
friction power expended per unit of surface heat
transfer area [see Eq. 3.9.7(2)]
Prandtl number (77c,/k)
heat transfer rate, W/m�
hydraulic radius (A,L/A)
flow stream capacity rate ratio [(ifCp)min  /

(&hnax 1
Reynolds number (DhG/q)
center-to-center spacing for pin fins
Stanton number (o/Gc,)
temperature to any arbitrary scale
cold-fluid-side temperature
hot-fluid-side temperature
unit overall thermal conductance
velocity
volume
axial flow coordinate
convection heat transfer coefficient
aspect ratio of a rectangular flow passage (b/a),
dimensionless
ratio of total heat transfer area on one side of a
plate fin heat exchanger to the volume between
the plates on that side
ratio of total transfer area on one side of the
exchanger to total volume for the exchanger
fin thickness
denotes difference
exchanger effectiveness, dimensionless
dynamic viscosity
kinematic viscosity
fin efficiency, dimensionless
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3.9 COMPACT HEAT EXCHANGERS / 3.9.13 Recent Theory and Data on Vaporization and Condensation 3.9.13-3

7)O total surface temperature effectiveness, dimen-
sionless

Subscripts

P density fd fully developed condition
a ratio of free-flow area to frontal area, A,/Af,., m mean conditions, defined as used

dimensionless I,2 indicates different sides of the heat exchanger;
7-O unit surface shear stress inlet and outlet conditions

max maximum
mill minimum
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3.10 HEAT PIPES 3.10.1-l

3.10.4
Introduction

D. Chisholm

n The heat pipe (Fig. la) is a self-contained system
that transfers heat by boiling a fluid at one point and
condensing it at another; the liquid is transferred back to
the boiling area by capillary action through a wick
structure. It is the use of the capillary action that is the
unique characteristic of the heat pipe.

The heat pipe is closely related to the two-phase
thermosiphon (Fig. lb). In the thermosiphon the con-
densate returns from the evaporator to the condenser
under the action of gravitational forces, rather than
under the action of capillary forces as in the heat pipe.
For this reason, in the thermosiphon the evaporator
must always be below the condenser, as illustrated in

Fig. 1, whereas the evaporator of the heat pipe can be in
any orientation in relation to the condenser; in the heat
pipe it is possible to transfer heat downward.

Provided that the pressure gradient in the vapor is
kept small, the axial temperature gradient along the heat
pipe can be small, resulting in a device of a very high
thermal conductivity. The effective thermal conductivity
of the device can be more than 1 000 times that of a
solid copper rod of similar dimensions. Heat fluxes as
high as 15 kW/cm�  have been measured with lithium as
the working fluid at temperatures of 1 500°C. Against
gravity, with existing wicks, the maximum length of heat
pipe that can be used is about 40 cm.

Figure 1 A heat pipe and thermosiphon.
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3.10.1-2 3.10 HEAT PIPES / 3.10.1 Introduction

R. S. Gaugler filed the first heat pipe patent (U.S.
Patent 2 350 348) in 1942, the proposed application
relating to the cooling of the interior of an icebox. In
U.S. Patent 2 448 261, filed in 1945, he outlined the
desirable arrangement of wick as one with large pores at
the condenser with the smallest pores occurring in the
evaporator where the capillary pull is exerted. Gaugler
wrote, �It is the object of my invention to provide a
secondary heat transferring circuit which is capable of
transferring heat downwardly and which can be bent and
formed as desired.� Prior to his 1942 patent, Gaugler
filed in 1941 U.S. Patent 2 350 347, in which wicks
were used to spread liquid over the evaporating surfaces
of refrigerating equipment. U.S. Patent 2 517 654, filed
by Gaugler in 1946, relates to a similar application, with
more detailed descriptions of the methods of inserting
wicks in tubes.

G. M. Grover, working at Los Alamos  on heat
transfer problems in spacecraft, reinvented the heat pipe
in U.S. Patent 3 229 759, entitled �Evaporation-
Condensation Heat Transfer Device,� filed in 1963. The
performance of heat pipes is, of course, greatly improved
in the absence of gravity, and wicks then become an
ideal method of ensuring that the liquid remains on the
hot surfaces. Grover�s patent begins: �this invention
relates to structures of very high thermal conductance
and, more particularly, to devices for the transfer of a
large amount of heat with a small temperature drop,
thereby being equivalent to a material having a thermal
conductivity exceeding that of any known metal by a
very large factor.� It continues: �The condensate must
be returned to the evaporator. . . . This function is
accomplished by a wick of suitable capillary structure.
Devices of this general class will hereinafter be referred
to as �heat pipes� although it should be kept in mind that
the shape of the devices is not a matter of concern.� As
far as the writer is aware, this was the first use of the
term �heat pipe.�

Grover, Cotter, and Erikson [l] published the first
technical paper on the heat pipe in 1964. When this author
wrote a text [2] on the heat pipe in 1970, I was able to
collect 152 relevant articles. There must now be more
than a thousand articles on the subject, and there are
two further texts [3,4].

In addition to its high effective thermal con-
ductivity the heat pipe has the following features:

1. It is flexible.
2. It is controllable.
3. It can act as a thermal diode.
4. It can act as a heat flux transformer.
5. It has isothermal surfaces.

The heat pipe is therefore being used in a wide range
of industrial applications as shown in Table 1.

Table 1 Heat pipe applications

Application References

Battery temperature control
Biological
Brakes
Coal gasification
Cooking pm
Cooling electronic equipment
Cryosurgery
Deicing
Die casting/molds
Domestic uses
Drying
Electric motors
Energy storage and conversion
Fiber drying
Fluidized beds
Food industry
Fuel preparation
Gas turbines
Geothermal
Glass industry
Heat recovery
Instrumentation
Easers
Nuclear:

Reactors
Experiments
Steel making

Ovens
Permafrost stabilization
Plasma torches
Recuperators
Rocket engine cooling
Space
Stirling engine
Solar collectors
Thermal drills
Thermionic applications
Tropical applications
Ventilation and air conditioning
Waste heat recovery

[51
16, 71
[81
[9,101
1111
[12-141
[I51
[ 16-181
119,201
1211
1221
[23,241
[25-281
]291
[lo, 301
[ll,  311
~32,331
134,351
[361
[37,381
WA391
I401
1411

[42-451

[461
[471
[48-501
[51-531
I541
[55,561
I571
[58-601
[30,611
[62-651
I661
[671
[681
122,691
[70-721

References for Section 3.10.1 appear at the end of Section 3.10.7.
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3.10 HEAT PIPES 3.10.2-l

3.10.2
Circulationxial heat

transfer

D. Chisholm

n At all points along the length of the heat pipe, at
the interface between the vapor and the liquid, the
difference in the static pressures of the phases is
balanced by the local capillary pressure difference. The
equilibrium condition is expressed as

20 cos cx
Pv-PI  = r

The interface adjusts its location within the wick
pore structure such that there is an equilibrium condi-
tion; the interface finds the pore radius r, which satisfies

% (1).
Figure 1 illustrates the variation of pressure and

mass flow rate along the heat pipe and also the
associated interfacial distribution. Maximum circulation
will occur when there is no pressure difference between
the phases at one point (in the case illustrated at the end
of the condenser), whereas at the end of the evaporator
the liquid interface is at the plane where the pore radius
is smallest. The capillary pressure difference over the
heat pipe length is then

If the capillary pressure difference is not zero at the
condenser end of the pipe, then the pressure difference
created by capillary forces is

(3)

The capillary pressure difference in steady-state
operation balances the friction, momentum, and gravita-

VAPOR FLOW

- r LIQUID FLOW ‘c -
-

P \.

- =e I 4
I

_ =c L
I -

EVAPORATOR
ss”:Rl”o’N”

CONDENSER

(a) V A R I A T I O N  O F  I N T E R F A C E  L E V E L

rri.if

(b) V A R I A T I O N  O F  S T A T I C  P R E S S U R E

(c) V A R I A T I O N  O F  M A S S  FLOWRATE

Figure 1 Variation of interface level, static pressure, and mass
flow rate along length of heat pipe.

tional pressure differences in the phases. This can be
expressed simply as

--APO  = Apv  + API (4)

Ap indicates a pressure rise in the direction of the flow
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3.10.2-2 3.10 HEAT PIPES / 3.10.2 Circulation and Axial Heat Transfer

of the phase (over the total length of the heat pipe
unless otherwise indicated).

The static pressure difference in the liquid can be
written as

API = Apfl  + AP, (5)

The pressure difference due to momentum changes
can be neglected in the case of the liquid. The pressure
difference due to friction during laminar flow in a wick
of porous material can be expressed as

Because of the small pore size in wicks, the flow is
usually laminar. It should be noted that Zen, the
effective length, is used here; this is to allow for the
variation in mass flow in both the evaporating and
condensing sections (see Fig. 1). On the assumption that
the rate of evaporation is uniform in both the evap-
orating section and the condensing section, it can be
shown that the effective length is

zeff =zs+lG  +a (7)

The pressure difference due to gravity is

Ap, = -gplZ sin 0 (8)

The angle of the tube to the horizontal 0 is between
0 and 180� when the liquid is flowing upward, that is,
when the evaporator is above the condenser.

From Eqs. (5), (6), and (8),

77&f&fApI=---
PlU

gp,Z sin 0

If the pressure drop in the vapor is neglected, then
from Eqs. (2), (4), and (9), the maximum circulation is

(lo)

The rate of heat transfer along the heat pipe is

Q=niAh, (11)

In the absence of gravity and with the usual
assumption that there is perfect wetting (cos Q = l), this
reduces, using Eq. (lo), to

UPI ml KAQ=2- -171 r0Zdf (12)

It should be noted that the first group on the
right-hand side is a characteristic of the fluid only,
whereas the second is a characteristic of the wick. This is
relevant to the selection of working fluids and wicks,
which is discussed later.

In practice, the capillary pressure difference is
obtained frequently by measuring the so-called capillary
rise:

z, A?!? (13)
Pig

This is the height the liquid will rise up the wick, against
gravity, in the absence of friction gradient. In terms of
capillary rise, Eq. (10) can be written as

Q = gPf &KA
rl$eff

(Z, - Z sin 19)

and Eq. (12) as

Q = gPf WXAZrW&f

(14)

(15)

Figure 2 has been constructed for the case where
Aplc  > -APw, that is, where the pressure recovery in
the vapor flow direction is less than the pressure drop in
the liquid flow direction in the condenser.

If Ap,, > -Apl,  and the point of zero coverage of
the interface occurred at the end of the condenser, the
pressure distribution would be as shown in Fig. 2~. At
the vapor entrance to the condensing section, pl is
greater than pur hence at that point it would be
necessary for a convex surface to occur as shown in Fig.
2~. This will not occur under normal wetting conditions
of the surface, and the equilibrium distribution will be

CONVEX CURVATURE ZERO

I L

E V A P O R A T O R ’  S H I E L D E D
w

‘CONDENSER

/

-’
/

(a )  UNSTABLE SITUATION WHEN ~pVcz-dp,c

ZERO CURVATURE

(b)  S T A B L E  S I T U A T I O N  W H E N  dpVc’-dp,,

Figure 2 Variation of static pressure and interface level when

apvc~  -4Jlc
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3.10 HEAT PIPES / 3.10.2 Circulation and Axial Heat Transfer 3.10.2-3

[73]  as shown in Fig. 2b. In this case the capillary
pressure difference balances the pressure drops in the
evaporator and shielded section; other things being
equal, the circulation will be greater in this case.

Table 1 gives references to more detailed calculation
procedures.

Table 1 Index to references

Topic References

1. Introduction
Texts and general

2. Circulation and axial heat transfer
Entrainment of liquid in vapor
Flooding
Interfacial shear
Partially saturated wick
Supersonic flow
Two-phase Mach number
Vapor choking
Vapor pressure drop

3. Temperature distributions
and radial heat transfer flux

Condensation
Dryout
Effective conductivity of wicks
Evaporation
Nonuniform heating
Temperature distribution

4. Axial heat transfer
and the operational envelope

Design of heat pipes
Effect of filling ratio
General
Minimum limits
Nonsteady state
Operational envelope
Optimization
Rotation

5. Selection of working fluid
Angles of contact
General
High temperature
Low temperature
Wetting agents

6. Characteristics of wicks
Arteries: bubble formation

general
venting

[2-4,74,75]

1761
177,781
179,801
1811
1821
1831
1841
[SS-881

[89,901
[91,921
(93-951
[84,96-1021
[103,104]
[ 105, 1061

[107-110)
[ill-1171
[73,87,118-1201

[1211
[ 122-1261
[127-129)
[117,130]
[131,  1321

11331
[134,135]
[41,  136, 1371

[I331
[I381

[139,140]
[141-1463

11471

Table 1 Index to references (continued)

Topic References

Capillary forces
General
Geometric arrangement
Graded porosity
Grooves
Partial saturation
Resistance to liquid flow
Two-phase arteries

7. start-up
General

8. Control
Constant temperature
Devices
Diode
Electrical feedback
Gas control
General
Heat pipe heat exchangers
Thermal switch
Two components

9. Development, manufacture,
and life

Compatibility
Ceramic heat pipe
Conformable wall
Development,
Explosion
Flexible
Gas evolution
General
High temperature
Life
Low temperature
Manufacture
Material selection

10. Related topics
Heat pipe heat exchangers

Heat recovery
Inverse thermosiphons
Jet pump-assisted heat pipes
Liquid fins
Osmotic heat pipes
Photochemical heat pipes
Rotating heat pipes: general

low speed
Thermosiphons

[ 148,149]
[150-1531
[ 154,155]

11561
[128,157]

i811
[81,150, 158-1601
[25,161-1631

[164-1701

[5, 71, 171, 1721

I1731
[174,175]
[176,177]
[71,109,178-1841
[185,186]
156, 1851
1173,187
[188,189]

[190-1931

[I941
[I951
[146,  1961

11971
[I541
11981
[I351
[41,136, 1371
[lo, 190,199,200]

[I331
[201-2041
[9,27,191,205,206]

[22,55,56,194,
207-2091

135,721
[210,211]
[2121
12131
[214,215]
12161
[131,217]

[291
[51,  185,218,219]

Nomenclature and References for Section 3. IO.2 appear at the end of Section 3.10. Z
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3.10 HEAT PIPES 3.10.3-l

3.4 0.3
Temper&distributions and

radial heat transfer flux

D. Chisholm

n Figure 1 illustrates diagrammatically the variation of
temperature of the fluid as it circulates around the heat
pipe. Starting at the end of the condenser and following
the direction of flow, the temperature of the liquid at
the wall falls until the liquid reaches the exit from the
condenser. In the shielded section, the liquid tempera-
ture rises as a result of heat transfer from the vapor. In
the evaporator, the liquid temperature rises quickly with
heat transfer from the wall, until the liquid temperature
is above the vapor temperature. As the pressure of the
liquid in the evaporator is below that of the vapor,
because of capillary forces, the saturation temperature of
the liquid is below the vapor saturation temperature;
thus in the evaporator the liquid is at a temperature
above its saturation temperature. Boiling is suppressed
because of surface tension forces on the nucleation sites,
provided that the temperature difference over the wick
is less than

TWP (1)

Following now the vapor flow from the end of the
evaporator, the temperature drops along the flow path
with falling pressure and heat transfer to the liquid, a
small part of the vapor condensing in certain circum-
stances, until the inlet to the condenser is reached. In
the condensing section there can be a slight temperature
recovery associated with the pressure rise in the vapor.

As the pressure change along the vapor path is
normally small, the temperature gradient in the vapor
phase is also normally small in absolute terms (less than
2 K) and also in relation to the temperature differences

Figure 1 Fluid temperature distribution.

Table I Effective thermal conductivity of wicks�

Wick structure h,

Wick and liquid
in series

Wick and liquid
in parallel

Wrapped screen

Al Aw
EhW + (1 - E)A[

Ehl + (1 - E)hW

;\l[hl + A, - (1 - dO- A,)]

(Al + Aw)  + (1 - e)(Al- A , )

Packed spheres
A[[  @A[ + Aw) - 2(1 - e)(A/ - Aw)l

@A[  + A , )  +  (1 - e)(Q - Awl

Rectangular grooves
(wfAlA,b  + wA~)(0.185wfAw + 6Al)

(w + wf)(O.l85wfAf  + SA[)

�Source: Chi [ 31.
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3.10.3-2 3.10 HEAT PIPES / 3.10.3 Temperature Distributions and Radial Heat Transfer Flux

that can occur over the wick and wall in both the
evaporator and condenser.

The effective thermal conductivity of a number of
saturated wick structures is given in Table 1. The radial
heat flux in the evaporator is then

4 = Mzvp - TW�) (2)

A similar equation is obtained in the condenser, but
with opposite signs. From Eqs. (1) and (2), the

maximum heat flux to avoid evaporation in the wick is

(3)

In many wick structures this value can be exceeded,
the surface of the evaporation receding into the wick,
effectively reducing the thickness of the structure. This,
however, has the disadvantage of reducing the liquid
flow area in the wick, reducing circulation.

Nomenclature and References for Section 3.10.3 appear at the end of Section 3.10. Z
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3.10 HEAT PIPES 3.10.4-l

3.10.4
Axial heat transfer and the

operational envelope

D. Chisholm

n The output from a heat pipe can be limited by a
number of considerations: The velocity of the vapor
cannot exceed the sonic or choking velocities; entrain-
ment of liquid by the vapor must be avoided, or the
evaporator will be starved of liquid; boiling in the wick
must be avoided; and the final limitation is the rate of
circulation of the fluid obtainable. Figure 1 illustrates
[ 1081 diagrammatically how these four factors combine
to give the operational envelope for a given design of
heat pipe. At low pressures the sonic velocity may be the
limiting factor as the gas density will be low; this is region
l-2 in the diagram. In region 2-3, the heat flow is
limited by entrainment. In region 3-4 the restriction on
output is due to limitations of the capillary action. In
region 4-5 the axial heat flow is limited by the onset of
boiling within the wick. In practice the design point is
made within region 3-4.

HEAT TRANSFER
LIMITS

l -2  SONIC
2 - 3  E N T R A I N M E N T
3-4 CIRCULATION
4 - 5  B O I L I N G

TEMPERATURE-

Figure 1 Operational envelope: maximum heat transfer
capacity as a function of operating temperature.

References for Section 3.10.4 appear at the end of Section 3. IO. Z
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3.10 HEAT PIPES 3.10.5-l

3.10.5
Selection of working fluid

D. Chisholm

n The working fluid should possess the following
properties:

1. High surface tension to provide satisfactory
capillary pumping

2. Good wetting characteristics for the same reason
3. Low viscosity to aid pumping
4. High latent heat of vaporization to aid axial heat

transfer
5. High thermal conductivity to aid heat transfer

between fluid wall and wick
6. Freezing and boiling points compatible with the

range of operation
7. High density to reduce flow resistance
8. Compatibility in relation to corrosion with con-

tainer wall and wick
9. Chemical stability

Equation 3.10.2(12) contains a fluid property group
that can be referred to as the liquid transport factor
[107],  as the higher its value, the higher the circulation
rate in the heat pipe. The liquid transport factor

= [surface tension] [latent heat per unit volume]
dynamic (absolute) viscosity

(1)

Table 1 shows the most commonly used working
fluids, their liquid transport factor, and some other
relevant features.
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3.1052 3.10 HEAT PIPES / 3.10.5 Selection of Working Fluid

Table 1 Working fluids and relevant characteristics

Normal
operating
temperature
raw,
�C

Working
fluid

Properties at
atmospheric pressure

Boiling Liquid transport
point, factor,
�C kW/m�

Suitable material for
shell and wick

- 2 0 0 to - 1 7 0 Nitrogen - 1 9 6
- 7 0 to +50 Ammonia - 3 3
40 to +40 Freon 12 - 3 0
- 3 0 to +100 Methanol 65
+10 to +200 Water 100
190 to 500 Mercury 356
400 to 800 Potassium 760
500 to 900 Sodium 883
900 to 1 500 Lithium 1 330

9 x lo6
1 x 108
1 x lo7
5 x 10�
5 x lo8
2 x lo9
5 x loa
2 x lo9
8 x lo9

Stainless steel
Stainless steel, nickel, aluminum
Stainless steel, copper
Copper
Copper, nickel
Stainless steel
Stainless steel
Stainless steel
Tantalum, TZM

Nomenclature and References for Section 3.10.5 appear at the end of Section 3. IO. Z
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3.10 HEAT PIPES 3.10.6-l

3.10.6
Characteristics of wicks

D. Chisholm

n The original wick structures used in heat pipes were
materials such as woven cloth, glass fiber, porous metal,
and wire mesh. These wicks will be referred to as
homogeneous wicks, to distinguish them from wicks
made up of combinations of these materials, which will
be referred to as composite wicks.

Figure la illustrates diagrammatically the use of
homogeneous wicks. The wick is attached to the wall of
the heat pipe in such a manner as to ensure good contact
between the wick and the wall in the regions where heat
transfer occurs. Good contact helps to maintain satis-
factory heat transfer rates from and to the heat pipe
wall. Channels in the wall, as illustrated in Fig. lb, have
also been used; a further development is to cover the
channel with a fine screen as illustrated in Fig. lc. One
advantage of this arrangement is that it reduces entrain-
ment of the liquid flowing in the wick by the vapor
flowing from the evaporator section of the heat pipe to
the condensing section. More important, the screen can
be of very small pore size to give high capillary driving
pressure without significantly increasing the flow re-
sistance in the channels. Kemme [196]  tested the
arrangements shown in Figs. lb and lc and found a
threefold improvement in the performance of the heat
pipe with the latter arrangement.

Some other arrangements of wick are shown in Fig.
1, d-h. Figure lh is an example of a wick with an artery;
the artery provides low-resistance flow paths to reduce
the pressure drop in the liquid. Figure 1, e-g, also
provides low-resistance flow paths for the liquid.

In Fig. 1, e-h, the low-resistance flow path or artery
is adjacent to the wall, which can have the disadvantage
that boiling may occur within it. Figure 2 illustrates in

/ W I C K

(a) HOMOGENEOUS WICK

AEAT PIPE WALL

(b) C H A N N E L S

SCREEN

(c) C H A N N E L S  A N D  S C R E E N

SINGLE SCREEN

ESH (d) M E S H  A N D  S C R E E N

DISTANCE
IECE  (e) S C R E E N  A N D  G A P

SCREEN AND ANNULUS
(IN TUBULAR HEAT PIPES)

I 1 (f) C O R R U G A T E D  S C R E E N

(g)  CHANNELED WICK

(h) A R T E R Y

Figure 1 Geometric arrangement of wicks.

cross-section some arrangements [144]  of arterial heat
pipes that avoid this problem.

Figure 3 illustrates an alternative form [142]  of
artery. It is important, as is apparent from this figure,

0 1983 Hemisphere Publishing Corporation
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3.10.6-2 3.10 HEAT PIPES / 3.10.6 Characteristics of Wicks

that at all points the artery be sealed from the vapor
space. In that event the artery can be �primed� by a
number of mechanisms:

1. Capillary forces
2. Condensing the vapor in the artery
3. Raising the pressure in the vapor space by

heating, causing the vapor to be compressed in the artery
and replaced by liquid, the residue vapor being located
by design away from heated surfaces

Any gases in the artery will tend to go into solution
[140].

6

Figure 2 Heat pipes with arteries [ 1441. Key: 1, internal wall
surface; 2, vapor space; 3 grooves; 4, mesh; 5, liquid artery; 6,
mesh (cross piece); 7, supporting structure; 8, slit tube (without
capillaries).

Figure 3 Heat pipe with header and artery system. Key: 1, pipe
wall; 2, wick; 3 and 4, header plate; 5 and 6, headers; 7, vapor
space; 8, artery; 9, evaporator; 10, condenser.

In Figure 3, the pressure in the artery will be below
that of the vapor space. Creating a hole in the artery
surface will allow vapor to enter the artery and form a
two-phase mixture there. For operation against gravity,
this will add natural-circulation driving forces to the
capillary forces acting with a single-phase artery
[25, 1611.

References for Section 3.10.6 appear at the end of Section 3.10. Z
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3.10 HEAT PIPES 3.10.7-l

3.4 0.7
Start-up and control

D. Chisholm

n It is important to appreciate that it may not be
possible to attain the design point simply by heating the
evaporator or cooling the condenser; the heat pipe may
not �start.�

Cotter [ 1651 uses the terms �uniform start-up� and
�frontal start-up.� In uniform start-up the temperature
along the heat pipe is practically uniform during the
start-up process; this is obtained where initially the
vapor density is not too low.

In frontal start-up there is a considerable tempera-
ture variation along the pipe, and it is only gradually
that a relatively uniform axial temperature variation is
obtained.

When the density of the vapor is initially very low, I

it is possible for sonic flow to occur. This will start first
at the outlet from the evaporator, or at the outlet from
the isothermal length. Cotter�s treatment has now been
found to be inadequate in the light of work with lithium
heat pipes carried out by Sock01  and Forman [ 1691.
They present the equations for predicting the rate at
which the sonic front will move along the heat pipe to
the condenser.

Downstream of the sonic front, supersonic flow
may occur, followed by a shock wave.

Sock01  and Forman [169]  had three thermocouples
13 mm apart along the axis of the condenser. At one
moment during start-up there was a 400 K temperature
difference between the readings from these thermo-
couples; presumably at that moment the sonic front was
passing the thermocouples.

Dryout  may occur during start-up for a number of
reasons:

1. Higher heat fluxes can be obtained initially if the
temperature differences between source and sink are
greater than for steady-state conditions. Circulation may
not be adequate for this heat flux.

2. Vaporization may occur in the wick due to high
initial temperature differences between wall and vapor.

3. There may be inadequate circulation, hence
dryout, due to high pressure drops in the vapor where
there is initially a low vapor density.

4. There may be inadequate circulation due to
entrainment of the liquid in the vapor associated with
the low vapor density and therefore high vapor velocity.

5. There may be inadequate circulation due to the
condenser being initially frozen.

Where a heat pipe will not start (i.e., approach a
uniform temperature in the vapor), either insulate the
condenser from the sink, or heat the condenser. One
method of doing the latter is to build into the heat pipe
a small-diameter auxiliary heat pipe to transfer heat
from the evaporator to the condenser; the auxiliary heat
pipe must of course have a different fluid from the
principal heat pipe.

A. Control

In addition to its ability to transfer high heat fluxes with
small temperature gradients, the heat pipe has the
following advantages:

1. As a transformer it allows the heat to be
absorbed as a high heat flux (i.e., over small area) and

0 1983 Hemisphere Publishing Corporation
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3.10.7-2 3.10 HEAT PIPES / 3.10.7 Start-up and Control

transferred from the heat pipe with a low heat flux (i.e.,
over a large area).

2. It serves as a control device. By a number of
methods it is possible to arrange the device to operate at
an approximately constant temperature.

3. It can be arranged to transfer heat only when
required (the thermal switch).

4. It can be designed as a heat pipe diode, allowing
heat to flow in one direction only.

5. It can be arranged to transmit a maximum
power.

6. It can be arranged to have a condenser with two
temperature zones (the two-component heat pipe).

One method of control is to use an inert gas in the
vapor. As the vapor moves along the condenser, the inert
gas is swept before it, accumulating at the end of the
condenser, where it blankets off heat transfer. If, for
example, the source temperature decreases, the vapor
temperature in the heat pipe will also tend to drop. This

will cause a fall in the vapor pressure, which will  cause
the noncondensable gas to expand, reducing the rate of
heat transfer from the condenser. Figure 1 illustrates the
arrangement; with a suitably sized reservoir of inert gas,
an almost constant vapor temperature can be maintained
for large variations in axial heat transfer. Units have
operated successfully with as much as an eightfold
variation in axial heat flux.

The gas-controlled heat pipe is sometimes referred
to as the constant-temperature or variable-conductance
heat pipe. It has been studied by, among others, Marcus
and Fleischman [ 1831. They show the importance of
providing a porous plug at the inlet to the gas reservoir
to prevent liquid entering it. They also show the very
slow response that can occur following a power surge;
the power surge compresses the gas, allowing an excess
of vapor to enter the reservoir.

EVAPORATOR CONDENSER
I , NONCONDENSING

I I I 1 GAS RESERVO

NONCONDENSING GAS .-,-.-_I
SWTS OFF ,H,S REGION

OF TNE CONDENSER

Figure 1 Heat pipe with noncondensable gas control.

Bienert [ 1761  describes �feedback-controlled var-
iable conductance heat pipes.� This is in effect a heat
pipe with a �wet� gas reservoir, the term �wet�
indicating that there is a liquid present. The reservoir is
electrically heated, which varies the partial pressure of
the vapor, thus varying also the partial pressure of the
gas in the reservoir; this in turn varies the amount of gas
in the condenser. Bienert demonstrates the use of the
device to obtain a constant source temperature with a
varying rate of heat transmission.

Basiulis and Filler [ 1731 and Chisholm [ 1851
describe a variety of methods of controlling heat pipes.
Methods particularly suitable for controlling banks of
heat pipes are discussed in the latter reference, and also
in [56].

B. Conclusions

The above is essentially an introduction to the heat pipe.
Table 3.10.2(l),  is intended to serve as an index to the
references, which give access to more detailed informa-
tion. Finally, remember that the heat pipe is a sealed
pressure vessel with no safety valve, and if abused may
reach dangerously high pressures [ 1971.

NOMENCLATURE FOR SECTIONS 3.10.2-3.10.7

cross section of wick, m2
gravitational acceleration, m/s�
latent heat of vaporization, J/kg
permeability [Eq. 3.10.2(6)],  m2
mass flow or circulation rate, kg/s
liquid transport factor, kW/m2
pressure of liquid, N/m2
pressure of vapor, N/m2
pressure difference due to friction in liquid,
N/m2
pressure difference due to gravity, N/m2
total pressure difference in liquid, N/m2
total pressure difference in liquid condenser,
N/m2

&"
4Juc
ape
4
Q
r
re
rn
r.
Tu
TWP
TWU
W

Wf

total pressure difference in vapor, N/m2
total pressure difference in condenser, N/m2
pressure difference due to capillary forces, N/m2
radial heat transfer rate, kW
axial heat transfer rate, kW
pore radius, m
capillary radius in evaporator, m
radius of nucleation site, m
minimum capillary radius, m
vapor temperature, K
wick temperature at pipe wall, K
wick temperature at vapor interface, K
groove width, m
width of groove fin, m
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Z

ZC
ze
Z eff

length of heat pipe, m
length of condenser, m
length of evaporator, m
effective length of heat pipe, m
capillary rise, m
contact angle
groove depth, m
wick porosity
dynamic (absolute) viscosity of liquid, N s/m2

inclination to horizontal, deg
effective thermal conductivity of wick, W/m K
thermal conductivity of fin, W/m K
thermal conductivity of liquid, W/m K
thermal conductivity of wick material, W/m K
density of liquid, kg/m3
density of vapor, kg/m3
surface tension, N/m
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3.11 FURNACES AND COMBUSTION CHAMBERS 3.11.1-I

3.14.1
Introduction

J. S. Truelove

n A furnace is an insulated chamber in which heat is
transferred from a high-temperature source to a sink.
The types of furnaces used are numerous and depend
on the requirements of the heating process. Sections
3.11.1-3 .l 1.7 are concerned with fuel-fired furnaces,
in which the heat is supplied by combustion of a fuel
within the furnace chamber and transferred to the sink
by a combination of radiative and convective heat trans-
fer processes. The most important applications of fuel-
fired furnaces are encountered in petrochemical process
heaters and steam-generating boilers.

The design of a furnace and the prediction of its
performance still owes as much to art, past experience,
and empiricism as it does to sound scientific theory. This
situation is a consequence of two related problems: first,
the many factors in addition to the heat transfer calcula-
tion that must enter into the basic design of a furnace,
such as, for example, the permissible heat fluxes, peak-

to-mean flux ratios, heat sink arrangement, combustion
,volume, and burner size and placement; and second, the
formidable difficulties of developing a general unified
theory for predicting the performance of all furnaces.
Nevertheless, a number of theoretical models for furnace
calculations have been developed, and it is the purpose
of these sections to present some of these and to indi-
cate their application to combustion chamber design.

The material is arranged as follows. A brief descrip-
tion of the types of process heaters and boilers currently
in use is given in Sec. 3.11.2. General aspects of heat
transfer in furnaces are discussed in Sec. 3.11.3.  This is
followed by four sections in which various furnace
models are described, starting with the simple stirred-
reactor model and progressing through to advanced
models based on numerical solution of the equations
governing a turbulent, chemically reacting flow in a
furnace chamber.
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3.11 FURNACES AND COMBUSTION CHAMBERS 3.11.2-l

3.14.2
Process hzd boilers

A. Process heaters

Process heaters are used in the petrochemical industry
to heat petroleum feedstock for fractionation, thermal
cracking, and high-temperature processing. The feed-
stock, or process fluid, flows through tubes within the
heater and must receive a specified amount of heat,
without local overheating of the fluid or structural com-
ponents. Operating temperatures within the tubes may
be as high as 9OO�C,  and at a combination of pressure
and temperature as severe as 20 000 kPa at 45O�C.
Process heater size is defined in terms of its design
heat absorption, or duty. The majority of units fall
within the range of 3 to 100 MW, although very large
steam hydrocarbon reformers may run to 300 MW.
Oil and gas fuels are used exclusively in these heaters.

There are many variations in the layout, design,
and detailed construction of process heaters [l , 21 . A
typical process heater arrangement is shown in Fig. 1.
It consists of a bottom-fired vertical cylindrical furnace
chamber, also known as the tirebox or radiant section,
within which the fuel is burned. The walls, roof, and
floor of the chamber are generally constructed from
refractory material. The chamber contains heat-
absorbing tubes arranged vertically along the walls,
which remove a part of the heat from the flame gases
before they flow to the convection section. With this
arrangement, all the tubes are equidistant from the
burners, ensuring good circumferential heat distribution,
although the heat flux may vary considerably along the
length of the tubes. Heat transfer within the radiant
section is principally by radiation, although convection
may contribute some 10% or so. Typical peak heat
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Figure 1 Vertical cylindrical heater with cross-flow convection
section.

fluxes in the radiant section are about 50 kW/m� of tube
surface. The convection section tubes are arranged as a
horizontal bank of tubes positioned above the combus-
tion chamber, and they recover additional heat from the
furnace gases at a lower temperature level than do the
radiant section tubes. In the convection section the prin-
cipal mode of heat transfer is convection. Fins and
other types of extended surface are frequently used
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3.11.2-2 3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.2 Process Heaters and Boilers

to enhance convective heat transfer. However, the first
row or two of tubes in the convection section, known
as shock or shield tubes, also receive significant heat by
radiation from the radiant section. Extended surfaces
are not used on the shock tubes because of the severe
effect of radiation on the extremities of the surface
extensions. The process heater configuration shown in
Fig. 1 provides an economical high-efficiency design,
and the majority of new, vertical-tube process heater
installations fall into this category. The typical duty
range is 3-60 MW.

Another typical arrangement-the horizontal-tube
cabin-is shown in Fig. 2. The radiant section tubes are
arranged horizontally so as to line the side walls of the
combustion chamber and the sloping roof. The convec-
tion section tubes are positioned as a horizontal bank of
tubes above the combustion chamber. These units are
usually fired vertically from the floor, but they can also
be fired horizontally by sidewall-mounted burners
located below the tubes. This design is economical,
of high efficiency, and is used in the majority of new,
horizontal-tube process heater installations. Typical
duties run from 3 to 60 MW.

A third arrangement-the horizontal-tube double-
fired heater-is shown in Fig. 3. The horizontal radiant
tubes are arranged in a single row and are fired from
both sides to achieve a uniform distribution of heat
transfer around the tube circumference. These heaters
are normally fired vertically from the floor. The burners
may also be arranged to fire against refractory walls so
as to enhance radiant heat transfer by wall reradiation.

Convection  Tubes

I
Burner

Figure 2 Horizontal-tube cabin heater with top-mounted con-
vection section.
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Figure 3 Horizontal-tube, double-fired heater.

These heaters are often chosen for critical reactor-feed
heating. A typical duty range in each cell of this design
is about 5-15  MW.

B.
There are two general classes of steam-generating boilers:
the fire-tube boiler and the water-tube boiler [3].

Fire-tube boilers are used widely for industrial and
commercial steam and hot water generation. Modern
fire-tube boilers can produce steam at pressures up to
2 500 kF�a  and throughputs up to about 8 kg/s. Some
boilers are equipped with superheating tubes and thus
can be used for small-scale power generation. Fire-tube
boilers can be fired on gas, oil, or solid fuel. A typical
tire-tube boiler is shown in Fig. 4. It consists of a cylin-
drical vessel containing tubes that are completely im-
mersed in water and through which hot combustion
gases pass. The hot gases are produced in a combustion
chamber, or fire tube, which also forms the first pass
of the boiler. From the fire tube, the hot combustion
gases flow through a reversal chamber and then through
small-diameter tubes forming the second pass, and
finally through a second bundle of tubes forming the
third pass. In some boiler configurations the third pass
is not included. The combustion chamber in some
boilers consists of two fire tubes. The combustion
chamber can also be outside the boiler shell. The prin-
cipal mode of heat transfer in the tubes is convection.
However, in the tire tube, radiative heat transfer is sig-
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3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.2 Process Heaters and Boilers 3.11.2-3

Reversal Chamber

Figure 4 Fire-tube boiler with three passes.

nificant.  Peak heat fluxes within the fire tube may be
as high as 400 kW/m�  .

Water-tube boilers offer advantages over fire-tube
boilers for pressures above 2 000 kPa and throughputs
in excess of about 5 kg/s. Water-tube boilers are used
in large process plants and power stations for generat-
ing high-pressure steam. They may be fired on gas, oil,
or solid fuel. A typical power-generation water-tube
boiler is shown in Fig. 5. Boiler tubes carrying water
cover the entire wall surface of the combustion chamber,
forming a so-called water wall. The boiler is fired by

burners mounted in rows on the front wall. Heat transfer
to the boiler tubes in the combustion chamber is prin-
cipally by radiation. Further heat transfer is accomp-
lished by arranging the flow of hot combustion gases
over a convective superheater tube bank. The combus-
tion gases may also be used to preheat the combustion
air, thereby increasing the efficiency of the boiler.
Power-generation boilers are generally fired on oil or
pulverized coal.

Reheater

Ash Dlschorge

Figure 5 Pulverized coal-fired power-generation water-tube
boiler.

References for Section 3.11.2 appear at the end of Section 3.11.7.
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3.11 FURNACES AND COMBUSTION CHAMBERS 3.11.3-l

3.11.3
Heat transfer in furnaces

J. S. Truelove

n A fuel-fired furnace may be visualized as a gaseous
heat source (the flame and furnace gases), a sink, and a
refractory enclosure. Heat is transferred to the sink
surface by radiation and convection from the furnace
gases and radiation from refractory surfaces. The domi-
nant mode of heat transfer is radiation. The roles of the
heat source, sink, and refractory in the heat transfer
process are described in the following sections.

A. Heat source

The heat to a fuel-fired furnace is provided primarily
by the combustion reaction. The heat liberated by the
combustion of a unit mass of fuel is given by the heat
of reaction, or calorific value, of the fuel. For fuels
containing hydrogen, two caloritic values are reported:
the gross calorific value, determined by assuming that
all the water vapor produced during the combustion
process is condensed and cooled to 288 K; and the net
calorific value, determined assuming that the water
vapor formed during combustion remains in the vapor
phase. The source of oxygen for combustion is generally
air. An excess of air above the stoichiometric require-
ment is used to ensure complete combustion of the fuel.
Typical excess air requirements are 10% for gaseous
fuels, IS-20% for liquid fuels, and 20% or more for
pulverized solid fuels. Tables 1 and 2 give the composi-
tions, calorific values, and air requirements for the
components of most industrial gaseous fuels, and for
typical liquid and solid fuels.

Gaseous fuels generally bum with nonluminous
flames, whereas oil fuels can be tired to produce flames

0 1983 Hemisphere I lblishing  Corporation

of varying degrees of luminosity. Pulverized coal burns
with a highly luminous flame due to the presence of
hot solid particles suspended in the flame.

The principal sources of radiation from nonlumi-
nous flames are the gases carbon dioxide and water
vapor, which are present in the furnace gases as products
of combustion. The total radiation from a gas mass
depends on the temperature and volume of the gas, and
the radiative properties of the.emitting gas species. For
engineering heat transfer purposes, the radiative proper-
ties of gases are usually defined in terms of the total
emissivity and total absorptivity. These terms are de-
fined in Sec. 2.9.5D.  The total emissivity of a gas de-
pends on the gas temperature T,, the partial pressure-
path length product pL, and to a small extent on the
total pressure; it is denoted by egtTg,  pL j. The total
absorptivity depends on the same parameters and in
addition the source temperature of the radiation being
absorbed, T,; it is denoted by ag+Tg,  T,, pL j. Total
emissivity charts for carbon dioxide and water vapor are
given in Sec. 2.9.5D.  The total absorptivity may be
estimated from the total emissivity as

where the exponents m and n are empirically deter-
mined for each gas. For carbon dioxide, m = 0.65 and
n = 1 .O; for water vapor, m = 0.45 and n = 1 .O. When
carbon dioxide and water vapor are present together,
the total emissivities are additive, although a small
correction is necessary to allow for spectral overlap.
The same type of correction applies to calculating the
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Table 1 Properties of selected gaseous fuel&

Fuel co, N, co H*

Calorific value,
Composition (% by volume) MJk Combustion

air,

CH,  C,H,  C,H, GH,, C,H,,  C,H, C,% C,H, Gross Net kg/kg

Pure gases
Carbon monoxide
Hydrogen
Methane
Ethane
Propane
n-Butane
n-Pentane
Ethylene
Propylene
Butylene

Fuel gases
North Sea gas
Groningen gas
Synthetic natural gas
Commercial propane
Commercial butane
Water gas
Blast furnace gas
Coal gas
Producer gas
Lurgi crude gas
Lean reformer gas
Rich reformer gas

0.2 1.5
0.9 14.0
2.0

4.1 4.5
17.5 56.0
4.0 6.6
5.0 54.5

25.6 1.8
16.7
21.0

100
100

�>  100
100

100
100

100
100

100

94.5 3.0 0.5
81.8 2.7 0.4

0.1 0.7 95.2 2.0
1.5 91.0

0.1 0.5 1.2
41.0 49.0 0.8
24.0 2.5
18.0 49.4 20.0
29.0 11.0 0.5
24.4 31.3 10.3

2.2 46.4 34.1
1.0 17.0 61.0

0.2 0.1
0.1 0.1

2.5 5.0
88.0 4.2

0.3 0.3

10.10
142.0
55.48
51.88
50.35
49.55
49.02
50.28
48.91

100 48.46

53.5
42.3
52.3
50.3
49.6
16.5
2.49

2.0 30.3
4.55

13.1
30.9
30.2

10.10 2.46
120.0 34.27
49.95 17.20
47.45 15.90
46.33 15.25
45.73 14.98
45.33 15.32
47.11 14.81
45.75 14.8 1
45.30 14.81

48.2 16.6
38.1 13.1
47.2 16.2
46.3 15.2
45.8 15.0
15.1 4.0
2.45 0.61

27.2 8.4
4.34 1.12

11.8 3.5
27.3 8.9
27.1 9.2

aTaken  from data published by Rose and Cooper [4].
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Table 2 Properties of selected liquid and solid fuels�

Calorific value,
Composition (% by mass, as fired) M J/kg Combustion

air,

Fuel C H 0 S N Ash Moisture Gross Net kg/kg

Liquids
Kerosene 85.8 14.1 0.1 46.5 43.5 14.7
Gas oil 86.1 13.2 0.7 45.6 42.8 14.4
Light fuel oil 85.6 11.7 0.1 2.5 0.08 0.02 43.5 41.1 14.0
Medium fuel oil 85.6 11.5 0.15 2.6 0.12 0.03 43.1 40.8 13.9
Heavy fuel oil 85.4 11.4 0.2 2.8 0.15 0.05 42.9 40.5 13.8
Methanol 37.5 12.5 50.0 22.1 19.9 6.5
Ethanol 52.2 13.0 34.8 30.2 27.2 9.1

Solids (coals)
Anthracite 18.2 2.4 1.5 1.0 0.9 8.0 8.0 29.1 28.9 9.8
Low volatile bituminous 17.4 3.4 2.0 1.0 1.2 8.0 7.0 30.6 29.7 10.1
Medium volatile bituminous 75.8 4.1 2.6 1.2 1.3 8.0 7.0 30.8 29.8 10.2
High volatile bituminous 71.6 4.3 3.8 1.7 1.6 8.0 9.0 29.5 28.4 9.7
Lignite 56.0 4.0 18.4 0.6 1.0 5.0 15.0 21.5 20.2 7.1

=Taken  from data published by Rose and Cooper [4] and Bell [5].

total absorptivity. Effective use can often be made of
the fact that, in the products of combustion, carbon
dioxide and water vapor are found in fixed proportions;
for example, the partial pressure ratio ~H,o/~co, is
equal to 1 .O for the products of combustion of (CH,), ,
and 2.0 for products of combustion of CH4. This range
brackets most industrial hydrocarbon fuels, with oils
lying at the lower end and gases at the upper end.
Figures 1 and 2, constructed on this basis by Hadvig [6]
from the data in Hottel and Sarofim�s charts [7], give
the total emissivity of mixtures with partial pressure
ratios of 1 and 2. The use of kcO,  + pH,o)L as a cor-
relating parameter reduces the effect on the emissivity
of departures of the partial pressure ratio from the
fixed values of 1 and 2.

The calculation of radiation from luminous flames
requires a knowledge of the concentration distribution
of soot and other particulates within the flame, and their
radiative properties.

When calculations of the total flame emission are
to be based on a mean flame temperature and gas emis-
sivity, it is generally sufficient to make an approximate
allowance for soot emission by adding 0.05 to the non-
luminous emissivity if the flame is �bright but not
intensely luminous� and 0.1 if the flame is �quite
bright� [7]. These small additions reflect the fact that
the luminous flame occupies only a small fraction of
the total furnace volume. Allowance for radiation by
large particulates, such as ash and char, is discussed
in [8].

The radiative properties of the furnace gas can be
conveniently incorporated into a furnace calculation
using the so-called mixed gray gas model [7] The total
emissivity and total absorptivity are written as

erg = c a,,+Ts $ (I - emka,nL) ( 3 )

?I

where k,, is the absorption coefficient of the nth gray
gas component, and u~,~ and uqn are the corresponding
weighting factors. The weighting factors and absorption
coefficients are determined by fitting Eqs. (2) and (3)
to the observed emissivity and absorptivity of the
furnace gas over a range of path lengths and tempera-
tures. A clear gas component with k, = 0 is included
to represent the nonabsorbing regions, or windows,
in the gas absorption spectrum. The weighting factors
for the clear gas are determined by the requirement that
the weighting factors in each expansion sum to unity.
A three-term expansion, or one clear, two gray gas
model, is adequate for most applications. In practice,
little error is incurred if a,,tTs j is taken equal to u~,~
evaluated at temperature T,.

B. Heat sink

The heat sink in most fired heaters is in the form of a
single or double row of tubes in front of a refractory
wall. This arrangement increases the effectiveness of
the tube as an absorber of heat because a greater part
of the tube circumference is irradiated. The radiation
not intercepted by the tubes passes to the refractory,
from which it is reradiated. In general, the heat flux
distribution on the tube circumference is not uniform.
In the case of a single row of refractory-backed tubes,
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Figure 1 Total emissivity for carbon dioxide and water vapor mixture with PH,  o/p,-0,  = 1 and a total pressure of 1 atm.
Adapted from Hadvig [ 61.

there will be a peak at the front face of the tube due to ing the tube-to-tube spacing, as illustrated in Fig. 3. For
direct radiation from the furnace gases, and to a lesser a normal tube spacing of about two times the outer
extent at the back face of the tube due to reflection diameter, the ratio is about 1.8. As the tube spacing is
and reradiation from the hot refractory wall. The ratio increased, the ratio approaches unity. In the case of a
of peak to mean heat fluxes can be controlled by vary- refractory-backed double row of tubes, the back row
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Figure 2 Total emissivity for carbon dioxide and water vapor mixture with PH, o/p~o, = 2 and a total pressure of 1 atm.
Adapted from Hadvig [6].
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Figure 3 Ratio of peak heat flux to mean heat flux around the
tube for various arrangements of (black) tubes.

receives about one-quarter of the total heat transfer.
The peak-to-mean (circumferential) flux ratio for both
rows of tubes is much worse than for a single row due
to the effect of tube shielding.

For the purpose of radiative heat transfer in the fur-
nace chamber, the refractory-backed tubes behave like
a plane surface of area equal to the total area of refrac-
tory covered by tubes--not just the projected area-as
illustrated in Fig. 4. If the refractory is assumed to be
radiatively adiabatic, then the effective emissivity of
the equivalent plane surface is

Eeff  = [l/F(2 -F)] + ;B,n)[(l,et)  - l]

0

O 0
0
0

( 4 )

IO)  Refractory  -backed Equlvolent Plane  Surface
Tubes ceff from Eq L

0 B
0 B
0 o I
0 B

I bl Tube Row  wth Radlot,on
from both Sdes

Eqwalent  Plane  Surfcces
of Hwght CF and se,,
from  Eq 6

Figure4 Representation of tubular heat sinks by equivalent Figure 5 Interception factors for single and double (triangular-
plane surfaces. spaced) rows of tubes.
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where B is the ratio of tube center-to-center distance
to diameter, F is the fraction of radiation incident on
the tube plane that is intercepted by the tubes, and ey
is the true emissivity of the tubes (about 0.85). The
effective temperature of the equivalent surface is equal
to the true temperature of the tubes. For isotropic
radiation incident on a single row of tubes,

1
-cos-�  -( )IB

Any deviations from isotropy can almost always be ig
nored. If the heat sink consists of a double row of tubes,
then the only change is the increase in value of the
interception factor F. The interception factors for
single and double rows of tubes are shown in Fig. 5.

Another common tubular heat sink arrangement is
in the form of horizontal tubes mounted in a vertical
plane and centered between refractory walls. This
arrangement is used for critical applications where a uni-
form circumferential heat flux is needed. For a typical
tube spacing of two times the outer diameter, the ratio
of peak to mean heat fluxes is about 1.2. A rigorous
treatment of this configuration presents problems. A
plausible approach suggested by Hottel [9] is to replace
each tube by a plane vertical surface that intercepts
the same radiation as would the tube, as illustrated in
Fig. 4. The height of each surface is equal to the center-
to-center spacing C, multiplied by the interception
factor F of Eq. (5). The effective emissivity of the plane
surfaces replacing the tubes is greater than the true
emissivity of the tube, due to internal reflections in the
tube bank, and is given by

1
Eeff  = 1 + (2BF/n)[(l/e,)  - l] (6)

If there are several equally spaced tube banks, with
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firing between each pair, then one zone of the system
can be reduced to the above case by taking advantage
of the fact that a plane of symmetry can be approxi-
mately replaced by a surface that reflects diffusely and
completely.

Table 3 Normal total emissivities of selected surfaces�

Surface
Temperature,
�C Emissivity

Table 3 gives some typical values for the emissivities
of sink surfaces.

C. Refractory surfaces

The refractory has an important role in the transfer of
heat from the furnace gases to the sink. Some of the
radiation from the furnace gases is directed toward
refractory surfaces, at which it is reflected or absorbed
and reemitted, and some of this radiation is directed
toward the sink. A rigorous analysis of the effect of the
refractory is complicated by, among other things, the
different spectral characteristics of the reflected and
reradiated energy. The furnace gases are more trans-
parent to the reradiation than to the reflection, since
the spectral characteristics. of the former depend on
the characteristics of the refractory, whereas those
of the latter are the same as the gas. Thus, a fraction of
the radiant energy leaving the refractory surface passes
through the windows in the gas absorption spectrum
directly to the sink. The net effect of the refractory is
to enhance radiation heat transfer from the furnace
gases to the sink.

A. Metals and their oxides
Aluminum:

Polished
Commercial sheet
Heavily oxidized

Iron and steel (not stainless):
Iron, polished
Steel, polished
Cast iron, polished
Iron plate, oxidized
Steel, oxidized at 600°C
Cast iron, oxidized at

600°C
Cast iron, molten
Mild steel, molten

Stainless steels:
Type 304 (8 Cr; 18 Ni)

Polished
After heating
After 42 h at 525°C

Type 310 (25 Cr; 20 Ni)
Oxidized from furnace

service
B. Refractories

Alumina
Alumina-silica
Brick:

Red, rough
Building
Fireclay

Carbon:
Graphitized
Graphitized
Thin layer on iron plate
Thick layer

Magnesite refractory brick
Silica

100 0.095
100 0.09

95-505 0.20-0.31

425-1 02.5 0.14-0.38
100 0.066
200 0.21

20 0.69
200-600 0.79

200-600 0.64-0.78
1 300-l 400 0.29
1600-l 800 0.28

100 0.074
215-490 0.44-0.36
215-525 0.62-0.73

215-525 0.90-0.97

1 010-l 565 0.50-0.18
1010-l 565 0.78-0.43

The heat loss through the refractory walls depends
on the furnace design-its size, operating temperature,
and construction-and is usually between 1% and 10%
of the net heat release. Wall losses can be neglected for
many furnace types. However, in high-temperature fur-
naces, particularly those with large areas of refractory,
wall losses may become significant.

20
1000
1000

0.93
0.45
0.75

loo-320 0.76-0.75
320-500 0.75-0.71

20 0.93
20 0.97

1000 0.38
1010-l 565 0.62-0.33

D. Heat transfer to the sink
aTaken from data published by Hottel and Sarofii [7].

From the results of Sec. 2.9.6H, the rate of heat transfer
from a gaseous source to a sink surface i by radiation
and convection is given by

Qj =
c

gj.-iU(TT  -T:)  + OZjAi(Tk  - Ti) (7)
i

Ai is the area of the surface i; and Tk is the temperature
of the furnace gases adjacent to the surface i. The j
summation runs over all surfaces and volumes within
the furnace chamber. The factor gi-i allows for multiple
reflections at all surfaces. The convective heat transfer
term in Eq. (7) is usually small relative to the radiative
heat transfer term.

where u is the Stefan-Boltzmann constant, equal to The calculation of & from Eq. (7) is exceedingly
5.67 X lo-�  W/m2 K4 ; Ti is the absolute temperature of complex when the total number of surfaces and volumes
the surface i; Tj is the absolute temperature of the sur- is large. Clearly, the application of Eq. (7) to practical
face or volume j; CJj-i  is the total transfer factor for furnaces must incorporate simplifications and assump-
radiation from j to i; 01i is the convective heat transfer tions. These form the subject of the following sections
coefficient from the furnace gases to the surface i; on furnace models.

Nomenclature for Section 3.11.3 appears at the beginning of Part 3. References appear at the end of Section 3.11.7.
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3.11 FURNACES AND COMBUSTION CHAMBERS 3.11.4-l

3.11.4
The stirred-rzrnace model

J. S. Truelove

n The simple model to be described in this section
is found to make substantially correct predictions of
the overall heat transfer performance for a wide range
of furnace types. The model is quite general and can
therefore be applied, in principle, to any combustion
chamber configuration and to all fuels. The generality,
relative simplicity, and predictive potential of the model
have led to its extensive use for preliminary design of
radiant sections of process heaters and boilers. The
model may be readily used to estimate the effect on
furnace performance of changes in furnace operational
variables such as, for example, fuel flow rate, air preheat,
and excess air factor.

A. Basis of model

The furnace chamber is modeled using three zones: a
single gas zone to represent the flame and combustion
products within the chamber and two surface zones
to represent the heat sink and refractory, respectively.
It is assumed that the gas can be assigned a mean radiat-
ing temperature Tg; the heat sink surface is gray and at
a specified temperature T,; and the refractory surface
is radiatively adiabatic. Radiation losses through open-
ings in the furnace walls are neglected.

B. Model formulation

(a) Heat transfer from furnace gases

With these assumptions, the net rate of heat transfer
from the combustion gases to the heat sink by radiation

and convection is

01 = gg-+J&�  - Ti�> + wb,c(Tg - 7-1) (1)

where u is the Stefan-Boltzmann constant, equal to
5.67 X 10m8  W/m2 K4, or is the convective heat trans-
fer coefficient from the gas to the sink, Al,, is the area
of the sink receiving heat by convection, and gg-r,r  is
the total transfer factor for radiation from the gas to the
heat sink. gg-l,r allows for multiple reflections at all
surfaces and reradiation from the refractory; its evalua-
tion is discussed in Sec. B(d). Equation (1) may be
simplified by approximating the convective heat transfer
term. Linearization in T4 yields

qAl,,(Tg-T,)=‘$u(T; -G’>
0

where Tgl may be approximated as the arithmetic mean
of Tg and T, The net rate of heat transfer to the heat
sink then becomes

QI = gg-,,r,,Q, --- Tf)

where

( 3 )

alAl,,
gg-1,r.c  = g&T-1,r +-

4uTg3,

The net rate of heat transfer from the furnace gases,
og> is the sum of the heat transfer rates to the sink
and through the furnace walls by conduction:

Q* = hl + 8,

= sg-1,,,,4T,4  - Tf) + &%(Tg - Tel (5)
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3.11.4-2 3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.4 The Stirred-Reactor Furnace Model

where A, is the area of refractory, T, is the external
temperature, and U, is an overall coefficient of heat
transfer from the furnace gases to the external sur-
roundings.

(b) Heat balance

The heat balance on the furnace chamber is

where tiiz,  is the mass flow rate of gases through the
furnace chamber, h,i is the specific enthalpy of the inlet
gases including heats of reaction, and h,, is the specific
enthalpy of the gases leaving the outlet of the furnace.
Because of imperfect stirring within the furnace cham-
ber, the mean enthalpy temperature of the gases leaving
the furnace is lower than the mean radiating tempera-
ture of the gases within the furnace by AT,. The leaving
gas specific enthalpy may be written as

hg,o=~P*g  g( T  -AT,-To) ( 7 )

where cpg is the mean specific heat of the furnace
gases over the temperature interval from the enthalpy
base temperature, To, to Tg - AT,. The same mean
specific heat may be used to define a fictitious gas
temperature Tg,f,  associated with the inlet gas specific
enthalpy :

Tg,f = To + 2 (8)

By substituting Eqs. (7) and (8) into (6)  the heat baI-
ante equation becomes

og = figcp,g(Tg,,f  - Tg + AT,) ( 9 )

(c) Thermal performance

The thermal performance of the furnace, that is, Qi ,
is obtained by solving Eqs. (5) and (9). The final solu-
tion is simplified by rewriting the equations in dimen-
sionless form as [9]

Q�D� = (T; - Ti4) + L;(T; -T;)

Q’ = 1 - T; + AT;

where

(10)

(11)

Q’ =
C?g<l  - T;)

hghg,  i

D’ = hghg, i
g,-r,r,coT84f(l-  T:)

(12)

(13)

(14)

and primes on the temperatures denote dimensionless
ratios to Tg,f.  The quantity Q�  is known as the reduced
furnace efficiency, D’ as the reduced tiring density,
and L: as the refractory loss factor.

The temperature drop that allows for the effect
of imperfect stirring must be estimated. Values of ATg
in the range 1 IO�-170°C  are found to correlate the
data from heavily fired cracking coils and marine boilers
[lo]. For box-type heaters having approximately
square cross section and no areas of refractory with
direct flame impingement, the temperature drop is
negligible. In the opposite extreme of a high-temperature
heater with a tall, narrow combustion chamber and wall-
mounted radiant burners, ATg  may be loo�-150°C.
Other types, such as narrow, bottom-fired vertical
cylindrical heaters, fall somewhere in between [ 111 .
For a wide range of furnace types and operating condi-
tions the dimensionless temperature drop, AT;, is found
to be approximately proportional to Q� [9]. It is con-
venient to assume that

A T ; =  l - f  Q�
( >

A tentative value of d = 1.2 is recommended. The case
of perfect stirring (AT, = 0) is obtained by setting
d =  1 .

Substituting AT; from Eq. (15) into Eq. (1 l),
and then eliminating Ti between Eqs. (10) and (11)
yields the performance equation

-Ti4  +L; ( I  -s-T;) ( 1 6 )

When this equation has been solved for Q�,  the thermal
efficiency of the furnace for transfer of useful heat
to the sink is calculated from

*=e,= dg - GMT, - Te)
hghg,  i fighg,  i

Q’ - (L:/D’)[l - (Q’/d)  - T;l=
1 - T:,

(17)

and the furnace gas temperature from

(18)

When wall losses are neglected, Eq. (16) gives the
thermal performance of the furnace as a function of
the two dimensionless groups D’d and Ti . The reduced
tiring density D’ makes allowance for any operating
variables such as fuel type or excess air or air preheat
that affect flame temperature or gas emissivity, for frac-
tional occupancy of the walls by sink surfaces, and for
wall emissivlty. The relationship among Q’/d, D’d, and
Ti is shown graphically in Fig. 1. The range of practical
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3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.4 The Stirred-Reactor Furnace Model 3.11.4-3

D�d

Figure 1 Performance curves for stirred-reactor furnace with
negligible wall losses.

interest is 0.1 < D’ < 2. Some consequences of the
relationship are noteworthy:

1. At low firing density the efficiency increases
with decreasing firing density approaching a limiting
value of 1 - Ti (this behavior is modified when wall
losses are included).

2. At high firing density the efficiency is inversely
proportional to D’.

3. Changes in the sink temperature have little
effect if T; < 0.3.

The effect of refractory wall losses on furnace per-
formance is illustrated in Fig. 2, which shows the re-
duced furnace efficiency, (1 - TA h/d, as a function of
D’d and Ti for the case L: = 0.02 and TL = 0.125. The
reduction in furnace efficiency as a result of wall losses
is seen clearly by comparing the curves in Fig. 2 with
the corresponding curves in Fig. 1. At very high firing
rates the efficiency is low and the wall loss is small
compared with the heat transfer rate to the sink. As
the firing rate is decreased the efficiency increases,
passes through a maximum, and then falls to zero when
the heat transfer from the gas is balanced by the heat
loss through the wall.

O.OL 006 01 02 OL 06 0810 20

O’d

Figure 2 Performance curves for stirred-reactor furnace with
wall losses: Li = 0.02, TA = 0.125.

(d) Transfer factor

The total transfer factor, gsel,,, accounts for the geo-
metric complexities of the furnace chamber, including
multiple reflections at all surfaces and absorption and
reemission by the refractory. It may be determined
most easily from the radiation network for the stirred-
reactor model.

The radiation network for the stirred-reactor
model may be derived from the results of Sec. 2.9.6.
It is shown in Fig. 3 with the gas as a source of poten-
tial oTg” connected to the sink and refractory by re-
sistances R,-, and R,-,, and the refractory to the sink
by a resistance R,-l . The resistance to transfer at the
sink due to surface reflection is shown by a resistance
R r . The refractory potential is represented by a floating
node, since the refractory is assumed to be radiatively
adiabatic.

Using the radiation network, the general expression
for the total transfer factor is obtained as

1
gg-lJr = R, + l/[(l/Rg-r)  + MR,-,  +R,-I )I (191

where

--!-  = A , E~,~-,
Rg-l

1
__ = Areg,g-r
R,-r

1
---=A3r-10  -fg,r-1)
k-1

(20)

(23)

where eg,g-l  , eg,g-r, and eg,r-l  are the gas emissivities
evaluated at the mean beam lengths for radiation from
gas to sink, gas to refractory, and refractory to sink

OT$

Figure 3 Radiation network for stirred-reactor furnace model,
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3.11.4-4 3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.4 The Stirred-Reactor Furnace Model

respectively, er is the emissivity of the sink surface,
and F,.-, is the view factor from refractory to sink.
F,-, depends on the arrangement of refractory and sink
surfaces within the furnace chamber. A rigorous evalua-
tion of F,.-, is usually not possible. However, several
cases can be identified that yield relatively simple ex-
pressions for the total transfer factor.

Consider a planar heat sink surface. If the small
differences between the gas emissivities associated with
the various resistances are neglected, then the total
transfer factor becomes

!+1,r = NKl -~1)/A1~tl

+ ikgwl +4/v +E~/(I  -E~)F~)  ( 2 4 )

where eg is the average gas emissivity evaluated at a
beam length equal to the mean beam length for the
entire furnace chamber (g 3.5 V/AT, where V is the
chamber volume and AT is the bounding area), and a
temperature Tg. The view factor F,-, can be readily
evaluated for three limiting cases.

First, when the sink and refractory surfaces are
intimately mixed within the chamber-the so-called
speckled wall condition-then F,-, = A1 /(A, + A,.)
and Eq. (24) simplifies to

AT
gg-1,r =

(ucl~l)+w~g)-l
( 2 5 )

where A&A,  + A,.) is the total area of the furnace
chamber and Cr is the fraction of the total area covered
by the heat sink. The fraction Cr is bounded by 0 <
Cl <l.

Second, when the heat sink and refractory surfaces
are segregated with the sink lying in a single plane, then
F,.-, = AI/A,,  Cl <i, and the total transfer factor is

AT
gg-l,r  =

(wl~l)+ Kl -eg,)/u  -GEg)l [(l/e,)-  11

(26)

Third, when the refractory surface is in a single
plane, then F,.-, = 1, C1 > i, and the total transfer
factor is

gg-1,r =AT/((~/~I~I)

+ {[I -o/c,  - l)Egl/U --Cl -W~glI

x KU%,)  -- 11) ( 2 7 )

For most practical furnaces the total transfer factor may
be calculated with reasonable precision from the
speckled wall expression, Eq. (25). For typical values
o f  e1 and eg (el = 0.85 and eg = 0.3) the maximum
difference between the transfer factors calculated using
the speckled wail assumption and the segregated wall
assumption is about 10% at Cr z 0.4.

For refractory-backed tubular heat sinks, the total
transfer factor can be calculated from the expressions
for the planar heat sink by taking Al as the total area of
refractory covered by tubes and e, as the effective
emissivity calculated from Eq. 3.11.3(4).

For horizontal tubes mounted in a vertical plane
centered between refractory walls, the effective sink
area and emissivity are determined as described in Sec.
3.11.3B, and the total transfer factor is then calculated
from Eq. (19) by substituting the resistance values deter-
mined from gas emissivities evaluated at the appropriate
mean beam lengths [9]. This gives

AT
gg-l,r =

(w*~I)+ P/(1 -C,>l [Wg)- 11
(28)

where the gas emissivity eg is evaluated using a mean
beam length based on the full  width of the furnace.

Approximate allowance for the effect of nongray
gas radiation may be made within the framework of the
stirred-reactor model using a clear-plus-gray-gas model
of the real furnace gases. With this simple model the
total transfer factor for the speckled wall condition
becomes [9]

+ [(llUg)-  ll/[CIEI + (1 -CI)ErlI ( 2 9 )

where ug is the weighting factor for the gray gas in the
clear-plus-gray-gas mixture and E, is the emissivity of
the refractory. The value of ag is calculated from eg
evaluated at the mean beam length L, and at 2L, :

(%tLm +I2

Q = 2Eg4Lm j - Egf2L,  j (30)

The presence of the refractory emissivity in Eq. (29)
allows for the spectral redistribution of radiant energy
during the process of absorption and reemission from
the refractory. Very often, almost nothing is known
about the refractory emissivity. If the refractory walls
are assumed to be perfectly reflecting (E, = 0), then
Eq. (29) simplifies to

gg-17  = (l/C,q) + (ug/eg) - 1 ( 3 1 )

In gene4 gg-l,r for the clear-plus-gray-gas model with
e, = 0 is equal to us times gg-l,r based on a gray gas of
emissivity eg/ag.  Equation (31) is a special case of this
general relation. The value of gg-l,r for the clear-plus-
gray-gas model with nonzero E, (~0.5) may be approxi-
mated as the mean of values calculated using the gray-gas
model and the clear-plus-gray-gas model with E, = 0.
This method of allowing for nonzero E, can be used for
cases other than the speckled wall furnace, which are
generally too complex to formulate rigorously. Strictly,

0 1983 Hemisphere Publishing Corporation
r 1

KDiL A



3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.4 The Stirred-Reactor Furnace Model 3.11.4-5

the evaluation of the net radiative transfer between a
nongray gas and a sink involves two values of the
transfer factor: one (gg+I,r) multiplying UT; to repre-
sent gas-to-sink radiation, and based on eg, the other

(9 I.+g,r)  multiplying oTf to represent sink-to-gas radia-
tion, and based on gas absorptivity ag. However, the dif-
ference between the two values can be ignored if T1 is
less than one-half of Tg.

C. Sample calculation

A vertical cylindrical process heater with a convection
section is to be designed for a total duty of 3.3 MW. The
design flue gas temperature at the outlet of the convec-
tion section is 600 K. The radiant section average flux
is 29 kW/m2.  The radiant tubes are 0.14 m outer diame-
ter on 0.25 m centers in a single row. The tube surface
emissivity is 0.85, and the average skin temperature in
the radiant section is estimated to be 650 K. Fuel oil
(88% carbon, 12% hydrogen by mass) with a net
calorific value of 41 MJ/kg  is to be fired with 25%
excess air (corresponding to 18.6 kg air/kg fuel), which
is dry and preheated to 480 K. Steam for atomizing
the fuel is at the rate of 0.25 kg/kg oil. The problem is
to design the radiant section of the furnace.

For simplicity, the furnace gases are assumed to
be gray and wall losses are neglected. The mean specific
heat of the furnace gases is assumed to be constant at
1 200 J/kg K. The convective heat transfer coefficient
to the tubes is taken as 10 W/m2 K, and the parameter
dinEq.(15)isset  to 1.2.

The first step is to determine the overall efficiency
and the fuel consumption.

Neglecting the small steam contribution to the
input-stream enthalpy and assuming a base temperature
To of 288 K and a mean air specific heat of 1 020 J/kg
K gives

Input-stream enthalpy = 2.25 MJ/kg
Fictitious inlet-gas temperature = 2 163 K
Flue gas enthalpy (at 600 K) = 0.37 MJ/kg
Heat available = 2.25 - 0.37 = 1.88 MJ/kg
Percent heat extracted = (1.88/2.25)  X 100 = 84%
Heat fired = 3.3/0.84 = 3.93 MW
Furnace gas flow rate = 3.9312.25  = 1.75 kg/s
Fuel flow rate = 0.088 kg/s

The second step is to determine the split between
the radiant section duty and the convection section
duty. The duty split is a function of the gas tempera-
ture at the outlet of the radiant section. This tempera-
ture must be estimated initially, then checked against
the trial design, and finally corrected if necessary and
the iterative cycle repeated. A good initial estimate of

0 1983 Hemisphere F

the furnace gas radiating temperature may be obtained
using Eq. (1) and the design average heat flux, and ne-
glecting the convective heat transfer contribution to
the total heat transfer. The speckled wall condition is as-
sumed and eg is estimated as 0.3 and C1 as 0.85. This
value of C, is obtained assuming a ratio of effective
tube length to tube circle diameter equal to 3. With
these assumptions, T, is estimated as 1 320 K. Using
Eqs. (11) and (15) yields an outlet gas temperature,
Tg - AT,, of 1 150 K. Thus:

Fraction of heat extracted that is absorbed in the
radiant section = (2 163 - 1 150)/(2  163 - 600) = 0.65

Radiant section heat absorption = 0.65 X 3.3 =
2.15 MW

The final step in the initial design is to determine
the number of tubes required:

Tube surface area = 2.15 X 106/29  000 = 74 m2
Total tube length = 74/(n X 0.14) = 168 m

Assuming that there are 28 tubes, then the exposed
length of each tube is 6.0 m, the tube circle diameter is
2.23 m, and a ratio of tube length to tube circle diame-
ter is 2.7.

The total transfer factor can now be calculated
and the design checked. The effective heat sink area
Al is 42.0 m2, the total area of the combustion chamber
A, is 49.8 m2, the heat sink fraction C1 is 0.84, and
the effective emissivity of the heat sink e1 is 0.84
[from Eq. 3.11.3(4)].  From the analysis of the fuel, the
steam quantity, and excess air, the partial pressures of
carbon dioxide and water vapor in the furnace gases
are 0.106 and 0.107, respectively. The mean beam
length calculated from the expression 3.5 V/AT  is 1.64
m. Using the chart in Sec. 3.11.3A, the nonluminous
emissivity is found to be 0.23. Assuming a soot contri-
bution of about 0.05 gives 4 = 0.28. Substituting these
values into Eq. (25) gives gg-l,r = 12.5 m2. Equation
(4) gives gg-l.r,c  = 15.9 m2 . Equation (13) gives D’ =
0.23. Solving Eq. (16) yields Q�  = 0.49. Finally, the
outlet-gas temperature, Tg - AT,, is 1 100 K, the
radiant section duty, &, is 2.24 MW, and the average
flux in the radiant section is 30.3 kW/m�.  The radiant
section efficiency based on the heat input is 57%. The
design check indicates that the radiant section duty is
slightly higher than assumed-2.24 MW compared with
2.15 MW-but for all practical purposes this difference
is not significant. The effect of wall losses on heater
performance may be estimated by assuming a wall con-
ductance U, of 1 W/m2 K. This gives a loss in efficiency
of about 1%.

The stirred-reactor model may also be used to esti-
mate the effect of changes in the heater operating
conditions. For example, if the combustion air is not
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3.11.4-6 3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.4 The Stirred-Reactor Furnace Model

preheated to 480 K, the radiant section efficiency falls
from the design value of 57% to 54%,  and the duty
performed in the radiant section falls from 2.24 to 1.95
MW. The temperature at the outlet of the radiant
section falls by about 10 K, and consequently the per-

formance of the convection section is also degraded.
Changing the excess air also has a significant effect on
the furnace efficiency. If the burner is operated with
only 20% excess air, then the radiant section efficiency
increases from 57% to 59%.

Nomenclature for Section 3.11.4  appears at the beginning of Part 3. References appear at the end of Section 3.11.7.
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3.14.5
The plug--flow furnace model

J. S. Truelove

n The stirred-reactor furnace model described in the
previous section predicts the overall heat transfer per-
formance of furnaces, but it gives no information on
the distribution of heat flux within the furnace and it
cannot account for some important design parameters,
for example, the burner heat release pattern. These limi-
tations can be serious when the furnace is long com-
pared with its mean hydraulic radius, for example,
fire-tube boilers, tunnel kilns, and metal reheating
furnaces. For these cases, the plug-flow, or long-furnace,
model is more appropriate.

A. Basis of model

The gas at any flow cross-section is assumed to have a
reasonably uniform velocity and to be characterized
by a single temperature. When combustion occurs, heat
is released in such a way that the gas temperature over
the furnace cross section remains reasonably uniform.
Further, it is assumed that the net radiative flux in the
flow direction is negligible, that all surfaces are gray,
and that the refractory surfaces are in radiative equi-
librium. Radiation losses through openings are neglected.

B. Model formulation

(a) Heat transfer from furnace gases

With these assumptions, the net heat flux to the sink
surface at the downstream distance x can be expressed
in terms of the local gas and surface temperatures as

gg-1,r A
(jl =-

Al
u(T; -Tf)+a, 2 Vg - TI 1 (1)

where gg-l,r is given by Eq. 3.11.4(  19) evaluated as for
a two-dimensional system that is infinite in the flow
direction.

The net heat flux through the refractory wall is

cir = Ur(Tg  - Tel (2)

(b) Heat balance

A heat balance on the furnace gases between x and
x + dx gives

4’ dx - 4 lP, dx - &.Pr dx = tigcp,,  dTg ( 3 )

where 4�  is the heat release rate per unit length due to
combustion, PI is the perimeter occupied by sink
surface, and P, is the perimeter occupied by refractory
surface.

(c) Thermal performance

The heat balance may be rewritten in the form of a
differential equation as

dTg_+41pl +4rP,-4�
= 0 (4)

d x %CPX
\ ,

This equation may be integrated numerically to obtain
the distribution of gas temperature in the flow direc-
tion. Note that ir, Gr, and cp,g depend on the local
value of Tg. The surface temperature, T1, may be pre-
scribed or calculated from an auxiliary relation, such
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3.1152 3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.5 The Plug Flow Furnace Model

as a conduction equation linking Tr to an external
temperature.

When there is no heat release due to combustion,
or when all heat release takes place upstream of x = 0,
then 4�  = 0 and Eq. (3) can be rearranged and inte-
grated to find the furnace length X, from inlet, to cool
the furnace gases from TstO j to r&Xj:

/

% fx+
x=

-riz,c, g
41Pl + 4rpr dTg

Tg4.0;)
The integral may be evaluated numerically or graphically
from a plot of the integrand as a function of Tg.

When the gas temperature distribution has been
calculated from Eq. (4) or (5)  then the distribution of
heat flux to the sink may be calculated using Eq. (I),
and the wall loss using Eq. (2).

C. Sample calculation

The application of the plug-flow furnace model is illus-
trated using the example of Sec. 3 .l 1.4C.  The plug-flow
model is appropriate when the heater is bottom-fired
with multiple burners. The heat release rate due to
combustion is assumed to vary exponentially with axial
distance from the burner, and the flame length, defined
as the axial distance at which combustion is 99% com-
plete, is taken as 2.9 m. This gives 4�  = 5.74e-1.5gX
MW/m. Note that the integral of 4�  between x = 0 and
x = 00 yields the total heat release-3.61 MW. The
furnace gas temperature is calculated by numerical
integration of Eq. (4) and the heat flux distribution is
found from Eq. (1). The heat flux distribution to the
tubes is shown in Fig. 1. The average heat flux is 32.5
kW/m�  , the total absorption is 2.41 MW, and the
furnace efficiency is 61%. It is seen that the plug-flow
model predicts a higher efficiency than the stirred-

I I I I I I 1

/Plug flow I No Awal RadIatIonI
I

: 70-
cr

kj 60
: 50-
2

:
LO L

c 30

2
P

20-

IO-

Perfectly  stlrred reactor  plus
plug flow

StIrred reactor

Oldi!!
\ 224 -

z: -

V
OO

I I I I 1 I1 2 3 L 5 6

Axlol Dlstonce  Y. m

Figure 1 Heat flux distributions calculated using plug-flow and
perfectly stirred-reactor-plus-plug-flow furnace models.

reactor model. Somewhat more realistic predictions of
heat flux may be obtained from a plug-flow model
with allowance for radial temperature gradients and
axial radiation. Some results are presented in the next
section.

When the heater is fired with a single burner from
the center of the base, a combination of perfectly
stirred-reactor and plug-flow models may be more
appropriate. Close to the burner, the turbulent mixing
between the fuel and air and the external recirculation
between the flame and the wall of the chamber result
in a region in which the furnace gases are well stirred.
This region may be modeled as a perfectly stirred
reactor. The length of the perfectly stirred region is
estimated from a knowledge of the flame length and
flow pattern within the chamber. Beyond the perfectly
stirred region, the plug-flow model is used. The results
obtained using a stirred-reactor and plug-flow model
with a perfectly stirred region of length 3.4 m are also
shown in Fig. 1. As expected, the large peak in the heat
flux distribution near the burner is flattened, and a more
nearly uniform heat flux profile is predicted.

Nomenclature for Section 3.1 I.5 appears at the beginning of Part 3.
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3.11.6
The multizone furnace model

J. S. Truelove

H The restrictions of gas temperature uniformity
imposed in the stirred-reactor model and of a one-
dimensional temperature field imposed in the plug-flow
model severely limit the usefulness of these models
when applied to furnaces where there are significant
gradients in temperature. Allowance for gradients in
temperature, and other properties, may be made using
the multizone model to be described in this section.
Furthermore, the model may be used to examine the
effect on heat flux distribution of complex factors such
as recirculatory  flow and combustion pattern.

A. Basis of model

The volume of the furnace chamber is subdivided (con-
ceptually) into small zones in which the temperature,
composition, and other physical properties can be as-
sumed to be uniform. Similarly, thesurfaces within
the furnace chamber are subdivided into small surface
zones that are assumed to have uniform temperature
and emissivity and over which the incident and leaving
fluxes can be considered to be uniform. The surfaces
are assumed to be gray and to emit and reflect radia-
tion diffusely. The geometric arrangement of zones is
determined by the furnace shape and the ease with
which radiation transfer factors between zones can be
evaluated.

The stirred-reactor furnace model is a special case
of the multizone model with one gas zone and two sur-
face zones.

B. Model formulation

(a) Radiation transfer between zones

For a gray gas, the net rate of heat transfer by radiation
between zones i and j is

0i-i  = gi-iU(  T: - TT ) (1)

where gi-j is the total transfer factor for the zone
pair i-j. The notation used here is the same as that
adopted in Sec. 2.9.6 and does not distinguish explicitly
between a volume and a surface zone. It is assumed that
the furnace is subdivided into N surface zones and M
volume zones and that indices i = 1, . . . , N denote
surface zones, whereas indices i = N + 1, . . . , N + M
denote volume zones. The evaluation of total transfer
factors is described in Sec. B(d).

Allowance for the effect of nongray gas radiation
may be made using a mixed gray gas representation of
the real furnace gas-see Sec. 3.11.3A. When Eqs.
3.11.3(2) and 3.11.3(3) are used to determine eg and
CY~,  the radiant heat transfer between two zones in a
furnace chamber containing a real gas is calculated as
the weighted sum of the independent contributions from
gray gases of different absorption coefficients. For
example, the net rate of heat transfer between gas zone
i and surface zone j is
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3.11.6-2 3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.6 The Multizone Furnace Model

(2)
Ln J

where (gi-i),  is the total transfer factor for the gray
gas component with absorption coefficient k,,. The
terms in brackets are the directed flux factors, so called
because they depend on the temperature of the emitting
zone. The directed flux factors are designated by g+i,
with the arrow pointing in the direction of the flux. The
general expression for the net rate of heat transfer be-
tween two zones i and j is

Qi -i = gi+iOTf - g+iOT!

where for a surface zone emitter,

(3)

gi+i =
c

aqntTij(gi-i)n i = 1, . . . ,N (4)
n

and for a gas zone emitter,

g+i =
2

Ug,,fTij(gi-i),, i=N+  1,. . . ,N+M
n

(5)

(b) Heat balances

Heat balances are formulated on all surface and gas
zones of unknown temperature.

A heat balance on surface zone i gives

N-FM N-FM

2
g+iUT! -

c
gi+/OTp + (UiAi(Tk  - Ti) = Qi

i= 1 j=1

(6)

where cwi is the convective heat transfer coefficient at
surface zone i and Tk is the temperature of the gas
zone k adjacent to the surface. & is the net flux to the
surface, which must be specified by a supplementary
boundary condition, such as a wall conduction equation.
For an adiabatic zone, 83 = 0. Similarly, a heat balance
on gas zone i gives

N-4-M N-I-M

c
gi+iOTT -

2
gi+iaTt - akAk(Ti - Tk)

j= 1 j= 1

+Qh,i=O ( 7 )

where ok is the heat transfer coefficient for convection
to an adjacent surface zone at temperature Tk (if any),
and Qh,i  is the net total enthalpy flux (sensible plus
chemical) into zone i across its boundaries. The term
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Qh,i  allows for any heat release due to combustion in
the zone.

(c) Thermal performance

Equations (6) and (7) constitute a system of nonlinear
algebraic equations for the unknown gas and surface
temperatures. When these are solved and the tempera-
ture distribution has been determined, the heat flux
distribution at the surfaces may be calculated from heat
balance equations similar to Eq. (6).

(d) Transfer factors

The total transfer factors are determined from a radios-
ity irradiation formulation at each surface zone. The
leaving flux, or radiosity, at surface zone i is

qf = (1 - Ei)qi + EiBi (8)

where 4; is the incident flux, ei is the surface emissivity,
and Bi denotes the blackbody emissive power UT:.
The incident flux, or irradiation, at surface zone i is
the sum of the products of leaving flux and direct trans-
fer factor for all zones in the furnace, and is given by

N N + M

Aiqi  =
c

gi-j4j  +
c

gi -iBi ( 9 )
j= 1 j=N+l

where gi-i is the direct transfer factor for the zone pair
i-j. From the results of Sec. 2.9.6D, the direct transfer
factor for surface-to-surface radiation is given by

//

COS Oi COS Bj
gi-i = 7i -j 2 dAj dAi

Ai Ai
IVi-j

i, j= 1,. . . ,N (10)

where Bi and Bi are the angles between the normals to
the differential areas dAi  and dAi and the line joining
dAi to dAi, ri-j, is the distance between dAi  and dAj,
and ri-i  is the transmissivity of the gas between dAi
and dAi,

Ti-i = exp (elk, dr) (11)

where ka is the gas absorption coefficient and the path
integral is taken along the line joining dAi to dAi. If
the absorption coefficient is independent of spatial
location in the furnace chamber, then 7i-i simplifies
to exp (-kari-i).  It can be seen that gi-i is essentially
the product AiFi-i, where Fi-i is the view factor from
surface i to surface j, but with a correction to allow for
absorption by the gas between the two zones. Similarly,
the direct transfer factors for surface-to-gas and gas-to-
gas radiation are given by
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3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.6 The Multizone Furnace Model 3.11.6-3

gi-i  =
k&j COS oi

Ti -j 2
?Wi -j

d Vi dAi

(i=l N9.s..

j=N+l >*.., N+M
(12)

gj-i  =
ka,ika,i

T. .- dV.dV.1 -I 2
?Vj -j

J ’

i, j=N+  1 , . . � 7 N+M (13)

where k,i is the gas absorption coefficient in volume
zone i. It follows from the above definitions that the
direct transfer factors satisfy the reciprocity relation
gi-j = gj-i,  and from energy conservation considerations
that the sum rules are

N-I-M

c
gi-i=Ai i =  1,. . . ,N

j= 1

= 4ka.i Vi i = N +  1,. . . ,N+M (14)

Direct transfer factors are available in graphic or tabular
form for many systems of practical importance, for
example, rectangular and axisymmetric cylindrical
geometries [7]. Substituting qf from Eq. (8) into Eq.
(9) and rearranging the resulting expression yields

N N

1 [Ai&ii-(1 -Ej)gi-i]qj  = 1 g<-iCiBi

j= 1 j= 1

N+M

+
c

gi-iBi (15)

j=N+  1

where 6ij is the Kronecker delta function. When Eq. (1.5)
is applied to each surface zone in the furnace, the result
is a system of N simultaneous linear equations for the
incident fluxes qr (i = 1, . . . , N). The linearity of the
governing equations for the radiant heat flow enables
the powerful superposition principle to be used to deter-
mine the parameters that describe the system for any set
of temperatures, namely, the transfer factors gi-j. From
Eq. (1)  it can be seen that the net heat transfer into
surface zone i, when Bi is set equal to unity and all
other Bi are set equal to zero, is gi-j. For the same
conditions, Eq. (8) may be used to express the net heat
transfer in terms of the incident flux at surface zone i.
Equating these two expressions yields

i=l,...,N
gi-i  = Aiei  iqr’

j= 1,. . . ,N+M
(16)

where iqi is the flux incident on surface zone i due to

emission by zone j. Note that zone j may be a surface
or volume zone. The flux,-qi  is obtained from the solu-
tion of Eq. (15) with the appropriate right-hand side,
ti~.,gi-i~i  for 1 <j<Norgi-iforN+  1 <j<N+M.
Equation (16) gives the total transfer factors for surface-
to-surface and gas-to-surface radiation. The surface-to-
gas factor may be obtained using the reciprocity relation
9i-j = gj-i. The total transfer factor for gas-to-gas radia-
tion may be found by considering the radiation incident
at gas zone i due to original emission by gas zone j.
This yields

N

gj-i =gj-i  +
c

(1 - fk)jqkgk-i

k=l

i, j=N+ 1 ,..*> N+M (17)

From energy conservation considerations it may be
shown that the total transfer factors satisfy the sum
rules

N+M

c
gi-i  = EiAi i=l,...,N

j= 1

= 4ka,iVi i=N+l,...,N+M (18)

Equation (18) is a useful check on computed values of
the total transfer factors. Note that the self-transfer
factor gi-i is required for the sum rules but not for
the calculation of net radiative heat transfer.

(e) Flow and combustion patterns

The enthalpy fluxes Qh,i that appear in the heat balance
equation are calculated from the mass flow rates across
the zone boundaries and the specific enthalpies of gas
evaluated at the temperature of the zone from which
the gas flows.

The mass flow rates and combustion pattern must
be specified. These may be obtained in one of three
ways: from a physical model; from a simple mathemati-
cal model of confined turbulent jet flames [12, 131 ;
or from a detailed mathematical model based on the
equations for conservation of mass, momentum, chemi-
cal species, and energy. The further development of
the zone model as a useful tool for furnace design will
greatly depend on the progress in predicting flow and
combustion patterns in furnaces from input and design
parameters. This topic is discussed further in Sec. 3 .l 1.7.

C. Sample calculation

The application of the multizone furnace model is
also illustrated using the fired-heater example of Sec.
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3.11.4C.  The combustion chamber is subdivided into
zones of radial and axial dimension 0.373 m, giving three
zones in the radial direction and 16 zones in the axial
direction. This subdivision gives a total of 48 gas zones,
16 cylindrical sink zones, and six adiabatic refractory
zones. The gas within the furnace chamber is assumed
to be gray, and the absorption coefficient is chosen to
reproduce the gas emissivity used for the stirred-reactor
calculation. This gives k, = 0.2 m-l. Two flow patterns
are considered: a plug-flow typical of multiburner firing;
and a recirculating jet flow typical of that formed by a
single high-momentum burner axially fired into a cylin-
drical furnace. Figure 1 shows the streamline pattern
for the jet flow. The mass flow rates across the zone
boundaries may be readily calculated from the mass
flow stream function values indicated on the streamlines.
The axial distribution of heat release due to combustion
is assumed to follow an exponential relationship. For
the plug flow, the heat release is distributed radially in
the same proportion as the mass flowrate of gas. For the
jet flow, all combustion takes place in the central row
of zones and is distributed axially according to the pat-
tern shown in Fig. 1.

The calculated heat flux distributions to the tubes
are shown in Fig. 2, together with the results obtained
using the stirred-reactor and plug-flow models. The total
heat absorption is indicated for each curve. It can be
seen that the furnaces with plug flow have higher effl-

Figure 1 Mean streamline pattern and percentage of fuel
burned in each zone for the enclosed jet flow.
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Figure 2 Heat flux distributions calculated using different flow
patterns and furnace models.

ciencies than the stirred-reactor and jet-flow furnaces.
The jet-flow furnace has the lowest efficiency because
the high-temperature flame zone is of small volume
and consequently not a very effective radiator, and is
surrounded by much cooler combustion products.
However, it should be noted that in the calculations the
gas is assumed to have a constant mean absorption
coefficient chosen to reproduce the emissivity of the
radiating gases and soot, whereas in practice the flame
region contains most of the soot and has an absorption
coefficient higher than the mean, and the gases sur-
rounding the flame have an absorption coefficient lower
than the mean. This effect makes the jet-flow furnace
efficiency somewhat too low. Of course, the local soot
radiation from the flame can easily be included in the
zoning method, provided that the soot concentration
distribution and soot radiative properties are known
[14,15].

Nomenclature for Section 3.11.6  appears at the beginningofpart  3. References appear at the end of Section 3.11.7.
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3.11 FURNACES AND COMBUSTION CHAMBERS 3.11.7-l

3.11.7
Advancede models

J. S. Truelove

n The multizone model described in the previous
section provides a solution for the radiation component
of the overall furnace heat transfer problem. However,
some additional means must be provided to obtain the
other components in the heat balance, such as convec-
tion and heat generation due to combustion. In prin-
ciple, these may be calculated by solving the equations
governing conservation of mass, momentum, chemical
species, and energy in a turbulent, chemically reacting
flow. In practice, there are many unresolved difficulties
in formulating and applying models of this nature. The
complexities of turbulent, recirculating, reacting, two-
phase flows are not yet fully understood. Universal
parameters for turbulence models have not been estab-
lished. The interaction of turbulence and chemical reac-
tion, and the effect of gas turbulence on the motion of
entrained drops and particles, are both poorly under-
stood. Finally, the task of solving the set of coupled
governing conservation equations is formidable, and
only recently have reliable and accurate numerical
methods for the computation of recirculating flows been
developed. The extent of model evaluation by compari-
son of predictions with measurements is limited, with
few (if any) comparisons for full-scale combustion
chambers. Despite the difficulties and complexities of
the problem, the development of models for turbulent
flow and combustion is steadily advancing. A complete
discussion of the topic is well outside the scope of this
section, and, therefore, the present discussion is re-
stricted to the case of heat transfer in a gas-fueled fur-
nace. The modeling of oil spray and pulverized coal
flames is described in [ 16-181.  The modeling of pol-
lutant formation is discussed in [ 19,201 .

A. Basis of model

Equations are formulated for the conservation of mass,
momentum, chemical species, and energy, together
with appropriate boundary conditions. To these are
added equations to model various physical processes,
such as turbulent transport and radiation. The need
to introduce additional physical models arises because
many of the processes that occur in the furnace are
far too complex to be handled at a fundamental level.
The resulting system of coupled, nonlinear, elliptic,
partial differential equations is solved numerically by
finite difference techniques.

B. Model formulation

(a) Conservation equations

It is assumed that no external body forces act on the
system; that species diffusion follows Fick�s law; that
the Lewis number for each chemical species is unity;
that kinetic heating terms in the energy equation are
negligible; and that the gas follows the ideal gas equation
of state. With these assumptions, the equations for
conservation of mass, momentum, chemical species,
and energy may be written as follows [2 I] :

Mass conservation:

v - (pu) = 0

Momentum conservation:

V*(puu)=-vp+v*7

0)

(2)
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3.11.7-2 3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.7 Advanced Furnace Models

Species conservation :

V * (pump)  = V * (psi Vmj) + Rj

Enthalpy conservation:

(3)

V*(puh)=V*(pKVh)-V-q,. (4)

where p is the density, u the velocity, p the pressure,
7 the stress tensor,

7 = ?J(Vu + VIF) - 5 q(V  - up (5)

17 is the molecular viscosity, mi the mass fraction of
species j, 6j the diffusivity of species j, Rj the volumetric
rate of formation of species j, h the specific enthalpy,
K the thermal diffusivity, and qr the radiation heat flux.
The enthalpy includes the contribution due to chemical
enthalpy :

(6)

where cPi, is the constant-pressure specific heat of
species j and hf,i is the heat of formation of species j.
It should be noted that the V * ( ) terms in the momen-
tum equation are not simple divergences because of the
tensor nature of uu and 7. The superscript T denotes
the transpose of the tensor, and I is the idemfactor.

The above conservation equations are correct at
any instant of time. In a laminar flow, the equations
may be solved for the instantaneous values of the de-
pendent variables. However, for turbulent flow, solution
of the instantaneous equations is neither feasible, due
to the very rapid turbulent fluctuations in the values
of the dependent variables, nor necessary, since interest
is principally in the time-average values of the dependent
variables.

The instantaneous equations may be transformed
to yield equations for the time-average variables using
a procedure known as Reynolds decomposition,
whereby the instantaneous value of any variable 4, say,
is expressed as the sum of a time-average term $ and an
instantaneous fluctuating term @�,  as

$?J=ij+(fJ’ (7)

By definition, 7 = 0. Substituting the Reynolds-decom-
posed expressions for u, p, mj, and h into the instan-
taneous conservation equations, ignoring fluctuations
in density, transport properties, and radiation, and time-
averaging the resulting equations yields the conservation
equations for the time-average variables as follows:

v~(pi)=o

v l (piiii  + pu’u’) = -vji + v l c

V l (piiEi  + pu’mj)  = V l (psi V&) + Ri

(8)

(9)

(10)
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V�(pii~+pu�h�)=V-  (PK  V@-V* q,. (11)
where the overbars  denote time-averaged quantities.
These equations are similar to the instantaneous equa-
tions, with time-average values replacing instantaneous
values and the addition of new terms pu u , pu mj, and

-7-i
pu h to account for turbulent transport of momentum,
chemical species, and enthalpy, respectively. These
terms cannot be readily evaluated. Further application
of Reynolds decomposition leads to higher-order correla-
tion terms. This difficulty is referred to as the closure
problem. It is necessary to resort to turbulence models
to obtain expressions for these terms and so close the
equations.

(b) Turbulence model

In the momentum conservation equati+r,  turbulent
transport is given by the term -pu u , called the
Reynolds stress. The conventional approach to the
closure problem is to relate the turbulent Reynolds
stresses to the mean strain rate, by analogy with New-
ton�s linear relation between viscous stresses and strain
rate given by Eq. (5). The Reynolds stresses are written
as

7
7t = -pu u = 7jt(Vii + VC) -; (Qr v * ii + pk)I (12)

where qr is the �turbulent� or �eddy� viscosity and k
is the kinetic energy of turbulence,

k&m (13)

Equation (12) is known as the Boussinesq approxima-
tion. The Boussinesq approximation is convenient but
is not strictly correct, since the turbulent viscosity is
known to be anisotropic and should be represented by
a tensor with several components, rather than as an
isotropic scalar. This deficiency of the Boussinesq ap-
proximation is apparent in certain complex flows, for
example, strongly swirling flows. Substituting Eq. (12)
into (9) yields the time-averaged momentum conserva-
tion equation

v - (piiii) = - VP&

+  v  * [7),ff(Vti + W) - $ TJ,ff(V * U)I]

(14)

where

pee=P+$k (15)

rleff = ?) + 17t (16)

Equation (14) has exactly the same form as the instan-
taneous conservation equation, Eq. (2), but with p

replaced by p + $ pk and 7 replaced by 17 + qt. In effect,
turbulent flow is treated as quasi-iaminar flow, with the
molecular viscosity replaced by an effective turbulent
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viscosity in the momentum conservation equation. In
general, Qt 9 1).

The turbulent viscosity is related to properties of
the mean flow field. If the turbulence is characterized
by the kinetic energy of turbulence, k, and its dissipa-
tion rate, E,

e+ih~: vu� (17)

then by dimensional analysis,

G+k2
77t = -E

where C, is a constant. This closure scheme is known as
a �two-equation� model [22]  , so called because k and
e are calculated from transport equations. An exact
equation for the turbulent kinetic energy k may be de-
rived from the instantaneous momentum conservation
equation [23]. Similarly, an exact equation for E may
be derived. When the unknown correlations appearing
in these equations are related to the mean flow variables,
the resulting modeled k and E equations are

V*(piik)=V* [(q+;)Vk] + G - p p e  ( 1 9 )

v * (pi%) =  v . [(v+$ve] + (C,G-C2pe)f

(20)

where

G=f, : VU (21)

uk and u, are turbulent �Prandtl-Schmidt� numbers
for transport of k and E, respectively, and Cr and C2
are constants. The five constants, C,, ok, u, , Cr , and C2
must be specified by comparisons of predictions with
measured data. The recommended values are

c, =  0 . 0 9 (Tk = 1.0 uE = 1.217 Cl = 1.44

C, = 1.92

Unfortunately, these constants are not �universal,� and
therefore not the optimum set for all flow conditions.

Turbulent transport of chemical species and en-
Y-7

thalpy involve correlations pu’mj and pu h , respectively.
These terms may be modeled using the Boussinesq ap-
proximation to relate the turbulent fluxes to mean flow
property gradients via a turbulent exchange coefficient.
Since the transport of species, enthalpy, and momentum
occur by similar turbulent exchange processes, the
turbulent exchange coefficients for species and enthalpy
can be presumed proportional to the turbulent viscosity.
Thus,
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7-i
-/Ill mj = JL- vjgi

u?Tlj,  t
(22)

-i--i-pub =Fvr (23)
uh, t

where urni, r and (Th,t are the turbulent Schmidt and
Prandtl numbers. These numbers are additional empiri-
cal constants; for typical furnace flows they may be
taken as 0.9. Substituting Eq. (22) into Eq. (10) and
Eq. (23) into Eq. (11) yields the mean conservation
equations

V � (PiZij)  = V * (@j,eff Vijij) + Ej (24)

v � @i&j = v � (/.?K,R  OF)  - v l qr (25)

where 6j,eff and K,fi are effective diffusivities given by

9t
P6j,eff  = P6j  + -

%j, t
(26)

PK,ff = PK + z

(c) Turbulent combustion model

The fuel and oxidant are presumed to enter through
separate inlet streams. For the purpose of calculating
heat transfer, it is sufficient to assume a global, single-
step irreversible chemical reaction between fuel and
oxidant,

FU+iOX+(l  +i)PR

where 1 kg of fuel reacts with i kg of oxidant to pro-
duce (1 + i) kg of products. Thus, in the species con-
servation equation, j stands for FU, OX, and PR. The
principal problem is the determination of the time-
average reaction rates ~?Fu, and so on. A considerable
simplification may be introduced by assuming equal
diffusivities for all species. With these assumptions,
the quantity

is a conserved scalar under the chemical reaction. It is
convenient to work with a dimensionless X, known as
the mixture fraction, defined by

f =
x-x,x

xFU -- &lx

where x,, and x0, are the values of x in the fuel and
oxidant streams, respectively. The bounds on fare zero
in the oxidant stream and unity in the fuel stream. With
the additional assumption of infinitely fast chemistry,
the instantaneous species mass fractions are completely
determined by the mixture fraction as
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0 <f<f& : mFU=O
f

mox=l--
fe

(30)
mpR=l-mox

1 :
f-fti

mFu = 1 -fs rnox=O

(31)\ ,
mpR=l-mFU

where fs is the stoichiometric value of the mixture
fraction, that is, the value off for X = 0.

The time-average species mass fractions may be
obtained by weighting the instantaneous values by the
probability density function for i pftfj,  defined so
that pfffj  df is the fractional time during which the
mixture fraction is in the range df, f + df).  The local
time-average values of the species mass fractions are
given by

/

1

fgTii  = mjffj  Pftfj  df (32)
0

where j = FU, OX, PR.
The probability density function is specified in

terms of the mean and variance, which are defined as

f pftfj df (33)

g= �
/ (f - 7)’ pftfj df (34)

0

The variables f and g are determined from modeled
transport equations derived from the instantaneous
species conservation equations [24] :

v l (Pa = v * @a f, eff v7> (35)

v~(p~)=v~@6~,.nvg)+2~v~.vf-c~p~g

(36)

where ?if;eff and 6,,ff are the effective diffusivities for
f and g, u~,~ is the turbulent Prandtl-Schmidt number
for g and C, is a constant. The recommended values of
these parameters are

6L eff = 6, eff = 6j, eff a??9  t = urni+ = 0.9 c, = 2.0

The �shape� of pf+fj  must be specified. A detailed
discussion of various shapes is given in [25]. Fortun-
ately, calculations of turbulent chemically reacting flows
do not seem to be very sensitive to the precise form of
the probability density function. A �top hat� distribu-
tion is recommended.

The formulation described above allows the time-

average values of the species mass fractions to be cal-
culated without the need to know the time-average
reaction rates. An expression for the time-average reac-
tion rate for the fuel may be calculated by weighting the
instantaneous reaction rate,

6 tf --- fstj
RFU =--piSFu Of. Vf-

1 -fti
(37)

by the probability density function pf+fj.  The result
is [26]

(38)

where f^ is the dimensionless variable f/g1’2,  and
pf ff& j s 0.3 if fst is not too far from f. This expres-
sion for the mean reaction rate is very similar to the
eddy breakup model [27]  :

R FU = -C&$ f g1j2 (39)

(d) Radiation model

Thermal radiation enters as a source term in the en-
thalpy equation (11). Thermal radiation is governed by
an integro-differential equation. The integral nature
of the governing equation means that the local radiation
source at a point is given by an integral over the whole
flow domain. In finite-difference terminology, every
point on the computational mesh is linked with every
other point. In principle, the radiation equation may
be solved using the zone method, as described in Sec.
3.11.6. In practice, however, this would be an exceed-
ingly complex procedure, involving a coupling of the
integral equations of the zone method to the differential
equations for the flow, chemical reaction, and heat
transfer. A simpler method is to replace the integro-
differential equation by a system of differential equa-
tions using a flux method of approximation [28] . These
equations can be solved easily together with the equa-
tions for the flow and chemical reaction.

For simplicity, the furnace gas is assumed to be a
gray, nonscattering medium. The equation of radiation
transfer in the direction of the unit vector L! is given
by (see Sec. 2.9.7)

Q. VI=-k,I+  kJ, (40)

where I is the total radiation intensity, I,(= uT�/rr)
is the blackbody intensity at the gas temperature Tg,
and k, is the absorption coefficient of the furnace gases.
The intensity Z(E Zfr, L! j) is a function of position r
and direction G!. The left-hand side of Eq. (40) is to be
interpreted as a directional derivative in the fi direc-
tion [29].

The basis of the flux method is an analytic approxi-
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3.11 FURNACES AND COMBUSTION CHAMBERS / 3.11.7 Advanced Furnace Models 3.11.7-5

mation  to the directional dependence of the intensity,
which reduces Eq. (40) to a system of coupled differen-
tial equations in the space variable only. The most
general methods are the spherical harmonic and dis-
crete ordinate approximations 1291. The flux method
described here is a first-order spherical harmonic, or
Eddington, approximation. The intensity may be for-
mally expanded in a series as

(41)

where lo, I1 , 12, . . . , are the expansion coefficients.
In practice, the series expansion must be truncated; the
simplest useful model is obtained by retaining the first
two terms of the series. Equations for the expansion
coefficients Ze and I1 are obtained by substituting the
truncated expansion (41) into the equation of transfer,
Eq. (40) and forming the first two angular moments.
This gives

V . I1 = -3k,(Z, -Z,) (42)

11 =--$VI,
a (43)

Substituting I1 from Eq. (43) into Eq. (42) leads to a
single second-order differential equation for Z, :

= 3k& -Z,)

The radiative heat flux or is given in terms of the
intensity Z as

qr =
/

S2Idfi (45)

4n

Substituting the truncated expansion for the intensity
into this equation gives

The radiation source term in the enthalpy equation is

V*q,=$%*I,  =4xka(Ib-IO) (47)

(e) Numerical solution of equations

The basic transport equations to be solved can be
written in terms of a general scalar variable @ as follows:

v l (PWJ - rq+,eff  w + S@ = 0 (48)

where Se denotes the �source� term in the equation.
The differential equations are then converted into a sys-
tem of algebraic finite-difference equations by any one
of several possible methods [30].  For example, in the
control volume method, Eq. (48) is integrated over the
volume VP of a typical cell (centered on node P) to yield

/
(PC@  - r@,eff W) dA +

/
S, dV= 0 (49)

AP VP

The first term represents the total transport across the
cell boundary by convection and diffusion, and may be
expressed in terms of the mass flow rates across the
boundary, and the values of 4 at the nodal point P and
at relevant neighboring locations. The integral of the
source term may be expressed in linearized form as
So + S&p,. The resultant difference equation has the
form

(aP-sPMP=
c

w#h + so (50)

n

where the a,�~ are coefficients involving mass flow rates
and diffusion coefficients, & denotes summation over
the relevant neighboring nodes, and ap E &a,.  An
equation similar to Eq. (50) may be written for each
variable at every grid node of the finite-difference mesh.
The system of coupled, nonlinear algebraic equations
is generally solved using an iterative technique: a full
description of the method is beyond the scope of this
section, and the reader is referred to [30-321  for a dis-
cussion of the numerical solution procedure.

Nomenclature for Section 3.11.7  appears at the beginning of Part 3.
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3.12 COOLING TOWERS 3.12.1-1

3.12.1
Introduction

J. R. Singham

A. The need for cooling towers

In a great many industries it is essential to transfer heat
from certain parts of the plant in order to prevent the
local temperature from rising. Sometimes heat can be
transferred directly to the atmosphere by natural or
forced convection, but more frequently water cooling is
either necessary or more economical. Where cold water
is abundant, the supply can be taken from a river, lake,
or estuary and returned directly at a somewhat higher
temperature. But in many circumstances this is not
possible, either because the supply at the preferred site is
insufficient, or because the water temperature has
already been raised as high as is allowable. In such cases,
the plant cooling water is continuously recirculated
through a cooling tower in which heat is transferred
from the cooling water to the atmosphere. This, then, is
the essential purpose of a cooling tower: to enable heat
to be transferred conveniently and economically from
plant to atmosphere, usually by means of a stream of
recirculating water (though not always: In �dry� towers,
the process fluid itself may flow through the tower-Sec.
3.12.5A).

A large demand for cooling comes from the
electricity supply industry. In a 2 000-MW station that
uses cooling towers, cooling water for the steam con-
densers circulates at a rate of more than 60 m3/s; and

The generous assistance of Visco, who provided informa-
tion and drawings for mechanical draft towers, is gratefully
acknowledged. Thanks are also expressed to Film Cooling
Towers (1925) Ltd., who kindly supplied information about
their range of products.

about 34 liters of water from a fresh source are needed
for every kilowatt-hour generated to replace water lost
from the cooling towers by evaporation and to keep the
circulating water acceptably pure. Cooling towers are
also used extensively in many other industries, in sizes
that cover a range of water flow rates of about 5 000 to
1. Among these industries are petrochemicals, steel
making, food processing, industrial refrigeration, air
conditioning, the chemical industry, plastics, the dairy
industry, breweries, and distilleries.

B. Types of cooling towers

Most cooling towers perform the same function as an
automobile radiator, which is to transfer heat from
warm circulating water to the atmosphere; but car
radiators are regarded as heat exchangers, not cooling
towers.

There is in fact no hard-and-fast distinction between
the two. The spectrum of cooling tower design is very
wide: at one end it includes designs that could equally
well be regarded as heat exchangers; and at the other
there are towering structures in which water and air are
in direct contact with no heat exchanger walls separating
them. The structures just referred to are the concrete
shells of the large natural draft cooling towers that are
part of the industrial landscape of Europe and increas-
ingly of other parts of the world. In these towers it is the
natural buoyancy of the warmed air that causes it to
flow upward through the tower, as with the flue gases in
a chimney. Most of them are �wet� towers, the water
and air being in direct contact as the water trickles or
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3.12.1-2 3.12 COOLING TOWERS / 3.12.1 Introduction

splashes over a grid of bars or plates, known as the
packing. Some, though very few, are dry towers; they
rely on natural draft and have a similar external
appearance to their wet counterparts, but the packing is
replaced by heat exchangers and there is no direct
contact between water and air.

In mechanical draft towers the air is circulated by
means of electrically driven fans. These towers are more
numerous but less conspicuous, since the buoyancy
effect of a tall chimney is no longer necessary; they
cover a much wider range of sizes than natural draft
towers. Again, most of them provide for direct contact
in a packing and hence are wet, but dry mechanical draft
towers are also widely used. It is at this part of the
spectrum that cooling towers merge with heat ex-
changers: a small, dry, mechanical draft tower, with an
axial-flow fan placed close to the heat exchanger
surfaces, with no tower or chimney, and with a
minimum of surrounding ducting, has become, as it
were, a car radiator.

As with heat exchangers, the relative directions of
flow of the water and air provide another basis of
classification. The water always flows downward
through the packing, but the air can flow upward
(counter flow) or horizontally (cross flow). For obvious
reasons, the air never flows downward (unless uninten-
tionally), and so parallel-flow designs do not occur.
Mixed flow, however, intentional and unintentional, is
quite common, the air changing direction from hori-
zontal to vertical as it flows through the packing.

The desire to combine the advantages of natural and
mechanical draft has led to the design of �assisted draft�
towers, which have both a shell to provide natural draft
and an array of fans around the base of the shell to
provide mechanical draft. The result is a very high-
capacity cooling tower, which can perform the function

of several conventional natural draft towers of the same
height.

A similar desire to combine the advantages of wet
and dry towers had led to the design of �wet-dry�
towers, which make use of both direct and indirect
contact between water and air in different parts of the
tower. These designs are usually based on mechanical
draft.

Another design variation, but one of long standing,
is the closed-circuit evaporative cooler, in which the
primary circulating water (or other fluid) is confined in
tubes while secondary water trickles, or is sprayed, over
the tubes as over a conventional cooling tower packing.
Thus there is indirect contact with regard to the primary
circulating water and direct contact between the
secondary water and the air.

C. Structure of following sections

The performance of most cooling towers is governed by
the processes that take place in the packing, and this
region is crucial to the theory and practice of thermal
design, whether the tower has natural or mechanical
draft. The packing region is therefore discussed in
general terms before attention is given to particular
types of towers. The discussion is based on the im-
portant case of uniform counter flow; departures from
uniform counter flow (including cross flow) are
examined in a separate section. After that, natural and
mechanical draft towers are discussed in turn. Then,
under the heading �Hybrid towers,� the various special
types of tower that have been referred to above are
discussed in more detail. We conclude with some
remarks on certain general topics: testing and accep-
tance; water loss; and variation of atmospheric pressure.
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3.12 COOLING TOWERS / 3.12.2 The Packing Region 3.12.2-1

3.12.2
The packingegion

J. R. Singham

A. The basis of thermal design

(a) Specification of cooling requirement

A cooling tower is required to cool water at a certain
rate between stated inlet and exit temperatures under
prescribed atmospheric conditions. A suitable list of the
quantities that need to be specified is

fiW, the water mass-flow rate
Tw,rn, the water inlet temperature (hot)
TW,out,  the water exit temperature (cold)
Tws,  the atmospheric wet-bulb temperature
TDB , the atmospheric dry-bulb temperature
pa, the atmospheric pressure

Usually pa is taken as 1 atm, and this value is to be
understood throughout Sec. 3.12 unless otherwise
stated. For the theory of thermal design presented in
Sec. B, knowledge of TDB is not required. It is needed in
the case of natural draft towers for the accurate
determination of the density of the entering air (Sec.
3.12.3); and in the comparatively rare cases where it is
necessary to calculate the humidity of the air leaving the
packing (Sec. D).

As a matter of terminology, the water temperatures
may be specified as the cooling range, AT,, and either
Tw,in or Tw,out, where AT, is defined as (Tw,in  -
Tw,out).  The water exit temperature is often referred to
as the retooled  water temperature. The wet-bulb depres-
sion, ATwB,  defined as (TDB - TwB), may be given as
an alternative to TUB. Also, the approach temperature
difference (T, ,out - TwB), may be specified in place of
Tw,out*

(b) Importance of water-to-air mass flow ratio

Once the value of the water-to-air mass flow ratio
Mw/It& is known, the mass flow rate of air MR can be
found, since kw is already known from the design point
specification. The designer of a mechanical draft tower
can then estimate the fan requirements and tower
dimensions (Sec. 3.12.4); and the designer of a natural
draft tower can estimate the air pressure loss and relate
it to the air buoyancy driving force, for any trial set of
tower dimensions (Sec. 3.12.3). M,,,/il& can be deter-
mined from the specification quantities and data for the
packing region alone, independently of, say, the fan
power for a mechanical draft tower, or of the height,
say, of a natural draft tower. Thus h,,,/fi, is an
important quantity that can and must be determined at
an early stage of design. For both mechanical draft and
natural draft towers, its value in uniform counter flow is
found from the simultaneous solution of three relations,

1. Merkel�s equation
2. A packing relationship
3. The enthalpy balance equation

as discussed in Sec. B. In cross-flow towers, it is found
by an analogous, though somewhat more complicated
procedure (Sec. E).

(c) The heat and mass transfer processes

I. Heat transfer

In a wet cooling tower, the water and air in the packing
region are in direct contact at the interface between
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3.12.2-2 3.12 COOLING TOWERS / 3.12.2 The Packing Region

them; Fig. 1 is a diagram of a small part of this interface.
The water near the interface may be part of a film of
water flowing over the packing, or it may be part of a
droplet in the spray.

The local heat flux 4, from water to air across the
interface normal to the surface, is known to depend on
the difference in specific enthalpy between the air at the
surface and air in the bulk stream. (The reader may wish
to refer to Sec. 1.2.2C for a related discussion of this
point.) For the purpose of cooling tower analysis it is
safe to assume that:

1. The temperature of the air at the interface is
equal to the local bulk temperature of the water.

2. The air at the interface is saturated.
3. The local heat flux (i is given by

4 = Y(hs - hg) (1)
where h, = the specific enthalpy of the air at the surface

h, = the specific enthalpy of the bulk of the air
locally

y = an empirical coefficient with the units kg/m2 s
In accordance with assumptions 1 and 2, h, may be

taken as the specific enthalpy of saturated air at the
local bulk temperature of the water. (As stated in Sec.
1.2.2, the equation is valid when the specific enthalpies
of both air and water are defined to be zero at 0°C. Use
of other bases may lead to unacceptable error.)

Equation (1) may be compared with the equation
that would be written for heat transfer from a dry
surface to the air:

4 = �(T,  - Tg) (2)

where T, = the surface temperature
Tg = the temperature of the bulk of the air near

the surface
(Y = the surface heat transfer coefficient

It may be noted that whereas �dry� heat transfer is
proportional to the temperature difference, �wet� ,heat
transfer is proportional to the specific enthalpy differ-
ence. Indeed, heat transfer can occur in a cooling tower
even where the local bulk temperatures of the water and

MO157

AIR

Figure 1 Reynolds flux model of local heat transfer at inter-
face between water and air.

air are equal, because the bulk of the air may be less
than saturated locally, so that h, > h,.

The coefficient y is seen to have the units of a mass
flux. Useful insight into the nature of y can be gained by
consideration of a Reynolds model of the flow [l] .
According to this model, the heat transfer process on the
air side of the interface may be accounted for by:

1. Flow of air, possessing the properties of the bulk
air stream, from that stream to the interface, at a mass
flow rate yR per unit area of interface

2. An equal flow of air, possessing the properties of
air at the interface, from the interface to the bulk of the
air stream

Application of the first law of thermodynamics to a
control volume on the air side of the interface, Fig. 1,
yields

(7 = YR@s - hg) (3)

The flux YR may be called the Reynolds flux (following
[l]). The similarity of Eq. (3) to Eq. (1) may be noted,
yR taking the place of y. Hence the empirical coefficient
y can be interpreted as the Reynolds flux, YR :

-I' = '-YR (4)

A similar model can be used to represent dry heat
transfer for the same flow geometry, but in this case the
specific enthalpy h is replaced by the product of the
specific heat capacity of air at constant pressure, cP, and
air temperature, T:

4 x~~~P(Ts  - Tg) (5)

The approximation sign is used in recognition of the fact
that YR might not have precisely the same value in the
wet and dry cases. Comparison now of Eq. (5) with Eq.
(2)  and use of Eq. (4) to replace YR, results in

a!YZ:- (6)
CP

Thus the coefficient y in Eq. (1) is expected to equal
(LY/c~)  to a certain degree of approximation, where CY  is
the surface heat transfer coefficient in a dry flow that is
similar geometrically and in other respects. And, in the
absence of more reliable information, we could use heat
transfer formulas for (Y to obtain estimates for y.
Naturally, caution is needed in making use of such
estimates, partly because the Reynolds model is only an
approximation to reality, and partly because the dry
flow is unlikely to be closely similar geometrically to a
flow that includes water films and droplets.

II. Mass transfer

Mass transfer of water vapor from the water to the air
occurs simultaneously with the heat transfer. Neverthe-
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3.12 COOLING TOWERS / 3.12.2 The Packing Region 3.12.2-3

less, the heat transfer can be calculated independently
from Eq. (l),  and usually there is no need to consider
the local mass transfer process in similar detail. In most
circumstances, it is safe to assume that the air leaving the
packing region is saturated and to calculate its density
and water content, when required, from its specific
enthalpy, known from the heat transfer calculations. If,
however, the exit air is thought to be unsaturated, its
complete exit state cannot be determined without
considering the mass transfer process (Sec. D).

B. Theory of thermal design

(a) Merkel’s equation

Merkel�s equation relates quantities associated with the
specified cooling requirement to quantities associated
with the heat transfer performance of the packing
(Merkel�s original paper is commented upon briefly in
Sec. 1.2.2C). To obtain the equation, reference is made
to a small element of the packing region in counter flow,
as illustrated in Fig. 2. The heat transfer rate from water
to air occurring within the element do is given by

de = GAj  dV (7)

where Aj = the area of the water-air interface per unit
volume

dV = the volume of the element
4 = the local heat flux at the interface, given by

Eq*  (1)
Application of the first law to the stream of moist

air flowing through the element yields

di, = (kg dA) dhg (8)

where fig = the mass flow rate of air per unit plan area
dA = the plan area of the element
dhg= the increase in specific enthalpy of the

stream of moist air in the direction of air
flow

[Strictly, Eq. (8) should be written as an approximation;
but it is a good one, subject to the same warning
concerning enthalpy bases as was appended to Eq. (l).]

Equating the right-hand sides of Eqs. (7) and (8),
substituting for 4 from Eq. (l),  and equating d V to
dA dz yields, upon rearrangement,

d h ,
=Y Aidz

hs - hg mg
(9)

where dz is the length of the element in the direction of
air flow.

Before integration of this equation, use is made of
the enthalpy balance equation [Sec. (c)] ,

nig dh, = ni,,,  d h , (10)

to eliminate dh, from the left-hand side; the water mass

0 1983 Hemisphere I
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Figure 2 Counter flow through an element of the packing
region. Element volume dV, interface area Ai per unit volume.

flux ni, is replaced by &fws/A. After rearrangement,
there results

dhw
hs - hg

=?$A&
,,, (11)

This equation is now integrated across the packing
region from air entry to air exit:

/

hW,ill
dhw-

h w , o u t
k -hg /

�  $A&

Zl MW

or ZM = zp (12)

where ZM and Zp stand identically for the left-hand and
right-hand sides of the upper of the two equations.
Equation (12) will be taken as the basic statement of
Merkel�s equation. Some alternative expressions for Zp
are discussed in Sets. (b) and (c). The left-hand side, IM,
can be determined (by a suitable numerical integration
procedure) without knowledge of the characteristics of
the packing; whereas the right-hand side, Ip, can be
determined without knowledge of the properties of the
air and water at entry to and exit from the tower. The
designer�s task is to ensure equality of the two sides of
the equation [Sec. (d)] .

(b) The packing relationship

The value of the integral Zp on the right-hand side of
Merkel�s equation, Eq. (12), has to be determined for a
particular type and depth of packing, and for particular
characteristics of the associated water spray. The con-
tribution of the spray will be overlooked for the time
being; it is discussed in Sec. C(b). The quantity Zp is
usually obtained from empirical data in the form of a
graph or formula, which will be referred to here as �the

Jertical
length
dz
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3.12.2-4 3.12 COOLING TOWERS / 3.12.2 The Packing Region

packing relationship.� The expected form of this rela-
tionship will first be stated, and then discussed.

Zp=f (_2,Reg)-

is the expected form where, on the right-hand side,. .
m,/mg is the water-to-air mass flux ratio and Res is a
Reynolds number for the air stream (which could be
replaced by a Reynolds number for the water stream).

Functions of this kind are in fact obtainable for
particular types and depths of packing, and particular
data will be discussed in Sec. C. For the moment,
attention is given to clarifying the nature of the
relationship expressed by Eq. (12). First, iI&, in the
integrand of Ip, is replaced by (&+,/tig)/i$, and then
tig is substituted for &&/A,  with the result:

t Aj d z (14)

the ratio &/liz, having been treated as a constant and
taken outside the integral sign.

Since, from Sec. A(c),

Eq. (14) can be written as

L!kzp= .
mw

(15)

The quantity in parentheses in the integrand is of course
the Stanton number for heat transfer and is a function
of Reynolds number. Thus the expectation expressed by
Eq. (13) is confnmed by Eq. (15).

Because r/tig in Eq. (14) is now seen to be a form
of Stanton number, it might be thought necessary to
seek correlations for y/r& in the way that it is done for
�dry� Stanton numbers. In fact, it is neither necessary
nor desirable to do so. Equation (14) clearly shows that
it is the product of +y& and Ai that is needed, where Ai

has been defined as the surface area of the water-air
interface per unit volume of packing. Since Ai includes
not only the wetted surface area of the packing (usually
itself fairly complex in shape), but also the surface area
of the water droplets within the packing, it is better to
treat (~/h~)Ai as a group of quantities. Equation (14) is
now integrated, with this group treated as constant
(much as the Stanton number might be treated as
uniform in a heat exchanger):

(16)
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Either the quantity Zp or the bracketed quantity can be
regarded as the quantity that needs to be determined
experimentally and expressed empirically as a function
of dimensionless flow rates or ratios. Both practices are
in use, and there are some differences in terminology
that need to be clarified. These matters are discussed in
the following section.

(c) Remarks on terminology

The expression for Zp in Eq. (16) can be handled for
practical purposes in two closely related but different
ways. Since both practices are in common use, it is
desirable to discuss them both and to relate one to the
other. The first to be discussed expresses the per-
formance of the packing as the number of transfer units
NTU, whereas the second expresses the performance as a
packing characteristic quantity, KaV/L. Both quantities
are dimensionless and bear a very simple relationship to
each other, which is given below.

According to the first practice, the bracketed
quantity in Eq. (16) is taken as the measure of
performance of the packing and designated as the
number of transfer units NTU. The product Ai(z2 -zl)
within the same brackets is equal to the surface area of
the water-air interface per unit plan area of packing, ai.
Hence NTU can be defined by

NTU g Y ai
m&T

Thus NTU can be regarded as the product of a Stanton
number and a geometric feature of the packing, ai. All
three of these quantities are obviously dimensionless.
Since ai is proportional to the depth of the packing in
the flow direction, NTU may also be expected to be
proportional to the packing depth, z2 - zr . Hence it is
often convenient to make use of the number of transfer
units per unit length NTU�:

NTU’ E -!!?!? (18)
z2 -Zl

Substitution of NTU for the quantity in square brackets
in Eq. (16) leads to

Zp = 3 NTU
mw

And substitution of this expression for Zp in Eq. (12)
leads to an alternative statement of Merkel�s equation:

(20)

Since Zp is a function of tiw/tig  and Reg, it is evident
from Eq. (19) that NTU is also a function of these two
quantities:
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NTU =f

According to the second practice, the quantity Zp is
taken as the measure of performance of the packing. In
Eq. (16), &zg is canceled in the right-hand side, with the
result that

(22)

Also, different symbols are used: y is replaced by K, Ai
by a, and ti, by L, the meanings being the same.
Further, z2 -zl is replaced by V, defined as the
effective packed volume per unit plan area of packing.
Thus, for the second practice, we have a further version
of Merkel�s equation:

dhw KaV

h, - hg = r (23)

Like NTU, the group KaV/L  is to be treated as an entity
and as a function of ni, /nig :

(24)

Evidently the two practices are very closely related, and
the packing relationship can be expressed equally well
by either Eq. (21) or Eq. (24). The first practice has the
advantage that the measure of performance of the
packing, NTU, is recognizable as a form of Stanton
number, with some conceptual advantage to those
familiar with �dry heat transfer.� The second practice
has the advantage of eliminating the ratio tiw/kiR from
Merkel�s equation. Comparison of Eq. (20) and Eq. (23)
shows the relation between the two measures to be

KaV .
- = 3 NTU

L mw
05)

(d) The enthalpy balance equation

The third of the three relations needed for calculating
the water-to-air flow ratio is the enthalpy balance
equation (in both differential and overall forms). For a
thin element taken horizontally across unit plan area of
the packing region at an arbitrary level, the heat transfer
rate do from water to air in counter flow may be
written in terms of the increases in specific enthalpy of
the air and water streams in the direction of air flow:

de = nix dhg = vi, dh, (26)

Integration of the equation over the whole of the
packing region yields

Gg &out - hg,,) = Gw(hw,io  - hw,out) (27)
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These are the two forms of the required equation. [As
pointed out in Sec. 1.2.4, the enthalpy balance equation
written in the form of Eq. (27) is approximate; so, it
may be added, is Eq. (26). Provided that the specific
enthalpies of both air and water are defined to be zero at
O�C,  the errors due to the approximations are acceptably
small.]

(e) Determination of water-to-air
mass jlo w ratio

The three relations required for determining the water-
to-air flow ratio have now been assembled and the
method of determination can now be described. Three
steps are required:

1. Determination of the quantity ZM in Merkel�s
equation from

(28)

at values of h,/ti, within the likely range of this
variable

2. Determination of Zp from the packing relation-
ship, again at different values of rizw/tiK

3. Finding the value of ti,/r;l,  for which ZM = Zp

Step 1

The method of determining ZJ~ from Eq. (28) can
conveniently be explained by referring to a graph on
which h, and h, are plotted against h,, as sketched in
Fig. 3. The scale for water temperature, T,, is also
indicated, since T, rather than h, is usually given in the
specification. It will be recalled that h, is the specific
enthalpy of saturated air. The h,-h, curve and the
T,-h, scale sketched can be drawn with adequate
accuracy from the data in Table 1.

The values of hw,out  and hw,in marked on the

I

h h
3� 9

Saturatton
c u r v e  (h,)>/,

I hg I

I
I- � - �-  -

I

1�we  1� w,out
h
wout

Figure 3 Evaluation of ZM = jj$�f�,  (dh,)/(h,  - hg). The

saturation curve h, can be cons&ted  from data in Table 1.

...i.
. . ..l.. _ _-.. _ ...-~ _ _
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Table 1 Properties of water substance, dry air, and saturated aif

Temper-
ature,
�C

Saturated water substance
Dry air Saturated air @ = 1 atm)

Specific enthalpy, Specific
Saturation kJ/kg volume, Specific Specific Mass fraction
pressure, steam, enthalpy, Density, enthalpy, Density, humidity,
kN/m� Water Steam m3/k kJ/kg kg/m3 kJ/kg k/m 3 k/k

0 0.61 0.0 2 501.6 206.2 0.0 1.293 9.4 1.289 0.003 76
2 0.71 8.4 2 505.2 179.9 2.0 1.283 12.9 1.280 0.004 34
4 0.81 16.8 2 508.9 157.3 4.0 1.274 16.6 1.270 0.005 00
6 0.93 25.2 2 512.6 137.8 6.0 1.265 20.5 1.260 0.005 76
8 1.07 33.6 2 516.2 121.0 8.0 1.256 24.6 1.251 0.006 61

10 1.23 42.0 2 519.9 106.4 10.0 1.247 29.0 1.241 0.007 57
12 1.40 50.4 2 523.6 93.8 12.1 1.238 33.8 1.232 0.008 65
14 1.60 58.8 2 527.2 82.9 14.1 1.229 38.9 1.222 0.009 87
16 1.82 67.1 2 530.9 73.4 16.1 1.221 44.3 1.213 0.011 24
18 2.06 75.5 2 534.5 65.1 18.1 1.212 50.2 1.203 0.012 77
20 2.34 83.9 2 538.2 57.8 20.1 1.204 56.6 1.194 0.014 49
22 2.64 92.2 2 541.8 51.5 22.1 1.196 63.4 1.184 0.016 40
24 2.98 100.6 2 545.5 45.9 24.1 1.188 70.8 1.175 0.018 54
26 3.36 108.9 2 549.1 41.0 26.1 1.180 78.9 1.165 0.020 91
28 3.78 117.3 2 552.7 36.7 28.1 1.172 87.6 1.156 0.023 56
30 4.24 125.7 2 556.4 32.9 30.1 1.165 97.1 1.146 0.026 50
32 4.75 134.0 2 560.0 29.6 32.1 1.157 107.3 1.136 0.029 76
34 5.32 142.4 2 563.6 26.6 34.1 1.149 118.5 1.127 0.033 37
36 5.94 150.7 2 567.2 24.0 36.1 1.142 130.7 1.117 0.037 36
38 6.62 159.1 2 570.8 21.6 38.2 1.135 144.0 1.107 0.041 78
40 7.38 167.5 2 574.4 19.55 40.2 1.127 158.4 1.096 0.046 66
42 8.20 175.8 2 577.9 17.69 42.2 1.120 174.1 1.086 0.052 04
44 9.10 184.2 2 518.5 16.04 44.2 1.113 191.3 1.076 0.057 97
46 10.09 192.5 2 585.1 14.56 46.2 1.106 210.0 1.065 0.064 5 1
48 11.16 200.9 2 588.6 13.23 48.2 1.099 230.4 1.054 0.071 70
50 12.33 209.3 2 592.2 12.05 50.2 1.093 252.6 1.042 0.079 62

�The properties of saturated air are referred to the mass of moist air. The table can be used to find the properties of nonsaturated air of
known relative humidity, @, from those of dry air (@ = 0) and saturated air (0 = 1) at the same temperature by linear interpolation.

diagram are obtained from the water inlet and exit
temperatures, Tw,in  and Tw,out, given in the specifica-
tion.

The specific enthalpy of the air at entry to the
packing region, hg,Jn, is equal to the specific enthalpy of
saturated air at a temperature equal to the atmospheric
wet-bulb temperature, Tws, given in the specification
(since the specific enthalpy of moist air at atmospheric
pressure is a function of wet-bulb temperature alone, for
defined zero specific enthalpies of air and water at 0°C).

The value of hg,out at any assumed value of &,,/I&~
is found from the enthalpy balance equation, Eq. (27).
Equation (26) shows that the slope of the h&r,,, line,
d/z~/&,,,, is constant and equal to yiW,/ti?g: Intermediate
values of h, can therefore be interpolated linearly.

The value of the integral IM in Eq. (28) can now be
evaluated from a graph like that sketched in Fig. 3, or
from a table of values or formula for h,, by any
convenient numerical procedure. The simplest method is
the original one proposed by Merkel: h, - h, is taken as
equal to &, - hs, where the bars denote means of the
entry and exit values of the quantity. Since the h&z,

o 1983 Hemisphere E bkhing Corporation

curve is concave facing upward, a little thought reveals
that the value of 1~ obtained by �Merkel�s approxima-
tion� is too small, though the method does have the
advantages of simplicity and therefore of lending itself
to analytical development. But the ready availability of
electronic calculators and computers nowadays renders
such approximation unnecessary and undesirable.

A much more accurate but still fairly simple
approximation is the use of a four-point quadrature
formula: h, - h, is taken as the mean of its values at
0.1, 0.4, 0.6, and 0.9 of the distance along the
horizontal axis h, between hw,out  and hw,in [2] .

As the value of tiW/tizg  increases, the slope of the
hz-hw  line increases proportionately, the line pivoting
anticlockwise about its left-hand end toward the h,-h,
curve. Clearly, therefore, the value of the integral 1~
increases with ti,/tig. Moreover, as the hR-h,,, line
approaches contact with the h,-h, line, the integral
tends to infinity. Thus there exists a limiting value of
ti,& at and above which the tower cannot meet the
specified cooling requirement (however much packing is
employed). Obviously the designer will avoid using
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water-to-air flow ratios anywhere near as high as this
limiting value. A curve showing the variation of the
integral is sketched in Fig. 4.

Step 2

The quantity 1~ must next be evaluated from the
right-hand side of Merkel�s equation, by means of Eq.
(21) or of Eq. (24),  for the same range of values of
&,/ti, as in step 1. This requires the selection of the
type and depth of packing to be used and assembly of
the corresponding performance data. These data may
take the form of graphs or formulas for NTU or KuV/L

as functions of &,,/ti;, and Reg,  as represented by Eq.
(21) and Eq. (24). The main discussion of such data is
deferred until Sec. C. For the moment it suffices to say
that the influence of Reg as a variable is frequently
unknown and therefore ignored; and that NTU increases
with ti,/tig and KaV/L  decreases, in the manner
sketched in Fig. 5. To obtain Zp from NTU, NTU must
be divided by &,/kg  as required by Eq. (19).

Step 3

I,, the right-hand side of Merkel�s equation, and Zp, the
left-hand side, have now been found at a number of
values of ti,/tig. The two sides are equal at only one
value of &,/tig, which can be found from the point of
intersection of the IM-(ti,&) and Zp-(&,,/r$)  curves,
as sketched in Fig. 6, or by other means.

The value of the water-to-air mass flux ratio has
now been determined for the specified cooling require-
ment and the selected type and depth of packing. The
water-to-air mass flow ratio is also known, since it is
equal to the mass flux ratio.

Figure 4 Variation of the integral 1~ in Merkel�s equation
with water-to-air mass flux ratio for a specified cooling require-
ment (diagrammatic).
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NTU

Figure 5 Variation with water-to-air mass flux ratio of packing
heat transfer performance (diagrammatic).

(f) The remaining task

With the water-to-air mass flow ratio II?~/& now
known, the mass flow rate of the air stream I%& can be
calculated from

ni,= -!I!&-
niw IMg (29)

I@&, being known from the specification.
The designer of a natural draft tower can now

estimate the pressure loss through the tower for any trial
set of dimensions and adjust the dimensions to ensure
that the pressure loss is balanced by the available
buoyancy driving force (Sec. 3.12.3). Similarly, the
designer of a mechanical draft tower can estimate the
pressure loss and fan size and power for any trial value
of the plan cross-sectional area of the tower (Sec.

0I2

Figure 6 Determination of water-to-air mass flux ratio from
intersection of curves for 1~ (obtained from tower cooling
requirement) and Ip (obtained from packing characteristics)
(diagrammatic).

lblishing  Corporation

_. _I-^ --�.l  .-
r-�  --

_ _- ._ __ _.__.
�-T----

. . --._ ..--.-
-T----l-- .�.�..  - �-

..-



3.12.2-8 3.12 COOLING TOWERS / 3.12.2 The Packing Region

3.12.4). In both cases, there are an infinite number of
possible sets of dimensions that will satisfy the specified
cooling requirement at the calculated air flow. The
designer will therefore look for the set corresponding to
minimum total cost.

C. The packing

(a) Choice of packing

The purpose of the packing is to arrest the falling water
in such a way as to create a large surface area of contact
between the water and air streams. This can be achieved
in two principal ways: by causing the water to trickle
over a grid of horizontal �splash bars,� or by causing it
to form a thin film over the surface of the packing
material. A given type of packing may rely primarily on
splash or on film, or make significant use of both. In
principle, the packing material is not essential-the water
can be supplied as a freely falling spray to an empty
region through which the air passes; Lowe and Christie
[3] discuss some experimental work in this field.
However, to date virtually all cooling towers use some
kind of packing material to control the water, probably
because of the difficulty of maintaining a stable spray in
an empty space. Nevertheless, spray-filled space above
and below a packing can make a significant contribution
to the total water-to-air interface area and to the heat
transfer.

Packings can be made from a variety of materials,
including wooden or plastic laths, corrugated asbestos-
cement sheets, formed plastic sheets and sheets of
galvanized steel, resin-impregnated paper or glass fiber.
Some of the packings tested by Lowe and Christie are
illustrated in Fig. 7. Wooden laths are the most widely
used, usually in the form of splash bars, but laths of
suitable geometry can also support a high proportion of
film surface. Corrugated asbestos-cement sheets have
been found durable and effective in large towers and
have been used to about the same extent as timber laths
in natural draft towers built in recent years for the
Central Electricity Generating Board [4]. But this type
of sheet is heavy, requires careful handling, and is less
suitable in small or medium-sized mechanical draft
towers, for which splash bars or specially formed plastic
sheet packings are more suitable.

The factors influencing the choice of packing are
heat transfer performance, pressure loss, total packing
cost, and durability. Durability, including freedom from
maintenance, is specially important in electrical power
generation and other applications where the cooling
towers represent a very small part of the total plant cost,
since a shutdown for cooling tower maintenance is very
expensive. In comparing the costs of different packings,
account must be taken of associated costs such as the

cost of the support structure (high for a heavy material),
cost of water pumping (high for a tall packing), and cost
of installation (higher for site assembly than for factory-
built modules).

Obviously, a packing that has lower cost, higher
heat transfer performance, and lower pressure loss than
other packings is one to be preferred. But the problem
of selection becomes more difficult when a packing is
better in one or two respects and worse in the
remainder. Thus a particular packing might be very
cheap and have a high heat transfer performance but still
be unsuitable because of its high pressure loss. The
problem has been discussed in some detail by Lieberam
PI> who displays the relative merits of different
packings for natural draft cooling towers as points on a
graph in which log R, is plotted against log C,, where
R, is the ratio of the pressure drop to heat transfer
performance, taken as the number of dynamic pressures
lost per unit length divided by the number of transfer
units per unit length; and where Cp is the cost per unit
cross-sectional area of a transfer unit for a particular
packing. Symbolically,

R, = N:,P
NTU�

and

(31)

where Ni,p = number of dynamic pressures lost per unit
length

NTU� = number of transfer units per unit length
cp = cost of unit volume of packing

[The number of transfer units, NTU and NTU�, were
defined and discussed in Sec. B(c). It may be recalled
that NTU is a form of Stanton number and is propor-
tional to KaV/L  at a fixed water-to-air mass flux ratio.]
The graph is shown diagramatically in Fig. 8. Each point
represents the cost performance of a packing (at the
same water and air mass fluxes, for strict comparability).
Points near the vertical and horizontal axes are �good.�
Unfortunately, one point may lie nearer to the vertical
axis than another that lies nearer to the horizontal axis.
Lieberam resolves this difficulty by plotting lines of
constant total cost for an optimized tower on the same
axes, thus providing a basis of discrimination between
such points. Although the method is applied only to
natural draft towers, its extension to mechanical draft
towers is discussed.

In the majority of cases it would be neither
practicable nor profitable to follow through a full
rational procedure of optimization for both the tower as
a whole and the type of packing, since the time needed
and the associated cost would offset the possible gain,
Such a procedure is justified for a large project with high
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Figure 7 Geometry of packings tested by Lowe and Christie [3].

potential cost savings; otherwise cost comparison of a
number of trial designs is more appropirate.

(b) Heat transfer data

As stated in Sec. B(b), two measures of the heat transfer
performance of a given depth of the packing are in
common use, namely, the number of transfer units NTU
and the group KaV/L, which is identically equal to NTU

divided by the water-to-air mass flux ratio ni,/r&.  For
the presentation of data, it is more convenient to refer
to unit depth of packing and to discuss NTU�, the
number of transfer units per unit length, or Ka/L, which
is identically equal to NTU�/(ni,/rizg).  Both NTU� and
Ka/L can be presented as analytical, graphical, or tabular
functions of ti,/ti, and, if the data warrant it, of
another flow variable, usually ni,,, or v&, but alterna-
tively a corresponding Reynolds number. Lowe and
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Figure 8 Selection of best packing [5].

Christie [3] found that almost all their results could be
represented in the form

f! !$ s NTU’ = X
g

( 3 2 )

with neither tiW nor tig necessary as a separate variable.
For a splash bar packing with the geometry of Fig. 7a,
with H = W = 152.4 mm and S = 76.2 mm, they found
t h a t  X =0.309  m-l and n = 0.5. For corrugated
asbestos-cement sheets with geometry (d), and with
h, = 54.0 mm, u, = 146.0 mm, and H = 44.5 mm, they
found that h = 0.691 m-l and n = 0.69. The data were
obtained from tests in an experimental tower 1.216 m*
with packing depths of about 1.2-2.4 m and pure
counter flow.

Lieberam [5], however, using a smaller cross
section, 0.456 m2, found it necessary to include ti,,, as a
variable in order to correlate his data adequately.
Lieberam also carried out �dry� heat transfer tests on
corrugated sheet packings and compared the results with
data for �wet� tests on packings of similar geometry.
The agreement between the two sets of data, when
expressed in the comparable form of (Stanton number)-
(Reynolds number) was quite close, providing support
both for the interpretation of NTU as a form of Stanton
number and for the use of the Reynolds flow model for
deducing �wet� from �dry� data [Sets.  A(c) and B(c)] .

Tezuka [6] reports data obtained in an experi-
mental counter-flow tower, 0.6 m*, for film packings
with smooth honeycomb passages formed by resin-
impregnated paper, and with �plate-and-corrugated fin�
passages formed from plastic sheet. He is able to
correlate these data for several geometries and over
ranges of water and air flow rates by a single, simple,
power law, dimensionless equation.

For cross-flow packings, the same form can be used

0 1983 Hemisphere E

for the presentation of heat transfer data (though the
manner in which the data are used in design is
necessarily different-Sec. E). However, several different
forms are used, and the user of such data needs to be
careful in their interpretation. The data are to be found
more readily in manufacturers� publications than in the
open literature. In cross flow the air flows horizontally
instead of vertically and at right angles to the direction
of water flow. But since NTU� (or Ka/L)  is a kind of
heat transfer coefficient, its value is likely to depend
more on the geometry of the passage through which the
air flows and to follow the same trend as data for
counter flow with a similar passage geometry. Such data
as are available confirm these expectations. For example,
data for wooden splash bars, issued by a manufacturer in
graphic form, can be recast in the form of Eq. (32) with
X = 0.44 m-l and n = 0.59 for a particular geometry.
Hayashi et al. [7] correlate data for a film packing of
plastic (PVC) plates of �eliminator shape� with a power
law equation for a Nusselt number in terms of the air
and water Reynolds numbers. Expressed in the form of
Eq. (32)  n would have a value of 0.42, whereas h would
be weakly dependent on tig (to the power -0.09).

When evaluating the heat transfer performance of a
tower from packing data, it is important to consider the
contribution of the spray insofar as it is not already
accounted for in the packing data. For a spray in
counter flow, Lowe and Christie [3] suggest a value of h
in Eq. (32) in the range 0.033-0.066 m-r with n about
0.5. In a counter-flow design the value of NTU for the
spray is simply added to the NTU value for the pack. In
a film-packed natural draft tower, the allowance for the
spray might be about a quarter of the total [8, 91. The
eliminator louvers may also be expected to make a
contribution, though a smaller one.

Data obtained from tests on full-scale towers are
preferable to data from small-scale experiments, and
there should be a logical correspondence between the
design procedures and those used in obtaining the data.
For example, the procedures used for evaluating the
integral Z, in Merkel�s equation, Eq. (12) should be
equivalent.

( c )  P r e s s u r e  d r o p

The pressure drop data for the packing can be expressed
by the value of Nh,pr the number of dynamic pressures
lost per unit length in the direction of air flow. As a
rough approximation, N:,P may be taken as constant for
a given packing geometry, but usually its value falls with
air mass flux tig and rises with water mass flux &.
Data for the packings illustrated in Fig. 7 are presented
by Lowe and Christie [3]. For the splash bar packing of
geometry (a), for which heat transfer data and dimen-
sions were quoted in Sec. (b), the value of N&, was

blisbing Corporation
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12.17 m-� for a water mass flux of 1.365 kg/s m2 at an
air velocity of 0.912 m/s; this value fell to 10.85 when
the air velocity was doubled, and rose to 15.79 when the

water mass flux was doubled. The corresponding three
values of fV& for the corrugated asbestos-cement
packing with geometry (d) referred to in Sec. (c) were
10.53, 8.88, and 12.50. Tezuka [6] gives pressure drop
data for the plastic film packs referred to in the same
section, but in a dimensional form.

When the contribution of the spray to heat transfer
is large, there is likely to be an associated pressure drop.
Some data are provided by Lowe and Christie [3], but
with cautionary remarks concerning their accuracy. Rish
[8] based his estimate for spray pressure drop on Eq.
3.12.3(10) for the film-packed natural draft tower to be
referred to in Sec. 3.12.3B(b).

D. State of air leaving packing

The specific enthalpy of the air at exit from the packing,
hg,OUt, is known as a by-product of the determination of
the water-to-air mass flux ratio. However, this is insuffi-
cient to fix the state completely. Further knowledge of
the state is likely to be needed for two purposes: first, in
order to calculate the amount of water carried away by
the air; and second, for natural draft towers, to provide a
good estimate of the change in density. In most
circumstances, the air leaving the packing region is close
to saturation and can safely be assumed saturated: its
state is then defined by its known specific enthalpy
alone, and its corresponding mass fraction humidity and
density can be found, for example, from Table 1.

The circumstances in which the exit state of the air
may be significantly different from the saturation state
are hot, dry ambient air; high mean water temperature;
or short depth of packing. If the ambient air is close to
saturation, the air will remain so as it flows through the
packing; otherwise, any combination of these three
conditions may result in a significant degree of non-
saturation at exit.

To find the humidity at exit, it is necessary to
follow its variation through the packing. Several kinds of
humidity can be defined, and the one most convenient
for the present purpose is the mass of moisture per unit
mass of moist air, which may be called the mass fraction
humidity and denoted by f. A Reynolds model, similar
to that used for the analysis of heat transfer (Sec. A) and
sketched in Fig. 1, may be used to analyze the process of
mass transfer of water vapor from the water-air interface
to the air. The equation representing mass conservation
of water is then

f, -fg
w=yw  I-f,

where W = the mass transfer rate of water per unit area
of interface

fg = the mass fraction humidity of the bulk of the

air near the interface
f, = the mass fraction humidity of the air at the

interface
yW = the Reynolds flux for mass transfer, units

kg/m2 s
An equation for the change in humidity of the bulk

air stream in the flow direction may be obtained by
application of the principle of mass conservation of
water to the bulk air stream:

ig dfg = GAi dZ (34)

where tig = the mass flow rate of air per unit plan area
of packing

Ai = the area of the water-air interface per unit
volume

dz = an element of distance in the direction of
air flow

ti may now be eliminated, with the result that

f 3f (l--s)=
s g

(35)

Reference to Eq. (9) reveals that the right-hand side of
the last equation may be replaced by dhg/(hs - hg),
provided that the Reynolds flux for mass transfer, yw,
may be equated to the Reynolds flux for heat transfer,
y. This equation (-rw = 7) may be made with acceptable
accuracy when the Lewis number for the mixture
approximates to unity, and this is so for moist air [l] .
The following equation may therefore be written:

* (1 -f,) &! dhw
S g mg hs - hg

(36)

where dhg has been replaced by (tiw/tig)  dh,, by use of
Eq. (26).

Equation (36) provides the means whereby the
variation of fg through the packing region may be
determined by a step-by-step numerical procedure (Fig.
9). The h, and hg lines and the ratio tiw/tig  are
obtained by procedures already described. The f,-h,
line may be drawn by making use of Table 1, with the
assumption [made also in Sec. A(c that the air at the
water-air interface is saturated. The initial values of h,,
hg, f,, and fg are either known or readily determined.
The increments in fg, Af,, may therefore be evaluated
for finite increments in h,, Ah,, by treating Eq. (36) as
a finite-difference equation. Thus the true exit value of
the mass fraction humidity of the air stream can be
found. This value and the known specific enthalpy fix
the exit state of the air.
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fs,  in

f g.in
w

h
w,wt

h w,m

Figure 9 Determination of variation of mass fraction humidity
fg by finitedifference calculation, using Eq. (36).

E. Departures from uniform counter flow

Throughout this discussion it is usually assumed that
flow through the tower is uniform, one-dimensional
counter flow, that is, that the water and air flow parallel
to one another in opposite directions and that the
velocities, specific enthalpies, and other properties of the
two streams vary only in the direction of motion. Two
important departures from such conditions will now be
discussed briefly:

1. Nonuniform counter flow
2. Cross flow

(a) Nonuniform counter flow

In both natural and mechanical draft counter-flow
towers, the air changes its direction through a right angle
as it enters the packing region. It is therefore to be
expected that conditions in the packing will deviate
appreciably from uniformity. Full-scale test data tend to
confirm this expectation. For a natural draft tower,
designed ostensibly for radial uniformity, Rish [8]
obtained measurements of air velocity above the packing
that varied from about 0.5 m/s on the axis to more than
1.2 m/s near the wall; and measurements of wet-bulb
temperature above the packing varying from 36.7�C  on
the axis to 35.1�C  at the wall. Measurements of this kind
are difficult to carry out and subject to unavoidable
error; nevertheless, there is little doubt that considerable

nonuniformity can exist even when wind effects are
absent. In forced draft towers the fans are likely to add
to the nonuniformity of conditions below the packing,
while in induced draft towers the fans tend to draw
more air from the region directly below and less from
the sides. However, towers can be designed adequately
on a one-dimensional basis, provided that care is taken
to ensure that the design procedure correctly pre-
dicts the test performance of towers of similar de-
sign [9]. One alternative is to resort to a two- or
three-dimensional, computer-aided numerical analysis.
Another, simpler alternative, is to assume a shape for the
velocity profile of the air across the packing, normal to
the direction of flow, basing it on test data or on
rational expectation. This profile would then be used in
calculating the mean water-to-air mass flow ratio and the
mean pressure drop across the packing.

(b) Cross flow

As is well known, cross-flow heat exchangers can be
designed by using counter-flow theory with the applica-
tion of a correction factor; and in some circumstances
the correction factor is near to unity and can, as an
approximation, be ignored. A similar approach can be
applied to cross-flow cooling towers, but the problem is
more difficult because of the nonlinear relation between
the specific enthalpy of saturated air and of water at the
same temperature. However, with the availability of
computers and electronic calculators, there is no reason
to evade the real two-dimensionality of the problem,
except perhaps for preliminary approximate calcula-
tions. The problem can be set up as one to be solved by
a numerical, finite-difference procedure. If necessary,
the specific enthalpies and the mass fluxes can be solved
for, but in most cases it is sufficient to treat the mass
fluxes as known. Thus the water mass flux might be
taken as uniform, whereas the air mass flux could be
taken as uniform in the direction of flow and conform-
ing to an assumed profile normal to the flow. The
problem then becomes a comparatively simple one,
whose solution may be outlined in the following terms.

Figure 10 represents a rectangular element of the
packing with air flowing horizontally in the z direction
from left to right and with water l-lowing vertically down-
ward in the y direction. The element has unit thickness
normal to the yz plane. By an analysis similar to that
used to obtain Eq. (11) for an element in counter flow,
the following approximate equations can be derived.

6hg = (h, - hg)NTU�  6z

and

(37)

,=jh = .!tk 6Yhhw *m, 6z g (38)
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COlCUl~tlOll
starts  here

Figure 10 A rectangular element of a cross-flow packing.

where 6h, = increase in specific enthalpy of air through
element

6h, = decrease in specific enthalpy of water
through element

h, = specific enthalpy of saturated air at P
hg = specific enthalpy of bulk air at P

tig and &,, are known (specified) for all elements, and
NTU� is known from packing heat transfer data. (NTU�
is identically equal to the product of Ku/L and ti,/tig.)

The packing is divided into a network of such

elements and, starting in the top left corner (according
to the convention of Fig. 10, 6hg is calculated from Eq.
(37) and then 6h, from Eq. (38). To avoid iteration, h,

can be based on the known value of h, at point Nand
hg can be taken as the value of h, at W, for the purpose
of finding the difference (h, - hg) for use in Eq. (37).

The values of hg at point E and of h, at point S are
then found from

hg,E = hg, w + hhg

and

(39)

hw,s -- hw,N - 6hw (4)

The calculation is repeated systematically, cell by cell
and row by row (or column by column), until the whole
grid has been covered. The mean specific enthalpies of
the water and air at exit can then be evaluated. As
pointed out by Zivi and Brand [IO], the results of the
calculation are valid for any partial rectangular block of
the packing that has its top left-hand corner coincident
with the top left-hand cell. Thus it is possible to examine
simultaneously a range of overall dimensions of packing
and to select dimensions that result in the specified
mean water exit temperature. Examples of cross-flow
calculations are presented by Zivi and Brand [IO] and
Baker and Shryock [l 11.

Nomenclature and References for Section 3.12.2 appear at the end of Section 3.12 6.
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3.12.3
Natural draft towers

J. R. Singham

A. Outline of main features

Natural draft towers can be designed for direct contact
between the water and air (wet towers); or for indirect
contact, with heat transfer taking place through a
separating wall (dry towers); or for a combination of
direct and indirect contact (wet-dry towers). But a large
majority of natural draft towers are of the wet type, and
attention usually will be confined to these in the present
section. Dry and wet-dry towers are discussed in Sec.
3.12.5.

For most towers, the main structure consists of a
large concrete shell, roughly cylindrical in form with a
vertical axis, but tapering inward and outward to form a
throat that is located near the top. The packing is
confined to a comparatively thin horizontal layer at the
base of the shell, and is usually either a grid of timber
splash bars or a film packing formed by corrugated
sheets of asbestos-cement of the type commonly used
for simple roofing. The shell is supported by columns
above a large pond or basin, leaving a circumferential gap
below the base of the shell through which air from the
atmosphere enters. Figure 1 is a photograph of a group
of large, direct-contact, natural draft cooling towers; the
packing is completely enclosed within the shell. Figure 2
shows diagrammatically the essential features of such a
tower.

The air has to turn through a right angle in order to
flow vertically upward through the packing, so the
velocity profile along a radius above the packing may be
somewhat nonuniform. This difficulty apart, the water
to be cooled is distributed as uniformly as possible over
the cross section of the tower above the packing and

0 1983 Hemisphere 1 lblishing  Corporation

flows or splashes downward through the packing to the
basin below. Splash bar packings usually extend below
the base of the shell into the air entry space between the
shell base and the water surface, whereas film packings
usually terminate at the base of the shell. Natural draft,
wet towers have also been built in which the packing is
located in a circumferential ring outside the main shell.
The water is distributed through the ring-shaped flat
roof over the packing and the flow is essentially cross
flow.

Heat transfer takes place between the water and air
both within the packing and in the spray above and
below the packing. To prevent the smaller droplets from
being carried away by the air, a water eliminator is
placed across the whole cross section of the tower above
the water distribution level (Sec. 3.12.6B).  The heat
transfer to the air reduces its density, and in a natural
draft tower it is the resulting buoyancy alone that causes
the air to flow. Evidently, the higher the tower, the
greater is the air flow. Also, other things being equal, the
larger the tower diameter, the greater the air flow, since
pressure losses fall as the cross-sectional area increases.
So for a fixed water-to-air mass flow ratio, the water
mass flow rate cooled in the tower increases with both
tower height and tower diameter. As the cost of the
tower increases less rapidly with these variables than the
water mass flow rate, large natural draft towers have an
economic advantage over small ones. Tall towers have
the further advantages of discharging their warm
moisture-laden air at a high level where it causes least
inconvenience, and of being less prone to �recircula-
tion�-the  drawing in of warm moist air that has passed
through the tower. Consequently, although there is a
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3.12.3-2 3.12 COOLING TOWERS / 3.12.3 Natural Draft Towers

Figure 1 Natural draft toolings  towers, 114 m high, at West
Burton power station in Nottinghamshire. Two towers are
employed for each of the four 5OOMW  turbo generators.

lower height limit of perhaps 20 m below which natural
draft towers are uneconomical and unsuitable, the upper
limit is imposed principally by environmental (visual)
considerations. Several power stations in the United
Kingdom use a pair of 375-ft (114:%m) towers to serve
one 500-MW  turbo generator.

The ratio of base diameter to height usually lies in
the range 0.754.85; the ratio of throat diameter to base
diameter is in the range 0.55-0.65;  and the ratio of
vertical depth of air opening to base diameter lies in the
range 0.10-0.12. A low value of the last ratio tends to
restrict the entry of the air to the tower, whereas a high
value increases the head of water and hence the pumping
cost.

The mean water-to-air mass flow ratio usually lies in
the range 0.5-3.0, although nonuniformity of the water
and air flows may cause considerable local departures
from the mean. The air velocity through the packing is
quite low, about l-2 m/s. The water flow rate is
typically equivalent to a rainfall over the packing of
5-15 cm/min.  In very cold weather, there may be a
danger of icing up around the entry; to prevent this,

additional warm water may be distributed to the
periphery of the packing.

Jones [4] discusses the use of large cooling towers
for power stations and gives the life of such towers as no
less than the station life of 30 years, whether the pack is
made of timber or asbestos-cement. Timber packs,
however, need to be treated initially with a suitable
preservative; and concrete, rather than timber, is re-
quired for the pack support columns.

B. Thermal performance and design

(a) The thermal design equation

As stated in Sec. 2.12.2A, the water-to-air mass flow
ratio, d,+,/A$, can be determined from the specification
of the cooling requirement and data for the packing
region alone. Thus i%l,,,/Il!lg  can, and indeed must, be
determined before suitable values for the principal
dimensions of the tower are selected. The procedures
given in Sec. 3.12.2 may be used for the determination
of &fw/&fg.  The designer then has to find values for the
tower�s height, base diameter, depth of air opening, and
throat diameter that will produce a mass flow of air
through the tower, I$, corresponding to this value of
$,+,/& at the specified mass flow rate of cooling water,
M,,,.  A steady flow of air through the tower takes place
when :

r
2

THROAT

3

SHELL-

SUPP&?T COL�MNS

WATER BASIN

Figure 2 Components of a natural-draught direct-contact cool-

ing tower.

o 1983 Hemisphere Publishing Corporation

twlL A



.kt2 COOLING TOWERS / 3.12.3 Natural Draft Towers
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3.12.3-3

The hydrostatic pressure difference, caused by the
difference of density between the warm, moist air
inside the tower and the cooler, dryer air outside is
equal to the pressure loss that would be experienced

by the air.stream  flowing through the tower in the
absence of hydrostatic pressure differences [9] .

This statement may be expressed symbolically to
yield the buoyancy equation:

&3 - 21 x&ii-- P&out) = K[& (&J]
5

where g = gravitational acceleration
z3 = height of top of tower above water basin curb
zr = height of top of air opening above water basin

curb
Pe,in ~1 density of atmospheric air

pg,out = density of air leaving packing region
NV = total number of air dynamic pressures lost,

based on cross-sectional area of shell cor-
responding to dI

tig = air mass flow rate
dr = internal diameter of shell at top of air

opening
i The equation is based, of course, on the assumption

ofione-dimensional  flow, that is, that quantities vary
or$y in the .direction  of flow. The left-hand side
represents the �driving force� of buoyancy. The right-
hand side represents the resistance to flow of air through
the tower and is the product of one �dynamic pressure�
of air (the quantity within the outer brackets), and the
number of such dynamic pressures �lost� in the various
parts of the tower. The evaluation of N, is discussed in
Sec. (b).

The value of b& is not normally given, and it is
therefore convenient to replace it by the product of &I,+,
.known from the specification, and the reciprocal of the
water-to-air mass flow ratio, l/(&r,,,/A&),  known from
calculation procedures described in Sec. 3.12.2. Before
making this change, however, a general observation
should be made concerning the validity of Eq. (1).
Although presented here as an equation to be used for
design purposes, the equation ought to be equally
applicable to test data for an existing tower. However,
when the measured quantities are inserted in the
equation, its two sides rarely balance. This is partly due
to the inadequacy of the theory, especially its one
dimensionality, and partly to the inaccuracy of the
design and test data. Whatever the reason, it is desirable
to insert an empirical correction factor k into the
equation. With a little rearrangement, the following
equation results:

d:@,  - 21) = 1 8 <Nv)2-__
K k n2a Pg,ihg,h - ~g,out)(tiw/tig)2

(2)

The value of k to be used in design needs to be obtained
from full-scale test data on existing towers, similar in
type to the tower to be designed. Little is published
concerning the value of k, or on alternative procedures
for ensuring balance of the two sides of the equation,
due perhaps to the high commercial value of the
information. Singham  [9] analyzed the data published
by Rish [8] for a medium-sized tower and obtained
values of k ranging from 0.666 to 0.964, with an average
value for the 23 tests of 0.799. He also found that k
could be expressed as a linear function of the smoothed
test data variables (water and air temperatures and water
flow rate) with a standard deviation of k of 0.017 5.
However, it must be repeated that the designer of a new
tower needs to make use of test data for an existing
tower of as similar design as possible.

Equation (2) provides the basis of thermal design
for wet, natural draft cooling towers and may be termed
the thermal design equation. For a specified cooling
requirement and a given type and depth of packing, its
right-hand side can be evaluated. The designer is then
free to vary the geometry of the tower, provided that
the resulting value of the left-hand side equals the
now known value of the right-hand side, as discussed
further in Sec. (c).

The form of design theory presented above treats
the determination of the water-to-air mass flow ratio and
of the tower dimensions as separate matters. Early
theories of natural draft towers, including Chilton�s
[12], introduce �Merkel�s approximation� [referred to
in Sec. 3.12.2B(e)] in order to relate these two matters
analytically, but as remarked earlier [also in Sec.
3.12.2B(e)],  there is no longer need for such approxi-
mation now that excellent computational facilities are so
readily available. Further comparison of these theories is
given in [9] and [ 131.

(b) Pressure losses

Before use can be made of the thermal design equation,
Eq. (2) expressions are needed for the individual
components of the total number of dynamic pressures
lost, N,. Following [8], N, is expressed as the sum of
six terms:

Nu = J&in + Nv,out  + &JJ + Nv,enm

+ Nv,sp + Nv,co~

where Nv,in = losses in air entry
Nu,out = losses at air exit
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NT = losses in packing
N,.,r;i  = losses in eliminator

Nv,sP = losses in spray
Nu,cOr = losses due to support columns, pipes, etc.

all expressed in numbers of air dynamic pressures, based
on the cross-sectional area of the shell at the top of the
air opening (where dr is measured). Each of these
components will now be discussed briefly.

Nv,in : The cross-sectional area of the circum-
ferential air entry, rrdrz,,  is very much less than the
cross section of the tower at the base of the shell, r&/4,
on which the dynamic pressure is based. The ratio of the
air entry velocity to the vertical air velocity based on dr
is, from the continuity equation, equal to dr /4zr ; so the
ratio of the air entry dynamic pressure to the vertical
dynamic pressure based on dr is equal to (dr/zr)�/16.
The ratio dr/z, usually has a value of about 10; so, on
this basis, the air entry dynamic pressure is about six
times the base value. If the whole of this was lost in the
bend, then N�,in  would have a value of 6.

Unfortunately, the evaluation of N�,in  is a great
deal more difficult than this for several reasons, the
principal ones being as follows: First, as in any sudden
contraction, a vena contracta forms in the air entry, and
the air entry velocity is correspondingly increased;
second, it is oversimplifying matters to say that the air
turns through a right angle at the entry and loses the
whole of the dynamic pressure in doing so; third, the
distribution of air flow over the cross section of the
tower is not really uniform; and fourth, with splash bar
packings, the packing occupies part of the air entry
space and therefore influences the flow.

Nevertheless, it is reasonable to expect that Nu,in
will vary linearly with the ratio (dr/~,)~  and to
postulate a relation of the form

Nu,in = Cl + C2F2 (4)

where r = z, Id,, and Cr and C2 are empirical constants,
whose values depend on the particular design details.
Ioannides [14] found that relations like Eq. (4) could be
used to correlate the results of tests of models of cooling
tower entries. For the Staythorpe tower tested by Rish
[8], values of C1 and C2 equal to 2 and 0.036 have been
considered appropriate [9].

Nv,out: The dynamic pressure of the air at exit is
�lost ))� so the value of Nv,out is simply this loss
expressed in terms of the base dynamic pressure. From
the tower throat to the top of the tower, the shell
diverges like a diffuser; however, the divergence is
usually small and the pressure recovery uncertain, so the
exit dynamic pressure may reasonably be equated to its
value at the tower throat. With this assumption, Nv,out
can be expressed by

Nv.out = css-4

where s = (dth/dl),  with dth being the internal diameter
of the tower throat, and Ca an empirical constant,
which, in the absence of other information, may be
taken as equal to unity.

N : The value of Nu P is proportional to NA P, the
numbe::f  dynamic pressures lost per unit packing�depth
for the particular packing at the particular water and air
mass fluxes. Data for Nh,p  are discussed in Sec.
3.12.2C(c).  N�,P is also proportional to the vertical
depth of packing (.a2 - z,). And there is a further
variable that should be taken into account. The cross-
sectional area of the tower at packing level is seldom
fully packed: there may be vertical water ducts, hori-
zontal walkways, and difficult corner areas that it is
easier to blank. Moreover, it may be economical to blank
an even larger proportion of the cross section (because
of the high cost of the packing, its support columns, and
the associated water distribution system). It is therefore
useful to introduce a geometric quantity t, defined by

t =
total packed volume

(z2  - zl)(n/4)d; (6)

For a fully packed tower, t equals unity; for a tower
packed as completely as is reasonably convenient, t
might be 0.96; and, depending on the cost data for the
particular circumstances, t could have a somewhat lower
value for a fully optimized design. The velocity of the air
through the packiri: varies inversely as t, and the
dynamic pressure inversely as t2. So N,,P can be
expressed by

NU?P = c4t-2

where

(7)

C4 = Nv,P(z2  - zl> (8)

N v,e~m: If the tower is fully packed (t = l), then
Nu,erim is simply the number of dynamic pressures lost
across the eliminator, as obtained from wind tunnel tests
or other data. If, however, a substantial part of the cross
section was left unpacked, there would be no need to
provide eliminator over this part: the air would flow
through the same reduced area of eliminator as for the
packing, and the eliminator loss would also vary in-
versely as t2. For generality, then, it is desirable to
express the loss by

Nu,e,im = Cs t -2

where Cs equals the number of dynamic pressures lost in
the eliminator, based on the local air velocity, and
obtained from test or other data. Values in the range 2-4
may be expected.
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N u,sP: The contribution of the spray to the total
pressure loss is clearly dependent on the particular
design features of the packing region, and it is difficult
to lay down rules in the present context of a general
one-dimensional procedure. It may, however, be helpful
to quote a relation that was adopted for the analysis of a
small tower with an asbestos-cement film packing [S,
93 :

N u,sp = 0.526(z1  + 1.22) (10)

with z1 in meters.
For the particular tower, at a water-to-air mass flow

ratio of 2, the equation yielded a value for Nu,sP  of 9.6.
NV,col: The value to be assigned to Nu,co,  depends

on the particular design details, and also on the extent to
which the losses due to support columns, pipes, and so
on, may already be accounted for in the other terms.
(Thus the loss associated with the diagonal columns that
support the shell could be included in Nu,in  .) A value in
the range 2-6 may be thought suitable after such
considerations.

In the light of this discussion of the individual terms
on the right-hand side of Eq. (3), the equation may be
recast in the following form:

N, = aIre + a2sm4  + a3tm2 + a4 (11)

where al z C2, introduced in Eq. (4)
a2 = C3,  introduced in Eq. (5)
a3 = C4 + C,, C4 having been introduced in Eq.

(7) and Cs in Eq. (9)
a4 f C1 + Nu,sP + Nu,col,  Cl having been intro-

duced in Eq. (4)
For illustration, the value of N, will be calculated

for particular values of the constants and variables on
the right-hand side of Eq. (11):

Constants : c, =2 C, = 0.036 c 3  = 1

C4 = 35 (for a particular type and depth of packing)

C, = 3 Nu,sp = 10 NV,co,  = 4

Hence,

al = 0.036 a2 = 1 a 3 = 38 a4 = 1 6

Variables: r = 0.09 s = 0.65 t = 0.95

Hence,

N, = 0.036(0.09)-2  + (0.65)-4 + 38(0.95)-2 + 1 6

= 4.4 + 5.6 + 42.1 + 16

giving

N, = 68.1

(c) Design and optimization

The first stage in thermal design is the evaluation of the
right-hand side of the thermal design equation, Eq. (2).
This may be achieved by the following steps:

1. Select the type and vertical depth of packing.
2. Evaluate the water-to-air mass flow ratio,

M,+,/n&, for the specified cooling requirement, by the
procedure described in Sec. 3.12.2B(e).

3. Evaluate the density change of the air across the
packing region, normally by assuming the air to be
saturated at exit from the region.

4. Evaluate the right-hand side of Eq. (2), taking a
value for the correction factor k based on test data for
the tower most similar to the one proposed.

If the right-hand side of the thermal design equation
is denoted by K, the equation may now be rewritten as

(12)

with K known and constant for the given cooling
requirement and the selected type and depth of packing.

The next stage is to evaluate Nu from Eq. (11) for
trial values of the tower geometric ratios r, s, and t,
which express dimensionlessly the vertical depth of the
air opening, the diameter of the throat, and the
proportion of the total available cross section that is
occupied by the packing, respectively.

The value of the product df (z, - zl) can now be
evaluated. Any pair of values of the base diameter dl
and the shell depth z3 -z, that give this product,
satisfy the thermal design equation and may be selected.
Having selected a suitable pair of values, the water mass
flux tiw and depth of air opening z1 corresponding to
dl should be calculated and the value of N, checked,
since the pressure losses of the packing and spray may be
thought to depend on the water mass flux, and the spray
pressure loss may also depend on zl. But the de-
pendence is weak, and not more than one stage of
iteration is likely to be needed.

By following this procedure, any number of sets of
values of dl , (z3 - z1 ), r (or z, ), s (or dth) and t may be
found to satisfy the cooling requirement with a given
type and vertical depth of packing. There may, of
course, be nonthermal constraints to be taken into
account, such as a maximum value for the tower height
z3 ; or a maximum allowable pumping head, imposing, in
effect, a maximum value on z1 ; or a desired visual
appearance, imposing limits on the throat-to-base
diameter ratio s. Even with such constraints, however,
there is likely to remain some freedom for these
variables, and the final choice of values will be made in a
way that minimizes total cost.

The total initial capital cost of a cooling tower, C,
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3.12.3-6 3.12 COOLING TOWERS / 3.12.3 Natural Draft Towers

depends mainly on three items: the cost of the shell,
Ch, the cost of the packing and water distribution
system, C,, and the capitalized operating and main-
tenance cost, CO, :

(d) Performance away from design point

c = c, + cp + cop 03)

C, depends mainly on the values of d, , z3 - z1 ,
and s (or dth). For a given type of packing, C, depends
mainly on dl, z2 -zl, and t. And CO,  depends mainly
on the pumping head, and so on r (or zr). Hence Cwill
be a function of all these variables:

c= C(dl, (23 - 211, r, s, t, (~2  - ZI)+ (14)

The aim of the designer should be to find the values
of these six variables that give a value of C near to the
minimum value of the function, Cmin, while satisfying
the thermal design equation, as expressed by Eq. (12),
and any other constraints.

A tower of given design will rarely, if ever, operate at the
design point values of the independent variables. It is
required to operate over ranges of values of these
variables, and a procedure is needed for predicting the
performance of the tower for any combination of these
variables. The basis of the procedure is, of course, the
solution of the same equations as are used for design,
viz., Eq. (2), Eq. (1 l), and the relations needed for
determining the water-to-air mass flow ratio by the
procedure described in Sec. 3.12.2B(e).  With the tower
design dimensions and packing characteristics known,
these equations permit the calculation of the water exit
temperature, Tw,out, for any set of assumed values of
hw, Tw,in, TUB,  TDB  , and pa. (There is no difficulty in

It may be that a value of C sufficiently close to
Cmin can be found by a series of trial calculations, but
systematic search procedures, used in conjunction with a
computer program, are likely to save both time and
money. In [9], it is shown that for a fixed preliminary
choice of packing depth, z2 - z r , the optimum values of
the remaining five variables may be found from simul-
taneous solution of Eqs. (11) and (12) and the following
five equations:

-A = dl ac
4 ad, (4

handling variation of the atmospheric pressure pa,
provided that data for the properties of moist air at the
correct pressure are used.) The calculation is more
laborious than a corresponding design calculation,
because Tw,o,,t is unknown and the calculation of the
water-to-air mass flow ratio requires knowledge of both
Tw,in  and Tw,,,. Consequently, trial is required, and
use of a computer is desirable. Using a suitable program,
it is a simple matter to explore the whole range of the
variables. If desired, the tower performance can then be
summarized by expressing Tw,out as a linearized func-
tion of the five independent variables, M,,, , Tw,i,, TUB,

TDB , and  pa [9l.

= Cz3 -�l) a(zaY.zl) (b)
3

_ W3 ac
2al ar

(4 (15)

_ Nvs� ac
4a2  as

(4

_ Nut3 ac

2a3 at
(4

Thus there are seven equations containing seven
unknowns, namely, dl, (z3 -z,),  r, s, t, N,, and X (h
having only a mathematical significance as the Lagrange
multiplier for the system of equations). The five cost
derivatives, X’/adl, and so on, which are partial deriva-
tives of the cost function, Eq. (14), have to be obtained
from the manufacturer�s cost data and information con-
cerning the cost of pumping. The equations must then be
solved iteratively, but their form is such that convergence
is very rapid and, although a computer program is con-
venient, manual solution with a small electronic calcu-
lator is not difficult. If any of the five geometric variables
is to be held to an assigned value, the corresponding
equation of the set Eq. (15) is dropped and the remain-
ing equations are solved for the remaining free variables.

C. Some remarks on structural design

Whereas the height and base diameter of the concrete
shell of a cooling tower are determined mainly by
thermal considerations, the shape of the shell is deter-
mined more by considerations of strength and cost. The
required thermal performance could be achieved with a
cylindrical or conical shell, but these would be more
expensive and less strong than the conventional shape of
tower with a throat near the top and a hyperbolic
profile. As noted in Sec. B(b), the introduction of a
throat increases the pressure loss, but for a large tower
the increase in cost associated with this loss is more than
offset by the reduction in material needed for the tower
with a throat. Nevertheless, �small cylindrical towers . . .
have been common in some countries, notably Germany.
For such smaller units, the economy of materials in
hyperboloidal towers can be outweighed by the speed of
construction that can be achieved in cylindrical towers
using sliding formwork� [4].

Very large towers are subject to wind forces, which
can give rise to vibration, buckling, and even to
superimposed tensile stresses that exceed the compres-
sive stresses from the dead weight of the structure [15,
161.  According to Jones [4] : �Prior to 1965 tower
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3.12 COOLING TOWERS / 3.12.3 Natural Draft Towers 3.12.3-7

shells had a general thickness of about 120 mm, which
incidentally was almost as thin as practical considera-
tions of construction would permit. However, in 1965
three out of eight newly built cooling towers [I 14 m
tall] at Ferrybridge collapsed in strong winds, and as a
result of subsequent investigations it was concluded that
the towers had been subjected by the wind to uplift
forces greater than those assumed in design. The wind
loading was intensified by dynamic loading effects which
were magnified by the layout of the groups of towers.
As a result of the Inquiry, shell thickness is increased to
about 200 mm. . . .�

The maximum size of natural draft towers continues
to increase, especially for dry towers, and alternatives to
the conventional hyperbolic concrete shell are being
tried. A completely new kind of cable network structure
was used at Schmehausen in Germany for a 181 -m-high
dry cooling tower for a nuclear power plant. According
to Zerna and Mungan [17],  the structure consists of (1)
a vertical central reinforced concrete pylon with founda-
tion; (2) a compression ring near the top, attached to the

central pylon by radial spokes; (3) two similarly
attached rings at intermediate levels between the top and
the ground; (4) a network of cables criss-crossed and
stretched over the outside of the rings; and (5) cladding
to enable the structure to channel the air without its
escape. The cables are attached to the central pylon at
the top and to a ring foundation at the ground. The
cladding is made from an aluminum alloy. Zerna and
Mungan suggest that the cost of cable network towers
increases less rapidly with height than that of conven-
tional towers and that the crossover point, though
uncertain, may be around 200 m.

A less radical alternative to the conventional rein-
forced concrete shell of smoothly changing wall thick-
ness is a concrete shell equipped with circumferential
stiffening rings. Above a certain size, such a shell
requires a smaller volume of reinforced concrete and
offers greater resistance to vibration and buckling. The
advantage may be apparent at a height of 1.50 m and
increases with height [ 171.

Nomenclature and References for Section 3.12.3 appear at the end of Section 3.12.6.
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3.12.4
Mechanical draft towers

J. R. Singham

A. Outline of main features

In a mechanical draft tower the air is made to flow
through the tower by means of one or more fans. With
forced draft, the fans are placed at ground level and
blow the air through the packing (Fig. la), whereas in
induced draft towers the fan is located above the
packing and sucks the air through the tower (Fig. 1, b
and c). The type of flow may be wholly counter flow,
partly counter flow and partly cross flow, or wholly
cross flow; all three cases are illustrated diagrammatically
in Fig. 1. Cross-flow packings are raked at an angle to
take account of the influence of the air stream on the
line of fall of the water.

Mechanical draft towers cover a much wider range
of size than natural draft towers, from a size capable of
being loaded on a small truck, to banks of towers
capable of cooling the circulating water of a large power
station. Large towers tend to use axial-flow fans and
induced draft, whereas small towers often use forced
draft provided by either a centrifugal or an axial fan.
According to Marriott [18]  , centrifugal fans are con-
sidered to be quieter than equivalent axials but may be
more expensive.

Packings may consist of wooden splash bars or
plastic sheeting formed into passages of various shapes.
Timber may have to be used if the water temperature
exceeds the safe operating value for the particular
plastic, for example, about 70°C for PVC, which is
commonly used. Plastic packings can be made as
lightweight modules that are easy to assemble on site.
The surrounding cladding of the tower may be formed
by sheets of galvanized steel, corrugated asbestos-
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cement, or PVC. According to the National Fire Protec-
tion Association [19], fire can be a serious danger with
cooling towers, especially with the induced draft type.
Fires occur during construction and shutdown periods,
but can also happen during full operation if parts of the
packing and structure are insufficiently wetted.

A typical water loading is 2.3 kg/m2 s, plus or
minus 20%,  depending on the type and depth of packing
[2] , equivalent to a rainfall over the packing of about 14
cm/mm. Air velocities commonly fall within the range of
1.5-4 m/s, and the mean water-to-air mass flow ratio
falls within the range 0.5-2.5.

The relative merits of mechanical and natural draft
towers are discussed in [2] and by Kunesch [20]. The
latter considers a cooling requirement for the generation
of electric power of 100 MW: 6.1 m3/s with a cooling
range (change in water temperature) of 8.5�C,  an
approach (difference between water exit and ambient
wet-bulb temperatures) of 10°C,  and an ambient wet-
bulb temperature of 17°C. He estimates the capital cost
of the natural draft tower at &l 200 000 and that of the
mechanical draft at X750 000 (paper published in 1978).
But the mechanical draft tower would require a fan
power of 775 kW, and the natural draft tower none.

The water pumping costs are excluded, since they
are approximately the same in the two cases. Depending
on the cost of electrical power, the two systems appear
to be fairly evenly balanced economically (the annual
cost of the fan power would be about c70 000 for every
!Xl.Ol/kWh of fan energy), but with the advantage
moving toward natural draft. Kunesch remarks that
greater allowance for the harmful effect of air recircula-
tion would put up the capital and fan costs for the
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Figure 1 Some layouts for mechanical draft cooling towers.
(a) Forced draft counter flow. (b) Induced draft mixed flow.
(c) Induced draft cross flow.

mechanical draft plant by 15%. It may be noted,
however, that natural draft towers become relatively less
competitive as size decreases and are probably un-
economical at water flow rates below 1.25 m3 /s [2] .

A perspective drawing of a forced draft tower,
equipped with two centrifugal fans, is shown in Fig. 2. A
drawing of a much larger, induced draft tower, with a
single axial fan, is shown in Fig. 3. Both towers have
plastic counter-flow film-type packings and have timber-
louver drift eliminators. The induced draft tower could
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be fitted with a wooden splash bar packing instead; this
would introduce a degree of cross flow.

B. Thermal performance and design

As with a natural draft tower, the first stage in the
thermal design of a mechanical draft tower is the
evaluation of the water-to-air mass flow ratio for the
specified cooling requirement and for a particular type
and quantity of packing, according to the procedures of
Sec. 3.12.2B.  In this case, however, the atmospheric
dry-bulb temperature is not normally required, since
accurate evaluation of the air density is necessary only
when density differences are important, as in natural
draft towers. For a mechanical draft tower, the
atmospheric wet-bulb temperature and pressure suffice
to characterize the state of the atmosphere.

However, there is an important extra factor that
may have to be taken into account with mechanical
draft towers above a certain size, namely, the possible
recirculation of moist air from the tower exit to its
entry. According to [2], the recirculation increases with
the size of tower and may amount to as much as 20%
with large towers under certain conditions of wind
velocity. To take account of recirculation, an upward
correction, AT,, , has to be made to the design ambient
wet-bulb temperature. The correction is a function of
four variables: water mass flow rate il?f, design ambient
wet-bulb temperature TUB, approach of water exit
temperature to wet-bulb temperature Tw,out  - TUB,
and water cooling range Tw,in  L Tw,out. To allow for
the fact that recirculation is at its worst for only a short
proportion of total working time, BS 4485 [2]
recommends that the correction be based on a recircula-
tion of 60% of the estimated maximum. The following
sample values of ATWB  are based on these recommenda-
tions, but are rounded to the nearest tenth of a degree:

MW, m�/s 0.5 1.0 2.0 4.0 6.0
ATw&�C  0.2 0.3 0.5 0.8 0.9

f o r  TWB = 17�C,  Tw,out  - TWB = 8.5”C,  Tw,i,  -
Tw,out = 8°C.

The recommended correction increases with all
three of these quantities. For example, at TWB = 20°C
Tw,out - TWB  = 12�C,  and Tw in - Tw,out  = 15°C  the
above values of ATWB  have to�be multiplied by a factor
of about 2.

Having determined the ratio $fw/Mg,  the air mass
flow rate IV&  can at once be found, since the water mass
flow rate Mw is known from the specified cooling
requirement. The aim of the designer is now to choose a
cross-sectional area for the packing (normal to the
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Figure 2 Forced draft tower with twin centrifugal fans. The tower is 2.6 m high and cools 30 kg/s of water for a total
power of 11 kW  (numbers approximate). Drawing courtesy of Visco.

direction of air flow) and to select a fan, or a number of
fans, that will force or induce air through the tower at
the calculated rate, and at the total pressure loss that
results with that cross-sectional area. If the fan and the
fan power seem unduly large, the designer can try a
larger cross-sectional area, eventually arriving at a com-

bination of tower size and fan size and power that yield
a total cost near to the minimum.

Before this last stage of the design can be carried
out, the designer must decide whether to use forced or
induced draft, and whether to use a centrifugal or an
axial fan. A further choice is whether to use counter

Figure 3 Induced draft tower with axial fan. The tower is 6 m high and cools 250 kg/s of water for a power of 30 kW;  the
fan rotor diameter is 4.5 m (numbers approximate). Drawing courtesy of Visco.
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flow, cross flow, or mixed flow. In most cases, all of
these choices will probably have been made at the outset
from the designer�s experience of what is likely to prove
most satisfactory in the particular circumstances; and
from knowledge of where the designer�s ekpertise and
that of the organization are greatest. If doubt arises as to
the correct choice, then of course the correct procedure,
time permitting, is to investigate two or more possi-
bilities before deciding which choice is best.

The characteristics of fans are usually given as the
rise in total or static pressure across the fan as a graphic
function of volumetric flow rate and fan rotational
speed. For present purposes, it is the rise in total
pressure that is required, but this is equal to the static
rise when the fan entry and exit areas are equal, as is
often the case with axial fans. In order to match the
tower�s pressure loss to the fan�s pressure rise, it is
convenient to calculate the air volumetric flow rate �c�g
from the known mass flow rate and the appropriate air
density and to locate this value on the graph of the fan
characteristic, as shown diagrammatically in Fig. 4. The
total pressure drop through the tower, Aptower,  may be
expressed as the sum of three terms:

Aptower  = APpack + nex Apex  + APtisc (1)

where &pack  = pressure loss in packing
= dynamic pressure at fan exit

apa::  -- sum of miscellaneous pressure losses,
e.g., in eliminator, entry to fan (if not
otherwise accounted for), etc.

n = a numerical factor of unity or less
AppeckexCan  be determined from the value of Nu,p,

the number of dynamic pressures lost across the packing,

Aptower

1
I

\P fan

Reaulrod  t o w e r
opiratmg pomt

Fan

Figure 4 Locating the tower operating point on the fan
characteristics.

known from packing data (Sec. 3.12.2C) and the air
dynamic pressure based on the packing cross-sectional
area normal to the air flow.

The term nex Ape, accounts for the loss of all or
part of the dynamic pressure at the fan exit which takes
place in both forced and induced draft towers; thus nex
lies between 0 and 1. If there is no diffuser after the fan
exit, then nex will be 1 for an induced draft tower, since
the whole of the exit dynamic pressure is �fhrown
away�; nex will be near to unity for forced draft since
the dynamic pressure is unlikely to be recovered in the
unguided flow below the packing. Use of a diffuser,
however, can reduce the value of nex to 0.5 or less. The
value of Ap,, is given by

Apex  = $
g

(2)

where �cig  = air mass flow rate
pg = air density
nf = number of fans

Af,ex = cross-sectional area at exit from fan
The term Apmisc is normally small compared with

the other two terms-a few dynamic pressures, based on
the packing cross-sectional area normal to the air flow.

aptower and vg having been evaluated, the tower
operating point can be located on the fan characteristics.
Provided that the fan efficiency is about 75% or more at
this point of the characteristics, then this combination
of tower and fan size may be acceptable. But, as noted
earlier in this section, several different cross-sectional
areas need to be tried to ensure that a combination is
found near to that corresponding to minimum total cost
(sum of initial costs of tower structure, packing, and fan,
and capitalized cost of fan power) for the particular type
and depth of packing.

Predicting the performance of the tower away from
the design point amounts to finding the value of Tw,out
for given values of IV&,,  , T,,i,,  , TWB  , and pa, and for a
particular fan speed, if this is variable. As with a natural
draft tower, the calculation is by trial when Tw,out  is
unknown. In the present case, the values of AP,,,, and
vg can be calculated for any assumed value of Tw,out, in
the same way as for the design point. The locus of the
tower operating point, as Tw,out is varied, can then be
marked on the fan characteristics, the solution being at
the intersection of the locus with the correct fan speed
characteristic.

Nomenclature and References for Section 3.12.4 appear at the end of Section 3.12.6.
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J. R. Singham

A. Dry towers

A dry tower is a tower in which no direct contact
between the air and water is allowed, the packing of the
conventional �wet� tower being replaced by heat ex-
changers not unlike automobile radiators. Wet towers
require an external supply of water amounting to about
3% of the total flow, 1% for evaporation, and 2% for
keeping the concentration of salts at an acceptable level,
equivalent to a requirement of about 4 liters/kWh; dry
towers require none. Consequently, dry towers can
operate on many sites where wet towers are impossible
due to the unavailability of the necessary external water
supply. As the number of suitable sites for wet towers
on rivers, lakes, and estuaries decreases with the expan-
sion of industrialization, so dry towers become increas-
ingly attractive. For nuclear power stations, the greater
freedom of site choice is especially advantageous. Dry
towers are also free from troublesome vapor plumes. Dry
towers may be built for mechanical and natural draft;
but in the present section attention will be confined to
natural draft, since dry mechanical draft towers are
considered nearer to heat exchangers than cooling
towers for our purposes.

The cost of a dry tower for a given cooling
requirement is much greater than the cost of a wet
tower. Jones [4] gives the cost of a dry tower built at
Rugeley [21]  for a 120-MW  turbogenerator as about
double that of a wet tower. Moreover, for a given duty,
the dry tower has to be larger, and this is an environ-
mental disadvantage. Part of the extra cost can be
attributed to the heat exchangers that replace the

comparatively inexpensive wet packing system, and part
to the need for a larger tower.

This need arises from the fact that a dry tower
requires a much larger air flow than a wet tower
performing the same duty. The larger air flow is made
necessary by the fact that the change in specific
enthalpy of the air in a dry tower is necessarily much
less than in a wet tower where water evaporates into the
air stream. A numerical example may serve to illustrate
the point :

Data from cooling requirement:
Atmospheric wet-bulb temperature TWB =

10°C
Entry temperature of water Tw,in = 32°C

Exit temperature of water Tw,out = 20°C
Aim of calculation:

To find the ratio R, of the air mass flow rate
for a dry tower, il?g,dry,  to that for a wet tower,
Mg,wet, when the airstream for each tower
experiences its maximum possible change in
specific enthalpy.

Evaluation of Rg :
For equal water flow rates, the heat transfers
are equal in the two cases:

Mg,dryCp(Tg,out - Tg,in)dry

and therefore

= Mg,wet@g,out - hg,Avret
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In accordance with the aim of the calculation,
hg,out is taken as the specific enthalpy of saturated air at
temperature T,,i,,, the best that can be achieved in a
wet tower; and Tg,out is taken as equal to Tw,in,  the
best that can be achieved in a dry tower. The values of
hg,out and hg,in are read from Table 3.12.2(l),  hg,in
being based on TWB.  The specific heat capacity of air
cp may be taken as 1 .OlO kJ/kg K.

The remaining quantity required for the calculation
is the value of Tg,in. The lowest value is when the
atmospheric air is saturated, when Tg,in equals TwB’;
this condition is the one most favorable to the dry
tower. With these assumptions,

R
g

= 107.3 - 29.04
1.01(32  - 10)

= 3.5

Thus, in the above example, the dry tower requires 3.5
times the air mass flow rate of the wet tower, and the
ratio would be higher if the atmospheric air was less than
saturated. The influence of a high air mass flow rate on
the tower dimensions can be seen from Eq. 3.12.3(l),
which will be rearranged for the present purpose:

d:(z3 - 2,) =
Bti;

pe,in - Pg,out

where BE slv,
n2gPg,in

The value of B is proportional to N,, the total
number of dynamic pressures lost, and therefore de-
pends on the design of the heat exchangers and on the
tower geometry. Nevertheless, B may be treated as
constant while endeavoring to discern the main trends.
The influence of the density difference in the denomina-
tor will also, for the moment, be ignored.

For a tower of fixed proportions, both the base
diameter dl and the vertical shell depth (zs -zl) are
proportional to the overall height zs. So, for such a
tower, from Eq. (l),

z3 a (j12g)2�5 .

Thus, for a dry tower to achieve the same duty as a wet
tower of similar proportions, the height must be
increased in the ratio of the relative air flow raised to the
power 2/5. In the above numerical example, the dry
tower was found to require 3.5 times the air flow of the
wet tower. Its height and other dimensions would
therefore need to be (3.5)2�5  times greater, that is, a
ratio of 1.65.

The dry tower also suffers some disadvantage from
the fact that the density of air at a given temperature is
greater for dry air than for moist air. The air leaving the
heat exchangers in a dry tower is far from saturation,
whereas the air leaving a cooling tower packing is usually
very close to saturation. Consequently, for a given water

3.12 COOLING TOWERS / 3.12.5 Hybrid Towers

entry temperature, the density difference in Eq. (1) is
significantly less for a dry than for a wet tower. If the
atmospheric dry-bulb temperature is high, then the
density of the ah at entry, Pg,in will be low, and the
disadvantage of lower density difference will be even
more marked in the dry tower.

The tower at Rugeley, England [21], has all-
aluminum tube-and-fin heat exchangers arranged in a
zigzag formation around the base of the tower, outside
the shell; the fins are louvered plates. The tower at
Grootvlei, South Africa [22], has externally galvanized
steel tubes with spirally wound aluminum fins for its
heat exchangers, which are mounted above ground
within the shell. The use of fins in the heat exchangers is
necessitated by the low surface heat transfer coefficient
on the air side. Dry cooling towers allow the circulating
water to be kept pure, and the water from both of these
towers is used directly in spray steam condensers. As
noted in Sec. 3.12.3C,  the nuclear power plant at
Schemausen, Germany, uses a dry tower with a cable
network structure 18 1 m high.

At both Rugeley and Grootvlei, the performance of
the towers has been found to decrease with increasing
wind velocity. At Rugeley, the cause appeared to be
associated with the zigzag layout of the heat exchangers
at those positions where the wind was tangential to the
circular base; the air flow through the heat exchangers
facing downwind was found to be very low. At
Grootvlei, the cause was thought to be connected with a
tendency for the wind to reverse the flow at the tower
exit. Russell et al. [23]  report model tests on air flow in
dry cooling towers with various heat exchanger layouts;
they tentatively favor layouts resembling Grootvlei�s in
which the heat exchangers are mounted within the shell.

B. Wet-dry towers

Wet-dry (or dry-wet) towers have dry heat exchanger
sections where heat transfer takes place by indirect
contact between the water and air streams, and wet
packing sections where the two streams are in direct
contact. The dry section serves to reduce the demand for
makeup water and to reduce or eliminate the nuisance of
water plumes and local precipitation, while the wet
section, being more cost-effective, makes the cost of the
wet-dry tower significantly less than that of an all-dry
tower. If there was no shortage of sites with plentiful
makeup water and no need for environmental con-
siderations to be taken into account, wet towers would
always be preferred to both dry and wet-dry towers. But
such is increasingly not the case, and there is a great deal
of interest in the wet-dry compromise.

Some possible arrangements of wet and dry cooling
are reviewed by Croley et al. [24], and Fig. 1 is
reproduced from their paper. All the schemes illustrated
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Figure 1 Some possible arrangements for wet-dry towers. From Croley et al

use induced draft and cross flow and are for large water
flow rates, since it is under these conditions that the
wet-dry combination looks most practical and economic.
In scheme B, the wet and dry sections are in fact
separate towers handling the same circulating water.
According to the authors, schemes somewhat similar to
A have been offered by two manufactuers  in the United
States. The air flows through the wet and dry sections in
parallel, with the advantage that the cross-sectional area
normal to the flow is increased and the pressure drop
correspondingly reduced; also, both sections receive the
air at its coldest, direct from the atmosphere. But the
flow needs to be divided correctly between the two
sections, and adequate mixing of the two streams of air
ensured. Clearly, there is scope for much analysis,
experiment, and cost optimization before the best design
of a given scheme can be developed and before the
relative advantages of different schemes can be properly
assessed, and work of this kind is proceeding [25].

A rather different approach to wet-dry cooling has
been adopted by Bentley et al. [26].  They have
developed and tested a packing plate made of aluminum
and carrying vertical grooves that channel the water. The
grooves are spaced at horizontal intervals of 76 mm, and
the plates are inclined at an angle of 10� to the vertical,
with the grooves on the upper side. The air flows
horizontally through a stack of such plates in cross flow.
The aluminum sheeting between the grooves acts as a
dry cooling fin, transferring heat from the water in the
grooves to the air; the water in the grooves is in direct,
but limited, contact with the air. The system appears to

~241.

be closer to dry cooling than to wet, but the plates
should be cheaper than the tubes and fins in a
conventional dry tower. If the system is essentially dry,
however, it must suffer the other disadvantage of dry
towers discussed in Sec. A, namely, the need for a much
higher air flow than in a wet tower. Moreover, in a larger
tower there would be formidable difficulties in ensuring
even distribution of water to the many grooves in the
plates.

C. Assisted draft towers

In an assisted draft tower, the resistance of the tower to
the flow of air is overcome partly by fans at the base of
the tower and partly by the natural draft created by the
tower. For a given cooling requirement, the size of the
tower can be greatly reduced. The cost of the structure
is similarly reduced, but this is offset by the cost of the
fans. There is, however, a net reduction in initial capital
cost, but this is more than outweighed by the capitalized
running cost of the fans, so that the total capital cost is
greater than for a plain natural draft tower. The main
advantage is the fact that the tower is smaller for a given
duty, or that a single assisted draft tower can perform
the same duty as three natural draft towers of similar
size [4] .

Figure 2 from Jones [4], illustrates the design of
the Central Electricity Generating Board�s assisted draft
tower for the 1 OOO-MW (electrical) Ince  B power
station. The tower is 117 m tall and has a shell base
diameter of 86 m. The roofed structure that surrounds
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3.1254 3.12 COOLING TOWERS / 3.12.5 Hybrid Towers

Figure 2 An assisted draft tower for a 1 OOO-MW power station. The tower is 117 m high with an outside base
diameter of 172 m. From Jones [4].

the base and houses the cross-flow packing and 35 fans is
172 m in outside diameter; the fans consume 6 MW at
the design point, 0.6% of the station output. Gardner
[27] reports the development of this tower in some
detail. Consideration was given to location of the fans
upstream of the packing, where they would be readily
accessible and dry, but construction costs favored a
downstream location, with the further advantage that
the fan blades would be protected from fluctuating
stresses caused by cross winds. Accessibility is obtained
by providing 36 fan cells around the base (instead of 35)
and leaving the extra cell unoccupied. The packing
consists of a prefabricated design of timber-lath splash
bars. Two arrays of corrugated asbestos-cement louvers
are necessary to cope with the high air and water mass
fluxes of an assisted draft tower. Compared with the
usual design, the trailing edges of the louvers are slightly
extended to ensure a close approach to axial flow at the
fan entry.

D. Closed-circuit evaporative coolers

The function of wet and dry cooling towers is usually to
provide the means whereby heat is transferred from a
primary fluid, usually condensing steam, to the
atmosphere. In wet towers, low-quality cooling water is
used as an intermediate fluid: as the water flows through
the tubes of the heat exchanger or condenser, its
temperature increases; then, as it flows through the
packing of the cooling tower, its temperature falls. In a
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closed-circuit evaporative cooler, the heat exchanger or
condenser tube bundle is placed inside the cooling
tower, and the primary fluid flows within the tubes. The
tube bundle can then be used as a conventional cooling
tower packing, with the cooling water recirculated over
the packing, without having to be ducted to an external
heat exchanger or condenser, and with air ducted into
and out of the tower, usually by means of a fan. As in a
dry tower, the primary fluid is kept pure in a closed
circuit and the packing is eliminated; but the advantage
of a wet tower over a dry tower (higher change in
specific enthalpy of the air stream, as discussed in Sec.
A) is retained, as are its disadvantages, namely, its need
for makeup water and the discharge of a possibly
troublesome stream of warm, moist air. A diagram of
such a cooler is presented in Fig. 3. Several other design
layouts are possible, including ones using finned tubes,

Figure 3 A closed-circuit evaporative cooler. Based on drawing
supplied by Visco.

blishing Corporation



3.12 COOLING TOWERS / 3.12.5 Hybrid Towers 3.12.5-5

as discussed by Finlay and Grant [28].  This type of
cooling tower is used for low to medium rates of heat
dissipation in the process industries and for air condi-
tioning plant rather than for electrical power generation,
but it may be that the principle can be applied
economically in that field as well.

The design of evaporative coolers has to take into
account the simultaneous heat transfer from the tube

fluid to the circulating water and heat and mass transfer
between the circulating water and the air. Thus the
enthalpy changes of three fluids have to be considered,
compared with two in the case of wet or dry cooling
towers. Parker and Treybal [29]  have described a basis
of analysis for design purposes. Both they and Finlay
and Grant [28]  discuss empirical relationships for the
transfer coefficients on the outside of the tubes.

Nomenclature and References for Section 3.12.5  appear at the end of Section 3.12.6.
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3.12 COOLING TOWERS 3.12.6-1

3.42.6
Furthertopics

J. R. Singham

A. Testing and acceptance

One reason for testing a cooling tower is to obtain
empirical data for the design of future towers. The heat
transfer and pressure drop performance of the packing
are especially important in design, yet too often it is
necessary to rely on data obtained in small-scale tests,
which may not adequately represent the full-size be-
havior. Also, measurements of the distribution of water
and air flow over the packing are needed so that
departures from uniformity can be taken into account,
either by allowing for them in design or if necessary
changing the design in future to avoid them. Test data of
this kind are valuable both scientifically and com-
mercially, and it is to be hoped that more will be
published in the future than have been in the past,
though it has to be recognized that their very com-
mercial value is inevitably, and not always reasonably, a
deterrent to publication.

An equally important reason for testing is to enable
the manufacturer and purchaser to agree on whether the
tower performs the purchaser�s specified cooling require-
ment. In this case such details as the distribution and
even the magnitude of the air flow are unimportant.
What matters is the values of the specified quantities and
the differences between their design and test values, a
matter that can give rise to considerable disagreement
unless fully anticipated and catered for in the agreement
at the outset. Probably the best solution to the problem
is for the manufacturer to state the performance of the
tower over ranges of the specified quantities [see, for
example, Sec. 3.12.3B(d)].  Then the test and specified

values of a suitable variable, say, the mean water exit
temperature, can be compared for equal test and stated
values of the remaining quantities [listed in Sec.
3.12.2A(a)].

However, this simple procedure is not always
followed. It then becomes necessary to deduce from the
test data the extent to which the tower would have
satisfied the specified cooling requirement if it had been
tested under the design corrditions.  This can be done
only by recourse to a theory of performance or to some
agreed procedure of calculation (for example, [2]). For
both natural and mechanical draft towers, Sec.
3.12.2B(e)  provides a basis for determining the water-to-
air mass flow ratio in counter-flow towers, and it is usual
for the same procedure to be used for cross-flow towers
without modification. The intersection of the manu-
facturer�s performance line for the packing, Ip in Fig.
3.12.2(6), with the curve ZM calculated for the test data,
gives the value of fiW/tig for the test conditions.

For a natural draft tower, the procedure next to be
followed can be based on Eq. 3.12.3(2), which, for a
fmed design of tower and ignoring the weak dependence
of N, on the flow ratio, may be written as

J&J = CM�  [P&l(P&,
Mg

- P&Z)1  1’2

where C is a constant for the tower which can be
determined by inserting the test values of the other
quantities in the equation. Using this value of C, the
same equation can now be used to predict the value of
the water mass flow rate MW that the tower is capable of
cooling under design conditions, by inserting design
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3.12.6-2 3.12 COOLING TOWERS / 3.12.6 Further Topics

values on the right-hand side of the equation. This value
of h,,, can then be compared with the required design
value.

For a mechanical draft tower, the fan controls the
air mass flow rate, and fan power is one of the measured
quantities. The value of the water mass flow rate under
design conditions can be predicted from the test data
with the aid of the following identity:

where R wg -&l,+,/Qg,  the water-to-air mass flow ratio.
This identity is applied to both the design and test

values and the first identity divided by the second:

(3)

where d and t are used to denote design and test values,
respectively. The test mass flow rate is not usually
measured but, on the assumption that fig varies with fan
power P to the power one-third (a common assumption),
tig can be eliminated:

113

(4)

This equation enables the value of fiw at the design
point, kw,d, to be predicted from the test values R,,,g,t,

hQ> and Pt and the design values Rw,g,d and Pd. Again,
this value of Mw,d can be compared with the required
design value.

B. Water loss

The loss of water from a cooling tower by evaporation
amounts to about 1% of the rate of flow of the
circulating water. If, as is nearly always the case, the air
leaving the tower is close to saturation, the. magnitude of
the loss may be found from

w = fg,out  - fK,in
%vlni,

where w = rate of water loss, expressed as a fraction of
the rate of flow of the circulating water

fg = mass fraction humidity of the air stream,
tabulated in Table 3.12.2(l)  for saturated
air, �out� and �in� denoting values at tower
exit and entry, respectively

fiw/tig = water-to-air mass flow ratio
The value of i18,,,/fig  is found by the procedure

described in Sec. 3.12.2B(e). fg,out can be found from
the specific enthalpy of the air at exit, hg,out,  calculated
from Eq. 3.12.2(27), by assuming the exit air to be
saturated and reading the corresponding value from
Table 3.12.2(l).  fg,in can be found from the same table
by linear interpolation based on the relative humidity

0 1983 Hemisphere 1

(determined from the dry- and wet-bulb temperatures, if
not otherwise known).

A pair of natural draft cooling towers serving a
500-MW  turbo generator have a combined circulating rate
of about 17 m3/s. A loss by evaporation of 1% is
therefore equivalent to about 1.2 liters/kWh.

Water can also escape with the air in the form of
fine droplets. To minimize this loss, called drift, elimina-
tors are usually fitted at exit from the packing, and these
intercept the larger droplets. The eliminators may
consist of two rows of timber laths arranged as louvers;
or a single row of louvers of corrugated asbestos cement,
each louver consisting of about a single pitch cut from a
large sheet; or of a more intricate design formed from
plastic sheeting. Such eliminators are found to be very
effective. Nevertheless, some drift loss occurs, and the
stream of saturated warm air leaving the tower and
carrying very fine droplets of water can give rise to a
visible plume 500 m or more in length and even to very
fine precipitation [20] .

If makeup water were supplied at a rate just equal
to the loss of water due to evaporation and drift,
impurities would accumulate steadily in the circulating
water. Eventually, the whole stock of circulating water
would have to be changed, by which time it might be
difficult to dispose of safely. Consequently, makeup
water is supplied at several times the rate of loss, and
water is purged from the system at a corresponding rate.
The circulating water requires chlorination or other
suitable treatment to suppress biological fouling.

C. Variation of atmospheric pressure

Most cooling tower design procedures employ empirical
data that apply strictly only at standard atmospheric
pressure. At a fixed low-altitude site the actual pressure
can vary by about +5%, but the effect on performance is
small and usually ignored. If, however, the tower is built
at an altitude of 5 000 ft, say (about 1 500 m), the
atmospheric pressure is about 15% below the sea-level
value, and the effect of this difference cannot be
ignored. Pressure affects the performance of towers in
two principal ways: first by its effect on the air density
and hence on the air mass flow; and second by its effect
on the specific enthalpies of moist air. The heat transfer
performance of the packing is also likely to be somewhat
pressure dependent.

The reduction in density brought about by a
reduction in pressure tends to spoil the performance of
both natural and forced draft towers, but the effect is
more marked with natural draft since differences of
density provide the driving force. On the other hand,
performance tends to be improved by the changes in
specific enthalpies of the air that result from a lower
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pressure. [The h&z, saturation line in Fig. 3.12.2(3)
moves upwards as pressure falls since, at fixed tempera-
ture, the partial pressure of steam is constant and the
mass fraction of steam in saturated air increases; steam
has a higher specific enthalpy than dry air at the same
temperature, and so h, increases. For a given wet-bulb
temperature, the value of hg,in also rises, but to a lesser
extent. Consequently, the value of the integral IM,
which expresses the cooling requirement, falls at any
value of &+,/tig.]  The net effect of a reduction in
pressure appears to be unfavorable to natural draft and
favorable to mechanical draft. However, this generaliza-
tion needs to be treated with caution and proper
calculations made in each particular instance.

The methods discussed for calculating the per-

formance of cooling towers apply equally to at-
mospheric pressures other than standard, provided that
the properties of the air are evaluated at the different
pressure. (Strictly, it should be added: and provided that
the effect of pressure on the heat transfer performance
data for the packing is taken into account. But it is
unlikely that adequate information will be available, and
the effect is probably small enough to be ignored.) Thus,
all that is necessary is to take the required properties
from a table like Table 3.12.2(l),  but for the required
operating pressure. Unfortunately, tables that take
pressure as an argument are not readily available, and
particular correction procedures are sometimes used as
an alternative.

NOMENCLATURE FOR SECTIONS 3.12.1-3.12.6

Most symbols in Sec. 3.12 are used in accordance
with the overall nomenclature of this handbook. These,
and all other symbols, are defined in the text at the
point of their introduction. Some of the additional
symbols occur in more than one subsection or are of
special importance, and these are defined below.

A plan area of packing, m2

Ai area of water-air interface per unit volume,
m2 /m3

f�
tower internal diameter, m
mass fraction humidity (mass of moisture per
unit mass of moist air), kg/kg

g gravitational acceleration, m/s�

IM integral on left-hand side of Eq. 3.12.2(12)
IP integral on right-hand side of Eq. 3.12.2(12)
k an empirical correction factor, introduced in Eq.

3.12.3(2)
K introduced in Eq. 3.12.3(12) to replace right-

hand side of Eq. 3.12.3(2), m5 [also a com-
ponent of the group KaV/L, from which it is
never separated; see Sec. 3.12.2B(c)]

Ku/L introduced in Eq. 3.12.2(32); see also Sec.
3.12.2B(c),  m-r

KaV/L  a dimensionless measure of heat transfer per-
formance of packing; see Sec. 3.12.2B(c)

NTU the number of transfer units, a dimensionless
measure of heat transfer performance of packing;
see Sec. 3.12.2B(c)

NTU� the number of transfer units per unit length in
the direction of air flow, m-r

NJ number of dynamic pressures lost per unit length
in the direction of air flow, m-�

I

1

variables of tower geometry defined following
s Eq.  3.12.3(4) and Eq. 3.12.3(5) and by Eq.
t 3.12.3(6), respectively

Y an empirical coefficient, introduced in Eq.
3.12.2(l),  kg/m2 s

-lR the Reynolds flux for heat transfer, introduced
in Eq. 3.12.2(3); approximated by y in Eq.
3.12.2(4), kg/m2 s

YW the Reynolds flux for mass transfer of water
vapor, introduced in Eq. 3.12.2(33), kg/m2 s

Subscripts

a
D B

g
P
s
W

WB
in
o u t

1

2
3
th

atmospheric (pressure)
atmospheric dry-bulb (temperature)
air (moist)
packing
air at water-air interface (considered saturated)
water
atmospheric wet-bulb (temperature)
entry to tower
exit from tower
bottom of packing; bottom of shell of tower
top of packing
top of tower
throat of tower
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3.13 DRYERS 3.13.1-1

E. U. Schliinder

n Dryers are used to remove water or solvents from
solid material by evaporation. The solid material usually
has a rigid structure. However, pastes, slurries, and liquid
solutions are also handled in dryers. In this case the
formation of the rigid structure of the solid material
occurs during the drying process itself. The effect of
drying on the quality of the dried product depends on
the drying conditions. The use of fast drying at high
temperatures reduces the size of dryer required; how-
ever, it may also destroy the solid product by shrinking
it too fast and by formation of fissures or by denatur-
ing and other forms of deterioration of the constituents.
The selection of drying conditions is usually a compro-
mise between these two requirements-minimizing the
size of the drying equipment and optimizing the product
quality. Also, energy consumption has to be taken
into account.

Dryers are designed in many different ways in order
to serve various requirements, such as high- or low-
temperature drying at normal pressure, or at vacuum
with air or nitrogen or superheated vapor as the drying
agent.

Other requirements result from whether the product
is a liquid, a slurry, or a solid. Solid material may be in
the form of large pieces, sheets, threads, granules,
powder, or other.

Another aspect is the required residence time of the
product in the dryer, which may vary from a fraction
of a second up to several days. This leads to different
concepts of dryer design.

The heat necessary to evaporate the moisture may
be supplied by convection through the drying agent, by
radiation, by direct contact conduction, or by micro-

waves. This again leads to different concepts of dryer
design. The majority of dryers, however, are furnished
with convective heat supply. A classification of types
of dryers must take into account all these aspects in
order to provide a good tool for the selection of a proper
type with respect to the nature of the product.

Once the type of dryer has been selected, the next
step is to determine the layout of the drying process
and the performance data as well as the size of the dryer.

Layout and performance data result from overall
and partial energy and mass balances. A very useful
tool in the case of convective drying is the Mollier chart,
which depicts the correlations among enthalpy, humid-
ity, and temperature of the drying agent.

The prediction of the size of the dryer is based
on the so-called drying rate function, which corre-
lates the drying rate M (kg/m2 s) with the product
moisture content Y (kg liquid/kg dry product). The
drying rate is the amount of vapor in kilograms es-
caping from the product surface in square meters per
unit time in seconds. Usually the drying rate func-
tion must be determined through laboratory-scale
experiments with a sample of the particular product.
Many attempts have been made to predict drying rate
functions by the application of heat and mass trans-
fer fundamentals. These attempts, however, have been
only partially successful. Usually the parameters that
appear in these theoretical analyses are not available.
Therefore, a well-balanced combination of laboratory
tests and theoretical approaches is the fastest and
most reliable way to determine drying rate functions.

Knowing the drying rate function, the remaining
question is the residence time and the residence time
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3.13.1-2 3.13 DRYERS / 3.13.1 Introduction

distribution in the large-scale dryer. In many cases
this question is easy to answer, for example, for batch
dryers or in continuous dryers with a well-defined path
for the product, as in a belt dryer. In spray dryers,
fluidized-bed dryers, pneumatic conveyance dryers,
rotary dryers, and others, the residence time distribu-
tion is difficult to predict and is therefore subject to

more or less rough guesses. ln view of what has been
pointed out so far, the subsequent sections are or-
ganized as follows:

Classification and selection of dryers
Layout and performance data of dryers
Rating of dryers

o 1983 Hemisphere Publishing Corporation
r

tmi



3.13 DRYERS 3.13.2-1

3.43.2
ClassificaG selection

E. U. Schliinder

n Among the various requirements that determine
the design concept of a dryer, the transportation of
the product through the dryer may be very impor-
tant, since it is closely related to the residence time.
Second, the initial state of the product (liquid, paste,
solid, powder, granular, sheet, etc.) also influences
the design concept to a great extent. Therefore a

matrix is presented in Table 1 that correlates the resi-
dence time and the initial state of the product (liquid
to solid).

A brief description of various types of dryers,
including some indication of the specific energy con-
sumption per kilogram of evaporated water, is also
given in Table 2.

0 1983 Hemimhere  1
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Table 1 Classification of dryers with respect to the physical state of the product and the residence time of the product in the dryer

Wet, moist material

Residence
time Liquid Paste Powdery Granular

Solid

Clumpy Sheet

Short (<l min)

Moderate
(1 min-1 h)

Spray dryer Spray dryer Flash dryer
Drum dryer Drum dryer
(Agitated film dryer) (Agitated fii dryer)

Screw conveyer dryer
Paddle dryer
Horizontal cylindrical dryer

(Kneading dryer)
Vibrating dryer

Rotating shelf dryer Rotating shelf dryer

(Paddle dryer)
Horizontal cylindrical dryer

Rotary dryer
(with lifters)

Fluidized-bed dryer
Rotating shelf dryer
Pan dryer
Plate dryer
Paddle dryer
Horizontal cylindrical dryer
Steam-tube rotary dryer
Rotary dryer

(with lifters)

Long (>l  h) Tray dryer
Truck dryer
Tunnel dryer

Tray dryer Tray dryer
Truck dryer Truck dryer
Tunnel dryer Tunnel dryer

Flash dryer
Grinding dryer

Continuous band dryer
Roto louver dryer
Vibrating dryer

Flash dryer
(Grinding dryer)

Continuous band dryer

Kneading dryer

Rotating shelf dryer

Paddle dryer
Horizontal cylindrical dryer
Steam-tube rotary dryer
Rotary dryer

(with lifters)

Tray dryer
Truck dryer
Tunnel dryer
Continuous band dryer

Cylindrical dryer
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Table 2 Capacity and energy consumption for various types of dryers

Evaporation rate,
Figurg Type kg H, O/h per rn� or per m3

1 Drying loft 20/m�
2 Compartment dryer

(normal pressure) 0.1-15/m*
3 Compartment dryer

(vacuum) 0.1-l/m*
4 Tunnel dryer
5 Band dryer
6 Jet impingement dryer 50/m*
7 Shelf dryer 4-8/m*
8 Rotary dryer 30-80/m2
9 Centrifugal dryer 90/m�

10 Fluidized-bed dryer
11 Pneumatic bed dryer Particle diameter

dp = 0.5 mm: loo/m3
dp = 1  m m :  20/m�
dp=5  m m : 4/m�

12 Spiral-tube dryer 500/m3
13 Spray dryer 1-50/m�
14 Drum dryer for pasty materials 7-25/m�
15 Holoflite dryer 5-15/m*

(0.5-2.5 low moisture content)

3.13.2-3

Energy consumption,
kJ/kg  evaporated H, 0

5 000-6 000

5 000-13 000

3 000-5 000
5 500-6 500
4 000-6 000
5 000-7 000
3 500-9  000
4 600-9  200
3 000-4 000

4 600-9  200

3 500
4600-11500
3 200-6 500
3 700-6 500

aFigures 1-15 show more or less schematically the design of the various types of dryers in common use.

Figure 1 Drying loft. Figure 3 Compartment dryer (vacuum).
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3.13.2-4 3.13 DRYERS / 3.13.2 Classification and Selection

Air exhaust

Heat sour4 I I Fan

\ n n

Air
E/inlet

.Troys

Drying .chomber TFock

Figure 4 Tunnel dryer.

Figure 5 Band dryer

Figure 6 Jet impingement dryer.

Figure 7 Shelf dryer.

Figure 8 Rotary dryer.

Figure 9 Centrifugal dryer.

Figure 10 Fluidied-bed dryer.
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3.13 DRYERS / 3.13.2 Classification and Selection 3.13.2-5

Figure 11 Pneumatic bed dryer.

Figure 12 Spiral-tube dryer.

I
Figure 13 Spray dryer.

Figure 14 Drum dryer for pasty materials.

Figure 15 Holofiite dryer.
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3.13.3
Layout and performance data

E. U. Schliinder

A. The Mollier chart

In most cases the drying agent is air. During the drying
process, heat is transferred from the air to the product
while vapor is transferred from the product to the air.
This combined transfer process of heat and mass leads
to a change of enthalpy as well as of the vapor concen-
tration of the drying agent. It is convenient to depict
those changes in an enthalpy concentration chart for
the drying agent, the so-called Mollier chart for humid
air as shown in Fig. 1 (see also Krischer and Kast [l] ).
The enthalpy of the humid air is defined as

h=cp,tirT+X(MZ  +~p,vaporT) (1)

cp,,n (in J/kg dry air K) is the specific enthalpy of the

dh
- dX=const

Figure 1 Mollier chart for humid air at constant total pressure

III.

dry air, cp,vapor is that of the pure vapor. Ah!, in joules
per kilogram, is the standard latent heat of vaporiza-
tion at O�C,  X is the vapor content in kilograms vapor/
kilogram dry air or the absolute humidity, T is the
temperature in degrees Celsius, and h is the enthalpy
of the humid air in joules per kilogram dry air. cp in
Fig. 1 is the relative humidity, which is equal to the
ratio of the partial vapor pressure pV to the saturation
vapor pressure at a given temperature p:(T). The abso-
lute humidity can be calculated from the partial vapor
pressure pV and the total pressure p:

In this equation the factor 0.622 is the ratio of the
gas constants Rdi, JRvapor  . Both Eqs. (1) and (2) are
based on the assumption that air and vapor can be con-
sidered as ideal gases. When the partial vapor pressure
pu is equal to the saturation vapor pressure p,*, the air
is saturated with vapor or the relative humidity cp equals
unity. The corresponding saturation values of enthalpy
and absolute humidity are h*(T) and X*(T).

B. Energy and mass balances

The Mollier chart permits the tracing of the change of
state of the drying agent during a convective drying pro-
cess and also the determination of the temperature of
the moist product in a simple, graphic manner. Figure 2
shows schematically a convective dryer. Hot and dry air
with temperature Tin, humidity Xi,,, and enthalpy
hi, enters the dryer. At the outlet at position L, these

0 1983 Hemisphere Publishing Corporationr 1HD4L A
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3.13.3-2 3.13 DRYERS / 3.13.3 Layout and Performance Data

insulat ion

T~~,~ou~.;;~ouL

L L cl

Figure 2 Drying of porous material with hot air.

quantities have been changed to Tout,  Xout,  bout. The
temperature of the moist product is T,,,, and the
moisture content is Y in kilograms liquid per kilogram
dry substance. The energy balance for this dryer yields

stir vtirhn -bout)  dt = -M, d h , ( 3 )

where ($ntir is the air mass flow rate in kilograms
dry air per second, dt is the incremental time difference,
Mp is the mass of the dry product, and dh, is the incre-
mental change of the product enthalpy, which is defined
by

hp = (Cp,product  -I- YCp,lisuid)Tw ( 4 )

where Y is the free liquid content of the product. The
mass balance can be written

Pair vair Win - Xout)  dt = -M, dY (5)

If the product temperature T,,, is constant during the
drying process, then Eq. (3) gives

dhp = -Cp,liquidTw  dY (6)

In this case one obtains, by combining the energy
and the mass balance,

hn - -bout

xin  -Xout
= Cp,liquidTw ( 7 )

Assuming the dryer to be infinitely long, bout and Xout
approach the saturation data h$(T,,,)  and X$(T,,,).
This means also that

bin -hiXTw)
xi, -x$(T,)  = Cp,liqtidTw

is valid. This equation is formally identical with the
equation describing the fog isotherm in the Mollier
chart. Figure 3 shows that, for a given entrance con-
dition of the drying agent T1, X1, hl , the product
temperature T, can be found by selecting that fog
isotherm which intersects the point representing the
entrance condition when prolonged backward into the
unsaturated region. These prolonged fog isotherms are
called lines of constant wet-bulb temperature, because
a thermometer stuck into a wetted bulb and exposed
to an air stream having T1 and X1, or T2 and X,, or
any T and X along this line, will measure the tempera-
ture T,.

C. The wet-bulb temperature

The determination of the temperature T,,, of the moist
product through energy and mass balances applies as
long as the product temperature remains constant with
respect to both the time and the position in the dryer.
This is true in fact as long as the moisture evaporates
at the surface of the product, and as long as the ratio
of the heat transfer coefficient (Y between the drying
agent and the product surface and the respective mass
transfer coefficient fl is equal to the heat capacity of
the humid air pgcPg per unit volume:

ff
- = PscPgP ( 9 )

Equation (9) is called the Lewis law. Furthermore, the
drying rate must not be too high. This restriction is
discussed below.

The Lewis law applies fairly well for air-water
vapor mixtures. From the analogy between heat and
mass transfer, one can derive the expression for the
cr//3 ratio,

with m between 0.6 and 0.7. Le is the Lewis number,
defined by Le = ~/a, where K is the thermal and 6 the
mass diffusivity. This number is close to unity for air-
water vapor, so Eq. (9) applies. For other solvents that
evaporate into air, for example, organic substances, Le
lies approximately between 2 and 5. In these cases the
lines of constant wet-bulb temperature in the Mollier
chart are no longer straight, and the product tempera-
ture increases slightly downstream within the dryer.
In practical calculations, however, this variation of the
product temperature is often neglected.

Actually, the fact that the product temperature
during the drying process is practically stationary as

Figure 3 Lines of constant wet-bulb temperature in the Mollier
chart.
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long as the evaporation of the moisture takes place at
the product surface results from a steady-state balance
of heat and mass transfer. Therefore, the general expres-
sion for the prediction of the wet-bulb temperature T,,,

must be derived by starting with the basic laws of heat
and mass transfer. This derivation is presented in the
following paragraphs. The result of this more general
approach explains the above-mentioned restrictions on
the application of Eqs. (7) and (8) which are derived
from energy and mass balances only.

The heat 4 transferred from the drying agent to the
surface of the product is given by

4 = a(T - T,,,) (11)

whereas the vapor transferred from the surface into the
drying agent follows from

fiwpor  = &mJ -3 (12)

where F is the molar density of the humid air G =
Pm), &apor is the molecular flux of the vapor, and
2 is the mole fraction of vapor in the drying agent.
Both Eqs. (11) and (12) apply if the mole fractions
x, and x�  are low, that is, ?� < z,,, Q 1. The energy
balance at the surface yields

4 = kqmr G&> (13)

where A&(T,)  at surface temperature T,,, follows from
the standard heat of vaporization by

A&J = A@ - (?p,liquid  -&,vapor>Tw (14)

Assuming thermodynamic equilibrium at the product
surface, so that Z,,, = ??$(T,),  one obtains from the
energy balance

cw(T  - T , )  =  &@$ - ?)

X [Gz - (rp,liquid -~p,mpor)Twl (15)
Putting

according to the Lewis law, Eq. (15) becomes

(17)

For 2 < ?�W Q 1, the mole fractions may be replaced
by the absolute humidity:

Further,  @tirrp,tiair  = cp, tir, ~~por~p,vapvapor  = cp,wpor
and kapor A&E = Ah!. Thus Eq. (17) transforms into

cp,airT+ X(@ + ~~,vaporT)

- [~p,airTw + XiWt + cp,,,,,T.v)l
= (X-XZ)cp,~iquidTw W

Replacing the left-hand side of this equation by the
enthalpy h and h&, respectively, according to Eq. (I),
gives

h --hZ = (X--G)cp,liquidTw (19)

which is identical with Eq. (8). Thus it has been shown
that the more general approach, starting from the
basic laws of heat and mass transfer, leads to the same
expression for the wet-bulb temperature as the special
approach, starting from the energy and mass balances,
as long as the Lewis law applies and the mole fractions
2 are small compared with unity.

Also, under these conditions the effect of additional
heat transfer by radiation 4,. on the wet-bulb tempera-
ture can be taken into account in a simple way. In this
case the energy balance at the product surface gives

4T - Tw) + 4, = I\jvapor  ~uG�3 (W

Defining an apparent temperature Tapp of the drying
agent by

Eq. (20) becomes

4Lpp - Tw) = &apor  ai;,<L> (22)

which is formally identical with Eq. (13) and therefore
leads to the same result,

Tw = TwtTapp  2 X4

as shown in Fig. 4.
However, one should not forget that Tapp is a fit-

titious temperature that depends on the heat transfer
coefficient (II, which is always very large at the leading
edge of the product and decreases downstream. There-
fore, the product temperature is close to the adiabatic
wet-bulb temperature T,,, and increases downstream.
The downstream change of the properties T, h, and X
of the drying agent must be computed stepwise by
numerical methods.

If the drying rate is very high because the tem-
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X xw

Figure 4 Effect of radiation on the wet-bulb temperature.

perature of the drying agent is very high, and the mole
fraction ?$ is no longer much less than unity, the
wet-bulb temperature is calculated by the formula

1

ff In [l + (?$ --?)/(I  -?$)lP

- 1

,

( 2 3 )

with
YN
Pg cp, vaporP

P= Q

or, with Eq. (lo),

( 2 4 )

zp, vapor

p = (1 -cFp,air + =p,vapor

h - O . 6 5
(25)

Evaluation of Eq. (23) has shown that /J is almost inde-
pendent of temperature T and humidity X of the drying
agent. For the system air-water vapor, /.f is equal to -1.3.
For air-decane vapor, 1-1 is equal to 3.8; see [2] .

D. Description of drying processes
in the Mollier chart

A very common type of dryer is the tunnel dryer, as
shown schematically in Fig. 5. The mass balance for the
volatile component yields

niprod yin + Mairxin = niprod Yout  + Mairxout (26)

The energy balance gives

&I + dprodhp,in + kairh~ = i)trans + fiprodhp,out

+ n;lairhout ( 2 7 )

The enthalpy of the drying agent h has been defined
by Eq. (1) and the product enthalpy h, by Eq. (4)

Figure 5 Tunnel dryer, schematically.

which applies, however, only if Y indicates the free
moisture content. For strongly hygroscopic materials,
the sorption energy must be added.

Figure 6 shows the mass and energy balances in
a Mollier chart. The ambient air having T,, X,, h, is
heated in the preheater by & up to Tin, hi, while X
remains constant, so that Xi, = X,. If the product
temperature is constant, that is, T,,,out  = Tw,in, and if
no sorption energy is involved, and if there were no
heat losses, that is, &, = 0, the state of the air would
change along the line (dh/dX)adi&&ic,  and the product
temperature would be Tw,in all the way downstream.
Usually, however, T,,,out is different from Tw,in. Also,

some amount of sorption energy is involved, and heat
losses otrans are unavoidable. Therefore, the state of the
air changes along the line (dh/dX)prOd+tis  and the
product temperature changes from T,,,i,, to T,,,o,t and
may eventually come close to the temperature of the
exhaust air Tout.

The energy consumption & of this drying pro-
cess per unit mass of evaporated liquid is

Qh d h (itrans + fip@p,out  -hp,in)

- = ziM ( 1 exh + fivapor
(28)

vapor

where (dh/dX),,h is the specific energy consumption
per unit mass of evaporated liquid due to the change

Figure6 Mass and energy balances for a dryer, depicted in a
MoUier chart.
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of enthalpy of the drying agent, and

dbllS + hp(hp,out  -hp,in) dh
=- -

&apor ( 1dX (29)
prod + trans

that is, the specific energy consumpt ion  due to the
change of enthalpy of the product plus the heat losses
by transmission. Table 1 contains some data of spe-
cific energy consumption for both &/~wpo,  and

-cdh/dX)prod + tram for several types of dryers.

Table 1 Specific energy consumption for various types
of dryersa

~h&apor, -@h~dX)prod+tram

total specific energy
specific energy consumption by product
consumption, transmission heat losses,

Type of dryer kJ/kg  H, 0 kJ/kg  H, 0

Tunnel dryer 5 500-6  500 1800-2 700
Rotary dryer 4 600-9 200 800-5 500
Pneumatic dryer 4 600-9  200 800-S 500
Spray dryer 4600-11500 800-8 000
Drum dryer 3 200-6  500

3 700-6 500
I

=These  data indicate that the total energy consumption of a
dryer is two to three times as much as is required to evaporate
the water.

Nomenclature and References for Section 3.13.3 appear at the end of Section 3.13.7.
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3.43.4
Prediction of drying rates

E. U. Schliinder

I The drying rate -dY/dt depends primarily on the
moisture content Y of the product. Figure 1 shows a
typical drying rate function - (M,/A)(dY/dt)  = &?”  =
j(Y) for constant drying conditions such as temperature
T, , humidity X,, pressure P, and mass transfer coeffi-
cient & between the surface of the product and the
drying agent (air). M, is the amount of dry product,
and A is the interfacial area. Starting the drying process
from the initial moisture content Y,,, the drying rate
remains constant until the so-called critical moisture
content Y,, is reached. Within this �constant rate
period�-regime I-the liquid evaporates directly at
the external surface area A of the product. The capil-
lary suction of the liquid-filled pores is strong enough
to replace the liquid being evaporated at the surface.
The temperature of the product in the steady state is
identical with the wet-bulb temperature TwB as derived
in the aforegoing section.

At the critical moisture content Y,,, the moisture

MS dYsM

Adt � Tm c

x, =

=I

constant

I;, =

Ytt YO

1
Figure 1 Drying rate function of a porous slab.
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Figure 2 Sorption isotherms for various materials at 2O�C.

level starts to retreat. The capillary forces are no longer
sufficient to transport the liquid to the surface. Thus
a layer of dry material forms with additional heat and
mass transfer resistances, which lowers the drying rate
in regime II.

At low moisture contents a second critical moisture
content YCh emerges due to sorptive bonds of the
product, which lower the vapor pressure of the liquid.
This additional effect brings the drying rate down to
zero at the hygroscopic equilibrium moisture content
YhDo(T,, (~~fX=j,  P), which depends on the tempera-
ture T,, the humidity (p-(X, j, and the pressure P
of the drying agent according to the so-called sorption
isotherms as shown in Fig. 2 (cp- = pum/p~w+Tm j =
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z-/?z(T,  j = relative humidity at T,). Regime III
is called the hygroscopic one. As the hygroscopic bonds
vanish, one observes an apparent terminal drying rate,
provided that the sample is a slab (e.g., not a sphere).

In practice, one does not always observe all three
regimes. The initial moisture content can be less than
Y,, as well as less than Y,,. Also, YCh might be so large
that the product dries only in the hygroscopic regime
(e.g., soap).

To predict the drying rate for the constant rate
period (regime I), one has to apply the following
equation :

Kapor is the molecular mass of the vaporized liquid
(usually water, ii&nor = 18 kg/kmol);  & is the molar
dens i ty  of  the  dry ing  agent ,  & = P/i?T,,;  a n d
F&+TwB j is the mole fraction of the vapor at wet-
bulb temperature, ?�&  = p$+Tw~  j/P with p$fTp+t~  j
as the vapor pressure at the wet bulb temperature; &
is the mass transfer coefficient between the external
surface area A and the drying agent to be determined
from the correlations given in Part 2 of this handbook.

If the mole fraction ?&-(TWB j is small (< I),
Eq. (1) reduces to

&,I + &a,,&&<~&Ntv~j  - %J (la)

or

&,I =&ir&i3&%fTw~j*  -Xc.) (lb)

The drying rate in the �falling rate period� (regimes II
and III) must be found by experiment. Many attempts
have been made to predict the drying rate in those
regimes, but the fundamental parameters, such as dif-
fusivities and conductivities (which depend on tempera-
ture and moisture content), are usually not available,
particularly for natural products.

In general, there are two types of drying rate
functions. Type A refers to very hygroscopic material,

0 1983 Hemisphere I

H

such as shown in Fig. 3 for a woolen textile material,
which has been dried in a so-called through-air-drying
process. Parameters are the air throughput fiti, and the
air temperature TE. Normalizing those functions by
introducing a normalized drying rate

and a normalized moisture content

y- Yh
n= __ __ (3)

� y, - Yhm
. ,

one finds that the resulting curves depend neither on
the temperature nor on the air throughput as shown
in Fig. 4 (see [3-51). This is a very simple result and
also very convenient for dryer design and rating.

Type B refers to less hygroscopic material, as shown
in Fig. 5 for spherical particles of aluminum silicate
dried in a fluidized bed. The normalized drying rate
functions show a significant influence of the air tempera-
ture, in particular at lower moisture contents. In this
range the normalized drying rate is always lower for
lower temperatures. This result agrees in principle
with the predictions of the so-called shrinking core
model; see [2]. Therefore, it may be stated that drying
rate functions obtained with low temperatures and
then extrapolated to high-temperature drying are always
conservative, provided that the original structure of the
dry material does not undergo considerable change.

The drying rate functions both of type A and of
type B can be interpolated between an upper and a
lower temperature, if for those limiting temperatures
the drying rate functions are known through experi-
ments. The concept of the interpolation procedure is
based mainly on the introduction of a moisture dif-
fusivity depending on the temperature and the moisture
content of the product (see [6,7]).

The critical moisture content Y, is in many cases
almost constant. It may vary, however, in a way such
that YCC increases with increasing drying rates n/i,,1
(see [7, 81).
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Figure 3 Drying rate &?�(I�)  for a woolen textile material at various air throughputs Mair.  (Q)  At 23°C. (b) At 40°C.
(c) At 7O�C,  Type A.
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0.8

0
0 0.5 1.0 1.5 2.0 2.5

N o r m a l i z e d  p r o d u c t  m o i s t u r e  c o n t e n t  q

(a)

1.2
Sample L

0.8

0.4

0
0 0.5 1.0 1.5 2.0 2.5

N o r m a l i z e d  p r o d u c t  m o i s t u r e  c o n t e n t  q

(b)
Figure 4 Normalized drying rate function I;(q)  for a woolen textile material at (a) various air inlet temperatures and
(b) at various air throughputs Mair,  Type B.
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Re T[“CI run

Y 1 kg l-l,0 / kg dry prod. I

(a)

0
d,, = 3 . 2 0  m m

d
R e T t”C1 r u n

ITI 797 36.6 119 Q

a 779 57.6 157
C

A 773 75.5 166
+ 718 98.5 169
X 762 150.7 532
Q 772 200.2 632

1.2
(( y - yh,,I)  / ( Ycr~t.  - yh,gl  )y - yh,,I) / ( Ycr~t. - yh,gl )

(bl(bl
Figure 5 (a) Drying rate for spherical particles of aluminum silicate at various air inlet temperatures. (b) Normalized
drying rate function 3(q) for spherical particles of aluminum silicate at various air inlet temperatures.

Nomencln  ture and References for Section 3.13.4 appear at the end of Section 3.13.7.
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3.13 DRYERS / 3.13.5 Prediction of Residence Times with Prescribed Material Flow 3.13.5-3

X = c o n s t  a n d  Y=Y(z)

Figure 5 Continuous dryer with large air recirculation.

MgsTin  ,Xin

Figure 6 Continuous dryer with large product recirculation.

- x (2)
._.. . . t ;s.,y(;)  1�. ..�.�.�.

;�,I,.,  $gr, ;, ., ,.,.,, ;,~, ,.,;

I---
X = X ( z )  a n d  Y=Y(zl

Figure 7 Continuous dryer with low air recirculation.

Class III. Batch dryers with large product recircula-
tion, but no air recirculation

Figure 8 shows a fluidized-bed batch dryer, which
falls into this class of dryers. The product is assumed to
be perfectly mixed, while for the air flow no back mix-
ing seems to be closer to reality than any other assump-
tion. Because of the mass balances,

dY .
MS dt + Mg(Xou*trS  -Xin) = O (11)

and

. .
Mgs  Tin-X;,-,

Figure 8 Batch dryer with large product recirculation.
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Mg.Tin*x Mg .Tout.Xout

EL

Figure 9 Batch dryer, no product recirculation and no air
recirculation.

(12)

it follows that Y = Yttj  and X = Xfz, t j.
The problem is one dimensional with respect to

Y and two dimensional with respect to X

Class IV. (a) Batch dryers without (or low) air
and product recirculation

(b) Continuous dryers with cross flow of product
and drying agent (air)

(a) In this case (see Fig. 9) the mass balances for
the evaporating liquid are

. ax aY
M,xdz+dM,,t=O (13)

(14)

Both X and Y depend on z and t, respectively: X =
X+z, tj and Y = Y+z, t j.

The problem is two dimensional with respect to
both X and Y.

(b) Figure 10 shows a belt dryer for granular mate-
rial. The drying agent (air) is blown in cross flow
through the moving packed bed of particles. If the coor-
dinate system on the belt is fixed so that it moves with
the belt velocity us, then the coordinate I can be re-
placed by the residence time of the particles in the
dryer :

t = usI (15)

It is obvious that the cross-flow drying problem (b) then
becomes identical with the batch drying problem (a).

tig ,ToutM  , Xout(l)

2

I- I

Figure 10 Continuous dryer with cross flow of product and
drying agent (air).
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3.13.5-4 3.13 DRYERS / 3.13.5 Prediction of Residence Times with Prescribed Material Flow

In the following sections the basic differential
equations for the above four classes of dryers are given
together with their solutions for the most simple type
of drying rate function.

3(r))  = 1 for 1) > 1 (16)

w = v forO<v<  1 (17)

In addition to the definitions of the normalized product
moisture content n [Eq. 3.13.4(3)] and the dimension-
less time G- [Eq. (4)],  we introduce a normalized humid-
ity of the drying agent (air),

and a dimensionless length coordinate,

(19)

where vg is the volumetric flow rate of the dry drying
agent (air), and L is the total length of the dryer in the
z direction.

Furthermore, it is assumed that the drying rate
during the constant rate period (regime I) can be calcu-
lated according to Eq. 3.13.4(13).

no is the initial or inlet product moisture content,
whereas r&d is the final one. vend may be always less
than unity.

Class I:

(a, b) X = const and Y = Yftj

(c)X = Xfz j and Y = Yout  = const

1

�Out  = +out+ ln Wtout)

where

Yout - yh,
l)out =

ycc - yhoo

Class II:

(a, b) X = X+z j and

(a) Cocurrent operation

Y = Y+z j

(20)

(22)
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R=
ni,<ycc - Yhm)

ni,(XGB -Xi”)

1
+-

1 - @% - %nd)

1 -fhO In l),,d 11  -x(770 - I>]

(b) Counter-current operation

g= 1 +&?end -r))
Zi as in Eq. (25)

1-
1 + bend

In Tend i 1 + @vend  - 1 11

Example: k = 0.40

q, = 2.0

,&d = 0.10

(a) Cocurrent: rend = 1.3 + 7.0 = 8.3

(b) Counter-current: rend = 2.5 �k 2.6 = 5.1

Cocurrent operation requires more residence

(23)

(24)

(25)

(26)

(27)

(28)

(29)

time,
because both ,$ and 3 are low in the falling rate period,
whereas in counter-current operation large C; and low i in
the falling rate period and large 3 and low [ in the con-
stant rate period (regime I) give a more uniform drying
rate in the whole dryer, which always leads to shorter
required residence times.

Class III: X = X(z, r j and Y = Yftj

(30)

rout
�end = 1 - exp(*out) (r)O  - l> + cout(l  - l)end)

+ In
1 - expWout)

1 - eXP(-tout%nd)

Class IV: X = X+z, t j and Y = Yfz, I j

(32)
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3.13 DRYERS 3.13.5-1

3.13.5
Prediction of residence times
with prescribed material flow

E. U. Schliinder

W Prediction of the residence time required for drying
a product from an initial moisture content Y. to some
final moisture content Y, is based on the normalized
drying rate function

ni, = ~u,,tL, x,> P&%0+ (1)

where ni,,, is the drying rate in the constant rate period
[regime I in Fig. 3.13.4(l)] and depends on the external
mass transfer coefficient & and is to be predicted by
Eq. 3.13.4(l)  or (la, lb), respectively, whereas i+gj
usually follows from laboratory-scale experiments.

The basic rate equation (1) is combined with the
respective conservation law for the evaporating liquid
(e.g., water),

8Y
MJ=-MS%

which gives

(2)

$+qTpo ( 3 )

where the normalized product moisture content n is
defined by Eq. 3.13.4(3), and the dimensionless drying
time r is defined by

&IA
(4)

The group M,(Y, - Yhm)/tiu,fA = to&,  is the time
required for drying the product in the falling rate period
from Y,, d o w n  t0 Yhoo with constant drying rate
dV,[.  Since the actual drying rate MU is always less
than ni,*,, the actual drying time in the falling rate

0 1983 Hemisphere I

period is always longer than tOM. Nevertheless, to&r
gives an idea of the order of magnitude of the drying
time (e.g., seconds or weeks).

Equation (3) applies to dryers where A?�,J  is con-
stant, that is, does not vary with time and position.
Consequently, I) does not vary with respect to the posi-
tion in the dryer, but only with time. This type of
dryer is realized in the case of large recirculation of
the drying agent, as shown in Fig. 1. The external (air-
side) drying conditions can be depicted in a Mollier
diagram, Fig. 2.

The ambient air (tip, TA, X, ) is mixed with the
recirculated air (hi,  T,, X,), giving Tmix and Xmix:

-=
MR x, -xA = h,-h,j (5)

If tiF,/tiR + 0, then h, = h,i,, X, = Xmix, and T, =

Tmix  = TH. In this case the external drying conditions
(T,, X,) and the drying rate in the constant rate period
[regime I in Fig. 3.13.4(l)] are constant along the
interface A. Therefore, the required drying time for a

Figure 1 Batch dryer with air circulation.

iJ Loss
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3.13.5-2 3.13 DRYERS / 3.13.5 Prediction of Residence Times with Prescribed Material Flow

Figure 2 Mollier  chart showing the external drying conditions
in a batch dryer with air recirculation,

product to be dried in a batch dryer with large air re-
circulation is found by integration of Eq. (3):

(6)

Assuming that it(rl) = 1) for 0 < 17 < 1 (which is often
quite a good guess, at least for a first approximation),
the solution of Eq. (6) is

7, = q. - 1 + In -!-
Be

(7)

The same solution applies if lj(n) can be represented
by a sequence of straight lines:

qq)=uj+bjq j=1,2,...,n (8)

Equation (6) yields, in this case,

re=no-1  +$ln
01 +bl

+$ln
a2 +b2

1 al +blvn 2 a2 +b2v23

+Iln
a3 + b3

b3 a3 + b3ve
(9)

with

=1 -a2 a2 -a3

r112  = b2 e-b1 and %3 =b3 -b2

A. Example: drying of bricks

The drying rate function hU = MU(Y)  may be given as
in [I] and represented here in the normalized form as
shown in Fig. 3. For ne = 723 = 0.07 1, Eq. (9) gives
T, = 12.8.

In general, both the humidity of the drying agent
X and the moisture of the product Y may vary with
time and position in the dryer. Then the prediction of
drying times is somewhat more complicated than in the
case of a batch dryer with large air recirculation. The
following list gives a classification of dryers with respect
to the variation of X and Y under steady-state operating
conditions :

0 1983 Hemisphere I
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0 (1)

1 0.5

0
0 0.5 1

a, = - 0.96

b, q 1.96

a2 = 0.01

b2 : 0.12

a3 - 0

b3 = 0.26

'I12 = 0 . 5 2 6

? = 0 . 0 7 1
2 3

-11

Figure 3 Normalized drying rate function i(q) for a brick.

Class I. (a) Batch dryers with large air recirculation
(Fig. 4)

(b) Continuous dryers with large air recirculation
(Fig. 3)

(c) Continuous dryers with large product recircu-
lation

(a, b) Replacing the length z by

z = u,t (10)

shows that problem (b) is identical with problem (a).
Dryers belonging to class I are zero dimensional with
respect to X and one dimensional with respect to Y;
that is, X = const and Y = Yftj or Y = Yfz j,
respectively.

(c) Figure 6 shows a continuous fluidized-bed dryer.
The product within the dryer can be assumed to be
perfectly mixed, so that Y = Yout = const, whereas the
air may be assumed to pass through the dryer without
any back mixing. Therefore, X = X+z j. The problem
is zero dim_ensional  with respect to Y and one dimen-
sional with respect to X = X+z j.

Class II. Continuous dryers with low air recircula-
tion (Fig. 7)

(a) Cocurrent operation
(b) Counter-current operation

In this case we have X = Xfz j and Y = Y+z j. The
problem is one dimensional with respect to both X
and Y.

X = c o n s t a n d  Y=Y(t)

Figure 4 Batch dryer with large air recirculation.
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3.13 DRYERS / 3.13.5 Prediction of Residence Times with Prescribed Material Flow 3.13.5-S

Separation of the variables yields

(33)

(34)

(35)

Integration with respect to r yields

&~+n=nfLr=oi=vo

Integration with respect to 5 yields

(36)

(qo - q)lj(q) = r - LcW (37)

where [&T) is the time-dependent position of the criti-
cal moisture content in the dryer. The type of solution
according to Eq. (37) is

wrl+ = 5 - L&+ (38)

or

7) = w - SA73  3 (39)

Putting

t - r&T+  = c*

yields

(40)

17 = w*j (41)

which means that the moisture distribution in the batch
dryer follows a unique function G, which does not vary
with time but only shifts through the dryer with a vary-
ing velocity, which is given by the moisture content
at the dryer inlet,

8, I-=
dr 170 -WA 73

(42)

Figure 11 shows the unique moisture distribution
n = C+{ - ccc-(7  j f at various times 7 corresponding

.to vanous positions CCC of the critical moisture content
%C = 1. Of course, 5, < 0 and 5, > Sour have only a
formal and no physical meaning. The function G

moves from --m to +m with infinite initial and finite
terminal velocity through the dryer.

Evaluation of the basic equations again for C(n)  = 1
for 77 > 1 and C(n)  = 77 for 0 G q < 1 gives for q(O,r)  = 1

70 - 1 = 7cc (43)

Within the region { > {, and 0 < (T/T,)  < m, one
obtains

77tS -L+ = 770 -  670 - 1) exp [-G - LA1 (44)

and within the region { < 5, and 0 < (?/rCc) < 00,

170

�(�  - ��)  = 1 + (q. - 1) exp [-vo({  - {,)I (45)

Further, for (T/T& < 1,

(46)

and for (T/T,~)  2 1,

s�,  =kln
70 exp I(r)0 - l)Kd~cc)  - III- 1

170 - 1 (47)

By these five equations, (43)-(47),  the moisture distribu-
tion q+{, fj with respect to position 5 and time T is
determined.

Figure 11 Product moisture distribution in a batch dryer with-
out product and air recirculation.

Nomenclature and References for Section 3.13.5 appear at the end of Section 3.13.7.
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3.13 DRYERS 3.13.7-1

3.43.7
Pm&dryer design

D. Reay

l The information presented in the preceding sec-
tions gives the reader an idea of how to set about esti-
mating the required product residence time under
idealized conditions. The designer must now derive the
equipment dimensions required to give this residence
time. If there are significant deviations from the ideal-
ized conditions, for example nonuniform distribution
of air and solids or partial back mixing, the designer
must also correct the calculated residence time to
allow for these nonidealities.

These aspects of dryer design need a knowledge of
particle transport mechanisms and velocities and gas
flow patterns. Such aspects are impossible to discuss in
general terms, since each dryer type is an individual
case having little in common with other dryer types
as far as these aspects are concerned. Sometimes they are
also very complex and impossible to model theoretically.
In such cases, dryer design is based on empirical scale-up
from pilot-plant tests using the dryer manufacturer�s
previous experience as a guide. In other cases, however,
they are not so complex, and at least a preliminary
design can be made based on laboratory-scale tests allied
to the foregoing theory. These considerations will now
be illustrated by reference to some important types
of continuous industrial dryers.

A. Band dryers

In band dryers, air is blown in cross flow either up or
down through a shallow moving bed of particles [Fig.
3.13.5( lo)].  A real dryer will consist of a number of
sections in series, each of which may have a different

air temperature, humidity, and velocity. The bed moves
at a constant speed on a perforated belt from one
section to the next, so the particle transport is well
defined. The design problem is to calculate the required
length of dryer for a given band speed, that is, a given
bed thickness, and a given profile of air conditions in
the series of sections. Repeated calculations can be made
for different band speeds and different profiles to
obtain an optimal design.

Each section can be considered as a class IV dryer.
A simple laboratory experiment can be performed in
which air is blown through a layer of material on a static
perforated tray and a drying rate curve can be obtained.
This curve can be used for two purposes:

1. From the drying rate in the constant rate period,
a mass transfer coefficient can be calculated and com-
pared with that predicted by available correlations for
this gas-solids contacting situation.

2. From the falling rate portion, the drying rate
function $77) characteristic of the material can be
obtained.

It is now possible to simulate the section using the
class IV equation, and a computer program could easily
be written to simulate a series of such sections using
the same basic information. Thus, the design problem
can be solved.

In this case, the particle transport velocity is known
with certainty and there is no particle back mixing.
There is also no air back mixing within the bed. There
is usually some air recirculation in each section to con-
trol the humidity of the air approaching the bed, but
this is an independent variable controlled by damper
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3.13.7-2 3.13 DRYERS / 3.13.7 Practical Dryer Design

settings. The only real uncertainties are the degree of
nonuniformity of air flow over the band area, the
extent of air bypassing round the edges of the band,
and any local variations in the layer thickness and per-
meability. These effects will cause a reduction in per-
formance, so the designer must multiply the calculated
band length by a correction factor greater than unity.
The correction factor will depend on the detailed con-
struction of the dryer and must be determined by
operating experience with a particular type of design.

B. Fluid-bed dryers

Continuous fluid-bed dryers may have either a- long,
shallow, usually rectangular bed in which the objective
is a more or less close approach to plug flow of the
particles, or a deep circular or rectangular bed in which
the residence time distribution of the particles ap-
proaches perfect mixing. The first type is a class IV
cross-flow dryer, and the second type is a class I dryer
with large product recirculation. Fluid-bed dryers with
an intermediate residence time distribution may be
modeled as a series of perfectly mixed dryers.

A batch drying curve obtained in a laboratory
fluid bed will yield the mass transfer coefficient and
the drying rate function characteristic of the material.
The required bed area can then be calculated from
either the class IV equations or the class I(c) equations.
It should be noted that to simulate conditions in the
bed, the batch drying curve should be obtained at
constant air inlet temperature for a plug-flow bed and
at constant bed temperature for a perfectly mixed bed.
The latter is difficult to achieve accurately in practice,
which may give rise to some uncertainty in the design,
so in this case a confirmatory continuous pilot-plant
test is recommended. A pilot-plant tes&  may be needed
in any case if there is a potential material-handhng
problem with the wet feed.

C. Rotary dryers

In rotary dryers the material progresses along a sloping
rotating cylinder through being repeatedly lifted up by
flights on the inside surface of the cylinder and dropped
down in curtains through a hot air stream moving either
cocurrently with the solids or counter currently to
them. There is no air recirculation and comparatively
little product back mixing. Therefore, the class II
equations apply.

Unfortunately, it is not possible to make practical
use of these equations for the following reasons.

1. There is no reliable equation for predicting the
mass transfer coefficient for this gas-solids contacting
situation.
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2. No bench-scale test has yet been devised for
measuring the mass transfer coefficient experimentally
in this situation.

3. There is no reliable equation relating the resi-
dence time to equipment design parameters such as
drum diameter, slope and rotational speed, number
and shape of lifting flights, and gas velocity. Therefore,
even if the required residence time could be calculated
by the class II equations, there is no way in which this
could be converted into an equipment design.

Consequently, the design of rotary dryers is an empirical
art based largely on the previous experience of the dryer
manufacturer supplemented by pilot-plant tests on the
material in question.

D. Pneumatic conveying dryers

Pneumatic conveying dryers consist of a vertical tube in
which the particles and gas flow upward cocurrently.
Therefore, the class II(a) equations apply. In theory,
it should be possible to use these equations for dryer
design since procedures are available for calculating
the mass transfer coefficient and velocity of particles
suspended in an air stream and the drying rate func-
tion of the material could be determined h-r a bench-
scale fluidized bed.

However, there are certain practical difficulties.

1. The tube length calculated by such a procedure
wilI be critically dependent on the particle size, and
this is rarely known accurately. The feed particles are
usually agglomerated because of surface moisture; the
agglomerate size will be known only very roughly and
will depend very much on how the feed is prepared and
dispersed in the air stream. Moreover, these agglomerates
tend to break up as they move up the tube, so the
�particle� size changes in an unpredictable manner.

2. In large diameter tubes the feed is not usually
dispersed uniformly over the cross section of the tube.

3. Turbulence in the air stream introduces con-
siderable uncertainty into calculations of the mass
transfer coefficient and particle velocity even if the
particle size is known.

Consequently, design of pneumatic conveying dryers
is based on pilot-plant tests with scale-up according
to empirical rules derived by the plant manufacturer
from previous experience.

E. Spray dryers

In spray dryers a slurry or solution is atomized into a
chamber through which hot air is passing either in the
same direction as the droplets or in the opposite direc-
tion. There are many different gas flow patterns depend-
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3.13 DRYERS 3.13.6-1

3.43.6
Predictionofresidence times

with nonprescribed material flow

E. U. Schliinder

H In some cases the product flow through the dryer
is more or less nonuniform. This is true for the con-
tinuous fluidized-bed dryer as described in Sec. 3.13.5,
class II(c). As a consequence of the perfect product back
mixing, there is a residence time distribution of the
individual particles between zero and infinity with a
most probable residence time iR of the order of

(1)

where V, is the solid holdup of the fluid bed and ps is
the solid throughput. Some particles will leave the
dryer still entirely wet and some others will already be

overdried. There is a moisture distribution among the
particles leaving the dryer according to the residence
time distribution. The nonuniform drying occurring as
a result of the nonuniform residence time is a principal
disadvantage of those types of dryers. One method to
reduce this nonuniformity is to split the whole dryer
into a number of stages.

In a spray dryer, as near as possible, uniform droplet
size should be arranged, whereas in a rotary dryer,
back mixing should be avoided as far as possible. In
general, each type of dryer has its own residence time
distribution, which must be determined in individual
large-scale experiments.

Nomenclature for Section 3.13.6 appears at the end of Section 3.13. Z
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3.13 DRYERS / 3.13.7 Practical Dryer Design

ing on the design of the chamber, the air dispersion
arrangement, and the type and position of the atomizer.
Gas back mixing is usually intense in the region of the
atomizer, but may be quite small in regions well away
from the atomizer. The chamber must be wide enough
to prevent appreciable deposition of particles on the wall
and tall enough to provide sufficient residence time
for drying of the particles.

None of the equations presented in the preceding
sections is of much help in simulating this situation.
Furthermore, no bench-scale test has yet been devised
for obtaining batch drying curves for very small droplets
under conditions of rapid drying. The residence time
of particles in these chambers is not known, but it will
not be greater than the gas residence time, which is
normally in the range of 5-60 s.

5-J
h
L
M

ffl
L e
ni

IQ

P
4
i!
R
t
T

P
x
Y

specific heat capacity, J/kg K
enthalpy, kJ/kg
dryer length, m
mass of dry product, kg
molecular weight, kg/kmol
Lewis number
mass flow rate, kg/s
molar mass flow rate, kmol/s
pressure, bar
heat flux, W/m�
heat rate, W
gas constant, J/kg K
drying time, s, h
temperature, K, �C
volume flow rate, m3/s
vapor content of air, kg Hz O/kg dry air
moisture content of product, kg H20/kg dry
product
heat transfer coefficient, W/m*  K
mass transfer coefficient, m/s
mass diffusivity, m* /s
dimensionless length

3.13.7-3

Design of spray dryers is based on pilot-plant tests
in which the atomization system, operating conditions,
and gas residence time are varied until an acceptable
product is obtained. The search for an acceptable opera-
tion is largely empirical, and the time taken to achieve
an acceptable operation depends very much on the
experience and intuition of the plant manufacturer.
The full-scale dryer is usually designed to operate with
the same gas inlet and outlet temperatures and the
same gas-to-feed ratio as the successful pilot-plant test.
The full-scale chamber will have the same general shape
as the pilot plant and will be sized to give a gas resi-
dence time similar to that in the successful test, multi-
plied by an empirical correction factor based on the
manufacturer�s previous experience with scale-up of the
particular type of spray dryer.

NOMENCLATURE FOR SECTIONS 3.13.1-3.13.7

1) dimensionless moisture content of product
K thermal diffusivity, m* /s

;�
drying rate function
dimensionless humidity of air

P density, kg/m3
7 dimensionless drying time
cp relative humidity

Subscripts

c c critical
g gas
in inlet
out outlet
P product
r radiation
V vapor
W wet

Superscripts

0 standard conditions
* equilibrium
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3.3 SHELL-AND-TUBE HEAT EXCHANGERS / 3.3.2 Survey of Shell-Side Flow Correlations 3.3.2-S

a) *<<1
LBC

,)LBHZ,
LBC

c) LBH >>  I
LBC

or ue Very  Low

Figure 5 Schematic flow pattern through baffled tube bundles. Effects of baffle cut to baffle spacing ratio, LBH/LBC.

clarity of presentation, Tinker�s method never became
widely accepted, despite its imaginative approach.

It was not until computers became widely available
that the real potential of Tinker�s approach could be put
to proper use. Furthermore, two additional factors
contributed to much better understanding of shell-side
flow.

1. Flow visualization studies in baffled flow [16-
18] dramatically demonstrated the widely varying effec-
tiveness of the various streams. The results are illustrated
schematically in Fig. 5. It became obvious that effective-
ness factors must be introduced to properly adjust the
heat transfer performance. Vice versa, conclusions could
be drawn as to sound design practices.

2. The results of extensive research at the Univer-
sity of Delaware [ 191  supplied (a) values for the A and
E stream orifice resistance coefficients, indispensable to
proper calculation of the flow fractions, (b) a massive
data set on small-scale baffled exchangers with reason-
ably systematic variation of many parameters, and (c)
data on ideal tube banks in laminar and transition flow.

The first direct result of this progress was the
formulation of the Delaware method by Bell [ 19, 201.
Searching for a nonreiterative type of method suitable
for manual calculations, Bell could not take full ad-
vantage of Tinker�s flow model. Instead, a new type of
method emerged that may be best termed �semi-
analytical,� as it is based on ideal tube bank flow and
respects the effects of leakage and bypass streams, but
not the interaction between them. Other calculational
refinements have also been added as compared to any
previous method, such as effect of baffle cut and adverse
temperature gradient buildup in laminar flow. The
method became very popular and was used in several
handbooks. It will be not further analyzed in this survey,
as it has been selected as the recommended method of
this handbook and is described in great detail in
subsequent sections.

The next development was the rigorous application
of Tinker�s flow principles in a reiterative system of

calculations. This was made possible through both
availability of digital computers and the data of the
Delaware project. To distinguish this method from the
nonreiterative one, it is termed the �stream analysis
method,� as documented in [ 131.  In addition to the
Delaware data, a very extensive data set on commercial-
size exchangers [13] was necessary for the formulation
of the crucial correlations of the K values for the various
streams as functions of the geometry parameters and
Reynolds numbers. The calculational process by trial
and error proceeds as follows:

1. Initial values of Ki and z are assumed. The flow
areas Sj are known from specified geometry.

hi,,.
2. This permits solution of Eqs. (8)-( 12) for Fj and

3. Having now the values of the individual stream
flow rates J&, Kj are determined from correlations.

4. Cross-flow and window pressure drops are calcu-
lated, permitting the determination of z.

5. The previous values of Fj are compared, and
until within certain limits (usually +OS%), the calcula-
tions are repeated from step 2, substituting the last calcu-
lated values of Fj and z or other convergency method.

Convergence is not very sensitive to initial guesses
and is usually quite fast. The number of trials required
for 0.5% flow fraction accuracy ranges from a minimum
of about three in turbulent to a maximum of about 15
in laminar flow.

Having completed the flow stream calculations, the
heat transfer calculations are performed. The basis, as in
all the analytical methods, is the cross-flow stream B,
which is referred to ideal tube banks. The effectiveness
of the other streams was determined empirically from
best fit of the data. It is of interest to see the typical
flow fractions of the various streams. For well-designed
geometry configurations (baffle spacing/baffle cut,
normal industrial clearances, bypass streams blocked by
sealing strip whenever necessary), the flow fractions
calculated for industrial size exchangers from the Heat
Transfer Research, Inc. data bank were as follows.
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Stream Turbulent Laminar

Main cross flow (B)
Bundle bypass (C + F)
Shell-to-baffle leakage (E)
Tube-to-baffle leakage (A)

40-70% 25-50%
15-20% 20-30%
6-20% 6-40%
9-20% 4-10%

This method also recognizes for the first time the
effects of the bypass and leakage streams on distortion
of the temperature profile. The temperature of these
streams is altered much less than that of the cross-flow
stream B, which is in direct contact with heat transfer
surface. Mixing will occur to some extent between
baffles and ultimately at the outlet. However, the
incompleteness of mixing, especially in laminar flow,
will result in distortion of the assumed temperature
profile for purposes of calculations of the mean tempera-
ture difference (see Sec. 1.5 for more details). This is
particularly dangerous when close temperature approach
is encountered and with large leakage stream E, which is
considered highly ineffective and does not readily mix
with other streams. From all the unresolved problems in
shell-side flow, the temperature profile distortion is

probably the most serious one, and it will take a
concentrated effort to resolve it on the same level of
confidence as the flow correlations themselves.

In conclusion, we can summarize our findings as
follows.

1. All the �integral� methods, such as those of
Donohue and Kern, cannot be recommended, as the
resulting errors are potentially very high and the
Delaware method, with only incrementally more compli-
cated calculation, will be much more precise.

2. Although Tinker�s flow model is accepted as a
valid basis, its full usefulness is realized only in the
rigorous reiterative form, suitable for digital computers.
Even so, the crucial correlations of the flow resistance K
values are not in the public domain.

3. For manual calculations, the Bell Delaware
method appears to be the best available and the most
suitable fox general engineering applications.

Subsequent sections deal with the Delaware method
in detail, and a somewhat modified and supplemented
version is presented as the recommended method in this
handbook for shell-side calculations.

Nomenclature for Section 3.3.2 appears at the end of Section 3.3.11.
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3.14 AGITATED VESSELS 3.14.1-1

W. R. Penney

I Heat transfer in agitated vessels has been extensively
researched. Comprehensive coverage is beyond the scope
of this work; only the most useful and general informa-
tion will be summarized and presented here. Books by
Sterbacek and Tausk [l] , Holland and Chapman [2],
Uhl  and Gray [3], and Nagata [4] present comprehen-
sive coverages. Parker [S], Jordan [6], Edwards and
Wilkinson [7], and Kase [8] present less comprehensive
coverage.

The following steps are required to design an agi-
tated vessel to satisfy certain heat transfer requirements:

Select the agitator and vessel geometry.
Select the vessel internals.
Size the agitator and heat transfer surfaces.

Only the most commonly used equipment will be cov-
ered here. The intent is to provide sufficient information
to enable the designer to get close to the economically
optimum system. It is advised that one obtain quotes
from agitation equipment vendors before finalizing
design.

The most important parameters affecting the design
of an agitated vessel for heat transfer are

The process results, other than heat transfer, to be
achieved

The amount of heat to be transferred
The fluid physical properties (primarily viscosity)
The vessel volume

For low to moderate viscosities (n < 10, i.e., 100
poise), in industrial-size vessels, high impeller pumping
rates, producing turbulent motion, are possible, and
nonproximity impellers (propellers and turbines) are
used. For higher viscosities, proximity impellers
(anchors, helical ribbons, etc.) are used.

For low to moderate heat duties, the vessel jacket
is usually adequate to provide the required heat trans-
fer surface. As heat duty increases, internal heat trans-
fer surface (helical coils, baffle pipes, or plate coils)
is required. For some systems with very high heat
duties, adequate heat exchange capability is not pos-
sible with internal heat transfer surface-external,
pumped-through heat exchangers or vaporization
within the vessel followed by condensation in an ex-
ternal exchanger is used. Design techniques for the
latter situations are covered elsewhere in this hand-
book.

A special problem exists for heat removal applica-
tions. Because agitator power requirements (which
always add heat to the vessel contents) are much more
strongly dependent on agitator speed than are heat
transfer coefficients, a maximum heat removal capa-
bility exists for any particular agitated vessel. This
phenomenon is of particular importance for heat re-
move1 in high-viscosity systems. Refer to Penney and
Koopman [9] for recommendations concerning opti-
mum design.

References for Section 3.14.1 appear at the end of Section 3.14.3.
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3.14 AGITATED VESSELS 1 3.14.2 Equipment 3.14.2-3

r-I__ -__ Mutator shaft

r- __ Heat transfer  medium

1

..__ Heat  transfer  tube

---  -I_ Product

Product  inlet  --i

Heat  transfer  ---- .

medium  outlet

Figure 3 The Votator scraped-wall unit. Courtesy Chemetron Corp., Louisville, Ky.

tween pipes in a helix need not be great and if 7) < 0.5
the clearance between layers may be as little as one-
third pipe diameter.� Unfortunately, insufficient quan-
tative information is available to allow recommendation
of any other geometry. For cases where the geometry
of Fig. 5 will provide insufficient heat duty, an equip-
ment manufacturer should be contacted. Manufacturers
often have additional information that allows selection
of a more economical geometry. For example, for some
situations a second and a third coil [ 13, 141  may be
economical, although the heat transfer coefficients will
be reduced for the middle and outer coils-to about

Wire spring

Figure 4 Spring-loaded wall scraper unit. Courtesy R. M. Arm-
strong Co., West Chester, Pa.
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60% and 40% of the inner coil, according to Marshall
and Yazdani [14].

(c) Baffle pipes and plate coil baffres

The recommended geometries are presented in Fig. 6.
The baffle pipes can either be placed radially across the

Dv
75

1
S ,  “0,

Figure 5 Recommended geometries for wall baffles and helical
coils.

iblishing Corporation
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DvIr

Figure 6 Recommended geometry for vertical tube baffles and
plate coils.

vessel or at an angle of 45� with the vessel radius. With
radial positioning, four pipes per baffle are recom-
mended; and with angled positioning, five pipes per
baffle are recommended. The experimental work dis-
cussed later was done with four baffles. More than four
baffles, especially when using plate coils, are often in-
stalled. Probably six baffles would have Little effect on
the heat transfer coefficient. For more than six baffles,
a manufacturer of plate coils should be consulted.

Nomenclature and References for Section 3.14.2 appear at the end of Section 3.14.3.
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3.14 AGITATED VESSELS 3.14.2-1

3.44.2
Equipment

W. R. Penney

n The vessel, vessel internals, and an agitation source
are the components of the typical installation. Mechani-
cal agitators (consisting of a drive, a drive shaft, and an
impeller) are most often used to provide agitation;
however, gas sparging and liquid jets entering the vessel
(primarily from recirculation through a pump) are also
used to provide agitation.

A. Mechanical agitators

The most commonly used agitators will be discussed and
preliminary selection criteria will be given. Figures l-4
present visuals of commonly used mechanical agitators.

(a) iVonproximity

Propeller: Applicability Re, > 300, q < 2, I/ < 6.0, all
applications except gas dispersion. Not normally used
for V > 6.0 m3 (except for side-entering units in large
storage tanks), because the weight of large propellers
makes them more expensive than lighter turbines.

Disk flat-blade hubine:  Applicability Re, > 50,
n < 20, gas dispersion only.

Flat-blade turbine: Applicability Re, > 50, Q < 20,
primarily liquid-liquid dispersions or applications requir-
ing the impeller to be located < D/2 off the vessel
bottom.

Pitched-blade turbine: Applicability Re, > 100,
n < 10, all single-phase and solid-liquid operations.

Glass-coated turbines: Applicability Re, > 50,
r] < 20, all applications where glass is needed for eco-

0 1983 Hemisphere I

nomical corrosion protection; inefficient for gas disper-
sion; consequently, high-alloy metal agitators are some-
times used in glass-lined vessels.

(b) Proximity

Anchors: Applicability Re, > 50, 20 < Q < 100, all
applications.

Helical ribbons: Applicability Re, < 50, 100 < 7) <
1 000, all applications, except for highly non-Newtonian
liquids, which tend to rotate with the impeller and are
sheared only near the vessel wall.

Double motion: Applicability is high viscosity, non-
Newtonian liquids.

Votator:  Applicability 17 < 100 for concentric float-
ing blades, 100 < 7) < 300 for eccentric floating blades,
and 300 < 77 < 1 000 for oval-tube floating blades, per
Chemetron Corp. Bulletin V300Rl-S-1072.  They are
used extensively in the food processing industry.

Scraped-wall pipe: Applicability q < 100 routinely,
100 < n < 1 000 with special designs (consult a manu-
facturer) for high viscosity.

B. Gas sparging

For bubble columns with height/diameter > 5, a simple
open pipe sparger at the bottom of the column is ade-
quate. For height/diameter < 5, a ring or finger-style
sparger is desirable to obtain uniform radial distribution
of the gas and prevent excessive channeling of the gas.

lashing corporation
1
M
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Disk turbine Flat blade turbine

Figure 1 Typical nonproximity impellers. Courtesy Mixing Equipment Co., Rochester, N.Y.�y,- --
c=-r Sa

I
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Figure 2 Anchor and helical-ribbon proximity impellers.
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C. Vessel internals

With nonproximity agitators, baffles are commonly
used to prevent swirl and vortexing and to increase top-
to-bottom motion and turbulence. Helical coils, pipe
baffles, and plate coil baffles are the most common
heat transfer surfaces within the vessel.

(a) Wall baffles

Figure 5 shows the recommended geometry. Small pro-
peller units (<7.5 kW) are often mounted angled, off-
center [lo, 11, 3, pp. 153-1561  to prevent swirl and
vortexing. Sometimes vortexing is desirable, such as
when wetting powders. Brennan [12]  gives predictive
methods for vortex depth (as a first approximation,
S,/Di  = 4 Fr,). A cylindrical probe (dp/Dv  = l/17)
and a helical coil both decrease the vortex depth z 50%.

(b) Helical coils

Figure 5 presents the recommended geometry. Rushton
[IO], Parker [S] , and Hicks and Gates [13]  give recom-
mendations concerning coil geometry. This geometry
is not the economical optimum for all cases; for
example, Rushton  [IO] recommends: �clearance be-
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3.14 AGITATED VESSELS 3.14.3-1

3.14.3
Heat trm~melations

W. R. Penney

A. Nonproximity mechanical agitators

The recommended correlations are presented as Table 1.
All correlations are of the form:

Nu=K  Re,�  Prb E �
0

X (geometric corrections) (1)

Geometric corrections have been changed from the
original references and in several cases additional geo-
metric corrections have all been ratioed to a standard
geometry. In most cases this changes the value of K
from the original reference, but the correlations remain
the same. This practice makes it much easier to directly
compare various correlations. Before finalizing a design,
one should consult the original sources.

The characteristic length (Z,)  in the Nusselt number
(Nu) is D, for the vessel wall, dt for helical coils or
baffle pipes, and [S,,/(number  of internal passes)]
for plate coils.

(a) Vessel wall

Flat, disk, and pitched-blade turbines-no baffles: F o r
the standard geometry the correlations of Nagata et al.
[15]  are recommended; except the geometric correc-
tions have been changed.

Flat, disk, and pitched-blade turbines-baffles: For
the standard geometry, the correlations of Strek [17],
Brooks and Su [16], and Chapman et al. [18]  agree.
Some of the geometry corrections suggested by Nagata

et al. [ 151 and Chapman et al. [ 181 appear to be un-
reasonable; recommended geometric corrections are
given.

Propeller-no baffles: Nagata et ah�s  [20]  correla-
tion is recommended, although the dependence of (Y on
D, is obviously incorrect. The correlation presented by
Kupcik [21] predicts lower (by 30X%) values. Also,
Kupcik found that wall baffles lower (by about 10%)
the wall heat transfer coefficient; however, Strek et al.?
[22] coefficients with baffles are higher than Nagata
et al.% [20] coefficients without baffles.

Propeller-baffles: Strek et al.�s  [22]  correlation is
recommended.

G l a s s - c o a t e d  three-bladed  i m p e l l e r - o n e  gIassed

baffle: The correlation of Ackley [ 191  is recommended.

(b) Helical coils

Flat ,  d isk ,  and  pi tched-blade  turbines-no  baf f l es :

Nagata et al�s  [20] correlation is recommended, except
the geometric corrections are changed.

Flat ,  d isk ,  and  pi tched-blade  turbines-baf f l es :
Oldshue and Gretton�s [23]  correlation is recommended
for the standard geometry.

Propeller-no baffles: Ackley�s  [ 191  correlation is
recommended for the standard geometry, except K =
0.05 rather than 0.078 is recommended. Geometric
corrections are suggested.

Propeller-baffles: Oldshue�s [24] correlation is
recommended for the standard geometry. The correc-
tion for dr is taken from [3].
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Table 1 Heat transfer correlations for nonproximity agitators

Heat
transfer

Investigators Impeller(s) surfaces SdDu SifSq

Standard geometry

Di/Du  LiIDi  dt/D, d&t NH Baffles K

Exponents of:
Recommended geometric

Re, Pr qb/qw corrections

Nagata et al. [15]  ; Various turbines: disk,
Brooks and Su [ 16) flat, and pitched

blades

Brooks and Su [ 161; Various turbines: disk,
Strek [ 171;  Chapman flat, and pitched

Vessel wall 1.0

1.0

1.0

1.0

?

1.0

1.0

1.0

1.0

1.0

2.0

2.0

l/3

l/3

113

113

?

l/3

113

113

l/3

112

l/3

l/3

u3

l/3

?

113

113

113

l/3

l/3

l/5 6 No

6 Yes

3 No

3 Yes

3

6

Yes

No

6 Yes

No

Yes

Three
tubes

Four 0.021 0.67 0.4 0.27
tubes

Yes

0.54

0.74

0.37

0.5

0.33

0.08

0.03

213 l/3 0.14

213 l/3 0.14

213 l/3 0.14

213 113 0.14

0.67 0.33 0.14

0.56 l/3 0.14

0.67 l/3 0.14

Vessel wall II5

et al. (181

Ackley [19];
Nagata et al. [20

Strek et al. 1221

�1

Ackley [ 191

Nagata et al. [20]

blades

Propeller Vessel wall

Propeller Vessel wall

Three glass-coated
retreating blades

Various turbines: disk,
flat, and pitched
blades

Various turbines. disk,
flat, and pitched
blades

Vessel wall

Helical coils

Helical coils

Propeller Helical coils

Propeller Helical coils

Four-bladed disk Vertical tube
baffle

PIDi
= 1

PIDi
= 1

?

115 0.064

l/5 0.04Nagata et al. 1201;
Oldshue and Gretton

.O

.O

1231

Ackley [ 191  ; Nagata
et al. 1201

Oldshue 1241;
Skelland  et al. (251

Dunlap and Rushton
WI

0.078" 0.62 l/3 0.14

0.016 0.67 0.37 0.14

0.06b 0.65 0.3 0.4=

PIDi 0.03?
=l

PfDi 0.04
=I

l/5 0.04

1.0

1.0

1.0

Gentry and Small [27] Two six-bladed, flat-
blade turbines

Petree and Small 1281 Two six-bladed, flat-
blade turbines

Vertical baffle
coil at 45�
to radius

Plate coils

l/4,3/4  l/3

l/4,3/4 l/3

118 0.04

W $,,/D,
= 0.3

0.7

0.031 0.66 0.33 0.5d

�This value appears unreasonably high compared to other correlations. A value of 0.05 is recommended.
bThis  value appears unreasonably high compared to Gentry and Small�s 1271  correlation. A value of 0.04 is recommended.
�Dunlap  and Rushton [26] and Petree and Small [28]  used the ratio of the bulk viscosity to the fti viscosity. It is recommended that one use the wall viscosity instead and use (t~,/n,,,)~.�~.
dFor the vessel wall, Nu,, = &u/X,  for helical and vertical tube baffles, Nu, = odr/h; for the plate coil, Nu

the plate coil: therefore, Nupc  = aSpc/4& for their work.
,,c = a(Sp,/no.  of passes)/h.  For Petree and Small�s 128) work, there were four internal passages in



3.14 AGITATED VESSELS / 3.14.3 Heat Transfer Correlations 3.14.3-3

Four-bladed  d isk  turbines-vert ical  baffle  coil:
Dunlop and Rushton�s correlation is recommended
with appropriate geometric corrections added. The
value of K seems high. A value of 0.04 rather than 0.06
is recommended.

Two six-bladed disk turbines-vertical tube baffles:
Gentry and Small�s [27]  correlation is recommended
with correction added for Li/Di and d*/D,.

(c) Plate coils

Two six-bladed disk turbines-vertical plate coils: Petree
and Small�s [28]  correlation is recommended.

B. Gas sparged vessels

Hart [29], Nagata et al. [30],  Tamari and Nishikawa
[31]  , and Steiff and Weinspach [32]  have done the
latest work and summarized earlier work. Hart�s correla-
tion is recommended.

a!-=
cp w

-0.25
~~-0.6

(2)

C. Anchors and helical ribbons

Uhl [33], Harry and Uhl [34], and Nishikawa et al.
[35] have well summarized all previous work. lshibashi
et al. [36] and Rautenbach and Bollenrath [37] have
published the latest works. Coyle et al. [38]  have pre-
sented very useful experimental data. Nagata et al. [39]
and Mitsuishi and Miyairi [40]  are of interest.

(a) Recommended geometry

Figure 3.14.2(2) presents the recommended geometries.

(b) Heat transfer correlations

Harry and Uhl [34] have presented the most reliable
correlations for the geometries that they tested. Per-
tinent geometric parameters for their tests are given
below.

Geometric ratios Anchor Helical ribbo#

l/4, l/2
iTO82 0.082
0.02 0.02
0.96 0.96
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For these geometries the correlations were of the form

Nu, = K Rez Pr (3)
The values of the parameters a, b, c, and K are as fol-
lows: b = l/3, c = 0.14, and a and K varied with Re,
and geometry as follows:

Re, < 12

K a

1.05 u3

P/D, = 114
Re, < 9

K a

0.98 u3

P/D, = 112
Re, < 13

K a

0.94 l/3

Anchor

12 < Re, < 100 Re, > 100

K a K a

0.69 112 0.32 213

Helical ribbon

9 < Re, < 135 Re, > 135

K a K a

0.68 112 0.3 2/3

13 < Re, < 210 Re, > 210

K a K a

0.61 112 0.25 213

These correlations agree reasonably well (z&3%)  with
the data and correlations of other workers, with the
exception of the work by Nishikawa et al. [35].  For
Re, > 1 000, Nishikawa et al. obtained correlational
results up to 10% higher than the above correlations;
and for Re, < 10, with their helical ribbon impeller,
up to 40% greater. Nishikawa et al. tested a double-
helix, helical ribbon impeller, and they tested five
different values ;Df  SC/D,,  but their range of SC/D,
bracketed the S,/L& tested by Harry and Uhl. The
double helix versus the single helix is probably the
only significant geometric difference between the two
investigations for equal values of SC/D,.  This difference
would not be expected to cause the great differences
in correlational results; and, in fact, Mitsuishi and
Miyairi [40]  obtained correlational results with a
double-helix, helical ribbon impeller that agree very
well with the results of Harry and Uhl. This evidence,
plus the fact that the correlations of Nishikawa et al.
overpredict the experimental data of Coyle et al. [38]
by up to 40%,  indicates strongly that the data of
Nishikawa et al. are in error on the high side. For the
anchor and both single-helix and double-helix helical
ribbon impellers, the correlations of Harry and Uhl
[34]  presented above are recommended for the indi-
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cated ratio of clearance to impeller diameter (S&I,).
The effect of clearance between impeller tip and vessel
wall will be discussed later.

The correlations above indicate that the anchor is
slightly superior to the helical ribbon impeller over the
entire range of Re,. For Re, > 500, these results are
probably correct and, in this Re, range, undoubtedly
the anchor is the economical choice because it is sig-
nificantly less expensive than the helical ribbon. As
Re, decreases from 500 to 50, the mixing produced
by the anchor becomes progressively worse than the
mixing produced by the helical ribbon. Consequently,
temperature gradients become progressively greater
for the anchor-agitated vessel than for the helical ribbon-
agitated vessel, and the experimental determination of
an accurate heat transfer coefficient becomes increas-
ingly difficult for the anchor. All investigators have
noticed much greater thermal gradients in an anchor-
agitated vessel than in a helical ribbon-agitated vessel
at low Re,. The thermal gradients are so great for an
anchor for Re, < 50 and the scatter in the correlated
data so great that the recommended correlation for the
anchor should not be trusted below Re, = 50 and
should be used conservatively and with caution for
50 < Re, < 500. Essentially all investigators agree that
the helical ribbon impeller is the appropriate choice for
Re, < 50 because of its superior mixing performance.

Now the effect of clearance between the impeller
tip and the vessel wall, in particular, and geometry in
general will be considered. In the fully turbulent regime
(Re,  > 500)  geometry has little effect; consequently,
the least expensive impeller should be used; in fact, in
this range the nonproximity impellers (turbines, pro-
pellers, etc.) should be considered. As Re, decreases
from 500 to 50, geometry becomes progressively more
important, until for Re, < 50, geometry significantly
affects heat transfer performance. The effects of P/D,
(Note that for an anchor, P/D, = -.) have already been
discussed. Other than the pitch of the impeller arms,
the clearance between the impeller tip and the vessel

wall is about the only other significant geometric vari-
able. There is much disagreement about its effect:
Coyle et al. [38]  found for two vessels (0.38 m, SC/D, =
0.035 and 0.74 m, SC/D, = 0.015) with viscous organic
liquids that wall scrapers increased both heat transfer
coefficient and agitator power about 100%; whereas
Nishikawa et al. [35]  found less than a 30% increase in
heat transfer coefficient for the same range of SC/D,.
In light of these basic disagreements, it appears that
available methods do not give reasonable accuracy for
predicting the effect of clearance. Figure 1 presents the
method recommended here to predict the effect of
clearance. This recommendation is based on the judg-
ment of this author, taking into consideration the results
of all investigations.

D. Scraped-wall pipe equipment

Votator style [Fig. 3.14.2(3)] and spring-loaded scraper
style [Fig. 3.14.2(4)]  are the most common scraped-
wall pipe equipment types. Their construction and
uses have been well described by Uhl [33]. These equip-
ment types have greater L/D, ratios than anchor- and
helical ribbon-agitated equipment and, for this reason,
they are used almost exclusively for continuous process-
ing. The long lengths reduce the effect of back mixing,
thereby increasing the mean temperature difference
(MTD) between the process and utility streams above
that obtained in well-mixed vessels. To design this equip-
ment accurately, predictive methods are needed for
(1) heat transfer coefficient and (2) MTD.

(a) Local heat transfer coefficient

As for anchors and helical ribbon impellers, the agitator
geometry has little effect on the heat transfer coefficient
in the turbulent regime. However, as Re, decreases
below 200, the fluid flow patterns become progressively
more streamlined and agitator geometries that produce

10-l 1 I I I I I Ill1 I I I I IIILJ

10-S lo-� 10-l

WDv

Figure 1 Effect of impeller tip to vessel wall clearance on the heat transfer coefficient for helical ribbon impellers.
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recirculating regions that never migrate to the vessel
wall produce poor radial mixing and thereby large radial
temperature gradients, which are detrimental to heat
transfer. The large observed temporal temperature fluc-

tuations observed by Penney [41]  indicate that the thin,
flat blade used (this agitator geometry does produce
recirculating regions that never migrate to the vessel
wall) produces poor radial mixing in the laminar regime.
Industrial equipment manufacturers have long recog-
nized the need for equipment that provides adequate
radial mixing for high fluid viscosities. Votator offers
a rotor with eccentric floating blades or an oval tube,
and the spring-loaded scraper rotors [Fig. 3.14.2(4)]
often have segmented blades with alternate sections
rotated 90�. All these designs produce good radial
mixing.

Uhl [33]  discusses previous efforts to develop
correlations to predict heat transfer coefficients for
this equipment. None of the previous correlations is
acceptable. The predictive method recommended here
is based on the correlation of Harry and Uhl [34]
for the helical ribbon impeller with P/D,  =  l/4 a n d
SC/D, = 0.02. In the turbulent regime their correlation
is recommended as is, and in the laminar regime their
correlation is adjusted for the effect of scrapers per
Fig. 1. In the transition regime, judgment should be
used to estimate the increased effect of wall scrapers.
The recommended correlation is

c

Nu, = K Res Prb (4)

where b = l/3, c = 0.14, and K and a vary with Re,
as follows:

Re, < 30 30 < Re, < 520 Re,, > 520
*,

K a K a K a

1.5 113 0.85 112 0.3 213

Equipment manufacturers probably have more
accurate and reliable correlations, and they should be
consulted before finalizing design.

(b) Mean temperature difference and heat
transfer capacity

Penney and Bell [42] have presented a method for pre-
dicting the effect of axial mixing on the MTD and,
consequently, on the heat transfer capability. The
dispersion model is used to predict the effects of back-
mixing. The step-by-step computational procedures
for applying the method are presented below (refer
to [42]  for details).

0 1983 Hemisphere I

t1

1. Pea = 33 Re:�  (Re, > loo)+
2 .  Pef = Pe,(uL/u,D,)
3. Compute o from heat transfer coefficient cor-

relations.
4. Compute U.
5. B = UA/njcp.

6. Determine E from Fig. 2 for the case of
constant-ut i l i ty fluid temperature  ( refer  to  [42]  for
other cases).

7. Q = I/A(LMTD)(E).

Table 2 presents the results of an example case.
The apparatus is a Votator style with D, = Di = 3/4 m,
L = 4 m, N = 3.33 rps (Artisan Industries, Waltham,
Massachusetts, manufactures a similar unit). The fluid
properties are the same as ambient water except that
the fluid viscosity is 50 poise. Also, assume that D, =
0.6110,,  U = cx, utility stream temperature = lOO�C,
and inlet process stream temperature = 2O�C.

Note that the greatest relative effect of back mixing
on the outlet fluid process temperature (To&  is for the
lowest flow rate; in fact, as &f + 0, the temperature is
constant along the axial length of the vessel. Also, as
ni + 00, there is no effect of back mixing.

It should be noted that the equipment and condi-
tions selected were intended to illustrate worst-case
conditions; consequently, the performance of most
industrial equipment will probably be less affected by
back mixing than the equipment  of  this  example,
especially for equipment with a length-to-diameter ratio
greater than the value of 5 used here.

E. Other equipment having proximity agitators

Most of the remaining equipment is used primarily for
highly non-Newtonian (especially pseudoplastic) mate-
rials and/or for extremely high viscosities, exceeding
1 000 poise. A major portion of this equipment (double-
motion scraper, double-shaft units, e.g., Sigma and Heli-
cone, the Porcupine Processor) is discussed by Uhl [33].
Extruders are an important class of equipment not dis-
cussed by Uhl. The correlations presented here for the
helical ribbon with scrapers are suggested for predicting
performance of the double-motion agitator. No general
predictive methods are available for the equipment
used for extremely high viscosities. Correlational work is
complicated for this equipment because of the great
amount of heat generated within the clearance region
between the impeller tip and the wall. As a minimum,

tFor Re, < 100, the dispersion model does not well repre-
sent experimental data. Consult the manufacturer and/or do ex-
perimental work; although normally for Re, < 100 back mixing
is not expected to affect performance significantly.

blishing Corporation
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Figure 2 Effect of back mixing on MTD agitated pipe style equipment operating in the turbulent regime for the case of
constant-utility fluid temperature. For variable utility fluid temperature see [42].

Table 2 Effect of back mixing on process fluid outlet
temperature for a particular vootator  apparatus

if (kg/h) 500 1 000 2 000
Rea 372 312 372
he 713 713 713
Pea 0.01 0.01 0.01
Pef 0.04 0.07 0.14
B = MTD/LMTD 0.35 0.45 0.63
Tout  (no back mixing) 99.9 96.6 83.5
Tout  (with back mixing) 91.2 82.5 70.0

the high-intensity equipment will probably always
perform better than the correlations for helical ribbon
agitators would predict. Uhl [33]  has well summarized
the status of predictive methods for double-shaft units,
�intense mixing devices such as the Helicone and inter-
meshing double-blade batch mixers such as the Sigma
mixer for Re, < 30 should provide a value of OL several
times that attainable for the anchor and helical ribbon.
This is due to the recognized better transport from the
wall to the bulk and return, but also results from the
generation in the clearance space of much if not all
the heat removed.�

NOMENCLATURE FOR SECTIONS 3.14.1-3.14.3

A heat transfer area, m2 acceleration due to gravity, m/s2

CP heat capacity, J/kg K i geometry-dependent constant in Eq. 3.14.3( 1)

d&T width of gap between successive tubes in a helical I characteristic length (see Sec. A)
coil or tube bank, m L length of flow channel for pipe-style agitated

dP diameter of vertical probe in vessel, m equipment, m
4 outside diameter of tubes used as internal vessel Li height of impeller blade parallel to axis of rota-

heat transfer surfaces, m tion, m

De equivalent hydraulic diameter of flow channel = LMTD logarithmic mean temperature difference, �C
4(flow area)/(total wetted length normal to flow MTD true or actual integrated mean temperature be-
direction), m

Iti
tween a process stream and a utility stream, �C

Di impeller diameter, m mass flow rate, kg/s

D, vessel inside diameter, m N impeller rotational speed, rev/s
E ratio of actual mean temperature difference to &a number of baffles in the vessel

logarithmic mean temperature difference Nza number of blades on an impeller

Fra agitation Froude number, N2Di/g N u Nusselt number, = &/A
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Ni
Nuu

Nut

P

Pr

Pea

pef

Q
Rea

Rem

Xl

si

SQ

SPC

number of impellers
Nusselt number based on vessel diameter,
= oD,/h
Nusselt number based on outside tube diameter,
= aD,/h
pitch of propeller or helical ribbon impeller, m
Prandtl number, = V/K
effective P&let number based on agitation par-
ameters, = U$,/KE

effective P&let number based on flow channel
parameters, = uL/tc,
overall rate of heat transfer, W
agitation Reynolds number, = ND? /v
rotational Reynolds number based on ut and D,
as characteristic velocity and length, respectively,
= v,D,/v
width of the impeller blade arm in a radial direc-
tion for anchors and helical ribbon impellers, m
baffle width, m
clearance between the impeller blade tip and the
vessel wall, m
height of impeller off vessel bottom, m
depth of liquid in vessel, m
width of plate coil, m

Svo

T

u
V

“S

vt
V

a!

1)

vb

%v

e

K

KE

x
V

P

depth of vortex from free liquid surface (at rest)
to bottom of vortex, m
temperature, �C
overall heat transfer coefficient, W m2 /K
fluid velocity along a flow channel, m/s
sparged gas superficial velocity, m/s
impeller tip speed, = TNDi, m/s
vessel volume, m3
heat transfer coefficient, W m2 /K
dynamic viscosity, kg/m s
dynamic viscosity at the average vessel tempera-
ture, kg/m s
dynamic viscosity at the temperature of the heat
transfer surface, kg/m s
angle between a pitched blade on an impeller and
a plane normal to the axis of rotation, deg
thermal diffusivity, = X/PC,,  m2 /s
effective axial thermal diffusivity along a flow
channel due to all mechanisms of thermal trans-
port, i.e., molecular, flow and turbulence, m2 /s
thermal conductivity, W/m K
kinematic viscosity, m2 /s
density, kg/m3
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3.15 REGENERATION AND THERMAL ENERGY STORAGE 3.15.0-l

3.150
Introduction

F. W. Schmidt

A. Basic concept of energy storage devices

An energy storage device transfers thermal energy
between hot and cold fluid streams indirectly by the
utilization of a third substance for the temporary storage
of energy. This substance may be a solid, liquid, or a
material that is undergoing a change in phase. The
substance comes into physical contact with both the hot
and cold fluid streams in an alternating fashion during
the storage process.

There are two major areas where energy storage
devices are currently used. In many situations the
availability of a source of energy does not coincide
time-wise with the demands for the energy. The capacity
to store and retrieve energy at different times thus adds
an important capability to an energy management
system. It also allows alternative sources of energy, such
as solar energy, to be used to meet conventional energy
demands.

The second area involves the use of a thermal
storage device in place of a standard recuperator to
exchange thermal energy between two fluid streams
whose inlet fluid temperatures and fluid flow rates are
relatively time invariant. The following lists some major
advantages of a thermal storage device under these
conditions.

A high heat transfer surface area per unit volume is
obtainable.

Only one set of flow channels are needed since the
fluids flow through the same channels alternatively.

There is an even distribution of pressure within the
regenerator.

Counterflow of the two fluid streams can give a
cleaning action, thereby reducing fouling.

Vapors that are condensed during the heat retrieval
process may be vaporized during the heating process and
carried away with the hot fluid stream.

When the stream passing through the flow passages
of the heat storage device is changed, some residual fluid
is left in the passages and is mixed with the incoming
fluid stream. A slight decrease in the performance of the
unit may result. If the two streams react or if the
contamination of the streams is undesirable, thermal
storage devices should not be used.

A study on the potential benefits to be obtained
using energy storage devices has indicated that the
following factors must be considered:

Storage capacity
Storage/retrieval rate
Replacement lifetime
Weight, volume and other physical limits
Critical safety parameters
Environmental standards
Acceptable capital and operating costs

It was also indicated that the areas where storage
devices could be used were so varied that no specific
type of storage device could be expected to have proper
operating characteristics for all possible applications.
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3.15.0-2 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.0 Introduction

B. Classification of thermal energy storage
devices

The physical locations of sources of energy and the
device or process requiring energy seldom coincide, and
one must be concerned with the transport of energy
from one location to another as well as with storage of
energy. The ideal situation occurs when the energy
transporting fluid also serves as the storage medium.
There are many examples of these types of systems. Hot
water storage is used in most residential and commercial
units for domestic water service. A large number of solar
units use hot water for storage. Units using a fluid as
both the transport and storage media are, however,
restricted to low-temperature applications.

Thermal energy storage devices employing steam or
hot water accumulators have been used in industry in
Europe for many years. A complete discussion of these
systems has been presented by Goldstern [ 11. The first
of these units developed were essentially high-pressure
steam or water tanks from which the fluid was expanded
as required to a lower pressure for the generation of
power or for use in an industrial process. Reay [2]
describes new units which can be used for both steam
generation and storage. These are called �thermal storage
boilers.�

A general classification system for thermal storage
devices has been presented by Schmidt [3].

(al Regenerator

The regenerator is a thermal energy storage device in
which the heat storage and heat retrieval processes are
repeated in a periodic fashion. Only one of the fluid
streams is in contact with the storage material at any
instant of time, so both the hot and cold fluids can use
the same flow channels. When both the hot and cold
fluid streams are flowing continuously it may be
necessary to have two or more regenerators arranged to
transfer the heat continuously from the hot fluid stream
to the cold fluid stream. The system of regenerators can
thus be used in place of a recuperator.

Identical fluid passages are used during the heat
storage and retrieval processes. The hot and cold fluids
usually flow in opposite directions (counter-flow opera-
tion). Two types of regenerators are in common use. A
rotary regenerator is a unit in which the storage material
moves physically from one fluid stream to the other in a
periodic fashion. A regenerator in which the storage
material is stationary and a series of valves and ducts are
used to alternately direct the hot and cold streams
through the storage material is called a fured bed or
fxed matrix regenerator. In nearly all current applica-
tions using regenerators, the hot and cold fluids are
gases.

Stationan/
seals

Cold gases out Hot gases in

in out

Figure 1 Rotary regenerator.

Rotary regenerators are used extensively in elec-
trical power generating stations for air preheating. They
are also used in vehicular gas turbine power plants, in
cryogenic refrigeration units, and in the food dehydra-
tion industry. A schematic sketch of a rotary regenerator
is shown in Fig. 1. Major problems encountered in the
design of rotary regenerators are: the sealing off of hot
and cold gas streams; thermal stresses encountered
during start up and shut down; gas contamination and
localized burnout of storage material due to in situ
combustion or blocked passages in the regenerator
matrix.

Fixed bed or fmed matrix regenerators are used
extensively in the metallurgical, glassmaking, and
chemical processing industries. A diagram of a fured bed
regenerator is shown in Fig. 2. If the hot and cold fluid
streams are continuous, at least two fmed-bed regenera-
tors must be used so that hot gases can pass through one
regenerator while the cold gases are passing through the
other regenerator. The fluid streams are then peri-

Hot fluid

Cold fluid

-9-
Fluid

Figure 2 Fixed-bed regenerator.
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3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.0 Introduction

odically switched from one regenerator to the other. If a
constant outlet temperature is required during the heat
retrieval process �series-parallel� or �staggered-parallel�
arrangements of two or more regenerators are required
[4]. When the hot and cold streams are not flowing at
the same time, a single fured regenerator can be used.
The temperature of the cold air stream can be regulated
using a bypass arrangement during the retrieval period of
operation [5].

(b) Heat storage unit

A heat storage unit is a thermal energy storage device in
which there is no periodic pattern to the storage and
retrieval processes. Only one stationary storage unit is
used and the hot and cold fluid streams pass through the
same flow channels. The mass flow rates, inlet fluid
temperatures, and duration of flow for the hot and cold
fluid streams vary in an arbitrary timewise fashion.
There may even be periods of time when neither fluid
stream is passing through the storage unit. A typical heat
storage unit is diagramed in Fig. 3.

A heat storage unit is a necessary component in
most active solar energy systems. The energy is collected
during the daytime and is transported from the collector
to the storage unit. If the transporting fluid is air, sensi-
ble heat or phase change materials will be used as the
energy storage material. If the transporting fluid is water,
it will probably be used as the energy storage material.

Many industries wish to use the waste energy
produced by batch-type process in order to reduce the
amount of energy that must be purchased. Heat storage
units are used to match in a timewise  fashion the
availability and demands for the energy. There are many
other applications in waste heat recovery where energy
storage units are utilized to improve the operating
characteristics of the system.

(c) Heat storage exchangers

A heat storage exchanger is a device in which two or
more fluid streams may be simultaneously in contact

Transf
inlet

Thermal storage
material

Figure. 3 Heat storage unit.

o 1984 Hemisphere F

External flow

Internal flow

Figure  4 Heat storage exchanger.

with the storage material. A portion of the heat removed
from the hot fluid stream is transferred directly to the
cold fluid stream while the remaining energy is stored in
the storage material. Figure 4 shows a sketch of a heat
storage exchanger. This type of a storage unit is
essentially a thick-wall heat exchanger.

C. Thermal storage materials

Many factors must be considered when selecting storage
material. A set of desirable characteristics would include
the following:

High specific heat
High density
High thermal diffusivity
Reversible heating and cooling
Chemical and geometric stability
Noncombustible, noncorrosive, and nontoxic
Low vapor pressure to reduce the cost of contain-

ment
Low cost for material and containment
Sufficient mechanical strength to support the stack-

ing of the storage core
Proper operating temperature range
Long operating life

At present there are three major groups of heat
storage media utilized for thermal energy storage:
nonmetals, metals, and phase change materials.

(a) Nonmetals

Firebricks formed from clay, olivine, chrome, magnesite,
and various mixtures of these represent an important
group of nonmetals used in storage devices operating at
high temperatures. In an effort to obtain a material
having a high volume heat capacity, feolite, composed of
ferric oxide, Fe20s,  was developed. The commercial
material, called Tenemax, utilizes low cost enriched iron
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3.15.0-4 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.0 Introduction

ores and uses virtually standard brick making manu-
facturing processes.

Concrete is another nonmetal that is attracting
considerable attention as a sensible heat storage material.
Although its thermal storage capabilities are marginal, its
cost and the fact that the unit can be fabricated on site
are attractive factors. Architects are using concrete and
other construction material in the design of buildings for
passive storage of solar energy.

The last nonmetal to be noted is gravel. This is used
primarily in packed beds for low temperature solar
energy storage.

(b) Metals

Castable  metals, including gray cast irons and cast irons
containing alloying ingredients such as silicon and
aluminum, have been used in storage devices in the past.
Their advantage offered by having a very high heat
storage capacity per unit volume is more than offset by
their high cost. As a result, most storage devices using
these materials are no longer economically practical. The
only exceptions are rotary regenerators, which are
fabricated using metallic matrices. The matrices are
constructed using very thin metal strips and are designed
to give a very large surface to volume ratio. The material
which is used depends to a large extent on the
application. Stainless steel is used where the atmosphere
is corrosive.

(c) Phase change materials

Storage devices utilizing the phase change properties of
the storage material (PCM)  are receiving considerable
attention. These units are of interest because they have a
small temperature swing as one cycles from storage to
retrieval, since the major portion of the energy is stored
or removed while the material is at a nearly uniform
temperature. The major advantage of these units, how-
ever, is that they utilize the high heat of fusion of the
storage material and thus have a very high heat capacity
per unit volume or weight. The mean storage tempera-
ture can be controlled to a large extent by the selection
of the storage material. A set of criteria for phase change
storage materials has been presented by Lorsch et al.
[6]. Typical storage materials of this type are sodium
sulfate decahydrate (Naz  SO4  * 1 OH2 0) and paraffin
waxes.

D. Design considerations

A number of items must be considered in the design of
thermal energy storage units. They will, to a large
extent, be dependent upon the specific application that
the storage device is to be used for.

(a) Storage material

The importance of this item in the design of a thermal
energy storage device has been properly emphasized by
the discussion presented in the previous section. This
item is listed only for completeness of factors that must
be considered in the design of storage devices.

(b) Pressure drop

The allowable pressure drop across the storage device
will depend strongly on the application for which the
device is intended. In many cases this is not a critical
item in the design of the storage device, while in other
applications it represents a severe design limitation.
Pressure drop is related to the properties of the fluid, the
mass velocity of the fluids flowing through the channels
in the storage device, the geometry of the fluid flow
passages, and the length of the flow channels. The
magnitude of the convective heat transfer coefficient is
also dependent on many of these same factors. A
compromise is required since the designer ideally desires
to obtain a high film coefficient and a low pressure drop.
To facilitate making a decision, an understanding of the
influence of the convective heat transfer coefficient on
the performance of the thermal storage device is
required.

(c) Configuration

The need to design a device with realistic dimensions in
obvious. Special restrictions, however, are frequently
imposed because of the physical location of the device
or the particular system in which the storage device is to
be used. The restraints usually involve the length,
breadth, weight, or volume of the device.

(d) Amount of available energy stored

In many installations, particularly those involving heat
storage units, the hot stream is discharged to the
surroundings immediately after it leaves the storage unit.
Design consideration can include the maximization of
the amount of energy removed from the hot stream,
however, care must be taken or an extremely long unit
will result.

(e) Utilization of storage material

This is another item that may be of considerable concern
to the designer of a heat storage device. A criterion that
might be used for the assessment of the performance of
a storage unit could be the total amount of heat stored
when the mean temperature of the storage material is
equal to the temperature of the fluid entering the
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3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.0 Introduction 3.15.0-S

storage unit. Basing the design only on obtaining the
maximum energy storage per unit volume is not recom-
m e n d e d ,  s i n c e ,  d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  s t o r a g e
p r o c e s s ,  l i t t l e  e n e r g y  i s  r e m o v e d  f r o m  t h e  h o t  f l u i d

stream. The amount of the energy available in the hot
streams that is stored is thus very small.

(f) Operating characteristics

Although there are many operating characteristics that
may affect the design of the storage device, most of
these are contained within the parameters used to
calculate the performance of the device. They in a sense

act as independent variables. An operating characteristic
that is of the dependent variable type is the temperature
o f  t h e  c o l d  s t r e a m  l e a v i n g  t h e  s t o r a g e  d e v i c e .  A
minimum acceptable temperature is usually established

by the device or process that uses the retrieved energy.
In many systems where heat storage devices are used, it

i s  necessary  to  main ta in  the  hea ted  f lu id  a t  a  cons tant

tempera ture .  S ince  the  tempera ture  of  the  co ld  f lu id

leaving a storage device during the retrieval process will

decrease  as  the  dura t ion  of  re t r ieva l  increases ,  a  com-

bination of several storage devices or a bypass arrange-

ment is necessary to ensure the availability of a constant

temperature.
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3.15 REGENERATION AND THERMAL ENERGY STORAGE 3.15.1-1

Operation of regenerators

A. J. Willmott

n Thermal regenerators of regenerative heat exchangers
are devices that effect the transfer of heat between two
fluids (usually gases) by temporarily storing heat from
the hotter gas, in a permeable packing, and subsequently
passing this thermal energy to the cooler gas. All the
surface area of the regenerator packing or checkerwork
is washed by the hot gas for the duration of the hot
period in which time sensible heat is stored in the
packing. At the end of this period, a reversal takes place
at which the hot gas is switched off and the cooler gas
starts to flow through the same channels in the packing
over the whole surface area. During the cold period
thermal energy is recovered by the cold gas at the end of
which occurs another reversal.

Regenerators appear in two distinct forms, the
fured-bed  regenerator and the rotary regenerator. The
reversals in the fmed-bed system are effected by the
closing and opening of the relevant valves, shutting off
the hot/cold gas and allowing the start of the flow of the
cold/hot gas through the packing. In order to provide an
almost continuous exchange of heat between the two
gases, at least two f%ed-bed  regenerators must be used,
one of which at any instant will be preheating the cold
gas.

The Ljungstrijm or rotary regenerator consists of a
cylindrical packing through which the hot and cold gases
pass simultaneously (Fig. 1). Heat temporarily stored in
this packing from the hot gas is physically moved into
the cold gas stream by steadily rotating the cylindrical
body of the checkerwork, whose axis of rotation is
parallel to the gas flow. Considerable attention must be
paid to providing gas seals that minimize the leakage
between hot and cold gases at the gas entrance/exit faces

of the packing. As a section of the packing rotates
between the gas seals from one gas stream to the other,
it experiences what is the equivalent of a reversal in the
fmed-bed system. The time taken for this section to pass
through the hot/cold gas stream corresponds to the
hot/cold period.

Regenerators are commonly operated in counter-
flow mode; that is, the hot gas passes through the
checkerwork in a direction opposite to the cold gas. If
the gases pass through the packing in the same direction,
regenerator operation is said to be in parallel flow mode.

The choice between fixed-bed and rotary re-
generators is largely determined by the conditions under
which the energy recovery system is required to operate.
In a f=ed-bed  system consisting of two or more
regenerators, the hot and cold gas streams are com-
pletely isolated. Such a system can be constructed to
accommodate high inlet gas temperatures for the hot gas
stream and/or severe pressure differences between the

Direction of rotation

Cold ges

Regenerator
packing

Figure  1 Rotary regenerator.
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3.15.1-2 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.1 Operation of Regenerators

two gas streams. Cowper  stoves or hot blast stoves (Fig.
2) are used to preheat the blast for the iron-making
furnace and are required to deliver preheated air at a
temperature of 800°-1  200°C. The pressure difference
between the hot and cold gas streams can be as large as 5
atm. Regenerators are constructed as part and parcel of
the Siemens-Martin furnace and the glass furnace and
must be able to withstand inlet gas temperatures of up to
1 600°C. In these applications the checkerwork is made
of ceramic material; this material must be able to
withstand the corrosive effects of material entrained in
the hot gas stream, such as the carryover of material
from the glass-making furnace.

Figure 3 illustrates the construction of a large,
modern, three hot-blast stoves installation. Each stove is
over 30 m high and about 7 m in diameter and transfers
heat from the cornbusted waste gas from the iron-
making process to the �wind� for the blast furnace. The
chimney to the left of the three stoves is the exit for
waste gas once the heat has been recovered by its passage
through the packing of a stove. Solidified or liquified
gases residing in the channels of the regenerator in one
period of operation are naturally purged from the
packing by the passage of gas through the system in the
opposite period. Similarly dust or other carryover
material entrained in the gas entering the regenerator in
the hot period of a high temperature regenerator may be

L

Checker-
brick

column

1

Dome of Cowper  stove

Combustion
/ chamber

_ Direction of flow
(hot period)

\ Direction of flow
(cold period)

rt- Gas burner
supplied with
fuel gas and

\
combustion air

Exit air (hot blast)
to furnace

Cold air

J
Exit gas
to chimney stack

Figure 2 Hot blast stove or Cowper stove for metal reduction
furnaces. Approximate height, 35 m; approximate diameter,
1.5 m.

Figure 3 A modern hot blast stove installation. Courtesy of Davy Ashmore International Ltd., Stockton-on-Tees, Cleveland,
U.K.
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removed by the self-cleaning action of the gas passing
through the regenerator in the cold period.

Rotary regenerators are commonly used in areas of
application including air conditioning systems and the
waste heat recovery from boilers and drying processes
where operating conditions are much less severe. The
packing  of the Ljungstrijm  regenerator  is often  con-

structed of metal or plastic-like materials and this
immediately restricts possible operating temperatures.
On the other hand, these rotary regenerators are
extremely compact and their mode of operation pre-
cludes the need of two or more units for continuous
operation in contrast to the fixed-bed system.
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3.45.2
Construction of regenerator

packing

A. J. Willmott

n The packing or checker-work of a regenerator varies
considerably from one type of application to another.
The selection of this heat storing mass is determined by
a number of factors, in particular, the temperature condi-
tions under which the regenerator is required to operate,
the potentially corrosive contents of the gases, whether
the channels are likely to be blocked by material
entrained in one of the gas streams and the maximum
pressure drop down the length of the packing that is
acceptable for a particular application.

In a later section it will be seen that the efficiency
of a regenerator with a chosen available heating surface
area A for particular gas flow rates in the hot and cold
periods is limited by the product of the cycle time and
the heating surface area to heat capacity ratio of the
packing. The larger this ratio of area to mass, the shorter
must be the cycle time. In fured-bed  regenerators, the
time taken to effect a regenerator reversal, as long as 10
min for Cowper  stoves, forces a minimum cycle time to
be adopted, as much as between 1 and 3 h. Smooth and
effective running of a glass furnace or an air conditioning
system involves running the accompanying fixed-bed
regenerators with a minimum cycle time of between 30
and 50 min. This means that the heat capacity of the
packing supporting a given heating surface area must be
larger for such fured systems compared with rotary
regenerators where the speed of rotation is usually
several revolutions per minute, implying a cycle time of
operation of 1 min or less. Rotary regenerators are
sometimes called compact regenerative heat exchangers,
reflecting the fact that the short cycle times facilitate a
very high area to heat capacity ratio and hence a
compactness in the checkerwork.

@I 1984 Hemisphere f

A. Packing for high temperature operation

Regenerators of the futed-bed  type operating at high
temperatures are constructed of fireproof refractories or
of special quality ceramic material where the hot gas
entrains especially corrosive material. The checkerwork
is frequently zoned with packings of different materials;
at the top of the regenerator silica checkers are
sometimes used because of their ability to withstand
high temperatures and large compressive loads. Lower
down the regenerator, different silica-alumina refrac-
tories are used, which provide high mechanical strength
and good volume stability together with a resistance to
the effects of the swings in temperature that occur at
the position in the regenerator where the checkers are
located. In glass furnace regenerators, high alumina
checkers are often used in order to withstand the
corrosive effects of lime, sodium sulfate, potash, silica,
and vanadium, which are carried over from the furnace
into the regenerative chambers.

The geometric arrangements of such refractory
material vary. Where the checkerwork must accommo-
date the passage of carryover material to avoid the
blocking of the passage, �square chimney� or �closed
basket weave� settings are commonly used as are the
�open basket weave� and �staggered open basket
weave� checkerwork arrangements (Fig. 1). The channel
width is approximately 200 mm. Where the gases are
much cleaner, as in Cowper  stoves, the so-called Freyn
checker is often used (Fig. 2). This is a hexagonal brick
with vertical passage, 5 cm wide, both in the body and at
the corners of the checker. Freyn checkers are arranged
layer upon layer in such a way that the heat storing mass
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3.15.2-2 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.2 Construction of Packing

Figure 1 Schematic representation of basket weave checker-
work arrangements.

provides a bundle of channels for the clear passage of the
gases from entrance to exit of the regenerator. Under
these severe high temperature conditions, the thickness
of the packing is as much as 200 mm. With regenerators
used at lower temperatures in the chemical industry,
thinner (about 50 mm) refractory bricks can be used.

B. Moderate temperature packings

At more moderate temperatures, the rotary regenerative
air preheater is commonly used to recover heat from the

k 1 2 4  d i a recess4

I� 20 rad

Figure 2 Typical design of a hot blast stove checkerwork brick
(all measurements in millimeters).
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waste gases at 400�-500°C  from boilers, for example, in
chemical plants or aboard ships as well as in electrical
power stations. The heat is transferred to the combus-
tion air for the firing of the boiler. Here the packing
consists of thin steel sheets notched to form a large
number of undulated passages, which facilitate the
turbulent flow of hot and cold gases through the
regenerator. The sheets are arranged in removable units
and lie on the radii from the axis of rotation (Fig. 3).
Where the waste gases are corrosive with a high sulfur
content, a vitreous enamelled heating surface area may
be used which protects the steel packing at operating
temperatures below the acid dew point of the gases.

Circumferential seal

Figure 3 Possible arrangements of rotary regenerator plate pack-
ing. (a) Plates arranged in concentric cylinders, as suggested by
Ljungstriim. (b) Plates arranged along the radii of the regenerator.
A, Heating surface elements. B, Rotor in which the elements are
packed. C, Housing in which the rotor rotates D, Seals and seal-
ing surfaces. E, Support and guide bearing assemblies. F, Drive
mechanism. G, Gas by-pass. H, Air by-pass. Courtesy of James
Howden & Co., Glasgow, Scotland.
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3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.2 Construction of Packing 3.15.2-3

C. Lower  temperature packings

At lower working temperatures, a variety of packings for
rotary regenerators are in common use and include
knitted corrugated wire mesh, approximately 100 mm
wide, a polyethylene terephthalate film which is wound
around and around the spindle of the rotor (to yield
�heat wheels� 1 250, 1 750, 2 000, and 2 500 mm in
diameter) (Fig. 4) and corrugated aluminum sheets and
honeycomb arrangements.

Recently, regenerators have been developed to
recover both latent heat and specific heat from warm,

moist gas streams. Here the packings are made of
nonmetallic fibrous material that can absorb moisture on
the one hand but is inert to bacterial contamination and
therefore cannot contaminate ventilation air that may be
preheated by the regenerator.

The fured-bed  regenerators commonly used in low
temperature technology are sometimes packed with
corrugated aluminum sheets that are laid on each other
with the corrugation running in alternating directions so
that fine intersecting channels are formed. This is very
costly and has been superseded for some applications
by beds of flint or basalt chips or gravel.

Figure 4 Typical rotary regenerators or heat wheels, showing a polyethylene terephthaiate film wound around the spindle of
the rotor. Courtesy of Rotary Heat Exchangers Pty. Ltd., Bayswater, Victoria, Australia.
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A. Entrance gas temperature conditions

The gas enters the regenerator during the hot period at
what is usually a constant temperature. In some applica-
tions, the entrance temperature varies with time. This
may occur as a function of the operation of the industrial
process from which it is desired to recover waste heat. It
may also occur as a result of a regenerator operating
policy, typically where it is required to supply as high an
inlet gas temperature as possible until such time during
the hot period that the solid temperature reaches a
permissible maximum when the gas temperature is
lowered, so that no temperature difference then exists
between gas and solid at the regenerator entrance.
However, it is usually assumed in regenerator theory that
the entrance gas temperature can be treated as not
varying with time, and, where it is not, the chronological
mean is used as a constant inlet gas temperature.

The gas enters at the opposite end of the regenera-
tor in counterflow mode at what is almost always a
constant inlet temperature, which is either the ambient
temperature or the temperature after the gas, usually air,
has been compressed by the blower attached to the
regenerator system.

B. Counter-flow and parallel flow operation

Counter-flow regenerator operation is far more thermally
effective than parallel flow. This can be concluded from
the observation that at the end of a hot period of
operation, the temperature of the solid packing steadily
decreases from the entrance to the exit of the gas. In the
cold period that follows, the gas encounters, in counter-
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flow mode, a continuously increasing solid temperature
and, thus, the temperature of the gas rises steadily as it
passes through the packing.

However, in parallel flow operation where the hot
and cold gases flow alternately in the same direction from
the same entry position, the cold gas is exposed initially
to a relatively high temperature difference with the
solid, but then proceeds to encounter decreasing solid
temperatures. It is thus possible for the rate at which
heat is transferred to the gas to decrease so rapidly down
the length of the regenerator that by the time the gas is
approaching the exit, it is losing heat to the packing
rather than rising in temperature. Under these circum-
stances, the gas transports heat from the hot to the cold
end of the regenerator, and comparatively little heat is
exchanged between the hot and the cold gases. The
occurrence of this possible phenomenon in parallel flow
operation is particularly sensitive to the cycle time.

C. Heat transfer in counter-flow mode

Here attention is focused upon the more usual counter-
flow mode of operation.

The rate of transfer of heat between the gas and
solid surface is represented by the equation

(1)

while the following equation represents the rate at which
heat is given up or absorbed from the gas.

(2)
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3.15.3-2 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.3 Internal Behavior

The equations can be derived by detailed considera-
tion [l] of the exchange of heat between gas and solid
in a single channel of the packing. It is then assumed
that all the channels behave in an identical manner, and
thus that no maldistribution of flow occurs across the
cross section of the regenerator at any position down the
length of the packing.

Application of these equations for successive hot
and cold periods of regenerator operation is possible
provided the necessary boundary conditions are defined.
It is assumed, as discussed above, that the entrance gas
temperature does not vary in either hot or cold periods.
The direction x down the length of the regenerator is
assumed to be measured from the gas entrance. Bearing
this in mind, the other boundary condition, which
specifies that the solid temperature distribution at the
beginning of the hot/cold period is the same as that at
the end of the previous cold/hot period, is expressed
mathematically in the following manner

ri(x,  0 )  =  t;(L - x, P”) (3)

tJ(x, 0 )  =  $(L - x, P ’ ) (4)

Equations (1) and (2) assume that there is no
longitudinal conduction of heat in the direction of gas
flow, either in the solid or in the gas. Certain other
assumptions are embodied in the use of the bulk heat

transfer coefficient 6, and these are discussed in Sec.
3.15.5.

D. Simplification of the model

A drastic simplification of the model is facilitated if it is
further assumed that the heat transfer coefficients and
the thermophysical properties of both gas and solid vary
neither spatially nor chronologically in either the hot or
cold period, although the parameter values employed for
the hot period can be different from those for the cold
period. This assumption enables the use of simple and
rapid methods for approximate calculation of regenera-
tor thermal performance. Where such approximations
are not acceptable, methods for solving Eqs. (1) and (2),
such as those described by Schmidt and Willmott [2],
must be used. Needless to say, computer simulation is
required for such cases, and the fewer the assumptions
made in the model, the longer the calculation time on
the computer.

This apparently drastic simplification of the model
is employed here and rapid methods of regenerator
calculation are proposed. While it is true that for some
applications it is important to take note of the tempera-
ture dependence of the gas specific heat, for example,
these rapid methods do enable rather better than first
approximations to be provided of likely regenerator
behavior.

Nomenclahtre  and References for Section 3.15.3 appear at the end of Section 3.15. IO.
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3.154
Heat transfer coefficient

A. J. Willmott

n The form of the packing and the arrangement of the
flues through which the gases pass in both the hot and
cold periods are so varied from one type of regenerator
to another that it is impossible to make anything more
than general recommendations about the heat transfer
coefficients appropriate to regenerators.

Where the regenerator packing consists of plates, the
correlations suggested in Sec. 2.5.2 may be applicable,
although some thermal regenerator manufacturers try to
enhance the likelihood of turbulent heat transfer by
including ripples, grooves, or notches on the plates. The
manufacturer will often provide commercially con-
fidential heat transfer correlations for such modified
plates which have been determined experimentally.

If it is proposed that a regenerator packing consist
of a packed bed of either regularly (for example,
spheres) or irregularly (for example, gravel) shaped
pieces of heat storing material, then the correlations set
out in Sec. 2.5.4 may be appropriate.

Section 2.5.3A deals with convective heat transfer
in tube banks and it might be interesting to compare
with these the correlations proposed by Boehm [3] for
laminar flow and turbulent flow in high temperature

regenerator packings consisting of refractory material
embodying circular ducts [see Fig. 3.15.2(2)].  In a
similar way, the heat transfer coefficient for cross flow
in tube banks may be similar to that for �basket weave�
arrangements [see Fig. 3.15.2(I)]  of regenerator pack-
ings. Correlations for such geometries have been pro-
posed by Kistner [4] and Langhans  [5].

For some regenerator packing geometries, the heat
transfer coefficients are either unknown and the re-
generators are designed on very much an empirical basis,
or the correlations have been determined experimentally
but are concealed under the cloak of industrial secrecy,
and are therefore not generally available.

In certain higher temperature regenerators of both
the rotary and fixed-bed types, radiative heat transfer
between carbon dioxide and water vapor and the surface
of the regenerator packing may be important. Reference
should be made to Sets. 2.9.6 and 2.9.8 of this
handbook. Mention is also made of this aspect by
Schmidt and Willmott [2], while Hausen [l] makes
proposals for approximations in the calculation of
average radiative heat transfer effects which are appro-
priate to regenerators.

References for Section 3.15.4  appear at the end of Section 3.15. IO.
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3.15 REGENERATION AND THERMAL ENERGY STORAGE 3.15.5-l

3.15.5
Use of bulkorerall heat

transfer coefficient

A. J. Willmott

l Equations 3.15.3(l)  and 3.15.3(2) are derived on the
assumption that the thermal conductivity of the packing
material is infinite in a direction perpendicular to gas
flow (and zero in a direction parallel to gas flow). This
implies that, at any level in the regenerator, the solid
material is isothermal in a direction perpendicular to gas
flow, and this may be true or approximately true where
the packing is thin or is made of materials of high
conductivity.

Thus this assumption will probably be acceptable if
the regenerator packing is made of metal plates, metal
gauze, or sheets of polyethylene terephthalate film for
example. In this case, the coefficient Cu is simply the
surface heat transfer coefficient, usually a convective
coefficient to which may be added a radiative com-
ponent.

However if the packing of the regenerator is
constructed of material of low thermal conductivity
and/or the thickness of packing around the channels
through which the gases flow is comparatively large,
then it is necessary to incorporate the resistances to heat
transfer at the solid surface and within the solid into a
bulk, lumped, or overall heat transfer coefficient.

Hausen [6] proposed that this coefficient should
take the form as follows:

l l+-=-
ii a 2(n +�  2)X GH

where n = 1 for slabs (plane walls) of thickness d
n = 2 for solid cylinders of diameter d
n = 3 for spheres of diameter d

The resistance to heat transfer within the regenerator
packing is represented by the term d&f/ [2(n + 2)h]  .

If y is the direction perpendicular to the direction,
x, of gas flow and t(x, y, 7) is the solid temperature at
time 7 at position (x, y) in the packing, the tempera-
ture ts used in Eqs. 3.15.3(l)  and 3.15.3(2) is a space
mean at level x and time r and can be defined by

Eq. (2)

/

d

ts(x,  7) = ; Y”-’ t(x, y, 7) dy
0

(2)

The Hausen factor @H attempts to account for the
inversion of the temperature profile inside the packing,
which occurs after each reversal in regenerator opera-
tion. Hausen developed a simple form for $H, namely,

For other values of l/P�  and l/P�

@H =
2.142(n  + 2)

& + (lSd2/K)(1/Z-�  + l/P�)
(4)

where E = 2.7 for plates, 9.9 for cylinders, and 27.0 for
spheres.

Razelos [7] developed a form $H for hollow
cylinders. This is necessarily quite complicated since two
parameters are involved, namely the internal and the
external diameters of the hollow cylinder, whereas only
one parameter, the diameter, is required for spheres, for
example.

This and other complicated geometries are used in
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3.15.5-2 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.5 Use of Heat Transfer Coefficient

practice for regenerator packings, especially where the
solid is shaped either to withstand physical stress at high
temperatures or corrugated to encourage turbulence in
the gas flow, and thereby improve the conditions for
convective heat transfer between gas and solid surface.

Hausen has proposed that in such cases, the plane
wall approximation should be used, the thickness d of
which plane wall should be computed using the equation

d= v+d,h
F 2 (5)

where V/F is the volume to surface area ratio of the
packing and dch, its characteristic thickness, which
Hausen does not define.

It turns out that in the majority of cases, the bulk
heat transfer coefficient i5 can be used with confidence
for regenerator calculations. The circumstances where it
cannot be used or should be modified are discussed by
Willmott [8] and Hinchcliffe and Willmott [9] as are
the underlying assumptions behind the development of
the bulk heat transfer coefficient.

Nomenclature and References for Section 3.15.5  appear at the end of Section 3.1.5.10.
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3.15 REGENERATION AND THERMAL ENERGY STORAGE 3.15.6-1

Development of dimensionless
parameters

A. J. Willmott

n If the dimensionless variables

(1)

(2)

are introduced, Eqs. 3.15.3(l)  and 3.15.3(2) are simpli-
fied into nondimensionless form, namely,

?Lt -at s tf
at,- = ff - ts
377

These variables allow a natural set of design parameters
to be evolved which correspond to the values of g and n
for x = .L and r = P, for both the hot and cold periods.
These design parameters were called by Hausen [lo]  the
reduced length A and the reduced period II. They can be
tabulated in the following way:

Hot period:

ht = 2x4
xf;c;

n, = &‘A@” - L/v’)

Kc,

Cold period:

A,, = 6’A

Aa; c;
n ,, = &“A@“’ - l /v � )

MS cs

where prime refers to the hot period; double prime
refers to the cold period.

Noting that tii and t; are the hot and cold period
inlet gas temperatures respectively, a nondimensional
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[0, l] temperature scale can be employed. We define the
nondimensional temperatures Tf and T, by the following
equations:

T, - & - $i
tji - t;

( 5 )

(6)

in which case Eqs. (3) and (4) are modified simply and
become

(8)

with Tii = 1 and T$ = 0.
The reversal conditions, which represent counter-

flow operation [see Eqs. 3.15.2(3) and 3.15.2(4)],  can
now be written

T;@‘,  0 )  =  T,

T,“([“,  0 )  =  Ts)

( 9 )

(10)

Not only do the reduced lengths A� and A� and the
reduced periods II� and II� form a natural set of
parameters, in the sense they are evolved easily and
directly from the descriptive differential equations
3.15.3(l)  and 3.15.3(2), these parameters separate con-
veniently the distinct mechanisms of the transfer of heat
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3.X5.6-2 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.6 Dimensionless Parameters

to the gases passing through the packing, reduced length,
and of the storage of heat in the packing, reduced
period.

There is little doubt that an appreciation of the
meaning of these parameters throws much light, for the
engineer, upon the mechanisms that govern thermal
regenerator performance.

It is sufficient here to say that the reduced length
provides a measure of the �thermal size� (&I, hot
period; &“A, cold period) of the regenerator relative to
the loads (@C�,  hot period; &;C�,  cold period) imposed
during cyclic operation.

On the other hand, the reduced period illustrates
clearly the relationship between the ratio of the thermal
size to the heat capacity M& of the packing on one
hand, and the duration of the hot and cold periods on
the other hand. It is well known that the smaller the
reduced period, the more thermally effective is regenera-
tor operation. It follows that if the ratio 6A/M,C,  is
large, this must be matched by a small period length.
Hence in rotary regenerators, the packing of which is
constructed of wire mesh or thin metal plates, the area
to mass ratio is so large that it must be matched by small
cycle times; indeed, the packing revolves at several
revolutions per minute yielding period lengths measured
in seconds. On the other hand, in glass furnace regenera-
tors, the overall consideration is that the packing must
be thick and strong enough and made of refractory
material to be able to withstand the hostile conditions of
temperature, stress, and corrosion. Here the area to mass
ratio is low and period lengths of 20 min or more can
easily be accommodated. The same considerations apply
to hot blast stoves, and period lengths between 20 and
90 min can be employed.

The effectiveness of regenerator behavior may be
measured in terms of the thermal ratios, n�m  and
n)7;;EG.  Ideally, the exit gas temperature in hot or cold
period should be equal to the inlet gas temperature in
the opposite period. The thermal ratios, which are
defined below, measure the degree to which this ideal is
achieved.

The term thermal ratio can be misleading in the sense
that it is not always a measure of efficiency, and perhaps
the term temperature ratio might be more appropriate.

In fixed-bed regenerators, the exit gas temperatures
vary with time. The chronological average exit tempera-
tures are therefore computed. This corresponds in the
case of the rotary regenerator to the temperature of the
exit gas, which consists of a mixture of gases coming

simultaneously from the several sectors of the rotating
packing. These average exit gas temperatures are denoted
by tjo (Tjo)  and t& (Tj,) and incorporated within Eqs.
(11) and (12), above.

As might be expected, the larger the reduced length,
the greater the thermal ratio. For the symmetric
regenerator (A = A� = A�,  II = II� = II�, and QREI;  =
n;IEG  = n& ), an estimate of the thermal ratio is given

by

A
77-=-

A+2

This estimate becomes exact for infinitely small cycle
times and is called the ideal thermal ratio. By solving
Eqs. (3) and (4) for counter-flow regenerator operation,
Hausen [ 1 ] evaluated nm for symmetric regenerators
for a whole range of values of A and II and these are
presented in graphic form in Fig. 1.

From considerations of a heat balance, once cyclic
equilibrium is attained-that is, the thermal performance
in the current cycle remains unaltered from the previous
cycle for the same operating conditions-it can be
concluded that

iQjC~P’( tjj - tfd) = nqcf”P”(tJ9  - t;> (13)

Dividing throughout by (t;i - t;i), this reduces to

$c{p’&.  = $f; cYp”& (14)

If ii$-C’P’=i$?~P”,  the regenerator is said to be
balanced and nb = n�b  . Multiplying the numerator
and denominator of the left-hand side by CW’A,  the
right-hand side by &“A  of Eq. (14) and then multiplying
both sides by M,C,, this equation becomes

(15)

Hence if IT/A�  = II�/A�,  the regenerator is balanced. In
general, a regenerator is balanced if

II� A� _ k
))=)I-I-I A

(16)

The special case, to which reference has been made
previously, is the one where k = 1, in which case the
regenerator is said to be symmetric. The first equation in
(16) can be rewritten

I-I�  A �
--=7A� I-I�

(17)

with 7 = 1 when the regenerator is balanced. When
b?@jP’ #i$~CfP”,  this corresponds to the most general
case where 7 # 1, n& # n�;(EG and the regenerator is
said to be unbalanced. A summary of these classifi-
cations is presented in Table 1.

Hausen [6] proposed the performance of a balanced
regenerator can be accurately estimated using a sym-
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Figure 1 Thermal ratio as a function of reduced length and reduced period for symmetric counterflow regenerators. From
Schmidt and Willmott [2].

metric regenerator model employing the reduced length
AH and the reduced period ll~ in both the hot and cold
periods. If A�, A�, II�,  and II�  are the parameters of the
original balanced but unsymmetric regenerator, then AH
and TfH are computed as harmonic means

2 l+L-=-
AH A� A�

2-=
flH

W3)

(19)

This proposal was verified as acceptable by Iliffe [ 1 l]
and its applicability was extended to unbalanced re-
generators by Razelos [ 121.

For this most general case, the kernel of the

Table 1 Summary of regenerator types

problem is that symmetric regenerator approximation
will generate equal hot and cold period thermal ratios,
whereas for unbalanced regenerators, the thermal ratios
are unequal.

Razelos redefined Eq. (14) in terms of 7:

&FL- = Y&x (20)

He then proposed to relate the thermal ratio ~RJT-G
computed using the symmetric model approximation,
using harmonic mean reduced lengths AH and reduced
periods flH, to the thermal ratios Q�-  and TJ�~  of the
unbalanced regenerator whose values are sought. The
exact way this is done is described in Sec. 3.15.7 where
two illustrative examples are included.

Nonsymmetric

Parameters

Symmetric

A, n

Balanced

A�, A�, rl�,  n�

Unbalanced

A�, A�, rt, n�

II'  A'
-=--=k#l
rl�  A�

Thermal ratios VREG  = dREG = &EG &EG=+EG DREG  +rl'kEG

Y 1 1 #l

Nomenclature and References for Section 3.15.6 appear at the end of Section 3.15.10.
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3.15 REGENERATION AND THERMAL ENERGY STORAGE 3.15.7-l

3.15.7
Calculation of regenerator

thermal performance

A. J. Willmott

n Several methods of calculation are presented. The
overall performance of a regenerator is conveniently
measured in terms of the thermal ratios Q�~  and nb at
cyclic equilibrium, as defined by Eqs. 3.15.6(11) and
3.15.6( 12). The simpler and more approximate methods
are used to evaluate estimates of the thermal ratios. A
more detailed method is outlined whereby the spatial
and chronological variations of gas and packing tempera-
ture can be computed. It will be assumed at this juncture
that the dimensionless groups A�, A�, IT�,  and IT� can be
calculated.

A. Relationship between symmetric
and nonsymmetric regenerators

The basis of the methods of calculation described here is
the proposal of Hausen [6], as confirmed and extended
by Iliffe [ 1 I] and Razelos [ 121 that the performance of
a nonsymmetric regenerator, with dimensionless param-
eters A�, A�, fI�, and ll�  can be satisfactorily approxi-
mated by a symmetric regenerator whose hot and cold
period reduced length and reduced period are AH and
flH. The harmonic mean reduced period & is defined
by Eq. 3.15.6(19). The reduced length AH is defined by

&A(;+$) (1)

When ll� is approximately equal to IT�,  this reduces to
the form of Eq. 3.15.6(18).

For the balanced regenerator, T&~ is equal to
~�k  , so that the thermal ratio of the equivalent (AH,
nH) symmetric regenerator can be used directly as a
good approximation of n& and ~�h  for such a

o 1984 Hemisphere I lblishing  Corporation

balanced regenerator. How can one deal with an un-
balanced regenerator where 7)�~  does not equal r&b ?
The relationship between n& and n�h  is shown in
Eq. 3.15.6(20).

Hausen [6] suggested that a factor K/K, (the
original purpose of which does not concern us here) is a
function only of AH and IIH together with the thermal
ratio n�,  of the (AH, ~IH)  symmetric regenerator and
independent of the degree of unbalance, y, as defined by
Eq. 3.15.6( 17). This has been verified recently in an
important paper by Razelos [ 121.

The variation of K/K,, is displayed in Fig. 1 as a
function AH and ~TH.  Any particular value of KfK, can
be computed using Eq. (2)

K-= w!EG
Ko Ad - flm)

(2)

Razelos [12] shows that K/K,  is related to QA
(the hot side thermal ratio of a regenerator with degree
of unbalance, 7) by

K-= 4-Y In 1 - Y&..G

Ko AH(~  -7’) l-7)‘&
(3)

This equation has been rearranged by Hilton (198 1,
private communication) into the form

, 1 - k :
VW=-

where

(4)

F= K AH(~ -7”)

Ko 4 7

or, using VHm from Eq. (2),

(5)
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0.6

0 5 10 15 20 25 30 35 40 45 50

Reduced period length ll

Figure 1 Graphic representation of the relationship between the K/K,, factor and the dimensionless parameters AH and
IIH. After Hausen [ 11.

F= &Ed1 - r2)

27(1  - rlH,>
(6) Thermal ratio

The procedure can be summarized:

1. Compute qHm using AH and IIH (methods for
doing this will be described shortly)

2. Compute Fusing Eq. (6)
3. Compute Q& using Eq. (4)
4. Compute T$;(EG  using Eq. 3.15.6(20)

B. Method I of regenerator calculation

The simplest method of calculation is based on the
assumption that the reduced period is sufficiently small
so that the thermal ratio based on zero cycle time
(sometimes called ideal thermal ratio) can be used. In
general this wilI be approximately true if AH/IIH > 8.0
and I$, < 2.0.

(a) Symmetric regenerator

A’ = A” = A = IO.0

n’ = ,” = n = 1.0

The ideal thermal ratio DREG is evaluated employing the
ratio

A 10.0
mzG=-=A + 2

- = 0.833
12.0

By way of comparison, the thermal ratios calculated Compute the mean reduced length

o 1984 Hemisphere F

Reduced length
Exact value
for n = 1

Exact value Ideal
for n = 2 A/CA + 2)

8.0 0.798 4 0.793 6 0.8
9.0 0.816 9 0.812 9 0.818 2

10.0 0.832 2 0.828 9 0.833 3

by an exact method and published by Schmidt and
Willmott [2] are compared with this ideal thermal ratio.
The acceptability of this simple approach can be
concluded for higher reduced lengths by inspection of
Fig. 3.15.6(l).

(11)  Balanced regenerator

A� = 10.0 I-I’ = 0.5

A�  = 20.0 I-I�  = 1.0

A� A�
--T=n n” = 20.0

Compute the harmonic mean reduced period

lisliing  Corporation
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3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.7 Thermal Performance 3.15.7-3

AH = 13.333

The ideal thermal ratio can now be found and used
as an estimate of 71~~

H AH1?,=:1)-=2= 13.333- = 0.870
H 15.333

(c) Unbalanced regenerator

A� = 10.0 l-I�  = 0.5

A� = 20.0 I-I�  = 1.5

The unbalanced factory can be computed

II� A�, 0.5 20.0 2
Y=z$l=mF=j

Calculate the harmonic mean IIH

Next calculate the value of AH using Eq. (1)

AH = 12.0

The ideal thermal ratio, denoted here as Q& is
calculated

H
17

AH _ 1 2 . 0
~ - - = 0.857 1

-=AH+2 14.0

The value of F is calculated using Eq. (6)

F = ~~~(1 Y*) = 0.857 1 [I (2/3)*1- -
2y(l - q&) 2(2/3)(1 - 0 . 8 5 7  1 )

= Co.857 I)(O.555  6) = 2 499  2
(4/3)(0.142  9) *

eF = 12.172 8

Employing Eq. (4) the value of r&REG  for the
original unbalanced regenerator is calculated

1 -t?Fq�,=-.-= 12.172 8 - 1.0
y - eF 12.172 8 - 0.666 6

= Ii.1728  = 0971 o
11.506 �

Finally Q& is evaluated using Eq. 3.15.6(20)

77;;DG  = Y?�~  = 3(0.971  0) = 0.647 4
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C. Method II of regenerator calculation

The second method presented here was developed by
Tipler [ 131  in 1947 and although it has been long
neglected by many workers in the field, it provides
values of 1)~ for symmetric regenerators, with an
absolute error of less than 0.05 when II < 10.0, and for
II < 5.0, the error is less than 0.01. These error values
relate to reduced lengths A > 5. This means of course a
much wider field of possible application of method 11 in
comparison with method I.

Tipler proposed that the thermal ratio for a sym-
metric regenerator, and it is suggested here that the
method be applied to the general (AH, IIH)  regenerator,
by the following formula:

q”, = _ tad --!I!!LAH

nH 2 + AH (7)

where tanh is the hyperbolic tangent defined by

tar&x=
,x - ,-x

ex + e-x

It is further suggested that this method be applied
to unbalanced regenerators using Eqs. (6), (4), and
3.15.6(19), once the thermal ratio qHW has been
evaluated using Eq. (7).

Tipler presents in his original paper a graphic
comparison between the thermal ratios computed using
Eq. (7) and more precise values, originally computed by
Hausen in 1929 [lo].  This comparison is offered here as
Fig. 2.

Reduced length AH

Figure 2 Tipler [ 131 comparison between thermal ratio calcu-
lated accurately by Hausen [lo] and calculated using Eq. (7).
- Hausen�s 1929 results; - - - Tipler�s approximation. [Note:
Eq. (7) reduces to A/(A + 2) for n = 0.1
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3.15.7-4 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.7 Thermal Performance

(a) Symmetric and balanced regenemtors

We consider the case where

AH = 10.0 flH = 10.0

(the mean values AH and IIH having been evaluated
from A�, A�, II�,  and II�  in the manner described
previously).

qHm = - tanh --?%-AH 10.0 10.0

nH 2 + AH
= - tanh -

10.0 12.0

= tanh i = 0.682 3

Schmidt and Wilhnott [2] quote a value of vHm =
0.738 for this case. The error is thus 0.738 - 0.6823 =
0.056. This constitutes a limiting case for the applic-
ability of this method. We therefore present the follow-
ing additional cases:

1. AH = 25.0

Now we have

n, = lo.0

?I�, 25.0=
1.

tanh 10.0 =
2.0 + 25.0

2.5 tanh 0.370 4

= 0.885 8

Here Schmidt and Wilhnott [2] specify a value of 0.911
and thus the error is 0.025.

2. AH = 10.0 n, = 3.0

H 10.0 3.0
gREE = - tanh = 10

3.0 2.0 + 10.0 3
tanh 0.25

= 0.816 4

The Schmidt and Willmott [2] value is 0.8238 and the
error is 7.4 X 10V3.

(b) Unbalanced regenemtors

A� = A� = 10.0

n�  = 1.26 II� = 1.88 y = 0.67

(This data might approximate that for a small hot blast
stove or a large rotary regenerator.)

The harmonic mean fJH is first calculated:

&=;(--&+--&)=0.6628

,$f = 1.509

Next is computed the mean AH

= 0.208 1
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AH = 9.609 9

The Tipler formula for thermal ratio is applied.

~2 = - AH tanh nH _ 9.609 9 1.509
flH 2.0 + AH 1.509

tanh
11.609 9

= 6.368 tanh 0.13 = (6.368)(0.129  2)

= 0.823 1

The value of F is now computed using Eq. (6)

F = ~~~(1 r*) = 0 . 8 2 3  l(1 0.67*)- -
27(l - qH,) 2(0.67) (1 - 0 . 8 2 3  1)

= (0.823  1) 0.453 61)(0.551  _ _ 1.913
(1.34)(0.176  9 )  0 . 2 3 7  0

6

eF = 6.777 4

Again, applying Eq. (4), the value T&~ for the original
unbalanced regenerator is found

�hi 1 -eF 6.777 4 - 1.0 5.777 4=
r =6.777

= ___ = 0.946
4 - 0.67 6.107 4

Finally we find ~�b

q�k  = yq;, = (0.67)(0.946)  = 0.634

Schmidt and Willmott [2] present values of 77�~  =
0.947 and q�&  = 0.635, which have been computed
using a much more precise method. This points to the
usefulness of the Tipler method in these and similar
circumstances.

D. Computational note

Simple methods of regenerator calculation have been
deliberately presented here. They are amenable to
computation using a pocket calculator and can be
readily programmed for the type of programmable
calculator that is readily available on the market.
Needless to say, the methods can be programmed for the
smallest microcomputers now available for scientific
calculations.

E. Complete calculation using method II

This example was set up by Hausen [14]  and relates to a
regenerator in which air is preheated by a waste flue gas.
The heating storing mass consists of sheets of thickness
d = 0.05 m where the thermophysical properties are

Density ps = 1 800 kg/m3
Specific heat C, = 1 200 J/kg K
Thermal conductivity h, = 1 W/m K
Thermal diffusivity K~ = 0.463 X lO-�j  m*/s

The other geometric features of the checkerwork
are:
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3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.7 Thermal Performance 3.15.7-S

Heating surface area A = 10 000 m2
Volume V, =90m3

It can be deduced that:

Checkerwork mass MS = ps V, = 162 000 kg.

The operating characteristics are as follows.

Hot
period

Cold
period Units

Duration
Entrance gas temperature,
Gas mass flow rate, ATf

tfi

Gas specific heat, Cf
Heat transfer coefficient, oi

1800.0 1 800.0 s
1 250.0 100.0 �C

18.0 20.0 kg/s
1 000.0 1040.0 J/k K

31.0 26.0 W/m2  K

We first compute the Hausen factor $JH  for a plane wall
[n = 1, Eq. 3.15.5(3)]

0.0F2
= (4)(0.463)(10-6)

(2.5)(10-3)
= (4)(0.463)(10+)

@~z++-!LO9
15 *

The value of d$&(6  h,) can next be computed.

@H-= (0.05)(0.9)6�9 (6.O)Q.O) = 0 00.7 5 ,2
.

K/W

The bulk heat transfer coefficients &�  and (Y�  can now be
computed.

1 1 -!---=- +!?!!L + 0.007 5 = 0.039 76-,
a cx�  6X,

m2
31.0

K/W

-,a = 25.152 W/m2 K

Similarly
- IIa = 21.757 W/m2  K

We now compute the dimensionless parameters reduced
length and reduced period.

&+!p
MfCf

W.1=)(10  000) = 13 97
(18.0)(1 000) *

A,, = cU�z.4  = (21.757)(10000)  = 1o46

MW (20)(1 040) .

n, _ 6�AP�  _ (25.152)(10  OOO)(l  8 0 0 )

M, G (162 OOO)(l  200)
= 2.329

l-l� = $f$ = (21.757)(0.092  59) = 2.015
s s

o 1984 Hemisphere I
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The calculation now proceeds as previously. The har-
monic mean reduced period nH:

= 0.4628

flH = 2.161

The mean reduced length AH is now evaluated.

,�=&($+FJ=&$gg+g.g)
= 0.166 3

AH = 12.027

The imbalance factor y is found using

l-I�  A� (2.329)(  1 0 . 4 6 )
�Y = i?- ,,, = (13.97)(2.015)

and hence

y = 0.865
H

The Tipler thermal ratio rlREG  comes next.

vHm = $ tanh & = -12.027 tanh 2.161
-

2.161 14.027

= 5.565 tanh 0.154 1 = 0.850 7

The value of F is determined.

F = $&I - y2) = (0.850 7)[1.0  - (0.865)2]

Ml - VL) (2)(0.865)(0.149  3)

= (O-850 7)(0-251 7 8 ) =
(I .73)(0.149  3)

0
.
829 3

eF = 2.291 63

It is now possible to compute r&m for the original
regenerator configuration.

6EG 1 -eF 2.291 63 1.0-
=yr=

= 0905
*

4
2.291 63 - 0.865

q’& = y~‘~ = (0.865)(0.905  4 )  =  0 . 7 8 3  1

It is only at this stage that the time mean exit gas
temperatures tie and t& are computed.

We note from Eq. 3.15.6(11) that

77�REjG  = L!!zL% = 0 . 9 0 5  4
th - t;

Thus

1 250 - Go =
100

o 905
*

4
1 250 -

and

tie = 1 250.0 - (1 150.0)(0.905 4) = 208.8�C

Again from Eq. 3.15.6(12) we note
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3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.7 Thermal Performance

0 . 7 8 3  1

and
u

tfo - 100 =
1 250 - 100

0.783 1

Thus

tjo = (1 150.0)(0.783 1) + 100.0 = 1 000.6�C

Hausen finds

t;. =  2 0 4 ° C

tTo = 1 003°C

by a different method which involves reading off values
of K/K,, from the graph in Fig. 1. From a practical point
of view, it must be concluded that the two sets of results
are consistent.

F. Precise methods for the calculation
of regenerators

The solution of the differential Eqs. 3.15.6(3) or
3.15.6(7) and 3.15.6(4) or 3.15.6(g)  subject to the
reversal conditions Eqs. 3.15.6(9) and 3.15.6(10) with
Tii = 1 and T$ = 0, provides the most precise method
of regenerator calculation (unless it is required to
represent in some way other than the bulk heat transfer
coefficient Cr, the intra-conduction effects within the
packing, as mentioned in Sec. 3.15.5). Many methods of
solution of these equations have been proposed. These
fall into two distinct classes: closed and open.

In the open methods, the gas and solid temperatures
are evaluated by solving the differential equations over
successive cycles of regenerator operation. An arbitrary
solid temperature distribution is imposed for the start of
the first cycle. Once cyclic equilibrium has been
achieved, the thermal ratio can be calculated.

On the other hand, the closed methods are those in
which the reversal conditions Eqs. 3.15.6(9) and
3.15.6(10) are imposed at the outset in formulating the
mathematical model. In this way the steady-state per-
formance is calculated directly without the considera-
tion of any previous cycles.

The great advantage of these methods is that they
can provide the gas and solid temperature variations,
both in distance down the length of the regenerator and
with time. Their disadvantage lies in the fact that they
are only practicable if programmed for a computer.
Needless to say, however, it is not necessary to use the
( AH, IIH)  symmetric regenerator approximation, and
the performance of general unbalanced regenerators can
be computed directly.

In this handbook, no attempt is made to review the
very many methods, both open and closed, that have

o 1984 Hemisphere I
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been published. Reference should be made to the texts
by Hausen [ I] and Schmidt and Willmott [2]. Instead, a
concise description of just one closed and one open
method is provided.

G. Method III (Nahavandi and Weinstein,
196 1) : Closed

Many of the closed methods are based upon the solution
of a pair of integral equations. It is convenient to start
by specifying that F’(g’)  is the spatial solid temperature
distribution at the start of the hot period at cyclic
equilibrium, and that F”(.$“)  is the corresponding
temperature distribution in the cold period.

It can be shown that the differential Eqs. 3.15.6(7)
and 3.15.6(g)  can be transformed into two integral
equations, one relating to the hot period, the other to
the cold.

Hot period:

/

5�
-t K’(t’ - e)[l  -F�( E )] d e

0

(8)

Cold period:

F� FQ -&?I = e-��F�([�)

/

5�
+ K”(t”  - ~)F”(E)  dc ( 9 )

0

These equations embody the reversal conditions. The
function K is defined in the following way:

K(E _ E) = - ul(2im en-(E+)
mF3

(10)

Within a computer program, the first-order Bessel
function Jr with imaginary argument, can be evaluated
using a standard library subprogram. If one is not
available, Iliffe [ 1 l] suggests Jr be evaluated using a
series expansion. Alternatively it is useful to note that

/

n

U,(2illx)  = t e-2xn ‘OS t cos t dt (11)
0

and thus

K ( x )  =  j+ _ e-26  c-(f-x-r1)  cos c dt

(12)
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This last integral can be evaluated numerically, and
it is recommended that a IO-point Gaussian quadrature
method be used. Such a method of numerical integration
is again commonly available in scientific computer
program libraries.

It can be demonstrated that

Iim K(x) = Ile-�
x-0
and it recommended this limit be used for 0 < x < 10e4
and for II < 5.

Nahavandi and Weinstein proposed that the
temperature distributions F’ and F” be represented in
polynomial form

F’($) =
c

qw
j=o

F�(t�)  = 2 bj([�)j
j=o

( 1 3 )

(14)

The cold period equation now becomes

n

= e
-n”

c
bj(E”)j  +

j=o /

E” n

K”(.g’ - E)
c

biei de

0 j=o

(15)
An exactly equivalent equation can be developed for the
hot period.

These two equations are applied to 2n + 2 distinct
data points &(i = 0, 1, 2, . . . , 2n + 1) and this yields a
set of 2n + 2 simultaneous linear equations in the
2n+2coeffcientsa,,,al,az  ,..., a,,b,,b,,b,  ,...,
b,. In fact the essential problem in programming this
method for a digital computer is to plant the correct
elements in the matrix on the left-hand side and the
column vector on the right-hand side of the equations.
Usually, the solution of the resultant linear equations
can be left to another library program and in this way
the 2n + 2 coefficients can be evaluated.

The regenerator thermal ratio can be computed
using the form developed by Iliffe [ 111.

A�

This can be rewritten
(16)

A� nOk=* [ c b@�)i  n (A�)�-- -j=o �j+ 1 c Ij=O
ajj+l
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Finally

77;;EG  = Y7);2EG

where

A� II�
r=,,,,,

It is recommended that the so-called Chebyshev values
be used for the data points (see [2] ).

,[f = 1 ( 1 .- cos 2L )2n + 1

,I .g = 4 ( 1 - cos I A  >2n + 1

both for i = 0, 1,2, . . . , 2n + 1.
The thermal ratios of a regenerator of specified

reduced length A� and A� and reduced period II� and II�
is first computed with the degree of the polynomials for
F’($)  and .�(t�)  equal to 1 or 2. The calculation is
repeated using successively higher degrees of the poly-
nomials. This iterative process is said to have converged
when the absolute value of the difference between two
successive evaluations of T&W (or n�&  ) is less than
some prescribed level, say low4 or 10m5.

This method should not be used for large reduced
lengths and an upper value of AH < 30 is recommended.
For most practical applications of regenerators, this
restriction is not prohibitive.

H. Method IV (Willmott, 1964): Open

In this method, the differential equations 3.15.6(7) and
3.15.6(8) are solved numerically. The gas and solid
temperatures are evaluated over a mesh in the hot
period, that is at the gas entrance and exit and at a
number of equally spaced positions, At� = A’lm apart
and at the start and end of the hot period, and at a
number of equally spaced time intervals, An�  = lI�/p�
apart. In a similar way, the temperatures are computed
at positions At�  = A"/m apart and at time intervals
An� = II�/$�  apart in the cold period.

At the start of the hot period, the solid tempera-
tures are either set arbitrarily (usually equal to 0.5) for
the first cycle, or equal to the temperatures at the end of
the previous cold period.

We denote Tf(r, s) and T&r,  s) to be the gas and
solid temperatures respectively at position r A$ from
the gas entrance and at the position in time s An� from
the start of the hot period.

At the beginning of the hot period, given the solid
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3.15.7-8 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.7 Thermal Performance

temperature distribution, the corresponding gas tempera-
tures are computed by solving Eq. 3.15.6(7) using

Tffr+ l,Oj=A,Tffr,O)+Az[T,fr+ 1,O)

+ Tsfr,  (91 (17)

where

Tf-cO, sf = 1 (inlet gas temperature on dimensionless
scale)

s=o, 1,2 )...) p�
Thereafter at any instant s Aq�,  the gas and solid

temperatures will have been computed at all positions
down the length of the regenerator and it is then required
to compute these temperatures at time (s + 1) Ar)�.
This is done at the entrance by applying Eq. 3.15.6(8)
in the form

T,fO, s +  1 )  =  B,TsfO,  s j + 2Bz

where

(18)

B =2--v�
1

Gxq

& = Aq’

2

The remaining temperatures down the length of the
regenerator are computed by applying the equation

Tsfr + 1, s + 1 )  = K,T,fr i- 1, s j

+ KzTffr + 1, sj

+ KsT&r,  s + 1 j

+ KdTffr, s + 1 j (19)

followed by the equation

Tffr+ l,s+ lj=A,T+,s+  1 )

+A2[Tsfr+  l,s+ 1)

+ Tsfr, s + lfl (20)

at successive positions r = 0, 1, 2, . . . , m - 1. Note that

This procedure can then be applied to the cold period
provided note is taken of the counterflow operation of
the regenerator (this can be the most difficult part of the
method to program for a computer) and that the inlet
temperature T$ = 0.

The regenerator is then simulated over successive
cycles until equilibrium is achieved. There are a number
of practical details about which care should be taken, in
particular how to control the error associated with the
numerical method and how to determine whether cyclic
equilibrium has been reached by the simulation. The
reader is directed to [2] for further information about
these matters.

The advantages of this method are that the full
spatial and chronological variation of gas and solid
temperature is computed and that, as far as the author
knows, there are no restrictions on the range of
dimensionless parameters to which the method can be
applied. It is possible to compute the initial temperature
distribution using the Nahavandi and Weinstein method
described previously. In this way, the repeated cycling of
the model is avoided but the full chronological as well as
spatial variation of temperature at cyclic equilibrium is
calculated.

This method has been modified [ 151 to be able to
cope with, for example, temperature-dependent thermo-
physical properties of gas or solid and time varying flow
rate. However, this matter is outside the scope of this
text ([l]  and [2] deal with this matter in detail).

Nomenclature and References for Section 3.15.7  appear at the end of Section 3.1.5.10.
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3.15 REGENERATION AND THERMAL ENERGY STORAGE 3.15.8-l

3.15.8
Effect of longitudinal conduction
in the packing of the regenerator

A. J. Willmott

n Bahnke and Howard [16] proposed a conduction
factor that we shall denote /.I. It essentially measures the
rate of longitudinal (that is, parallel to the direction of
gas flow) conduction relative to the rate at which heat is
input from the gas in the hot period or extracted by the
gas in the cold period.

(1)

where L is the length of the regenerator packing.
Schmidt and Willmott [2] show that the descriptive

differential equations embodying longitudinal conduction
are

(3)

(4)

with the appropriate values of /.I and A set for the hot
and cold periods, respectively. The last term in Eq. (3)
represents the conduction effect and it will be seen that
for small values of reduced length A� or A�, or the
conduction factor 0 or p�,  this effect is negligible. It

turns out that 0 and 0�  have the dominating effect
unless the reduced lengths are very large.

For many practical applications, /3� and 0�  are
indeed very small; for hot blast stoves, the values are
significantly less than lob4 while for many rotary
regenerators they are 10e3 or less. Bahnke and Howard
specify the effect is negligible if 0 and 0�  < 10m2.
Examination of Eqs. (1) and (2) shows that tall and
narrow regenerators are unlikely to be affected by
longitudinal conductivity. However, metallic regenera-
tors, whose packings have a high thermal conductivity,
can be subject to the effect of longitudinal conduction
when the walls between the passages carrying the flow of
gas are relatively thick, and when the regenerators are
broad and squat, and operate at low flow rates.

It is a simple procedure to evaluate 0 (or 0�)  for a
typical regenerator. If its value is 10e2 or less, for
AH < 50, it is recommended to forget this problem. This
is usually the case.

However, there are new rotary regenerators being
developed which are small in �height� L, but very broad
in cross section. If constructed of packings with a
sufficiently great thermal conductivity, such regenera-
tors may require this longitudinal effect to be
recognized. The means for solving Eqs. (3) and (4) are
outlined in [2].

Nomenclature and References for Section 3.15.8 appear at the end of Section 3.1510.
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Dealing with heat losses

A. J. Willmott

n It is first necessary to define what is meant by heat
losses in regenerator operation. Here it is understood
that the loss of heat or �cold� to the surroundings is
through the outer casing and end sections of the thermal
regenerator (for example the shell and dome of a hot
blast stove).

Hausen [l] mentions the exhaust gas or flue gas
losses caused by the unavoidable thermodynamic ineffi-
ciency of the heat exchanger. These of course are
accounted for, implicitly, in the calculation of the
thermal ratio for the hot period in regenerator calcula-
tions. Hausen also includes longitudinal conduction
effects (see Sec. 3.15.8) as a possible source of heat loss.
However, as has already been stated, consideration is
restricted here to heat losses to the surroundings.

The basic assumption built into most published
methods is that the heat losses from the shell can be
averaged out across the whole cross section of the
regenerator, and that each channel through which the
gas flows experiences the same if small heat loss effect.
No attempt is made to represent the situation in practice
where heat losses are greater in channels near the shell of
the regenerator, and probably zero in the middle of the
regenerator cross section.

One approach is to modify the differential equation
3.15.3(2) so that the rate at which heat is given up (or
absorbed from).by the gas is equated to the sum of the
heat loss rate Qross and the rate at which heat is taken
up by the packing. In this case, the differential equation
becomes

&�4(ff  - f,) = M,C, a; + (iloss

This can be rewritten

at,-  id- -aT MC (ff - ts) - M+
s s s s

(2)

Applying the transformation (which ignores the effect of
gas resident in the channels at the reversal, which can
usually be neglected)

&A
v=Mxr
we obtain the differential equation

where

Equation (4) together with Eq. (3) can now be solved in
a suitably but simply modified form of the open method
IV described above.

How important will be the effect of QtoS depends
on many factors including the thickness and quality of
the thermal insulation in the shell of the regenerator and
the ambient temperature and air flow conditions in
which the regenerator is located.

Hausen [2] describes the approach of Nesselman
[ 171  to this problem in which some estimation of the
rate of heat loss is attempted as a function of the
packing temperature of the regenerator and the tempera-
ture of the ambient air surrounding the shell of the heat
exchanger.
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3.15.9-2 3.15 REGENERATION AND THERMAL ENERGY STORAGE / 3.15.9 Dealing with Heat Losses

The effect of heat losses is to cause decreases Atfb
and At;; in the average exit gas temperature from the
regenerator. Hausen suggests that for blast furnace
stoves, these decreases can be of order of magnitude
lO�C,  whereas in low temperature technology regenera-
tors that are well insulated, the figure is much smaller
and close to O.l�C.  In this latter case, �cold losses�
occur and increases At;- and At& are observed. In
conclusion, one basic relationship must be recorded:

&#’ + P”) = i@“P’  Atfb + ti;C’P” At;; (6)

This is essentially a heat balance between the total loss
of heat in a cycle and the heat losses in the hot and cold
periods respectively.

A. Example of heat loss calculation

We extend the example calculation presented previously
in Section 3.15.7 and use the equation

&,&P’ +  P ” )  =  h$C;P’  Atjo  + k-*;p At;; ( 7 )

in order to estimate a heat loss rate necessary to generate
a particular difference in outlet gas temperatures be-
tween those computed with and without heat losses. In
the example we have P’ = P” = 1 800 s; we assume in
making this estimate that At& = At&. The heat loss
equation takes the form

Qbss = 1 @Ii-$�  + A@;) Atjo

il�C;  = 18 000 J/s K

if”C’ = 20 800 J/s K

and hence

doss = 1.94 X IO4 Atjo J/s

Recalling the values of

6: = 25.152 W/m2 K

01; = 21.757 W/m2  K

and a heating surface area A = IO4 m2, we can establish
values for 4�  and 4�

*loss  _ b&.q _ (1.94X104)*,
--- A$ =s,A (25.152x1o4) 0.077 1 A&

*,,*loss - - - - -  &ss  - Atfb  =  0 . 0 8 91.94
&‘A 2 1 . 7 5 7

Atfb

Upon submitting this data to a computer program
developed by the author for the solution of the
differential equations (4) and 3.15.6(3), employing the
method indicated, the results were obtained that are
given in Table 1.

The values computed for 46, =4;;, = 0 corre-
spond closely to the results calculated using the Tipler
method (see Sec. 3.15.7).

Table 1 Calculated time mean exit gas temperatures

R e d u c e d  l e n g t h  A R e d u c e d  p e r i o d  n

Hot period Cold period Hot period Cold period
13.97 10.46 2.329 2.015

Hot inlet gas temperature 1250°C
Cold inlet gas temperature 100°C

4i ass  and 4�0s~ Hot
based on period Cold

e1oss  x lo4 1 Actual period ActualJ/s 4i0ss . ,, A$??, fjo,
�Iloss estimate �C A’;0 tFo At;-b

0.0 0.0 0.0 0.0 205.5 0.0 1003.9 0.0
9.7 0.385 0.445 5.0 201.0 4.5 998.5 5.4

19.4 0.77 0.89 10.0 196.5 9.0 993.1 10.8
29.1 1.155 1.335 15.0 192.0 13.5 987.7 16.2

Nomenclature and References for Section 3.158 appear at the end of Section 3.1510.
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3.4540
Transient characteristics of

regenerators

A. J. Willmott

n The temporary storage of heat in the packing implies
that the regenerator must possess a thermal capacity
and, with this capacity, an inertia whereby alterations in
operating conditions do not result immediately in
corresponding changes in thermal performance. Instead
the regenerator operates through a number of non-
equilibrium cycles and, if the operating conditions are
not changed again, the regenerator eventually reaches
cyclic equilibrium. The time lag in this response can be
of considerable magnitude and may last over very many
cycles, so many indeed that the lag may be measured in
days, rather than hours.

The dimensionless parameters reduced length A� and
A� and reduced period II� and II�  turn out to be as
important in describing the nonstationary performance
as they are for cyclic equilibrium. Such transient
responses can be studied theoretically, in which case the
time to equilibrium, consisting of the sum of the several
cycles of hot and cold periods, is a function of the
convergence criteria. From a practical point of view,
however, it is pretty well impossible to measure the time
to equilibrium since the operating conditions, from one
cycle to the next can never be so exactly the same, even
in an experimental or pilot plant environment. It follows
that the more conventional time constant provides a
better measure of regenerator inertia.

Willmott and Burns [18]  demonstrated that for a
step change in inlet gas temperature, the time to
equilibrium 0, in dimensionless terms could be repre-
sented by the equation

@ = ~(0.622 A; + 4.144 AH + 4.464) (1)

for AH < 40, employing a Convergence Of E = 10e4.  The

exact meaning of this convergence criteria will be
explained in the example below. Note that

j.L=(l+k) 1+$
( )

where A�/A�  = lI�/lI�  = k, that is, Eq. (1) relates to
unsymmetric but balanced regenerators.

A. Example calculation

We modify the example given by Hausen [14]  and set
out in Sec. 3.15.7. The regenerator configuration re-
mains the same but the operating conditions are altered
so that the regenerator is balanced, that is,

h;c;p’ = fi;c;p,

The operating characteristics are then as given in Table 1.
It iS necessary  t0 recompute $ff.

o.os2
�  = (4)(0.463)10-6

l + l
1 800 1 5.58

(2*5)(10-3)
= (4)(0.463)10-�

(1.197 4)(10-3)  = 1.616 < 5

= 0.892

The value of drjH/(6 h,) is little altered to 0.007 44
from 0.007 5 in Hausen�s original data. The change in $H
due to the change in cold period duration from 1 800 to
1 558 s is therefore ignored.

Both reduced lengths remain unaltered as does the
hot reduced period. However the cold reduced period
becomes

0 1984 Hemisphere Publishing Corporationr \KDiL A
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Table 1 Operating characteristics for example
calculation

Parameter, units
Hot
period

Cold
period

Duration, s
Entrance gas temperature after

step change, �C
Gas mass flow rate, kg/s
Gas specific heat, J/kg s
Heat transfer coefficient,

W/m* K

1800.0 1558

1 250.0 100.0
18.0 20.0

1 000.0 1 040.0

31.0 26.0

,fr = (2.015)(1 5 5 8 )  = 1 744  1
1 800 �

The mean reduced length can be computed using

p(+ +$)
for a balanced regenerator

Thus

AH = 11.96

The value of

k = $, = 1 . 3 3 5

and

/J = (1 + k) 1 + $ = 4.084
( >

The total time to equilibrium is given by

0 = /~,(0.622  Ah + 4.144 AH + 4.464)

= 4.084[0.622(1  1.96)2  + 4.144(11.96)

+ (4.464)] = 584.0

l-I�  + II� = 2.329 + 1.744 1 = 4.073 1

Hence number of cycles to reach equilibrium is equal to
584.0/4.073 1 = 144. (We must round up from 143.4 to
144 since part of a cycle has little meaning). The total
cycle time is 1 800 i- 1 558 = 3 358 s. Hence, total
actual time to reestablish cycle equilibrium = [(3 558)
(144)]  /[(3 600)(24)] = 5.93 days.

In other words, the regenerator configuration speci-
fied in the example in Sec. 3.9.7 would take almost a
week to reestablish cyclic equilibrium for the con-
vergence e = 10m4.

What does this mean? The simulation is regarded as
having attained equilibrium if the difference At between
the exit gas temperatures at the very end of the hot (or

o 1984 Hemisphere F blishing Corporation

cold) period in successive cycles, measured on the
dimensionless scale specified by Eq. 3.9.6(S), is less
than 10w4,  i.e.,

A t
tjj  - t;

G 1o-4

Hence tii - t; = 1250 - 100 and At = 1 150 X
10-4  e O.l�C.  Note tii refers to inlet temperature after
the step change. If we consider equilibrium to have been
attained if At = 5�C,  we require that the stopping factor
should be E = 4.35 X 10s3.

Willmott and Burns specify that the time to
equilibrium OE, estimated with stopping criteria E is
related to the time to reestablish equilibrium using
stopping criterion E by the equation

oE = @ loge  E
log@

Since 0 is related to the real time (in days) by a
linear transformation, we can compute the time to
equilibrium with At = 5°C to be

5093 1oG(4*35  �  low3) = (5.93)(0.590  4) e 31 days
lo&( 10-4)

This example calculation is introduced at this early
stage of this section, not just to explain how to estimate
the time taken for a regenerator to attain equilibrium,
but also to emphasize how very long are the time periods
involved.

If a disturbance in operating conditions were
applied on a Friday afternoon to the Hausen example
regenerator, operating in balanced mode, the regenerator
would not have regained cyclic equilibrium by the
Monday morning, even if it were run with unchanging
operating conditions over the entire weekend!

What this implies of course, is that many industrial
regenerators never have the chance to reach cyclic
equilibrium, unless the operating conditions are very
steady and are changed very infrequently.

An important implication emerges for any attempt
to correlate experimental data collected from an indus-
trial regenerator (operating with cycle times of 0.5 h or
more), with theoretical predictions of regenerator
thermal performance at cyclic equilibrium. Unless one
can be sure the experimental data relates to performance
after at least 1 week of unchanging operation, the
theoretical model may predict temperatures by as much
as 20°C or more, higher or lower than the observed
temperatures collected from the industrial plant.
Whether they are higher or lower will depend upon
previous operating conditions.

This problem is exacerbated by the fact that if a
step change is made on the hot side of regenerator
operation, in either the inlet gas temperature or the gas
flow rate, the response by the hot side exit gas
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temperature lags behind the response of the cold side
exit gas temperature.

London et  a l .  [19]  i l lustrated the responses to
changes in operating conditions by the dimensionless
temperatures efi (T) and efi (7) which are defined by

(4)

(5)

At cyclic equilibrium, immediately before the step
change, T= 0 and efi(O) = ef2(0) = 0. Once cyclic
equilibrium has been restored at 7 = m, then efi (-) =
ef2 (-) = 1. Either real time 7 (seconds) or dimensionless
time can be employed as the time variable in efi andef2.  London et al. [ 191 restricted their considerations to
symmetric regenerators, a n d  t o  the c a s e s  w h e r e
A/II > 100. Willmott and Burns [18] illustrated the lag
of the hot side response behind that of the cold side
response for step changes in inlet gas temperature on the
hot side (see Fig. 1).

That efi lags behind ef2 is a direct consequence of
counterflow regenerator operation. Consider a step
change in cold inlet temperature. The impact of such a
change is felt immediately and �recorded by� the
temperature changes in the packing in the cold gas inlet
region of the regenerator. When a reversal takes place,
hot gas encounters the effects of these changes at what
has become the hot gas exit. Consequently, the opposite
side response begins immediately whereas the long-term
effects of cold inlet gas step change only become
manifest on the same side as the heat or �cold� front
gradually penetrates the regenerator packing over succes-
sive cycles.

That is the response increases with reduced length A Willmott and Burns [ 181 demonstrate that the

1.0

0.8

0.6

0

0.4

0.2

0 .0
0.C

1 20.0 40.0 60.0

80.0 100.0 120.0

Dimensionless time 7)
I

Time to
equilibrium 0

and is illustrated by Fig. 2. Here only the hot side
responses are displayed for clarity in graphic presenta-
tion.

The response efi is better described as the same side

response, that is the response of the exit temperature on
the hot/cold side to a step change in the inlet tempera-
ture on the same side of regenerator operation, hot or
cold. Similarly ef2 is often described as the opposite side
response.

+
+*.

l Ef, 1
+ +

.

l
+

l
l +

+
+

l

+

+
+
.

n = 0.1.

II = 0.05

Symmetric case, A = 10

- n=o.1 n = 0.025

+ II = 0.05

+ II =  0 . 0 2 5

Figure 1 The responses ef, and ef, for a step change in hot inlet gas temperature for A/n > 100 in the case of a symmetric
regenerator. From Schmidt and Willmott [2].
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1.0

0.8

0.6

0

0.4

0.2

0.0
0.0 200.0 400.0 600.0 800.0

l +
+

:
+I+ ;

+ :
:

1 + :
c :

+ ..-

+ ;
l

(Symmetric case)

0 = 472E = ,o-4 ""..C

/..........................

rl=4
. A=32 O= 776
+ A=24 0=472
+ A = 1 6  0=232

DA= 8 O= 84

Dimensionless time q

Figure 2 The hot side response of, for a step change in hot inlet gas temperature and the dimensionless time to equilibrium
0 as a function of reduced length A. From Schmidt and Wilhnott [2].

analysis for symmetric regenerators can be extended to
unsymmetric but balanced regenerators using the AH,
IIH symmetric regenerator approximation described in
Sec. 3.15.7 and this analysis is exploited in the worked
example earlier in this section. In the unbalanced case,
the duration of the response is reduced by degree of
unbalance,  y, as defined by Eq. 3.15.6(17). They
illustrate this effect graphically and their representation
appears in Fig. 3.

The effect of changes in gas flow rate is more
complicated but readers are referred to Chap. 10 of the
Schmidt and Willmott text [2].

It was mentioned earlier in this section that a

representation, better than the time to regain cyclic
equilibrium, is the conventional time constant. This is
probably more applicable to the analysis of experimental
results.

The response efi and efi can be represented
approximately by the equations

ef1 * l-exp(-VH~cr)

ef2 =l-exp(-VHV~c2)

where nH is on the harmonic mean reduced period time
scale.

Willmott and Burns show from their theoretical
studies that efi and ef2 share a common time constant
qc and that for balanced regenerators

17c M 0.092 2 A& + 0.489 AH + 0.928 (f-3

B. Worked example

For the Hausen modified example regenerator discussed
earlier in this section AH = 11.96

% = 0.092 2(11.96)2  + 0.489(11.96)+0.928  = 19.96

The cycle time is 2&j = 2(1.995) = 3.989. NOW

1 9 . 9 6r), --=
2nH

5
3.989

corresponds to the number of cycles comprising the time
constant. Since the total cycle time is 3 350 s, the time
constant nc in realtime is [5(3 350)] /(3 600) = 4.66 h.

The lag between same side and opposite side re-
sponses can be measured in terms of the constants Cr
and C2 and represented by the simple equation

0 1984 Hemisphere Publishing Corporation1
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600.0

0
E 400.0
.2
IIz
if?
.f
is
E
B
E 200.0.-
l-

0.0

5.0 10.0 15.0 20.0
Reduced length AH

25.0 30.0

Figure 3 Dependence of time to reestablish cyclic equilibrium as a function of the mean reduced length AH and the degree
of unbalance y. The convergence criterion is E = lo-�.  From Schmidt and Willmott [2].

lagH = cl + c2

For balanced regenerators, Willmott and Burns [20]
d i s p l a y e d  lagH, together with r,~~, Cr, and C2 a s
functions of reduced length AH. This is shown in Fig. 4.

C. Further worked example

For a reduced length AH = 12, (for the Hausen
example), it would appear from Fig. 4 that 1agH = 25.
This corresponds to a real time iag which is equal to

0 5 10 15 20 25
Reduced length AH

Figure 4 Graphic of the dependence of lagH, nc, C, , and C, on
reduced length Ap From Schmidt and Willmott [2].

(25)(P' + P) (25)(3 358)
(3 600)(2ll~)  = (3 600)(2 X 1.995) = 53 h

Finally, the degree of unbalance h does reduce the
time constant as one might expect. The way this does
vary is shown in Fig. 5.

D. Conclusions

It is most difficult to cover all the material relating to
regenerator transient behavior. It has been regarded as

\\

A~=20

A~=10

10
AH=~

0.8 1.1 1.4 1.7 :
Regenerator imbalance, y

Figure 5 Relationship between regenerator unbalance and the
time constant. From Schmidt and Willmott [2].
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sufficient here to present what are probably the most are encouraged to inspect the scientific literature in
important conclusions and to illustrate the importance order to pursue this matter further.
of this topic by reference to a worked example. Readers

NOMENCLATURE FOR SECTIONS 3.15.3-3.15.10

A
C

heating surface area, m*
specific heat, J/kg K
characteristic thickness of heat storing mass,
m

H

L

a
M
n

;

Qlon
q1oss
t
T

X

Y

dimensionless time to equilibrium [Fig. 3.15.10
WI
length of regenerator, m
number of spatial increments (Sec. 3.15.7)
mass flow rate, kg/s
mass of packing, kg
parameter characterizing the packing geometry
[Eq. 3.15.5(l)]
number of time increments (Sec. 3.15.7)
duration of period, s
rate of heat loss, W
�dimensionless� rate of heat loss, K
temperature, K or �CT
dimensionless temperature?
distance from gas entrance in direction from gas
entrance in direction of gas flow, m
distance from surface of packing, perpendicular
to gas flow, m

r denotes spatial position on finite difference grid
s denotes time position on finite difference grid
u interstitial velocity, m/s
a heat transfer coefficient, W/m*  K

tNote:  t is used to denote temperature while r is employed
to denote time. This is done to enable 7�  to be used to denote
dimensionless temperature.

lumped heat transfer coefficient, W/m*  K [Eq.
3.15.5(l)]
longitudinal conduction factor (Sec. 3.15.8)
degree imbalance [Eq. 3.15.6( 17)
convergence factor
dimensionless distance [Eq. 3.15.6(l)]
dimensionless time [Eq. 3.15.6(2)]
thermal ratio [Eqs. 3.15.6(11) and (12)]
dimensionless time to equilibrium [Fig. 3.15.10
(2)l
packing thermal diffusivity, m* /s
packing thermal conductivity, W/m*  K
reduced length
viscosity
reduced period
Hausen correction factor [Eqs. 3.15.5(3)and  (4)]
time, st

Superscripts
,
,,

refers to hot period
refers to cold period

Subscripts

f refers to gas/liquid
s refers to regenerator packing
H mean, in connection with reduced length and

reduced period
i refers to inlet
0 refers to outlet, chronological mean
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3.4 6.4
Descriptionofcal  system

P . Hinchley

A. Introduction

The economics of many processes depend on the genera-
tion of steam from their waste heat. Such processes are
those in which the required chemical reactions take place
at elevated temperatures. Waste heat is available in the
process gases and in the flue gas leaving the furnace
which is often used to supply the heat required for endo-
thermic reactions.

The scale of a waste heat recovery system varies
over a wide range; thus a small acid plant may pro-
duce 5 t (metric tons)/h of steam at 15 atm and
3OO�C  whereas a large single-stream ammonia plant
may produce up to 300 t/h of steam at up to 150 atm
and 530°C.

In some cases the steam is exported to a fac-
tory, where it may be used for heating purposes only,
whereas in others it may be used in large turbines that
drive the main compressors, pumps, and fans, with the
exhaust being used in the process and for heating, thus
making the plant self-sufficient in power. Nevertheless,
there are several features that are common to most
plants generating steam from waste heat, and these are
covered in Sec. B.

However, before proceeding further it is important
to stress the need for considering reliability when
designing and selecting the equipment. A number of
authors have described problems that have occurred in
waste heat boilers and have emphasized the huge losses
that resulted from some of these failures [l-4].

0 1984 Hemisphere F

B. Typical waste heat boiler system

Figure 1 shows the basic elements in a waste heat boiler
installation. The water entering the unit has to pass
through a water treatment plant into an on-plot treated
water storage tank from which it is pumped into a
deaerator, frequently preceded by an undeaerated boiler
feedwater heater. The deaerated water, after treatment
by injected chemicals, passes through boiler feedwater
pumps which generate enough head to force the water
through the boiler feedwater heaters/economizers and
into the steam drum. Steam is generated in waste heat

SUPERHEATED
W%R ~--j%&dT , STEAM ,

fjgLgiHEATER: TTRE ATED  WATER
,:,,  :,; .,,,  ,: STORAGE TANK

DEAERATOR STEAM DRUM

UNDEAERATED
BFW HEATER

Figure 1 Typical arrangement of waste heat boiler system and
its associated equipment.
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t2: Steam
condensate

- - Fuel

Preheatad
CMbUStiOll

air
Process

air

ECONOMIZER

48 kPreheated

PRIWV
S/HEATER

YETHANATOR

AMMONIA
CONVERTER

P&k A dIP
steam

Steam
Steam  condensatesteam combustion

air

Figure 2 Steam generation flow diagram for a typical ammonia plant.

boilers that are connected to the steam drum by
downcomer and riser pipes. There is a continuous
circulation through these pipes with water flowing from
the steam drum into the boilers and a mixture of steam
and water leaving the boiler and entering the steam
drum. This flow is maintained either by forced circula-
tion using boiler circulating pumps or by natural
circulation using the dl�iving  head arising from the
difference in density between the water in the down-
comer pipes and the steam/water mixture in the riser

pipes. The steam is separated from the water in the
steam drum, passes through a superheater and is then
available for internal consumption or export. In Fig. 1
arrows indicate where heat is supplied, since it may
come from the process gases or from flue gases depend-
ing on the particular process and flowsheet.

The way in which a waste heat boiler system may
be integrated into a process is illustrated in Fig. 2, which
shows the steam generation flow diagram for a typical
ammonia plant.

References for Section 3.16.1 appear at the end of Section 3.16.4.
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3.46.2
Key aspects of the design

and specification of individual
items of plant

P. Hinchley

n While the flowsheets that are developed for differ-
ent processes vary enormously, they frequently contain
items of equipment that are common to most waste heat
boiler systems. This section highlights areas of impor-
tance in those items of equipment that have general
application. It does not aim to deal in detail with special
features or designs that have been developed purely for
one process. The items are discussed in the order in
which they occur in the process of producing steam
rather than in order of difficulty.

A. Boiler feedwater treatment plant

The type of water treatment plant depends on the
quality of the raw water, the steam generation pressure,
and the heat flux at the steam generation surface of the
boilers. The subject is very complex but useful back-
ground is given by Strauss [5] and quantitative stan-
dards are laid down by the VGB [6]. Nevertheless, the
importance of the water treatment cannot be stressed
too highly since a major proportion of boiler failures is
linked with water problems. It is vital that the correct
treatment processes are selected and that the plant
management is provided, at an early date, with all
information that is required for them to operate the
plant correctly.

Allowable working ranges should be agreed on for
key measurements such as pH, conductivity, and phos-
phate level, and provision should be made in the design
for the continuous monitoring of these properties.

The experience of many companies is that it is not
uncommon for acid or alkali breakthrough to occur. A
frequent cause, in demineralization  plants, is the failure
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to carry out an adequate final rinse at the end of the
regeneration cycle of any of the ion exchange units.

There is some evidence to show that the risk of
breakthrough is greater with manually operated plants
and for this reason automated plants are preferred. In
either case, an instrument should be installed in the
treated water line which continuously measures the
conductivity and which actuates a trip should the
reading exceed a pre-set level. This trip should either
dump the water to drain or trip the transfer pump thus
ensuring that contaminated water never enters the
treated water tank. The capacity of this tank should be
generous, in order to allow time for locating and
rectifying faults without shutting down the whole
process.

Another common problem is the contamination of
the return steam condensate, for example, by cooling
water, as a result of leakage in the vacuum condensers.
Provision should be made for the continuous monitoring
of the conductivity of this and other return condensates
and automatic dump facilities should be provided.

B. Undeaerated boiler feedwater heaters

Such heat exchangers are used on some plants to achieve
maximum heat recovery by preheating the water that is
fed to the deaerator, thus minimizing the use of
low-pressure steam in the latter. Three features are of
particular importance. The first is that care should be
taken with their sizing and with their control system, in
order to ensure that the water does not reach too high a
temperature. If it approaches the saturation temperature
of the water in the deaerator, then the normal pressure
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control system of the latter will cut off or reduce the
supply of steam to the deaerator and this will cause the
performance of the latter to fall. If the deaerator is to
operate at, say, 1 lO�C,  then the control system should
bypass some of the heating gas, to ensure that the water
entering the deaerator does not exceed, say, 85°C. This
is particularly important at start-up or reduced load
operation and these conditions must be carefully studied
at the design stage.

The other item of importance is the choice of
tubing for the exchanger. Carbon steel suffers serious
corrosion pitting when subject to oxygen at the tempera-
tures that occur in this type of exchanger. Copper is
suitable from the point of view of waterside corrosion,
but it might be attacked by the process gas. Stainless
steel is another possibility but it is necessary to consider
the risk of chloride stress-corrosion cracking. Clearly,
each case requires separate consideration and sometimes
the solution might be bimetallic or a stress-corrosion-
resistant stainless steel.

The heating fluid should be at a lower pressure than
the feedwater, since leakage of the former could
introduce harmful chemicals into the boiler.

C. Deaerators

Deaerators are installed to reduce the level of oxygen in
the boiler feedwater to a very low level, e.g., 0.005 ppm
for a 100 bar boiler. A number of boiler feedwater
heaters/economizers and boilers fail as a result of oxygen
pitting [4]. Careful and thorough checking has shown
that many proprietary deaerators fail to achieve their
specified duties. In some cases this has been due to
insufficient steam for oxygen stripping because the
water supplied to the deaerator has been too hot for the
reasons described above.

In other cases vacuum deaerators have been supplied
and air has been pulled into the deaerator or its
extraction pumps. Experience has shown that it is
extremely difficult to prevent this ingress and for this
reason pressure deaerators are preferred. On other
occasions even pressure deaerators have not worked until
improved means were adopted for stripping the oxygen
from the water by the steam. Leading suppliers of
deaerators to power stations have supplied similar
designs for process plants and failed to recognize that
the former have nearly 100% return condensate with
little raw make-up water containing oxygen, whereas in
the case of the latter the situation is nearly reversed.
When subsequently they have recognized the problem,
the required performance has sometimes been achieved
by fitting a scrubbing section in the storage part of the
deaerator which supplements the sprays, or sprays and
trays, in the deaerator dome. A typical deaerator is
shown in Fig. 1. The spray head, trays, and scrubber
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Figure 1 Deaerator.
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should be made of stainless steel, but in the case of the
upper pressure vessel it is often more economical to use
epoxy-coated carbon steel. The storage vessel may not
require such protection.

Careful design of the nozzles can minimize the
vibration arising from the introduction of �sparge�
steam during start-up and from the steam that flashes off
from hot return condensate. Nevertheless, it is prudent
to design a stiff support structure that is capable of
absorbing any loads that arise from within the deaerator.

Clearly, care is required in the selection of the
deaerator and it should be supplied with all-welded
stainless steel sample lines which are used as soon as
the plant goes into operation. Thus any shortcomings
can be attended to before the pitting of other equip-
ment becomes serious.

D. Boiler feedwater pumps

These, somewhat surprisingly, are rarely a cause of
trouble. A number of manufacturers can supply reliable
multistage pumps and their main stipulation is that the
deaerator height and the water inlet system are chosen
to avoid cavitation in the suction of the pump.
Normally, at least two and sometimes three pumps are
provided. Alternative sources of power are used. Fre-
quently one pump is motor driven and the others
are driven by turbine(s) supplied with steam gen-
erated in the boilers they serve. The standby pump
should start-up automatically if the flow, or pres-
sure, in the feedwater line falls below a pre-set fig-
ure. Each pump must be fitted with a �leak-off�
system, back to the deaerator, to ensure that the pump
is guaranteed a minimum flowrate, because at low or no
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flow, a multistage high-head pump easily generates
excessive pressure and heat, which would lead to rapid
failure.

An important consideration for operational reliabil-
ity is the stability of pumps running in parallel.
Generally this leads to a requirement for the pumps to
have a steep head-flow characteristic, e.g., a rise in head
of 20% from normal to minimum flow.

E. Boiler feedwater heaters/economizers

These may take the form of a tube-in-shell exchanger in
which the water is heated by process gas, or a tubular
bundle over which flue gas or process gas passes. They
are not a common cause of trouble unless corrosion
takes place on the gas side as a result of the tube wall
temperature dropping below the acid dew point. This
can be avoided at the design stage by careful selection of
tube material or by introducing a small heat exchanger
which, by automatic control, ensures that the tempera-
ture of the water entering the boiler feedwater heater is
above the acid dew point. Thus, for example, in a
sulfuric acid plant it is possible to insert such an
exchanger in the water space of the steam drum and an
automatic three-way valve can divert sufficient water
through this bundle to ensure that the temperature of
the water entering the boiler feedwater heater is not less
than, say, 130°C (Fig. 2).

The only general type of fault that can occur is
when boiling takes place in an economizer not designed
to generate steam. This can cause water hammer,
vibration, and general disturbance to the boiler system.
At the process flowsheet stage it is usually possible to
avoid this risk by not aiming for too close an approach

STEAM DRUM

INLET TEMPERATURE ABOVE
ACID DEW POINT OF
PROCESS GAS

IN

Figure 2 Arrangement of economizer.
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to saturation temperature in the economizer. If for any
reason this is considered desirable to generate steam then
a steaming economizer can be designed in which the
steam/water mixture is arranged to flow upward through
the bundle and into the steam drum, thus avoiding any
high pockets where the steam can separate and give rise
to hydraulic disturbance (see Fig. 2).

F. Boilers/evaporators

Boilers or evaporators can be broadly split into two
categories: watertube, in which the water/steam mixture
is inside the tubes, and firetube, in which the heating gas
in inside the tubes. In either case the boilers can be
designed to operate on the forced or natural circulation
modes described in the introduction. It is clear from my
surveys [I, 4] that the boilers are potentially the most
vulnerable items in waste heat boiler systems.

(a) Boilers heated by flue gas

When the heating fluid is flue gas, a watertube boiler is
nearly always adopted since it is cheaper to keep the
steam, which is at pressure, within small diameter tubes
and contain the flue gas, which is normally slightly
below atmospheric pressure inside a large refractory-
lined or water-cooled enclosure. Two basic types of flue
gas boiler are common. The one usually adopted by
process contractors or vendors of fired heaters consists
of large horizontal tubes through which the boiler water
is pumped (Fig. 3). The tubes are typically 3-4 in
nominal diameter (88.9-l 14.3 mm OD) and usually have
extended-surface fins to enhance the heat transfer
coefficient on the gas side, although in cases where the
boiler is subject to direct radiation the first few rows of
tubes are without fins. The other type is that usually
adopted when the equipment is supplied by a boiler
vendor. The evaporation usually takes place in relatively
small diameter vertical tubes through which the steam/
water mixture flows upward by natural circulation. The
tubes are typically lf in nominal diameter (48.3 mm
OD) and are often attached to each other by flat strips
to give a membrane wall construction that avoids the
need for refractory lining of the radiant chamber. The
installation shown in Fig. 4 consists of an auxiliary
boiler whose exhaust flue gases join those from the
furnace before passing over a superheater and an air
preheater.

Vertical natural-circulation boilers are intrinsically
more reliable than forced-circulation horizontal boilers.
Nevertheless, the vast majority of horizontal boilers are
reliable but there is a potential risk of dry-out which
can cause severe corrosion of the crown of the tubes, if
harmful chemicals are present in the boiler water or
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Flue ga* boilar
circulating Pumps

HP Feedwater
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Feedheatera

Flue gas  from
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Auxiliary Sumers

0 Economizer
0 Soiler 1

0 Steam Superheater

0 Soiler 2

Steam Drum

Figure 3 Horizontal forced-circulation boiler heated by flue gas.

overheating if the heat flux is enough. The subject has
been covered in detail [4].

(6) Boilers heated by process gas

The design of boilers heated by process gas has attracted
the interest of many clever engineers and there are many
ingenious designs of boiler in operation on various
processes [7-121. The description and evaluation of
these boilers is beyond the scope of this section.
Nevertheless, it is appropriate to devote some space to
them because they are potentially the most vulnerable
items of equipment in the whole system.

In some cases the design of boiler has evolved with
the process and is virtually standard (for example, the
�flat pancake� watertube boilers used in nitric acid
plants) (Figs. 5 and 6). Such boilers have raised as much

as 50 t/h of steam at up to 60 bar and 450°C.
Boilermakers new to this field have sometimes developed
quite different designs but have experienced problems
because of a lack of knowledge of the process. For
example, the inclusion of porous insulation in the design
has provided a site for the collection of humid oxides of
nitrogen, which have turned into acid at plant shut-
downs and caused corrosion of the inner liner leading to
the ultimate failure of the shell and to corrosion of some
evaporator tubes. Another example has been the nitrate
stress-corrosion cracking that has occurred when the
shell has not been fully stress-relieved.

In the oil gasification process a design of boiler that
has become well-established is the submerged helical-coil
smoke-tube boiler, which is capable of cooling high-
pressure process gases from temperatures as high as
1500°C (Fig. 7).
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In ethylene plants, there is a need to quench as
quickly as possible the low-pressure high-temperature
process gases leaving the cracking furnace. This is done

in quench boilers, which operate at very high steam
pressures (up to 100 atm) in order to maintain high
tube-temperatures and thereby reduce the amount of
deposition from the process gas. Two of the most
common proprietary designs are the double-tube type
described in [12] and shown in Figs. 8 and 9, and the
special thin �ribbed tubesheet� design described in [lo]
and shown in Figs. 10 and 11.

The position is less clear with regard to the
reformed gas boilers on plants that produce town gas,
methanol, ammonia, and hydrogen. The importance of
these can be judged from the fact that these boilers cool

gas at pressures of around 30 bar from temperatures of
up to 1000°C and that the largest of these generate 233
t/h of steam at 140 bar in a single vessel. Here there is a
divergence of opinion: some of the plants currently
being built incorporate fire-tube boilers whereas others
incorporate one of the many types of watertube boilers
that are available.

The typical arrangement of a large natural circula-
tion fire-tube reformed gas boiler, generating steam at
pressures in excess of 100 bar, is shown in Fig. 12. In
order to reduce the stresses that arise due to the
differential expansion between tube and shell, these
boilers are often built in two compartments. This also
has the advantage of easing the duty on the valves which
are required in cases where the temperature entering the

Membrane well
tubed
auxiliary boiler

-l-i

Attemperator &urn

---- Boiler burners

0 Primary superheater

6
Secondary superheater

6 Reactants preheater

Air out

Combustion air

l.D Fan and stack

Figure 4 Vertical natural circulation auxiliary boiler associated with reformer convection section.
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Figure 5 Arrangement of typical nitric acid plant waste

Figure 6 Typical elements of nitric acid plant boiler. Courtesy
of Oschatz.

d - h

boiler. Courtesy ofSteinmuller.

next reaction stage has to be controlled. Thus, the
bypass valve, which may be internal or external to the
boiler, has to contend with a gas temperature of only
600-650°C  instead of 1000°C. Figure 13 shows one of
the largest boilers of the two-compartment design so far
built. The �stiffened tubesheet� design developed for
quench boilers has now been widely accepted for
reformed gas boilers. It is supplied in a single compart-
ment.

The keys to success with fire-tube boilers are the
adoption of a maximum heat flux which is reasonable
having regard to the geometry and hydraulics of the
boiler, the thorough understanding of the stresses in all
parts of the boiler, the thermal protection of inlet
tubesheet, the methods of attaching the tube to the
tubesheet, and the tubesheet to the shell and the
channel. Figure 14 shows one successful design for
dealing with the last three points but various manu-
facturers have their own preferred ways of handling
them. The author has a strong preference for the
fire-tube boiler design since it is far less sensitive to dirt
or debris left in the system or released from the walls of
the system during plant upsets. The presence of a
100-150 mm thick layer of refractory inside the inlet
channel results in a large untubed annulus on the shell
side. Thus a large amount of dirt or debris could
accumulate in the base of the boiler without building up
on the heat transfer surface and without interfering with
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boiler circulation. This advantage disappears completely
if the boiler is mounted vertically and the author is
strongly opposed to the use of vertical firetube boilers
even if, as in some cases, they have attractions from the
point of view of plant layout.

Of the watertube reformed gas boilers that are built,
the most common is the natural-circulation bayonet
tube. This should not be taken as implying that it is the
best boiler; it happens to be the design favored by the
world�s largest supplier of ammonia plants. The principal
features of this type of boiler are shown in Fig. 15. The
water from the steam drum enters the upper chamber
and passes through the false tubesheet containing the
bayonet tubes and at the bottom reverses and flows up
through the annulus between the bayonet and scabbard
tubes. The hot gas enters at the bottom of the vessel and
flows across baffles and leaves at the top. The
proponents of this design point out that the central
downcomer tube is not heated and that the steam
bubbles that are generated are required to flow upward
only. This is basically a sound argument, although the

Figure 7 Arrangement of typical helical fire-tube boiler for
gasification process. Courtesy of Steinmuller.

F i g u r e 8  Arrangement of doubletube quench boiler for
ethylene process. Courtesy of SHG.

details on some plants have caused reverse circulation to
occur under certain circumstances and this has some-
times led to failures, There are others who argue that the
vertical U-tube boiler used on many plants is equally
satisfactory, particularly when circulation is ensured by
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Figure 9 Double-tube quench boiler. Courtesy of SHG.

the use of forced circulation pumps. They also argue
that the whole boiler duty can be achieved in a single
exchanger whereas in the other design the bayonet-tube
boiler is followed by a fire-tube boiler. Several boiler-
makers have made two or three of their own designs of
water-tube reformed gas boilers incorporating features
which have special merit but which often add to the cost
and complexity of the units.

Perhaps the boiler of most technical interest is the
monotube  boiler installed on a 1000 te/d ammonia plant
in France shown in Figs. 16 and 17. This generates
137 t/h of steam at 152 bar in a single vessel. The
installation is the most striking that the author has seen.
The main reasons are that there is no large steam drum
and associated structure, only a vertical separator which
is little more than a pipe attached to the boiler; there are
no risers or downcomers and there are no circulating
pumps. Furthermore the whole duty is handled inside
one shell; and temperature control is achieved by an
internal arrangement thus avoiding hot gas piping.
Further details are given by Silberring [ 1 I]. The fact
that this boiler operated without trouble for many years
does not imply that it is the most reliable water-tube
boiler; it is more a tribute to the quality of control of
the plant and particularly of the water.

Nevertheless, most of the water-tube reformed gas

Q 1984 Hemisphere F
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boilers have low points, where any debris can collect, in
the zones of highest heat flux thus giving rise to the risk
of corrosion or overheating of the type described in [4].
Furthermore, they are all likely to fail if poor pre-
commissioning or a plant upset causes a significant
blockage to flow at the inlet of one or more tubes.
Notwithstanding these potential risks some users obtain
reliable service from water-tube boilers. There is a
significant point in favor of most designs of water-tube
boilers: inadequate water treatment can lead to the rapid
failure of the tubes of either a water-tube or a fire-tube
boiler, and if a large number of tubes fail then a spare
water-tube bundle can be fitted in quite a short time,
whereas a fire-tube boiler would require a long time to
retube or replace. Such major failures are rare, and if
only a few tubes are affected they can be readily plugged
off in either design.

G. Steam drums

The main purpose of a steam drum is to separate the
steam from the steam/water mixtures that return from
boilers but it also provides hold-up capacity of water to
feed the boilers. In forced circulation water-tube boilers,
the ratio of quantity of water circulating to that which is
converted into steam may be as low as 4:l whereas in a
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natural circulation fire-tube boiler it is normally between
10: 1 and 20: 1. Thus the primary stage of separation is
the coarse one of removing the bulk of the water from
the steam. The second stage is the removal of water
droplets from the steam. This stage is of vital importance
if the steam is subsequently superheated and used in
turbines. The dissolved solids in the feedwater concen-
trate up to a IOO-fold  in the boiler water, depending on
the amount of blowdown or purge from the system, and
as a result any boiler water carried over in the steam
carries a high level of dissolved solids. The solids will be
deposited in the superheater and some will build up on
the heat transfer surfaces resulting in overheating and, in
the limit, creep rupture failure. Some may deposit in the
turbine and cause a lowering of efficiency. The most
serious event that can occur is priming of the steam
drum when there is bulk carryover of water due to a
plant upset or loss of control. Not only does this have a
severe effect on the superheaters but it can lead to
failure of the steam turbines.

A common design aim in many boiler specifications
is that the steam drum shall have a separation efficiency

t

of 99%. This has little meaning, cannot be measured, and
even if it were achieved it would be completely
inadequate for most high-pressure boilers fitted with
superheaters. It is better to state that the steam leaving
the drum shall have a solids content of less than, say,
0.01 ppm of sodium. An isokinetic sample point should
be provided in the steam line from the drum. This
should be connected to a continuous analyzer fitted
with high level alarms. The purity levels can usually
only be achieved in the complex steam drums developed
by leading boilermakers. Figure 18 shows such a drum,
in which the primary separation is carried out in a large
number of small cyclones and the final separation in
packs of chevron pads. Knitted wiremesh  pads are
sometimes used and these are equally acceptable but the
author is very suspicious of those who claim that the
guaranteed purity can be achieved with simple baffles
inside an ordinary pressure vessel.

Additional advantages accrue from the use of a
steam drum from a specialist boilermaker. He usually has
developed special designs for the uniform distribution of
chemicals for water treatment, for the uniform removal

Figure 10 Arrangement of special thin tub&sheet quench boiler for ethylene process. Courtesy of Borsig.
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Water inlet

Gas inlet

Figure 11 Arrangement of special stiffened design of thin tubssheet boiler. Courtesy of Borsig.

of blowdown water, and for the design of the down-
comers to ensure that there is no underflow of the steam
that could upset the circulation of the system or cause
cavitation in boiler circulation pumps Nevertheless,
experience shows that close liaison is necessary with the
boilermaker to ensure that the standard design is
modified, where necessary, to take account of any
differences that arise in process waste heat boiler
systems. In one particular case the boilermaker had
selected the number of cyclones appropriate to the
evaporation rate of his water-tube boilers and had
completely overlooked the fact that with the natural
circulation fire-tube boilers the quantity of water return-
ing with the steam was several times greater. Not only
were the cyclones seriously overloaded but the chambers
enclosing the riser outlets were damaged, nuts came
loose, and carry-over occurred on a massive scale.
Another problem that has occurred, and caused failures,
is reverse circulation in one or more boilers sharing a
common steam drum. This arose because one of the
boilers in the process was brought on load earlier than
the others. The normal practice of allowing all risers to
enter a common equalized chamber had been followed
and the hydraulic head generated in the operating boiler
had been sufficient to initiate reverse circulation in the
cold boiler. This incident should not be taken as a reason

o 1984 Hemisphere I

H

for not continuing with the highly desirable practice of
one common drum. The boilermaker, when made aware
of the circumstances, can arrange the baffles to avoid the
problem, albeit at the expense of some extra cyclones.

The final aspect of the steam drum concerns the
maintenance of drum water level. If the size of the steam
drum is arrived at on the basis of providing adequate
space for the steam purifying equipment, then the
hold-up capacity between the normal drum level and
that of drum empty (i.e., exposed downcomer entry)
may be only 1 or 2 min. This is probably inadequate
when one bears in mind the many factors that demand
the attention of the plant operators during the upset of a
complex process plant. On nitric acid plants this is not a
serious problem since the unit can be automatically
tripped out before the level becomes dangerously low.
However, on reforming plants, there is large heat
capacity in the system, and flow through the reformers
must continue in order to protect the catalyst. In these
cases more hold-up capacity is desirable and process
contractors usually provide at least 3 min capacity; users
who have suffered boiler failures caused by loss of level
sometimes specify 5 min. The cost of this extra capacity
is not insignificant in large plants. An instrument for
indicating water level which has recently become avail-
able is worthy of special mention, since it provides the
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Figure 12 Arrangement of high pressure tired tube-sheet twin compartment reformed gas boiler. Courtesy of SteinmuM.

operators in the control room with such a vivid [13].  The control room display has a similar stack of
indication of the steam drum level that they are unlikely 20-mm  square lights for each cell, glowing red for steam
to overlook it, no matter how serious the nature of the and green for water. The level should, of course, be
process problems they are faced with. The device uses a controlled automatically, preferably with a three-
stack of electrical conductivity cells that detect the element system with the primary control being of
difference in conductivity between steam and water feedwater flow, reset by steam flow and drum level.

Figure 13 Fabricated twin compartment reformed gas boiler. Courtesy of StruthersWells.
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(Optional)

Figure 14 Some key features of a fiietube boiler.
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Figure 15 Bayonet-tube reformer gas boiler.

H. Superheaters and attemperators

Steam is usually superheated by contact with flue gas
although it can be heated by process gases in plants that
do not have any flue gas. In virtually all cases the steam
flows inside tubes. In plants which are designed by
boilermakers the tubes are usually typically 14 in
diameter (48.3 mm OD) and in those designed by
furnace vendors the tubes are more usually 3-4 in
diameter (88.9 to 114.3 mm OD) and frequently have
extended surfaces to enhance the outside heat transfer
coefficient (see Fig. 3). The steam that leaves the drum
at saturation temperature is heated up to temperatures
as low as 300°C and as high as 54O�C,  with 460-480°C  a
more common figure. As can be expected, the smallest
heat transfer area is obtained by heating the steam in
counterflow with the hottest gases from the furnace or
the reactor. This results in progressively higher metal
temperatures in the superheaters and subjects the final
rows to very severe conditions, particularly the final two
which are likely to receive heat by radiation as well as by
convection. The tubes in such a superheater are poten-
tially vulnerable to creep rupture failure due to over-
heating if the gases are hotter than expected or if the
steam flow is less than expected or if there are transient
operational modes in which there is a mismatch between
the flue gas rate and the rate of steam production. In
some designs an attempt is made to minimize these
effects by the insertion of one or two rows of evaporator
tubes to shield the superheater. A more sophisticated
approach for plants, in which the risks described above
are real, is shown in Fig. 19. The superheating duty is
divided between a primary superheater and secondary
superheater. The former, which heats the saturated
steam from the drum is in normal counterflow. The
secondary superheater is in co-current flow with the
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hotter flue gas. In cases where calculations show that the
steam temperature would still vary excessively under
certain operating conditions, then an attemperator can
be installed to control the steam outlet temperature by
cooling part of the steam from the primary superheater

Scabs A-A

Figure 16 Arrangement of monotube  reformed gas boiler. (a)
Gas inlet; (b) gas temperature control valve; (c) gas outlet; (d)
feedwater inlet; (e) water separator; U, saturated steam outlet.
Courtesy of CCM-SULZER.

Figure 17 Fabricated tube bundle of monotube  boi r. Cour-
tesy of CCM-SULZER. t

in the manner shown in Fig. 19. This is most easily
accomplished in a drum attemperator which consists of
heat exchanger bundles situated in the water s/pace of
the steam drum. A controlled amount of steam is cooled
by evaporating water in the drum.

As well as the above precautions, for desjgn pur-
poses an additional margin of say 50°C should be
provided on top of the predicted long-term metal
temperatures in order to cover unforeseen ha �penings
such as solids carry-over from the drum, stratific
hot gas and some of the happenings described i1

tion of
Sec. G.

This margin is not sacrosanct and should be revilewed  if,
for example, it leads to a very large increases  in cost
because it requires a change from ferritic to austenitic
steel in the tube bundle.

This general approach to the design of superheaters
should also be applied to any process heaters that are
included in the flue gas duct.

~

I. Combustion air heaters

Brief mention must be made of combustion-au heaters,
since they are a common feature of flue-gas streams of
waste-heat-boiler systems. If the fuel is natural gas, then
no problems should be expected, and the user can install
an air preheater of the type shown in Fig. 4. $or large
plants, the capital cost of the air preheater~  can be
reduced significantly by using the rotary type, ~ but this
saving has to be balanced against the slightly increased
risk of unreliability brought about by the introduction
of moving parts and the additional running costs arising
from air leakage across the seals. Another alternative
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Figure 18 Internals of a steam drum designed to produce steam of high purity. Courtesy of Foster Wheeler.

that warrants an economic evaluation is a design that
uses internally and externally finned cast-iron tubes. The

various alternatives are described. illustrated and dis-
cussed in [14].

COOLED
GAS  OUT

PRIMARY
WPERHEATER
:countar  currant)

SECONDARY
SUPERHEATER
(Cocurmnt)

: __----___  _ __-___  ?n
*TEMPERATURE  co~moLLm  SET  TO

T,

MAINTAIN  CONSTANT  TEMPERATURE
OF THE STEAM  LEAVING  THE PLANT %I

SUPERHEATED
STEAM  OUTLET

Figure 19 Arrangement of superheater system that maintains
constant outlet steam temperature while minimizing metal
temperatures.

If the fuel contains sulfur then more care is
required. Glass tube has been successfully used in the
coldest passes of tubular air heaters. In the case of rotary
air heaters a small steam-heated section is often used to
preheat the inlet air by the amount necessary to keep
the main heater above the acid dew point.

.I. Forced and induced draft fans

An induced-draft fan is installed on virtually all modern
furnaces. In many cases, in order to achieve maximum
heat recovery, the combustion air is preheated by the
flue gas and a forced-draft fan is required to overcome
the pressure losses in the combustion air preheater and
in the burner windbox.

Many of the earlier plants incorporating such
equipment had their outputs limited by the capacity of
the forced-draft or induced-draft fans. The burners may
have required more air to achieve their duty and
furthermore that duty may have been underestimated
and consequently the forced draft fan could not supply
that amount of air without being increased in size.
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The problem was often worse in the case of the
induced-draft fan because the additional quantity of flue
gas was increased still further by air leakage into the
furnace and its convection section. Clearly it is desirable
to introduce some margins and suggested figures are
lo-20%  on the forced-draft fan rate and 1525% on the
induced-draft fan rate. It is important when specifying
the fan duty to ensure that this increased flow is
achieved with pressure losses appropriate to the in-
creased flow. This, of course, leads to a much larger

References for Section 3.162 appear at the end of Section 3.16.4.

driver and it may be economic to supply a variable-speed
~ drive or inlet guide vanes on the fans to minimize the
~ power consumption should the plant be found not to

need the margins built into them.
Obviously the introduction of the fans could lead to

a decrease in reliability of the plant. In the opinion of
the author the desired reliability is best obtained by
installing one high-quality fan rather than by duplicating
basic fans.
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3.16.3
Detailed mechanical design1 f-1 lana rawxation of equipment

P . Hinchley

n It is inappropriate to discuss the detailed mechanical
design and fabrication of each of the many items of
equipment in a complex waste heat boiler system, but
their importance should not be underestimated. The
author [ 1, 41 has highlighted costly failures that have
arisen as a result of poor detailed design and bad
workmanship. Frequently companies use their best
engineers to perform the conceptual and basic design
and pass on the execution of the contract without man-
aging to convey the importance to and requirement of
the plant for special quality. The client should take steps

to ensure that this does not happen and prior to the
order the main contractor should lay down protedures
for submission for approval of detailed designs, Welding
procedures, quality control schedules, manufacturing
procedures, protection, and shipping instructions and
should arrange to supplement the internal inspeciion by
external inspectors as appropriate. These comments
apply equally well to site fabrication where there is
probably even greater need for continuous close scrutiny
of the quality of workmanship including, in particular,
the welding.

References for Section 3.16.3 appear at the end of Section 3.16.4.
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3.46.4
PrecommEg of waste

heat boiler systems

P . Hinchley

A. Objective

The object of the precommissioning is to ensure that
when the boiler system goes into service it is free from
debris, scale, and corrosive products and that all the
metal surfaces are covered in a uniform tightly adhered
layer of magnetite. It is desirable to have the feedwater
system cleaned in a similar manner to prevent the
carriage of scale and debris into the steam-generation
circuits.

B. Provision for cleaning at the design stage

The general approach to the cleaning processes should be
established at a very early stage so that the design of the
equipment and piping that are to be cleaned in-
corporates the required piping connections and access
for inspection and physical removal of debris. All too
often this is not the case and late and costly alterations
are made to the piping and undesirable compromises are
accepted.

Piping connections should be provided and sized to
achieve an optimum cleaning velocity over the heat
transfer surfaces (e.g., about 0.3 m/s for 5% hydro-
chloric acid solution). Where there are several boilers in
parallel, provision may need to be made for cleaning
each boiler separately.

The total system to be cleaned should be critically
examined to establish where dirt and debris will collect
during cleaning and provisions should be made for its
physical removal. In the case of fire-tube boilers the
blowdown pipes in the bottom annulus can be attached
to a removable pad and in the case of some water-tube

boilers a mud pot can be provided on the bottom of the
distribution manifolds.

C. Cleanliness during manufacture
and construction

Equipment should be supplied in a clean dry condition
and in some cases should be shipped under a blanket of
nitrogen. Those involved in construction should be made
aware of the need to take special care over cleanliness
and should be warned that if they were to leave behind
only one foreign body, then in operation it could restrict
the flow of water and cause a boiler failure, particularly
if it is of water-tube design. Prefabricated sections of
piping for the system should be cleaned mechanically to
remove millscale. Wire-brushing even by power tools is
seldom a satisfactory method of descaling but high
pressure water jets can remove a significant proportion
of the scale. Alternatively, grit blasting can be used.

Cleanliness is an important aspect of inspection of
equipment prior to dispatch from the manufacturer�s
works, after its receipt on site, and of the inspection of
the whole assembled system prior to hand-over to the
commissioning staff.

D. Planning the chemical cleaning procedure

A detailed plan of the cleaning procedure must be drawn
up and agreed to between the cleaning contractor and
client, and there must be supervisors from both parties
who know every detail of the program. A careful check
should be made to ensure the pumps that the contractor
proposes to use are capable of achieving the rate
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3.16.4-2 3.16 WASTE HEAT BOILER SYSTEMS / 3.16.4 Precommissioning  of Waste-Heat Boiler Systems

corresponding to the optimum cleaning velocity, taking
into account the resistance in the circuits. A suitable
spare pump must always be available.

E. Cleaning operations

A typical procedure for the chemical cleaning of an
important system operating under arduous conditions is
outlined below.

Stage 1. Flush out to remove loose material at a
water velocity equal to or greater than that which will
occur in service.

Stage 2. Alkaline degrease for 24 h at 95-1OO�C
using 1 OOO-  1500 ppm by weight of trisodium phosphate
and a suitable detergent.

Stage 3. Acid clean using 5% inhibited hydrochloric
acid at 75-85°C.  This continues until the total iron
content in the circulating system has reached a definite
plateau, typically 0.3-0.4 g/l.

Stage 4. Citric acid flush using a 0.2% solution.

Stage 5. Passivate using ammoniated hydrazine
solution at 95-1OO�C  for 24 h.

Stage 6. Drain system and dry thoroughly.

In the case of the plant illustrated in Fig. 4, a special
step was introduced between Stages 2 and 3. For a
period of nearly 2 d water was circulated while tests
were carried out to check, by contact flowmeter [15],
that each of the membrane tubes in the auxiliary boiler
had a similar flow rate and that in particular none was
blocked.

F. Storage

If the boiler system is not held under the correct
conditions after cleaning then much of the passivation
can be lost within a few days. The system can be stored
wet if filled with ammoniated hydrazine solution, or dry
using dehumidified air or nitrogen. The use of dehumidi-
fied air allows access to the system for further work or
inspection, without costly, time-consuming purging, and
drying.
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3.17 FOULING IN HEAT EXCHANGERS 3.17.1-1

3.17.1
Overview and summary

James G. Knudsen

A. Definitions (a) Fouling resistance

The term fouling refers to the deposition of material on
a heat transfer surface, usually resulting in an increase in
the resistance to heat transfer and a subsequent loss of
thermal exchange capacity of the heat transfer equip-
ment. In practice, some fouling usually occurs in most
heat exchangers, and in some it becomes a predominant
resistance. It is therefore necessary for the designer to
estimate the probable magnitude of the fouling resis-
tance as well as means by which it may be reduced. Once
fouling is accepted as unavoidable, design steps must be
taken to provide for periodic shutdown and cleaning of
the equipment. In some cases, provisions for cleaning
may be the dominating factors in heat exchanger design.

Sizing of heat exchangers is based on the heat duty and
the temperatures, properties, and flow rates of the hot
and cold streams. This information is used to determine
the individual heat transfer coefficients in the equation
for the overall heat transfer coefficient:

1-=-’ +Rfl  +c ++
Ul a1

(1)
w 2

The overall heat transfer coefficient is used in the
heat exchanger equation to determine the required
surface area:

Since 1960 considerable progress has been made in
understanding the fouling process; however, this has not
resulted in significant improvement in the ability of the
designer to predict fouling resistances. Evidence of
increased interest is noted in the rapidly expanding
literature on fouling and the number of conferences and
reviews on the subject. Sources of information on
fouling include the pioneering papers of Taborek et al.
[l, 21 and Epstein [3,4]  as welI  as those of Hasson  [S]
and Knudsen and Roy [6] and the proceedings of
several conferences and seminars devoted to the subject
[7-391. These references constitute an excellent source
of the extensive literature on fouling that has appeared
in the past 20 yr. In addition, the quarterly journal
Fouling Prevention Research Digest began publication in
1979 [40-43] and is available by subscription.

fj = UA A T , , ,

where d = heat transfer rate
A = surface area on which U is based

AT, = log mean temperature difference between
sides 1 and 2

Equation (1) defines the fouling resistance. The
quantities Rfl  and Rf2  are thermal resistances, which are
included in series along with all the other resistances
encountered as heat flows through a heat exchanger wall
from a hot fluid to a cold fluid. Fouling may occur on
either or both sides of the heat transfer surface. It is
usually not possible to determine the individual values of
Rfl and Rf2, even under conditions of known local heat
flux, wall temperature, and known values of o1 and (Ye.
Therefore fouling resistances for operating heat ex-
changers are reported as a single value Rf (=Rfl + Rf2).
Usually, the fouling characteristics of the fluids are

(2)
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3.17.1-2 3.17 FOULING IN HEAT EXCHANGERS / 3.17.1 Overview and Summary

known, and often only one fluid is the major contribu-
tor to the fouling resistance. The fouling resistance Rf is
frequently called the fouling factor. However, this is
misleading, since Rf is not a factor by which something
is multiplied but is a resistance to heat transfer with
appropriate units of m* K/W (h ft* �F/Btu).

(b) Deposition and removal rate

The process of fouling of a heat transfer surface involves
the deposition of material onto the surface. Such
deposition causes an increase in the resistance to heat
transfer and often causes a significant increase in friction
loss as well. As the deposit becomes thicker, and
depending on its physical strength, a certain amount of
material may be removed from the surface and re-
entrained in the flowing stream. The following equation
expresses the rate of change of the fouling resistance as a
function of the deposition rate & and the removal rate
4,. (m*  K/SW) (ft* OF/Btu).

EL
dt

@d - @r (3)

Fouling is a dynamic process. The fouling resistance
changes with time in a manner determined by the
deposition rate and the removal rate.

(c) Fouling resistance-time curves

Equation (3) can be represented as a fouling resistance-
time curve, as shown in Fig. 1. The shape of the curve is
indicative of the phenomena occurring during the
fouling process.

A linear relationship is generally characteristic of
tough, hard, adherent deposits and indicates that the
deposition rate is constant and there is no removal or

Time

Figure 1 Typical fouling resistancetime curves.

that the deposition rate minus the removal rate is
constant. A falling rate or asymptotic curve may be
obtained even though there is no removal, due to
retardation forces that increase as the deposit builds up.

An asymptotic curve is generally characteristic of
�soft� or fragile deposits, which flake off easily due to
the shearing force of the fluid flowing past them. This
behavior can be obtained if the deposition rate is
constant and the removal rate is proportional to the
thickness of the deposit. This assumption leads to a
simple exponential equation.

However, asymptotic behavior may result from
other variations of the deposition and removal rates. The
deposition rate may decrease with increasing deposit
thickness to the point where essentially no deposition
occurs.

The �falling rate� behavior shown by the inter-
mediate curve in Fig. 1 may result from a falling
deposition rate or from a falling deposition rate and an
increasing removal rate. While the fouling resistance-time
curve may be of great value to the designer, one must be
careful in interpreting the curves with respect to
describing the mechanisms that occur. The fouling curve
is the result of a combination of deposition and removal,
which are very complex and often interrelated processes.

Curve D is occasionally observed with commercial
cooling tower water [l, 21 and seawater. The �saw-
tooth� configuration is brought about by periodic
changes of conditions (such as periodic treatment) and
occurs when a buildup of the deposit is suddenly
removed. The cycle continues, resulting in the sawtooth
pattern.

Occasionally, particularly with new surfaces, a delay
time tD is observed before deposition occurs. During this
time nuclei are forming on the surface; as their popula-
tion grows, gross deposition occurs and creates resistance
to heat transfer. During this period, an enhancement of
heat transfer is frequently observed due to increased
roughness of the surface as nucleus formation proceeds.

(d) Cleanliness factor

The amount of fouling that has occurred in a heat
exchanger that has operated for a period of time is often
expressed in the power industry in terms of a cleanliness
factor. This factor represents the ratio of the overall heat
transfer coefficient UF for the fouled condition to that
for the clean condition, UC.  Thus if CF is the cleanliness
factor

CF = +$ (4)

CF is a function of the same parameters as R,-.
The overall coefficients UF and UC must be

compared with each other at constant conditions of flow
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3.17 FOULING IN HEAT EXCHANGERS / 3.17.1 Overview and Summary 3.17.1-3

and temperature; that is, the individual coefficients czl,
LY*,  and x/h, making up the overall coefficients must be
the same in both cases. These are often difficult
conditions to meet in industrial environments; therefore,
at least the liquid fluid flow rates should be the same for
UF as for U C . If UF and UC a r e  c o m p a r e d  f o r
condensers or reboilers, the condensing temperature
and/or boiling temperature must be the same for UF and

UC-
From Eq. (1) it may be shown that for the same ol,

02, and x/A,

Rp +Rf2  =Rf= &- $

Combining Eqs. (4) and (5),

(6)

For a clean heat exchanger, CF is, of course, unity.

B. Importance of fouling

(a) Design and operation

The incentive for the increased attention to fouling of
heat exchangers over the past two decades is certainly
economic. In an era of inexpensive energy and material,
the crude method of estimating fouling resistance was
satisfactory even though considerable excess surface was
specified in the exchanger.

Fouling deposits are usually poor conductors of
heat, and as they accumulate on the heat transfer surface
there is a reduction in the performance and efficiency of
the heat exchanger. The designer of a heat exchanger
must specify sufficient surface to accomplish the desired
heat transfer, using a certain fouling factor. The practice
is to incorporate the fouling resistances as part of the
overall coefficient. To show the effect of fouling,
expressions can be developed relating the total fouling
resistance Rf and the overall heat transfer coefficient for
the clean exchanger, UC, to the surface area A, the
temperature difference AT, or the heat duty h. Usually
the designer is given temperatures and heat duty.
Holding these constant and varying the fouling resistance
has the following impact on surface area:

AF - 1 =  UcRf-
AC

where AC = area required for a clean exchanger
AF = area required for an exchanger with a

fouling resistance of Rf (=Rfl f Rf2)
Equation (7) is plotted in Fig. 2.

After the exchanger has been designed and built, the
area cannot be changed. The mode of operation deter-
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Figure 2 Effect of fouling resistance on surface area (design)
and temperature driving force (operation at constant heat duty).

mines the effect that fouling will have. If the mode of
operation is with a constant temperature difference,
then as fouling deposits occur the heat duty will
decrease according to:

m2K/w  x lo5

Rf - hr ft� �F/Btu

Figure 3 Effect of fouling resistance on heat duty (opeiation  at
constant temperature driving force).
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1 -& = UcRf(l  + UcRf)
QC

where & = heat duty of the clean exchanger
& = heat duty when the fouling factor is Rf

Equation (8) is plotted in Fig. 3. A second mode of
operation is with a constant heat flux, such as would
occur in nuclear reactors and electrically heated heat
exchangers, As fouling occurs in this mode of operation,
the overall temperature difference increases according
to:

aT, - 1 = UcRf
ATc

(9)

exchanger based on the outside area and the percentage
of the total resistance assignable to each resistance. The
thermal conductivity of mild steel is 45 W/m K (26
Btu/h ft OF).

From the information above,

A O- 0.019 1 0.019 1
- - =- =
4 0.019 1 - 2(0.001  65) 0.015 8

1.21

A?.= A 0.019 1 =
f&V O.S(O.019  1 + 0.015 8)

1.09

(A,,, = average of inside and outside areas
for thin-walled tube)

Substituting into Eq. (1)where ATc = temperature difference for the clean ex-
changer 1

AT, = temperature difference for the exchanger - =& +(~)I.09  +(0.00035)(1.21)
UO

with a fouling resistance of Rf
Equation (9) is plotted in Fig. 2.

As the overall coefficient becomes larger the effect
of fouling becomes more significant. Table 1 shows
typical values of the effect of fouling resistance for
several applications.

+ & (1.21) = (3.52)(10-4)  + (4.00)(10-�)

+ (4.26)(10-4)  + (4.26)(10-4)

= (1.24)(10e3)  m* K/W

Thus U, = 804 W/m*  K (142 Btu/h ft* �F)

Example

A typical overhead condenser has the following in-
dividual coefficients:

Cooling water inside tubes:

Oli = 2 840 W/m*  K (500 Btu/h  ft* OF)

Condensing hydrocarbon outside tubes:

06 = 2 840 W/m*  K (500 Btu/h ft* OF)

The tubes are mild steel, 0.019 1 m OD, 0.001 65 m wall
(0.75 in OD, 16 BWG wall). There is no fouling on the
condensing side, but the water-side fouling resistance is
considered likely to become 0.000 35 m* K/W (0.002
h ft2 �F/Btu).  Determine the overall coefficient for the

The resistances are allocated as follows:

Outside coefficient 3.52 X 1O-4 28.3%
Wall 4.00 x 1o-5 3.3%
Fouling resistance 4.26 X 1O-4 34.2%
Inside coefficient 4.26 X 1O-4 34.2%
Overall coefficient 1.24X 1O-3  100%

The quantitative effects described above are reflected in
additional materials, fabrication, installation, and energy
costs. Lost production and cleaning are additional costs
involved when plant shutdown is required for cleaning of
fouled heat exchangers.

The fouling resistance is 34% of the total resistance.

(b) Cost of fouling

Table 1 Effect of fouling resistance on heat exchangers for a fouling resistance of 0.000 528 m* K/W (0.003 h ft*
�F/Btu)

Typical application

Overall coefficient
for clean exchanger,
W/m* K (Btu/h  ft* OF)

Percent change in area or
temperature difference,
@IF/&  - 1) 100 or (ATF/ATc  - 1) 100

Percent change
in heat duty,

(I- &�/&)  100

Gas-gas exchanger
Liquid-gas exchangers
Water-cooled overhead

condensers
Water-cooled steam

condensers
Ocean thermal energy

conversion (OTEC)
condensers

51 (10) 3 2.9
170 (30) 9 8.3

1420 (250) 15 42.8

4 260 (750) 225 69.2

8 520 (1500) 450 81.8
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3.17 FOULING IN HEAT EXCHANGERS / 3.17.1 Overview and Summary 3.17.1-5

There have been estimates of the economic cost of
fouling. Thackery [7] placed the overall annual cost of
fouling in the United Kingdom at 300 to 500 million
pounds (approximately $1 billion). In a study based on
the case histories of specific refinery units, Van
Nostrand et al. [lo]  estimated fouling-related costs for
the United States to be $1.4 billion annually.

Clearly, the cost of fouling is significant. A
thorough economic analysis is not possible in either the
design phase or the operational phase unless the fouling
resistance-time relation is known. Crittenden and Khater
[11] showed that, if the fouling transient can be
predicted, the optimum number of plant shutdowns per
year may be determined by balancing investment costs
against plant cleaning costs and loss of revenue during
shutdown. Epstein [12  ] derived an analytic expression
for maximum production, minimum cost evaporation
cycles based on the Hasson-Reitzer scale formation
equation. The analytic relations are complicated but can
be replaced by a simple graphic procedure.

Fouling also has a significant effect on power plant
design and economics. The effect of a given fouling
resistance on the heat transfer duty of a condenser is
relatively easy to determine. However, in a power plant
the output capability and thermal efficiency are strongly
dependent on the performance of heat exchange equip-
ment. Curlett and Impagliazzo [34]  made a detailed
analysis of a power plant and determined the effect of
condenser tube fouling on the performance of the plant.
Parameters such as water temperature rise, approach

temperature, and water velocity were considered. The
differential evaluated cost of the heat rejection system
was $5 million (1978 present worth of revenue raquire-
ments) for a 600-MW  hypothetical coal-fired power
plant when the fouling resistance increased from a base
value of 4.4 X lo-�  to 1.8 X lob4 m* K/W (0.000 25 to
0.001 h ft* �F/Btu).  Differential costs of $12 million
were estimated when the fouling resistance reached
3.5 X 10e4  to 4.4 X 10e4 m* K/W (0.002 to 0.002 5 h
ft* �F/Btu).

C. Preview of Sections 3.17.2-3.17.4
The following Sections (3.17.2-3.17.4) are devoted to a
detailed discussion of the fouling phenomenon, fouling
control measures, cleaning of heat exchangers, measure-
ment of fouling resistances, and recommended fouling
resistances for design. Generic types of fouling are
discussed as well as types encountered in various
processes and industries. Fouling is analyzed according
to the processes that bring about deposition onto and
removal from a heat transfer surface. Fouling control
measures that can be exercised during the design and
construction phase are discussed, as well as those that
can be used during on-line operation (fluid treatment) or
off-line periods (cleaning during shutdown). A section is
devoted to the techniques used to measure fouling
resistances. The final section is a discussion of some
recommended fouling resistances and of what is available
to the designer.

Nomenclature for Section 3. I 7. I appears at the beginning of Part 3. References appear at the end of Section 3.17.7.
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3.17 FOULING IN HEAT EXCHANGERS 3.17.2-1

3.17.2
Types of fouling

James G. Knudsen

A. Types of fouling according to mechanism

(a) Precipitation (crystallization) fouling

This type of fouling involves crystallization of dissolved
material in the flowing fluid and occurs whenever the
fluid becomes supersaturated with respect to the
depositing material. Inorganic salts can show normal
solubility (solubility increasing with temperature) or
inverse solubility (solubility decreasing with tempera-
ture). Figure 1 shows the solubility of calcium sulfate
with both inverse and normal solubility behavior. If a
liquid containing an inverse solubility salt is in contact

��L 1

0.6
I I II I I I I I
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Figure 1 Solubility of calcium sulfate [45].
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with a heated surface at such a temperature that it
becomes supersaturated, crystallization will occur on the
surface. Nuclei will form and a deposit of the inverse
solubility salt will occur. Under these conditions the
deposit (particularly if it is a pure material) will be hard
and adherent. Occasionally, the bulk temperatures  of the
flowing liquid is such that the liquid is supersaturated.
Crystallization will then occur throughout the bulk
liquid, and deposition will occur on the surface both by
crystallization and by deposition of crystal nuclei from
the flowing stream. In this instance, the deposit may be
softer and more friable.

When precipitation fouling involves the deposition
of inorganic salts from water it is called scaZin$.  This
type of fouling mostly involves sparingly soluble inverse
solubility salts such as calcium carbonate, qalcium
sulfate, various forms of calcium phosphate, calcium and
magnesium silicate, calcium and magnesium hydroxide,
sodium sulfate, and lithium sulfate and carbonate in
water [4]. Reviews of precipitation fouling have been
given by Epstein [4], Troup and Richardson [44],
Hasson  [ 131,  and Bridgewater [8] .

Fouling by normal solubility salts is not as common
as fouling by inverse solubility salts, but it does occur.
Deposits high in silica (which occur in geothermal
brines) will precipitate on a cold surface [4]. Nucleation
and deposition will occur for any normal solubihty  salt
when it is in contact with a surface that is sufficiently
cold to bring about supersaturation of the solution.

Precipitation fouling can occur in cooling water
systems, desalination systems, boilers, geothermal
systems, food processing systems, and black, liquor
evaporators.
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3.17.2-2 3.17 FOULING IN HEAT EXCHANGERS / 3.17.2 Types of Fouling

(b) Freezing fouling

Freezing fouling is the solidification of a pure liquid in
contact with a subcooled heat transfer surface or the
deposition of a high-melting-point constituent of a liquid
in contact with a cold heat transfer surface. A vapor may
also deposit in solid form on a surface without passing
through the liquid phase. The deposit is often of low
density and provides a high resistance to heat transfer.
Bott [14]  reviewed freezing fouling and classified the
overall problem of freezing into three main areas: (1)
cooling and subsequent freezing of boiling liquids, (2)
cooling of mixtures of related substances such as a wide
range of paraffin hydrocarbons, and (3) cooling of
gaseous mixtures, some components of which will
condense and freeze (humid air).

Freezing fouling is a complex process, particularly
in complicated geometries. In simple geometries it can
be subjected to mathematical analysis and the extent of
fouling can be predicted. Deposits can be removed by
increasing the temperature of the heat transfer surface to
a value above the melting temperature of the deposit,
although it is not always convenient or possible to do
this.

(c) Particulate fouling

Particulate fouling is the accumulation of particles from
a fluid containing suspended solids. A comprehensive
review of this mode of fouling has been presented by
Gudmundsson [ 1.51.  Particulate fouling occurs in a
variety of processes. Boiler waters and reactor coolants
contain corrosion products. Cooling tower waters con-
tain particles carried into them by air and corrosion
products (iron oxides and hydroxides). Gaseous streams
are often heavily laden with dust particles, which deposit
out on heat transfer surfaces. Particles in the form of
inorganic salts can be present due to supersaturation of
the liquid somewhere in the circulation system.

(d) Chemical reaction fouling

This type of fouling occurs when chemical reactions take
place at a heat transfer surface and the solid products of
reaction are deposited on the surface. The reaction is
often polymerization and results in the formation of
high-molecular-weight materials. Chemical reaction foul-
ing can occur in any streams that are prone to react at a
heated surface. Corrosion fouling may be catalyzed by
some solid surfaces or corrosion products. Petroleum
hydrocarbon streams and food product streams are
outstanding examples of streams susceptible to chemical
reaction fouling.

Froment [ 161  reviewed fouling of heat transfer
surfaces by coke formation in petrochemical reactors

and discussed thermal cracking of heavy hydrocarbons.
Lund and Sandu [ 171  presented a thorough review of
the chemical reaction fouling of streams encountered in
food processing.

(e) Corrosion fouling

Corrosion fouling is due to the chemical reaction of I

containment materials (including heat transfer surfaces)
with the circulating process stream. Somerscales [35]
distinguishes between two types of corrosion product
fouling. In one type the fouling is a result of corrosion
products formed at locations remote from the heat
transfer surface and transported to and deposited on the
heat transfer surface. This type is more appropriately
classed as particulate fouling or ex situ corrosion fouling.
Lister [ 181  has reviewed aspects of this type of
corrosion fouling. The second type, in situ corrosion
fouling, is due to corrosion products that form and
remain at the heat transfer surface.

(f) Biofouling

Biofouling (biological fouling) results from the develop-
ment on the heat transfer surface of an organic film
consisting of microorganisms (microbial biofouling) and
their products, or from the deposition and growth of
macroorganisms such as barnacles (macrobial bio-
fouling). Biofouling can usually be controlled with
proper treatment in cooling systems, but its control in
once-through seawater or river systems is much more
difficult. There is considerable interest in biofouling.
The Condenser Biofouling Control Conference [25,26]
was concerned with control of biofouling under new
effluent guidelines that mandated lower concentrations
of residual chlorine in effluent streams. There is always a
tendency for biofouling to occur, since bacteria are
ubiquitous in cooling tower waters and oceans, rivers,
and lakes.

Epstein [4] stated that some 2 000 species of
organisms have been recorded as a fouling nuisance.
Macroorganisms in their early life forms pass easily
through water strainers. Microorganisms such as bacteria
on the heat transfer surface produce slimes, which are
the initial stages of formation of a more complicated
fouling deposit that can contain suspended solids and
corrosion products. Conditions in heat exchangers are
often suitable for the promotion of biofouling.

Biofouling has been reviewed by Characklis  [19]
and Bott [9].

(g) Combined fouling

It is convenient to classify fouling of heat transfer
surfaces into several clearly definable types, especially
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3.17 FOULING IN HEAT EXCHANGERS / 3.17.2 Types of Fouling 3.17.2-3

since research workers tend to investigate individual or
isolated types. However, most deposits that occur on
heat transfer surfaces are the result of two or more of
the types described. In cooling water systems, the
deposits can be the result of crystalline, particulate, in
situ corrosion, and biofouling. In the initial stage of
deposit formation, one particular type of fouling may
predominate, and this can accelerate deposition by other
types. The process is very complicated, and while some
progress has been made in understanding individual
types of fouling, only speculations exist about the
interaction between fouling types when they occur
simultaneously on a heat transfer surface.

B. Types of fouling by process type

(a) No phase change

Virtually all types of fouling can occur during the
heating of flowing fluids when no phase change occurs.

Water is the most common cooling fluid in industry and
contains dissolved solids, particulate materials, and
microorganisms, each of which can contribute to foul-
ing. Hydrocarbon liquids tend to polymerize or deposit
coke during heating. Air used as a cooling medium can
be contaminated with particulate materials, traces of
polymerization-prone constituents, and microorganisms.
Combustion gases produced in furnaces usually contain
ash particles and condensible acids, both of which can
cause significant fouling problems, particularly when
they are present simultaneously. In general, process
fluids often react chemically or polymerize when heated,
contributing to potential fouling problems.

In cooling operations, such as crystallization, foul-
ing can occur whenever a solution is cooled below its
saturation temperature. Streams encountered in food
processing have a tendency to react chemically when
heated under conditions such that there is no phase
change. Crystallization fouling is also a problem in some
food product streams; an example is the deposition of
calcium salts during pasteurization of milk.

Table 1 Fouling of heat transfer surfaces in industry groups�

Industry group
Type of fouling that occurs in heat
exchange equipment

Usual extent
of problem

Food and kindred products

Textile milt products

Lumber and wood products
including paper and allied
products

Chemical and allied

Petroleum refining and
related industries

Stone, clay, glass, and
concrete products

Electric power production

Chemical reaction
Crystallization (milk processing)
Biofouling
Particulate (gas side) (spray drying)
Corrosion

Particulate (cooling water)
Biofouling (cooling water)

Crystallization (liquor, cooling water)
Particulate (process side, cooling water)
Biofouling (cooling water)
Chemical reaction (process side)
Corrosion

Crystallization (process side, cooling water)
Particulate (cooling water) (gas side)
Biofouling (cooling water)
Chemical reaction (process side)
Corrosion

Chemical reaction (process side)
Crystallization (cooling water)
Particulate (cooling water, gas side)
Biofouling (cooling water)
Corrosion (process side)

Particulate (gas side) (heat recovery)

Biofouling (cooling water)
Crystallization (cooling water, boiler water)
Particulate (furnace side)
Freezing (furnace-side slag formation)
Corrosion (air-cooled condensers)

Major
Major
Medium
Minor/major
Minor

Major
Minor
Minor
Minor
Medium

Medium
Minor/medium
Medium
Minor/major
Medium

Major
Medium
Minor/medium
Medium
Medium

Minor/major

Major
Medium
Major
Major

�From Fassbender [48]  and Garrett-Price et aL [49]
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3.17.2-4 3.17 FOULING IN HEAT EXCHANGERS / 3.17.2 Types of Fouling

(b) Boiling and evaporation

When liquids are boiled or evaporated, saturated and
supersaturated solutions may be produced from which
salts will precipitate and deposit on heat transfer
surfaces. Water-soluble sulfate-carbonate scales form
during the evaporation of alkaline black liquor [46,47].
Fouling often occurs on the water side of utility and
power boilers, even though the water used has a low
total dissolved solids content. Traces of oxygen in boiler
waters can lead to significant corrosion. The rate of
deposition of crystals during boiling is proportional to a
power of the difference in concentration between the
bulk liquid and the liquid at the heat transfer surface.
Values of the power of the concentration difference are
discussed by Epstein [4].

(c) Condensation

In the absence of polymerization or other chemical
reactions, most condensing liquids are clean and rela-

tively pure, so that fouling is not a significant problem
during condensation operations. Traces of high-boiling-
point constituents in condensate, such as compressor oil
in refrigerant, have a potential for fouling. Condensation
in the presence of acidic gases such as CO2 can cause
corrosion problems. Likewise, vapor condensation assists
in depositing any particles that are present.

C. Types of fouling by industry

In virtually every industry in which heat transfer is a
major operation, and heat exchange equipment is a
major capital investment, it is important to be cognizant
of fouling and of how it affects the processes involved
and their design and maintenance. Table 1 is a list of
major industry groups and the types of fouling that
occur frequently in heat transfer equipment.

References for Section 3.17.2 appear at the end of Section 3.17.7.
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3.17 FOULING IN HEAT EXCHANGERS 3.17.3-1

3.17.3
Analysis of the fouling process

James G. Knudsen

A. Processes involved in fouling

Fouling of heat transfer surfaces is made up of at least
five  distinct processes, each of which may be subjected
to analysis [20]. These are:

1. Processes in the body of the fluid.
2. Transport to the heat transfer surface.
3. Attachment or formation of the deposit at the

heat transfer surface.
4. Removal of material from the heat transfer

surface by dissolution (material leaves in ionic form),
erosion or reentrainment (material leaves in particulate
form), or spalling or sloughing (material leaves as a large
mass).

5. Transport of removed material into the body of
the flowing fluid.

Epstein [50]  classified the processes in five main
categories-initiation, transport, attachment, removal,
and aging-and combined these in a 5 X 5 matrix that
includes the five main types of fouling. Figure 1 shows
the matrix and the areas that have received the most and
least attention from the standpoint of research. A
research goal should be to fill in our knowledge in all 25
spaces of the matrix.

Clearly, a fundamental knowledge of the processes
described above would permit the development of
models with which fouling could be predicted. However,
such complete fundamental knowledge is not available at
present.

The outcome of the processes listed above is net
deposition of material on the heat transfer surface. The
results can be represented as a fouling resistance-time

ii,, 1984 Hemisphere 1

curve, examples of which are shown in Fig. 3.17.1(l)
and discussed in Sec. 3.17.1A(c).

B. Mechanism of deposition and removal

In the formulation of mathematical models to describe
the curves shown in Fig. 3.17.1(l)  the usual starting
point is the rate equation

where dRf/dt = rate of change of fouling resistance with
respect to time

@d = deposition rate
&. = removal rate

TYPES OF FOULING

HAVE RECEIVED MOST  ATTENTION

*m-1-1-.-.-
HAVE RECEIVED LEAST ATTENTION

Figure 1 The 5 x 5 fouling matrix. From Epstein [SO].

[bushing  Corporation

-~��---T---  l.-l _---^--- --*-_.--. --��.-�--  -. -.
.-..,l__-l.-_. _l__-..-l--

I



3.17.3-2 3.17 FOULING IN HEAT EXCHANGERS / 3.17.3 Analysis of the Fouling Process

It should be noted that, while this fundamental model
applies to many types of fouling, there are examples in
which the rate of fouling decreases and ultimately
becomes zero even though there is no removal.

Integration of Eq. (1) at constant heat flux and
constant surface temperature to give Rf as a function of
time requires a knowledge of #d and I$~. A classical
model was developed by Kern and Seaton [5 1,521, who
assumed #d to be constant and &. to be proportional to
shear stress on the surface of the deposit. The result is an
exponential relation between fouling resistance and
time, giving a curve corresponding to curve C in Fig.
3.17.1(l).

A significant improvement in the KernSeaton
model was made by Taborek et al. [ 1,2] , who expressed
the deposition and removal functions more generally in
terms of the basic quantities that control fouling.
Developed specifically for water, the deposition rate is
expressed as

where Cl = const
Pd = deposition probability factor related

to velocity and the �stickiness� or
adhesion characteristics of the deposit

-an = water quality factor
exp (-E/RT,) = Arrhenius reaction rate function

E = activation energy
h = gas constant
T, = absolute temperature at the surface of

the deposit
The removal function is

where CZ = const
r = shear stress exerted on the surface of the

deposit
x = thickness of the deposit
$ = strength or �removal resistance� of the

deposit
Equations (9) and (10) are a conceptual representation
of factors that influence fouling, but numerical values of
Cr , C�s,  Pd, an, and $J are not known.

Substitution of Eqs. (2) and (3) in Eq. 3.17.1(l)
results, upon integration, in the relation

Rf = clpd@-exp($ [I --enp(Tj  ( 4 )
c2 ThflJ/

where Xf = thermal conductivity of the scale.
As time t becomes large, the expression for the

asymptotic fouling factor Rf* is

The integration assumes that T,, Pd, a�,  7, and $
are constant and therefore applies to one scale, one
water quality, and one set of flow conditions. Thus
Eq. (4) may be used to show the effect of the variables
above as they are changed. Equation (4) is exponential
in time, and the time constant t,-that is, the time
required for the fouling resistance to reach 63% of the
asymptotic value-is given by

In three time constants, the fouling resistance has
attained 95% of the asymptotic value. Morse and
Knudsen [53]  obtained preliminary data relating t, to
scale composition. The time constant decreased signifi-
cantly as the concentration of non-calcium carbonate
components in the deposit increased with all other
variables held constant. The results indicated that as the
scale composition approached that of pure calcium
carbonate (higher scale strength), the time constant
became infinite, suggesting a type of fouling resistance-
time relationship similar to that of curve A in Fig.
3.17.1(l).

Other models have been formulated to describe the
fouling resistance-time relationship. Pinheiro [30,  541
developed a generalized model that incorporates the
major features of several previous models for particulate
deposition, precipitation fouling, and chemical reaction
fouling. It is based on fundamental mechanisms that
occur during fouling, but it cannot be applied until more
knowledge of the processes involved becomes available.
Epstein [4] gave an excellent summary of deposition
and removal models for various types of fouling. These
models may be included in Eq. (1) which can then
be integrated to obtain a relationship between fouling
resistance and time.

From a practical standpoint, Eqs. (4) and (5)
provide a suitable basis for determining the effect of the
several fundamental variables on fouling. Based on
experience or known fouling resistances, the model may
be adjusted as variables are changed.

C. Variables influencing fouling

On the basis of Eqs. (4) and (5) the effects of several
variables on fouling resistance are described below. The
qualitative effects of these variables are shown in Table
1. These qualitative effects are generally applicable to
cooling water fouling and may not be completely
applicable to all types of fouling.
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3.17 FOULING IN HEAT EXCHANGERS / 3.17.3 Analysis of the Fouling Process

Table 1 Effect of various parameters on fouling resistance

Parameter (increasing) Rate of deposition Rate of removal

Stickiness and adherence Increases Decreases
Heat transfer surface temperature Increases Depends on character

of deposit
Strength and �removal resistance� Probably slight Decreases
Surface roughness Possibly increases Possibly increases
Ex situ corrosion Increases Probably no effect
In situ corrosion Increases Depends on product

formed
Velocity Decreases (almost always) Increases (always)

3.17.3-3

Asymptotic fouling
resistance

Increases

increases
Increases
Possibly no effect
Increases

Increases
Decreases

(a) Deposition probability Pd
(effect of velocity and stickiness)

Deposition probability increases as velocity decreases,
since a particle or crystal will have a longer residence
time at the surface at a lower velocity. Deposition
probability is also related to the stickiness or adhesion of
the deposit. As stickiness increases, the deposition
probability and the fouling resistance increase. The
deposition probability is a complex quantity. Mass
transport to the surface increases with increasing veloc-
ity. Stickiness may or may not be a function of velocity,
depending on the properties of the surface and how they
are affected by shear stress. This complexity indicates
the need for basic studies of the fundamental variables
that affect fouling.

(b) Water quality ST’

Water quality is related to the scaling characteristics,
mainly of treated cooling water. It is generally based on
some index related to the calcium hardness of the water.
Indices commonly used are the Langelier index [55] and
the Ryznar index [56].  Water is considered to have a
scaling tendency if the Langelier index is greater than 1
or the Ryznar index is less than 6.

Bodnar [57]  developed a criterion for estimating
the scaling tendency of cooling water which is also based
on the solubility of calcium carbonate. He defined a
�crystallization head� as a function of the amounts of
dissolved calcium carbonate, carbonic acid, and free
carbon dioxide and the pH of the water. A plot is used
to determine the crystallization head from the values of
these parameters. When the crystallization head is unity

the water is saturated; when it is negative the water is
unsaturated.

It is important to note that all the criteria above are
based only on calcium carbonate-bicarbonate equilibria;
interaction with other ions in solution is not considered.

Computer programs have been developed for pre-

dieting which species will precipitate from a solution
that contains a large number of dissolved mineral salts
[58]. These programs consider the interactions between
various ions as well as the solubility products of
sparingly soluble constituents. They need to be much
more refined and tested against experimental data. They
should provide a more reliable means of predicting
scaling tendencies of cooling water. It is doubtful,
however ,  that any criterion will predict the amount o r
rate of scaling (and hence the fouling resistance) for any
cooling water. Such predictions will, no doubt, be based
on experimental fouling data obtained on a real-time basis.

(c) Surface temperature

Equation (4) indicates that as the temperature at a heat
transfer surface increases, fouling resistance due to
crystallization fouling by inverse solubility salts in-
creases. However, under boiling conditions the increase
of fouling with surface temperature may hold for all
salts. The same is true of biofouling up to a certain
surface temperature limit, usually about 35°C (95°F).
For crystallization fouling by calcium carbonate,
magnesium silicate, and their mixtures, Knudsen and
Lahm [33] reported values of the activation energy E in
the range 4.65 X 10� to 9.3 X 10� J/kmol (20 000 to
40 000 Btu/lb mol). This gives some basis for calculating
the effect of surface temperature on crystallization
fouling.

Temperature affects particulate deposition through
thermophoresis, which acts in the direction of the
temperature gradient and is enhanced by cooling rather
than heating surfaces [4]. Chemical reaction fouling is
enhanced by increasing temperature according to the
temperature function shown in Eqs. (4) and (5).

(d) Shear stress (velocity)

According to Eq. (4), fouling resistance decreases with
increasing shear stress. The mechanism of deposit re-
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3.17.3-4 3.17 FOULING IN HEAT EXCHANGERS / 3.17.3 Analysis of the Fouling Process

moval by the action of shear stress is described by two
theories. According to one theory, the shear stress
exerted by the adjacent laminar sublayer is sufficient to
fracture the upper layers of the deposit and remove
material. The other theory is based on the fine structure
of the laminar sublayer in which sudden random
eruptions of fluid normal to the wall occur. These
so-called turbulent bursts are thought to influence both
deposition and removal of material from the surface; a
model of this process is described by Wright [40]. With
either theory, increasing velocity means increasing shear
stress (or turbulent bursts) and removal of the deposit is
enhanced, particularly if the deposit consists of mixed
crystals or has weak fault lines.

(e) Deposit strength or “‘removal resistance”
of deposit, $

The effects of velocity and associated shear stress are
closely linked to the strength or �removal resistance� of
the deposit. According to Eqs. (4) and (5), fouling
resistance is proportional to a strength factor $. A hard,
adherent deposit such as pure calcium carbonate follows
a linear fouling resistance-time relationship similar to
curve A in Fig. 3.17.1(l). As the strength factor is
reduced by the presence of other types of crystals or by
weakening crystalline structure, the fouling resistance is
reduced and curve C is more representative of the time
behavior.

(f) Surface material

The effect of the material of the heat transfer surface is
not included in Eqs. (4) and (5). There are several ways
in which materials may influence fouling. Biofouling is
generally retarded by copper-containing materials. Ritter
et al. [28]  compared copper alloys and titanium for
biofouling in seawater. Biofouling occurred on both
surfaces, and it appeared that the toxicity of copper had
a significant effect at lower velocities. At higher veloc-
ities the difference between the two materials was much
less significant. Copper and copper alloys can be
effective in reducing biofouling only if they slowly
corrode so that copper ions are released.

Baier [59] studied the effect of surface free energy
on biofouling and showed that through appropriate
surface treatment biofouling can be reduced. Minimum
biofouling was found at a surface free energy of about
0.02 N/m (20 dyne/cm).

Surface charges can also effect fouling rate. Bowen
and Epstein [60] showed that asymptotic behavior of
the fouling resistance-time curve [curve C of Fig.
3.17.1(l)]  could be obtained without appreciable re-
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moval but by changing surface forces and geometry as
deposition proceeded.

For crystalline and particulate fouling, the material
of the surface may have an effect on the induction
period during which the surface is being covered with
nuclei. This is a stochastic process and not easily
predictable. As soon as enough nucleation sites have
formed on the surface, the fouling resistance will follow
one of the curves shown in Fig. 3.17.1(l)  (that is, at
times greater than TV). In this period of deposition the
surface material appears to have no effect on the fouling
resistance, except for the case in which corrosion is
enhanced at the deposit-metal interface when the surface
is completely covered by deposit.

(g) Surface roughness

Rough surfaces are thought to enhance deposition of
materials, especially in the incipient stages. However,
there has been no systematic investigation of the fouling
characteristics of rough surfaces. Grocki and Westergren
[61] indicate that scaling can be minimized in alkaline
evaporator service by using tubes of high surface finish
made by a special process. Enhanced heat transfer
surfaces have not been used extensively in services where
fouling liquids are used. It is possible that turbulence
created by the geometry of enhanced heat transfer
surfaces could contribute to the removal of any fouling
deposit that is formed. Watkinson et al. [62]  studied the
scaling of plain, internally longitudinally finned, and
spirally indented tubes. The finned tubes showed fouling
resistances 15-35%  greater than those of plain tubes. At
1 m/s the fouling resistances of the spirally indented
tubes were 25-50%  below those of the plain tubes.
Knudsen and Roy [63]  reported identical fouling
resistances for a spirally corrugated tube and a plain
tube. Moore [64] described several applications in which
radial finned tubes had distinct advantages over plain
tubes under fouling conditions. He contended that
irregular thermal expansion on the fins tends to produce
a looser scale which is easier to remove. Because of the
advantage of using enhanced heat transfer surfaces,
information on their fouling characteristics is needed.

Plate exchangers have a very complicated flow
geometry and develop high levels of turbulence and
shear. Plant experiences indicate that plate heat ex-
changers have lower fouling rates than tubular ex-
changers because of the turbulence induced by the
corrugations on the plate. Cooper et al. [65] studied the
fouling of plate heat exchangers and confirmed that they
showed considerably lower fouling resistances than a
circular tube under similar operating conditions with
cooling tower water.
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(b) Corrosion

In situ corrosion has been discussed as one type of
fouling. Corrosion occurs quite frequently with other
types of fouling when the heat transfer surface reacts
with the flowing process fluid. In these cases corrosion
does not appear to affect other types of fouling that

I

Nomenclature for Section 3. I 7.3 appears at the beginning of Part 3. References appear at the end of Section 3.1 Z 7.

occur simultaneously [6]. However, corrosion can also
occur under a deposit of crystals, particles, or biological
material even when it would not normally occur with
the material directly in contact with the flowing fluid. In

any case, corrosion results in additional thermal
resistance to heat transfer.
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3.17 FOULING IN HEAT EXCHANGERS 3.17.4-1

3.4 7.4
Fouling EIIZYI~measures

James G. Knudsen

A. Introduction

The process by which key decisions are made in
selecting, specifying, designing, manufacturing, and
operating heat exchangers typically follows the pattern:

1. A fouling factor is specified to the designer by
the potential customer.

2. The heat exchanger is designed as part of an
architect-engineer function.

3. A contract is let to the lowest bidder for
fabrication to the specifications provided.

4. The heat exchanger is installed and may or may
not be put into operation by the prime contractor.

5. The heat exchanger is operated by the customer,
after acceptance, with appropriate fluid treatment and/or
periodic cleaning to maintain desired capacity.

In this total process, there are several opportunities
to mitigate potential fouling problems. The ultimate
decision to select one or several mitigation techniques
depends on the apparent effectiveness of the technique,
the type of fouling, and various economic parameters.
The major efforts to mitigate fouling are made during
operation and during shutdown of the exchanger.
Mitigation of fouling needs to be addressed during the
four phases in the life of a heat exchanger:

1. Design phase
2. Construction phase
3. Operation phase (on line)
4. Shutdown phase (off line)

Table 1 shows these four phases and some of the items
to be considered during each of them [49].

0 1984 Hemisphere I
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B. Fouling control measures:
Design and operation

(a) Economic considerations

As seen from Table 3.17.2(l), fouling problems of
various types can arise in most industries. Designers of
heat exchange equipment should be aware that any
potential fouling problem must be considered with at
least as much attention as heat transfer coefficients or
any other design aspect. However, fouling problems
cannot be avoided in many heat exchanger operations,
and it is then necessary to introduce defensive measures
to minimize fouling and the cost of cleaning. Often
operating conditions and fluid compositions change after
the exchanger has been in service.

The fouling control measures used during either
design or operation must be subjected to a thorough
economic analysis, taking into consideration all the costs
of the fouling control measures and their projected
benefits in reducing costs due to fouling. The TEMA
[66] fouling resistances are not asymptotic ones but
rather reflect design practices that lead to a �reasonable�
time between cleaning periods.

Under some conditions, nearly asymptotic fouling
resistances can be attained, and this suggests a somewhat
different approach to the economics. If, through proper
design and process modification, the ideal case of nearly
asymptotic fouling resistance could be obtained during
continued service, then the amount of heat exchange
surface could be specified so that cleaning would be
almost never necessary. On the other hand, if it is
expected that fouling resistances will be great (regardless

lblishing  Corporation
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Table 1 Spectrum of fouling mitigation strategies�

Design phase Construction/installation phase Operation (on-line) phase
Shutdown (scheduled/
unscheduled) phase

Heat exchanger type

Heat exchanger geometry
and configuration

Manufacturing quality control

Protection in transport and
storage

Maintaining appropriate
temperature operating range

Maintaining appropriate flow
operating range

Operating conditions
Temperature
Flow rate

Preoperation cleaning and
passivation

Fluids pretreatmen@

Use and control by appropriate
additive8

Inhibitors
Antiscalants
Dispersants
Acids

On-line cleaningb
Amertap (sponge balls)
MAN (brushes)
Sonic horns
Soot blowers
Chains and scrapers
Thermal shock

Disassemb y and manual
cleaningb

Mechanical removalh
Drilling
Scraping

Lances
Liquid jet
Steam
Air jet

Chemical cleaningb

IFrom Garrett-Price et aL [49].
Strategies that are commonly used by industry.

of measures taken to reduce them), then the fouling
resistance-time curve becomes important in determining
the optimum service time between shutdowns for
cleaning.

(b) Design measures

In the past two decades the design of heat transfer
equipment has become very sophisticated. Use of com-
puter programs permits the investigation of a wide range
of design variables to determine their effect on pressure
drop, heat transfer, and costs. This gives the designer the
opportunity to consider configurations and modes of
operation that will mitigate fouling of the heat transfer
surface. As a rule, however, the user gives the designer
fouling resistances to be used in a specific design, so that
the designer has little opportunity to explore geometries
that might mitigate fouling.

Overestimation of fouling resistance can lead to
specifying an excessive amount of surface in the heat
exchanger, which can cause problems during initial
operation, when the fouling resistance is zero. Over-
capacity of the exchanger leads to reduction of flow
rates to the extent that fouling is enhanced, so that the
estimated fouling resistance used in design becomes
virtually a self-fulfilling prophecy.

Several good references give suggestions for steps
that the designer can take to mitigate fouling [5,41,67,

o 1984 Hemisphere F

681. These suggestions can serve as a guide to possible
approaches. Data are not available for quantifying the
steps taken. Without such quantitative information the
designer is not likely to make design modifications, since
their possible advantages cannot be demonstrated.

Cousins and Pritchard [41] discuss various factors
that can be considered during the design phase in order
to reduce fouling. These factors include exchanger
geometry, materials of construction, wall temperature,
velocity, and nature of the fluids.

Significant changes in the traditional configuration
of the shell-and-tube heat exchanger have been pro-
posed, not only to improve heat transfer but to mitigate
fouling. One promising configuration is the ROD baffle
heat exchanger [69, 701.  Various special heat ex-
changers have been patented for handling fouling fluids
[49]. These are more expensive than the conventional
shell-and-tube heat exchanger, and their use must be
justified on economic grounds.

It has been mentioned that plate exchangers have
considerably lower fouling resistance than circular tubes
[65].  Novak [32]  presented a summary of the design of
plate heat exchangers from the standpoint of fouling
reduction.

For severe fouling conditions, Klaren [3 I] proposed
a fluidized bed heat exchanger consisting of a large
number of parallel heat exchanger tubes in which small
solid particles are maintained in a stationary fluidized
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state by liquid passing up the tubes. Heat transfer
coefficients obtained are three to five times the co-
efficient for single-phase flow in the tubes. Klaren
summarized results for a variety of experimental
fluidized-bed exchangers in which the liquid fluidizing
media all demonstrated severe fouling tendencies in
conventional heat exchangers but showed no such
fouling in the fluidized-bed exchangers. The fluidized-
bed heat exchanger has some disadvantages, including
larger space requirements, uneven distribution of
particles among the tubes, and wear of the tube and
particle materials. The concept is in the developmental
stage.

(c) Construction, operation, and maintenance

Construction of plants can extend over considerable
periods of time, and heat exchange surfaces can be
exposed to a variety of adverse environmental condi-
tions. Fouling problems can be initiated during fabrica-
tion when pressure testing is carried out with poor-
quality water and the equipment is not subsequently
washed out with clean water and purged with nitrogen.
Heat exchange surfaces should be protected from
environments that will initiate corrosion or result in
deposits on the surface [42  1.

Often the manner in which a system is operated can
lead to significant fouling problems. Initially, because of
the specification of a certain fouling resistance in the
design, the heat exchanger is usually underutilized. This
often results in use of lower velocities and higher wall
temperatures, both of which can lead to fouling. Many
fouling problems are initiated during start-up. Every
effort should be made at the outset to operate at least at
design velocity, and to use corrosion control and
antifouling treatment for water so that fouling is not
started or is maintained at an acceptably low asymptotic
value.

All heat exchangers should be well instrumented
with flow and temperature sensors so that the progress
of fouling can be monitored.

If cleaning is required, provision should be made to
accomplish this maintenance operation conveniently and
effectively. Pipework should be accessible and of a
configuration that is easily cleaned. If tube bundles must
be removed, exchanger orientation and placement
should be such that removal and cleaning are accom-
plished without undue difficulty.

In the happy circumstance that a heat exchanger
does not need cleaning, there will be times when it is not
operating. It should be left in a shutdown condition such
that fouling does not start during this period. Not only
excessive corrosion but biofouling can be initiated
during this period.

(d) Process modification

If severe fouling problems occur, it is often necessary to
consider a major modification in the process [5]. Some
modifications that can be helpful are:

1. Replace tubular evaporator with submerged com-
bustion evaporator.

2. Replace multistage evaporation process with
multiflash evaporation process.

3. Use processes requiring lower temperatures.

C. Fouling control measures: Fluids treatment

Although the design engineer can mitigate fouling
through proper design and knowledge of the fluids being
processed, this does not reduce the need for treatment
of the fluids. In fact, trouble-free operation of a
well-designed heat exchanger is dependent on a well-
organized, well-controlled treatment program.

There is a large amount of information available on
the effectiveness of various treatment chemicals and
treatment techniques in reducing or preventing fouling.
Not all such references can be covered here, but the
general aspects of the subject will be presented. The
following discussion concerns the three fluids that are
responsible for most heat exchanger fouling: water,
gases, and hydrocarbons.

(a) Well, river, and lake water (fresh water)

The category fresh water pertains to waters that occur
naturally but contain a certain amount of scale-forming
minerals (typically 1000 ppm or less). They are not
classified as brackish waters or seawaters, which contain
several times as much minerals (approximately 3.5%) as
fresh waters. Table 2, from Krisher [71],  is reproduced
here to show the common impurities found in fresh
water.

Fresh water is used extensively for cooling. In many
cases it is used in once-through cooling, in which it
passes through the heat exchangers and is returned to
the environment slightly heated. As water becomes
scarcer and more costly, however, evaporative cooling
towers are being used in which the heated water is
cooled by direct contact with air and returned to the
plant. The water becomes more concentrated in minerals
to a level dependent on the number of concentration
cycles at which the cooling tower is operated. The
number of concentration cycles is determined by the
rate of evaporation in the cooling tower and the amount
of water discharged from the system. The cooling tower
and associated circulating system (including the plant
heat exchangers) provide an excellent environment for
biofouling, scaling, and particulate deposition.
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3.17.4-4 3.17 FOULING IN HEAT EXCHANGERS / 3.17.4  Fouling Control Measures

Table 2 Common impurities in fresh water, problems caused and treatment�

Constituent Chemical formula Difficulties caused Means of treatment

Turbidity None-expressed in
analysis as units

Color None-expressed in
analysis as units

Hardness Calcium and magnesium
salts expressed as CaCO,

Alkalinity Bicarbonate (HCO, -)
carbonate (CO, * -), and
hydrate (OH-), expressed
as CaCO,

Free mineral acid

Carbon dioxide

PH

Sulfate

H, SO,, HCl,  etc.,
expressed as CaCO,

co2

Hydrogen ion concentra-
tion, defined as

PH = log 1 l/W+)  1

S O , � -

Chloride

Nitrate

Cl-

NO, -

Silica SiO,

Iron Fe*+ (ferrous)
Fe3+  (ferric)

Manganese

Oxygen

Hydrogen sulfide

Mn2+

0,

H,S

Ammonia NH,

Dissolved solids None

Imparts unsightly appearance to water.
Deposits in water lines, process equip
ment, etc. Interferes with most process
uses.

May cause foaming in boilers Hinders
precipitation methods such as iron
removal and softening. Can stain
product in process use.

Chief source of scale in heat exchange
equipment, boilers, pipelines, etc.
Forms curds with soap, interferes
with dyeing, etc.

Foaming and carryover of solids with
steam. Embrittlement of boiler steeL
Bicarbonate and carbonate produce
CO, in steam, a source of corrosion
in condensate lines.

Corrosion.

Corrosion in water lines and particularly Aeration. Deaeration Neutralization
steam and condensate lines. with alkalies.

pH varies according to acidic or alkaline
solids in water. Most natural waters
have a pH of 6.0-8.0.

Adds to solids content of water but in
itself is not usually significant. Com-
bines with calcium to form calcium
sulfate scale.

pH can be increased by alkalies and
decreased by acids.

Demineralization.

Adds to solids content and increases
corrosive character of water.

Demineralization.

Adds to solids content but is not usually
significant industrially. Useful for
control of boiler-metal embrittlement.

Demineralization.

Scale in boilers and cooling water
systems. Insoluble turbine blade
deposits due to silica vaporization.

Hot-process removal with magnesium
salts. Adsorption by highly basic
anion exchange resins, in conjunc-
tion with demineralization.

Discolors water on precipitation. Source
of deposits in water lines, boilers, etc.
Interferes with dyeing, tanning, paper-
making, etc.

Same as iron.

Corrosion of water lines, heat exchange
equipment, boilers, return lines, etc.

Cause of �rotten egg� odor. Corrosion.

Corrosion of copper and zinc alloys by
formation of complex soluble ion.

Dissolved solids is measure of total
amount of dissolved matter, deter-
mined by evaporation. High concentra-
tions of dissolved solids are objection-
able because of process interference
and as a cause of foaming in boilers.

Coagulation, settling, and filtration.

Coagulation and filtration. Chlorina-
tion. Adsorption by activated
carbon.

Softening- Deminerallzation  Internal-
boiler water treatment. Surface
active agents.

Lime and lime-soda softening. Acid
treatment. Hydrogen zeolite soften-
ing. Demineralization. Dealkalization
by anion exchange.

Neutralization with alkalies.

Aeration. Coagulation and filtration.
Lime softening. Cation exchange.
Contact filtration. Surface-active
agents for iron retention.

Same as iron

Deaeration. Sodium sulfite. Corrosion
inhibitors.

Aeration. Clorination. Highly basic
anion exchange.

Cation exchange with hydrogen
zeolite. Chlorination. Deaeration.

Various softening processes, such as
lime softening and cation exchange
by hydrogen zeolite, will reduce
dissolved solids. Demineralization.

(See footnote on p. 3.17.4-X)
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Table 2 Common impurities in fresh water, problems caused and treatment� (Continued)

Constituent Chemical formula Difficulties caused Means of treatment

Suspended solids None Suspended solids is the measure of un- Subsidence. Filtration, usually pre-
dissolved matter determined gravi- ceded by coagulation and settling.
metrically. Suspended solids cause
deposits in heat exchange equipment,
boilers, water lines, etc.

Total solids None Total solids is the sum of dissolved and See �Dissolved solids� and
suspended solids, determined gravi- �Suspended solids.�
metrically.

�Excerpted by special permission from Chemical Engineering, August 28, 1978. Copyright 0 1978 by McGraw-Hill, Inc., New York,
N.Y. 10020.

In regions where water is very scarce, evaporative
cooling towers may be too extravagant in water con-
sumption and �dry� cooling towers may be used. In this
case, the plant water system is a closed system and air
cooling with an extended surface heat exchanger is used.
This cooling is limited by the temperature of the air,
whereas in a direct contact cooling tower it is limited by
the wet-bulb temperature of the air. With a dry cooling
tower system, the plant water supply may be maintained
in a relatively constant state in a closed circuit such that
fouling is minimal. In locations where air temperatures
can become high, additional cooling is accomplished
through evaporation by occasionally deluging the heat
transfer surfaces with water in a wet-dry or hybrid
cooling tower. A certain amount of fouling then occurs
on the outside of the extended heat transfer surface.

Several practical guides to water treatment are
available [45, 72,731.

(i) Scale control. Because of environmental regula-
tions, there is a tendency to reduce the amount of water
discharged from a cooling system. Systems are then
operating at a higher number of concentration cycles
and attempts are made to eliminate any liquid discharge
from the system except for liquid carried out by
entrainment in the effluent plume from the cooling
tower.

There are a number of ways to mitigate or prevent
scale deposition due to high concentrations of scale-
f o r m i n g  i o n s  (Ca2+,  Mg2+, C032-,  SOh2-,  PO4 3-,
SiOs�  -) [S,  43, 741. Other constituents that contribute
to fouling are organics,  clays, silts, and metal oxides in
untreated surface waters, corrosion products from the
cooling system, oil, process fluid from leaks, and
atmospheric pollutants such as dust, pollen, insects, and
gases [75].

1. Removal of scaling species. Scaling species can be
removed by ion exchange and lime soda treatments.
Both ion exchange systems and lime soda systems have
high capital and operating costs.

2. Mechanical prevention. This method is related to
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the design measures described previously, in which
geometric configuration and process variables are
selected to mitigate scaling. There are proprietary
devices based on continuous passage of sponge balls or
frequent passage of nylon brushes at predetermined
intervals through the tubes. These devices prevent
buildup of scale, but should be used at the outset and
not after scale is deposited. They require a high capital
cost but have modest operating costs and reduce
cleaning and down time costs.

3. pH control. The solubihty  of scale-forming con-
stituents increases with decreasing pH. Many treatment
programs involve addition of acid (H2S04)  to the
system to maintain pH in the range 6.5 to 7.5. If the
system contains corrosion-resistant materials, a pH may
be selected at which no scaling will occur.

In all-steel systems, one treatment method is to
reduce pH such that RSI - 0.5 = 2 pH, - pH - 0.5,
where pH, is the saturation pH defined by Langelier
[55]. Under these conditions the water is slightly
corrosive and a corrosion inhibitor must be added. The
corrosion inhibitor itself adds minerals to the water and
can result in precipitation fouling. Care is needed when
using pH control to ensure that malfunction of the acid
injection system does not cause low values of pH, which
can bring about very corrosive conditions in the system.
Frequently, such malfunctions are the beginning of
fouling problems. Figures 1 and 2 were presented by
Schieber [76]  to demonstrate the effect of pH.

4. Scale inhibitors. A large number of proprietary
compounds are available for scale control [43]. They
include:

a. Compounds that modify crystal habit and
reduce cohesive strength.

b. Threshold agents, which retard precipitation
of scale-forming salts while they remain in the system.

c. Dispersants, which impart like charges to the
heat exchanger surface and the particles of scale in
suspension. They control particle scaling.

d. Chelating agents, which complex strongly
with scaling cations.
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CORROSION SCALING

PH

Figure.  1 Variation of pH in a cooling tower system. From
Schieber [ 761.

These additives can be as effective in reducing or
preventing fouling as pH control, and they do not carry
the risk of corrosion. Table 3 shows antiscalants that are
commonly used. The presence of an antiscalant has the
most direct effect on the scale strength factor or removal
resistance in Eqs. 3.17.3(4) and 3.17.3(5).

Often, combination treatments are used in which
pH is controlled such that RSI  + 2 = 2 pH, -pH + 2
and an additive that is a corrosion inhibitor is applied.

Although various antifoulant additives are used

IO0

8 0

Figure 2 Effect of pH on corrosion of mild steel in a cooling
system. From Schieber [76 1.
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Table 3 Antiscalants

Natural organics Organic acids, starch, tannin
Mineral sequestrant Polyphosphate
Synthetic organics Polyelectrolytes-ionic, phosphonates,

polyacrylates
Functional groups Crystal distortion, adsorbants, dispers-

ants, flocculants, chelants, emulsifiers

mainly to reduce or prevent calcium carbonate fouling,
they are effective in inhibiting deposition of calcium
carbonate and colloidal silica. Midkiff and Foyt [77]
reported that the hard, tenacious scale formed by a
combination of calcium carbonate and colloidal silica
can be avoided by any technique that prevents forma-
tion of calcium carbonate. This includes chemical
treatment, softening, or pH control. Midkiff and Foyt
reported successful operation of a cooling water system
containing 216 mg/kg silica and approximately 120
mg/kg hardness.

(ii) Biofouling control. The environment in cooling
towers and cooling systems is particularly conducive to
growth of microorganisms in the water and on the
surfaces. Power plant condensers in which the heat
transfer surface is at a temperature in the range 35-50°C
(95-120°F)  are subject to biofouling. The biofilm
deposited not only adds to the resistance to heat transfer
but often has a structure such that a significant increase
in pumping power is observed as well.

Biological growths can be controlled by destroying
microorganisms with biocides. However, biocides do not
necessarily remove the film or the fouling resistance. An
effective biofouling control program should be initiated
at the beginning of operation of a new heat exchanger.
Biocides are effective only if they reach the bacteria
deposited on the heat transfer surfaces. Microorganisms
that are attached to and growing on surfaces produce
polysaccharides, which increase the sticking probability
of particles and crystals that come in contact with heat
transfer surfaces. Baier et al. [21, 29, 36, 591 investi-
gated the early events leading to biofilm development.
They found that layers of natural organic films grow
spontaneously to submicrometer thickness on all solids
in contact with aqueous fluids. These films appear to be
the precursors for subsequent adhesion of living and
dead particulate material. Baier and co-workers devel-
oped techniques for characterizing these precursor films
on the substrate material.

Of major importance in any biofouling control
program is the environmental impact of control
measures. Biocides that are effective in biofouling
control may have an adverse impact on organisms in the
environment into which water is discharged. Chlorine
has been the biocide most widely used to control
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biofouling. However, it reacts with ammonia and
organics to form products that are potentially hazardous
i n  t h e  e n v i r o n m e n t .  Chloramine has  been  found to  be

more toxic to warm-water fish than free chlorine [75].
Because of these potential environmental hazards, the
U.S.  Environmental Protection Agency is attempting to

reduce the amount of free available chlorine (FAC)
discharged into bodies of water. In 1979 the daily
average amount in cooling tower discharges was not to
exceed 0.2 mg/l or a maximum daily rate of 0.5 mg/l. It
was further required that FAC or total residual chlorine
should not be discharged for more than 2 h per day from
each unit and that no more than one unit should be
chlorinated at a time if there are multiple units in a plant
[25]. E f f o r t s  a r e  b e i n g  m a d e  t o  r e d u c e  d i s c h a r g e  o f

chlorine even further, which raises the question of
whether it is possible to effectively control biofouling
with  ch lor ine .  Therefore ,  b ioc ides  such  as  ha logenated

organic compounds, which can be neutralized and made
harmless to fish life when discharged, are being devel-

oped.
A variety of alternatives are available to control

biofouling in cooling systems. Table 4, from Waite and

Fagan  [26],  shows a wide range of chemical alternatives
for  b iofoul ing  cont ro l .  The  organic  b ioc ides  a re  non-

oxidizing toxicants. Some of the more popular organics

are listed below [45]  :

Chlorinated phenolics
Organotin compounds
Quaternary ammonium salts
Organosulfur compounds
Acrole in

The method of biofouling control selected by a
plan t  opera to r  will u l t i m a t e l y  b e  b a s e d  o n  e c o n o m i c s

and environmental regulations. Biofouling should be
controlled from the beginning of operation of the
equipment. The fact that coupon tests indicate a very
low level of microorganisms in the bulk circulating fluid
does not necessarily mean that biofouling is absent from
the system. Stagnant regions in the system can be highly
active in microbiological activity, even when a biocide is

used. The point of injection of the biocide is critical for
effective control.

Table 4 Evaluation of chemical alternatives for biofouling control�

Property

Chlorine
(Cl,, HOC& Chlorine
OCI-) dioxide Ozone

Bromine Iodine
(Br, , HOBr, Bromine Uz, HOI,
OBr-) chloride 01-) Permanganate

Biocidal  capacity
Suspended bacteria Good Good
Biological films Good Unknown

Engineering
considerations

Storage facilities Base May be
excessive

Handling hazards Dangerous Dangerous
Application equipment Common Critical
Monitoring of residuals Routine Needs

refinement
Corrosion or scaling

problems Minor Unknown
Commercial
considerations

Availability Some Some
problems problems

Transportation Some Generated

Fair
Unknown

Fairb
Unknown

Excellent
Fair

Good
Unknown

Good
Good

<Base Base Base Base <Base

Dangerous
Critical
Needs

refinement

Severe Dangerous
Specialized Common
Routine Routine

Probableb Unknown Unknown

Dangerous
Common
Routine

Minor
Common
Routine

Unknown Unknown

Limitless Restricted Questionable Restricted Questionable

Generated
on site

Severe
restrictions

Some Some Routine
brestrictions restrictions brestric-

tionsb
Low

on site

HighProjected cost
Environmental
considerations

Direct toxicity
Formation of toxins

High Excessive High Excessive High

Medium
High in

salt water

High
High

High
High

High
Probable

high

High
Probable

high

High
Unknown

Low
Probable

low
Probable application

Once through
Closed cycle

Yes
Yes

No
Yes

No
Yes

Yes
Yes

Yes
Yes

Yes
Yes

No
Yes

(See footnotes on p. 3. I%4-8.)
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Table 4 Evaluation of chemical alternatives for biofouling confrol�  (Continued)

Dechlorina-
Mixed Dechlorina- tion (activated

Property Ferrate Peroxide halogen tion (sulfur) carbon) Organics

Biocidal capacity
Suspended bacteria
Biological films

Good
Unknown

Poor
Unknown

Good
Probable

good

-
-

-
-

Good
Good aid

Engineering
considerations

Storage facilities
Handling hazards

<Base
Minor

Base
Minor

Unknown
Severe

> Base
Dangerous

Common

> Base
Dangerous

Common

> Base
May be

bsevere
CommonApplication equipment Common

Monitoring of residuals Routine

Common May be
problem

Dependent
on mixture

Needs
refinement

Routine Routine Requires
special
equipment

Corrosion or scaling
problems

Commercial
considerations

Availability

Unknown Minor Unknown

Restricted

Minor Minor Minor

Currently
not pro-
duced

Routine

Adequate Some
problems

Some
problems

Restricted

Transportation

Projected cost

Minor
restrictions

Medium
high

Some
brestrictions

Excessive

Some Some
b restrictionsb

Some
restrictions brestrictions

High Excessive HighProbable
medium
high

Environmental
considerations

Direct toxicity
Formation of toxins

Low
Probable

low

Medium
Probable

high

High
High

Low
High

Low
Probable

high

High
Unknown

Probable application
Once through
Closed cycle

Possible
Yes

Yes
Yes

No
Yes

Yes
No

Yes
No

No
Yes

pm Waite and Fagan  [ 26 1.
Constraint in certain instances.

Biofouling control is used mainly to prevent growth
on heat transfer surfaces that reduces heat transfer
capacity and increases pumping power. Biocides such as
chlorine are very effective in controlling the micro-
organism population in the bulk fluid, but they are
dissipated so fast that they often have no effect on the
population at the heat transfer surface. For this reason,
slow-release biocides are often more effective in combat-
ing biofouling on heat transfer surfaces. The effective-
ness of a biofouling program is best determined by
monitoring the heat transfer and pressure drop of the
heat exchangers being treated.

Copper-bearing materials in heat transfer surfaces
provide a toxic base on which microorganisms are
deposited. They are effective in reducing biofouling, but
microorganisms can also adapt to the environment. The
effect of tube material is discussed in the following

section on seawater. Copper salts can be used for
biofouling control, but their use is limited because of
their toxicity to environmental organisms.

(iii) Corrosion control. Corrosion control is needed if
the material of the cooling system is reactive with water
under the conditions of the system. When pH control is
used to limit scaling, it is necessary to protect the system
with a corrosion inhibitor. Corrosion inhibitors with a

chromate base have long been used. In chromate-acid
treatment, acid is added to reduce pH and a chromate
compound is added to inhibit corrosion. The chromate is
a highly efficient inhibitor and is cost-effective. How-
ever, the environmental toxicity of chromates has led to
restriction of their use and to the development of other
corrosion inhibitors. Zinc is an effective corrosion
inhibitor, but it is also toxic to organisms in the
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Table 5 Comparison of cooling water treatments�

Kumar
Treatment index

Chromate-zinc base corrosion inhibitor plus
organic phosphate sequestrant

Aminophosphonate plus polyacrylamide
Polyphosphate plus organic phosphate

sequestrant
Alkaline thiosulfate plus phosphate ester plus zinc
Zinc-based corrosion inhibitor plus organic

0.45
1.37

1.44
1.84

polyelectrolyte 2.20
Alkaline organiobased inhibitor 2.72
Polyester corrosion control agent plus dispersant 2.78
Organic polymer 3.69

�Excerpted by special permission from Chemical Engineering,
April 26, 1976. Copyright 0 1976 by McGraw-Hill, Inc., New
York, N.Y. 10020.

environment. A usual chromate-zinc treatment is main-
tained at a level of 20-30 ppm (as Cr04)  chromate and
1-5 ppm zinc [75 1.

An alternative to the high-chromate treatment is a
low-chromate treatment, using 5-10 ppm Cr04,  a pH
range of 7.5 to 9.0, and organic phosphorus compounds
such as aminomethylene phosphoric acid [75]. Organic
(nonchromate) compounds are being investigated as
corrosion inhibitors. These are used in conjunction with
antiscalants and consist of polyphosphates, silicates, or
lignosulfonates, for example. Kumar and Fairfax [78]
compared various cooling water treatments on the basis
of a cost index developed by Kumar. This index is a
figure of merit that weighs the influence of scaling
tendency, corrosion rate, and treatment cost. A low
value of the index is desirable. The results are shown in
Table 5 for one specific water  composit ion.  I t  is
expected that different indices will be obtained for
different water compositions, and thus each situation
must be addressed separately.

(b) Boiler water

Boilers operate over a wide range of pressures and
temperatures, and there are limits on the composition of

boiler water so that scaling and corrosion are minimized.
Recommended limits for industrial boilers are shown in
Table 6. These guidelines [79] were issued in 1975 by
the ASME Commit tee  for  Water  in  Thermal  Power
Systems and are an extension and modificat ion of
guidelines issued in 1932 by the American Boiler

Manufacturers Association. Boiler waters are subjected
to various pretreatments to remove excess concentra-
tions of unwanted species. Table 7 shows a list of various
pretreatment processes that was presented by Herman

PI.
In the preboiler section of the system no phase

changes take place, and fouling and corrosion must be
avoided through the various treatments discussed above.
Orthophosphates should be avoided in this section, since
they have a tendency to form calcium phosphate, which
is slightly soluble. Also, sodium hydroxide should not be
fed into the preboiler section because scaling could
result.

In the boiler itself, deposits on the water side of the
tubes can reduce the rate of heat transfer, cause high
metal temperatures, and frequently can rupture the
tubes.

Two treatment techniques used to prevent fouling
on the tube side of boilers are the phosphate and chelate
treatments [80],  which are described below.

(i) Phosphate treatment. Calcium ions are precipitated
by adding phosphate and alkali to the water. Magnesium
ions are precipitated by alkali and silicates. The precipi-
tates form a sludge of calcium hydroxyapatite
[3Ca3(P04)2  41!a(OH)2]  a n d  s e r p e n t i n e  [2MgSi03  *
Mg(OH)z  *Hz01 . The sludge settles into a mud drum
and is removed periodically. Sludge conditioners con-

Table 6 Guidelines for water quality in modem industrial water tube boilers�

Operating
pressure,
psig

Iron,
rvm

Feedwater

Total
Copper, hardness,
ppm ppm CaCO,

SiO, ,
wm

Boiler water

Total Specific
alkalinity, conductivity,
ppm CaCO, micromho/cm�

O-300 0.100 0.050 0.300 150 700 7 000
301-450 0.050 0.025 0.300 90 600 6 000
451-600 0.030 0.020 0.200 40 500 5 000
601-750 0.025 0.020 0.200 30 400 4 000
75 l-900 0.020 0.015 0.100 20 300 3 000
901-l 000 0.020 0.015 0.050 8 200 2 000

1001-l 500 0.010 0.010 0.000 2 0 150
1501-2 000 0.010 0.010 0.000 1 0 100

�From Simon [ 791.
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Table 7 External treatment systems for boiler water�

Treatment Effect

1. Aeration

2. Prechlorination

3. Clarification

4. Cold process softening

5. Cation exchange, sodium
cycle

6. �Split stream� cation
exchangers, sodium and
hydrogen cycles with
degasifier

7. Cation exchanger, sodium
cycle followed by anion
exchanger, chloride cycle
for dealkalizing or
hydroxide cycle for
dealkalizing and desilicizing

8. Hot lime followed by
filters and cation
exchanger, sodium cycle

9. Demineralization

Reduce iron, manganese,
hydrogen sulfide, carbon
dioxide.

Reduce organic matter and
microorganisms.

Reduce color and suspended
matter.

Reduce suspended matter,
iron, calcium, magnesium,
bicarbonate, and maybe
some silica.

Reduce calcium and
magnesium.

Reduce calcium, magnesium,
sodium, and bicarbonate.

Reduce calcium, magnesium,
bicarbonate, and, if needed,
silica.

Reduce suspended matter,
iron, calcium, magnesium,
bicarbonate, and silica.

Reduce all cations, anions, and
silica to very low concentra-
tions.

�From Herman [ 801.

taining polymers, organics,  sequestrants, iron-sequestrant-
dispersant, and antifoamants are used to retard deposi-
tion by dispersing boiler sludge so that it will be less
adherent to the tube walls.

(ii) Chelate treatment. Chelation is a scale prevention
treatment by which soluble, heat-stable complexes are
formed. The most common chelating agents are
ethylenediamine tetraacetic acid (EDTA) and the tri-
sodium salt of nitrite triacetic acid (NTA). The chelant
concentration must be well controlled, as an excess can
cause corrosion and a deficiency can cause scaling.
Oxygen must be completely removed from the system.

(iii) Control of iron oxide. Iron oxide is particularly
troublesome in many boilers. It acts as a binder for the
boiler sludge, which in turn is deposited on the tube
wall. The source of the iron oxide is corrosion in other
parts of the system. The problem can be mitigated by
inhibiting the corrosion at its source, removing the iron
oxide by filtration, and treating the iron oxide to
minimize its deposition [81].  Use of an iron oxide
dispersant along with other organic compounds has been
found effective in controlling iron oxide deposition.

(ii) Boiler corrosion control. Corrosion in boilers is
promoted by the presence of oxygen. Oxygen is effec-
tively removed by deaeration of the feedwater followed
by addition of an oxygen scavenger to the boiler water.
Sodium sulfite and hydrazine are two common oxygen
scavengers. Proprietary formulations of these chemicals
are available which contain a catalyst [80].

(c) Seawater

(i) General considerations. Although seawater is used
extensively as a coolant medium, it has two main
disadvantages. It has a high concentration of corrosive
and scaling salts, and it has a high level of macrobial and
microbial activity. Ship condensers use seawater continu-
ously on a once-through basis. Temperatures in these
condensers are normally in a range that promotes
biofouling rather than scaling. Under these conditions
copper-bearing alloys are used to withstand corrosion
and to mitigate the biofouling. If necessary, biofouling
control measures can be used to limit the growth of
microorganisms in the condenser.

Ritter et al, [28]  showed that a 90-10 CuNi surface
at 27°C (80°F) exposed to seawater flowing at a velocity
of 1.8-2.4 m/s (6-8 ft/s) fouled at the same rate as a
titanium surface, but after a short period deposits were
lost when the binding organism died. At the same
temperature and a velocity of 0.6 m/s (2 ft/s) titanium
showed a fouling rate about three times that of the
copper-based alloy. Fouling resistances on the 90-10
CuNi surface ranged from 1.76 X low4 to 3.52 X 10V4
m* K/W (0.001-0.002 h ft* OF/Btu). It was observed
that the titanium surface was susceptible to biofouling,
which bound silt to the surface. The 90-10 CuNi surface
was less susceptible to biofouling but was susceptible to
corrosion fouling.

Two types of scales can form in heat exchangers
with seawater: alkaline scales (calcium carbonate and
magnesium hydroxide) and calcium sulfate [82].  In the
temperature range 60-85°C  (140-185°F)  deposition of
calcium carbonate predominates and the form normally
found is aragonite. Above 80°C (185�F),  increasing
proportions of magnesium hydroxide are deposited. For
calcium sulfate, litte deposit occurs if operating tempera-
tures are below 93-120°C (200-250�F),  depending on
brine concentration.

(ii) Proposed OTEC plants. Scaling, biofouling, and
corrosion are significant factors in the efficient opera-
tion of proposed ocean thermal energy conversion
(OTEC) plants. Biofouling is the most serious problem
and probably can be attacked most effectively through
the use of in situ mechanical cleaning devices such as
sponge balls or nylon brushes. Corrosion can be elimi-
nated by use of titanium; however, because of the
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extensive heat transfer surface needed for an OTEC
plant, this scarce metal would be too expensive.
Aluminum alloy is the main candidate material, but its
corrosion resistance must still be proved. As far as
scaling is concerned, it appears probable that the
warm-water heat exchangers will encounter seawater
supersaturated with respect to calcium carbonate at
some locations on the ocean surface [83].

(iii) Desalination plants. The most serious scaling prob-
lems with seawater occur during its evaporation in the
production of fresh water. The main scale control
methods in multistage flash (MSF) plants are poly-
phosphate dosing, acid dosing, and use of organic
polymers [84,85].

Polyphosphates retard the formation of hard alka-
line scales at temperatures up to about 90°C  (195�F).
Brine velocity should be maintained above 1.8 m/s (6
ft/s).  This does not completely eliminate scaling but
allows operating times of 3-4 mo between cleanings.
Fouling resistances of 1.5 X low4 m* K/W (0.000 85 h
ft* OF/Btu) are attained before cleaning. Close control
of the polyphosphate concentration is necessary so that
calcium orthophosphate does not form.

Acid dosing (pH control) is used to attain higher
temperatures in the system. Its main drawback is the risk
of corrosion due to malfunction of acid injection
equipment. It is necessary to maintain the pH within the
narrow range 7.7-8.0. Typical fouling resistances for
acid-dosed plants are 8.0 X 10m5  m* K/W (0.000 43 h
ft* �F/Btu).

A variety of polyelectrolytes can be used for scale
control. Examples are polyacrylic acid, polymethacrylic
acid, copolymers of maleic  anhydride with monomers
such as methyl vinyl ether, styrene, vinyl acetate, and
hydrolyzed polyacrylamide [85]. Polymers that are
effective have a molecular weight less than 10 000 and
are thought to act as threshold inhibitors or lattice
structure distorters. They have been shown to control
alkaline scale formation as well as calcium sulfate
without the need for acid treatment.

(d) Geothermal brines

Steam and hot water from underground reservoirs
contain many impurities, which precipitate as the
temperature and pressure of the fluid are decreased. The
result is deposition mainly of silicates and carbonates on
surfaces exposed to the brines. Such deposition is almost
inevitable when geothermal brines are used in geo-
thermal power plants [86].

The presence of gases such as carbon dioxide and
hydrogen sulfide along with chloride and sulfate ions
also makes corrosion virtually inevitable in geothermal
plants.

0 1984 Hemisphere F

Because of the variability in composition of geo-
thermal brines, prediction of their behavior is not
possible. Scaling and corrosion behavior must be studied
with suitable test equipment at the site where the
geothermal brine is to be utilized.

(e) Pulping liquors

Sodium carbonate-sodium sulfate scale and calcium
scale are the two most common scales formed during
evaporation of black alkaline pulping liquor [46, 471.
The growth of soluble scales appears to be governed by
solubility conditions in the bulk liquor. Scaling can be
minimized by reducing the solids content of liquor
discharged from the evaporator, reducing the amount of
sulfate and carbonate in the liquor, providing entrained
solids to encourage precipitation in the bulk liquor, and
maintaining stable operation.

The calcium content of the liquor is the most
important factor in calcium scaling and it appears to be
affected by wood supply.

Calcium scales appear to be the most serious
problem in the evaporation of black alkaline liquors,
with fouling resistances in the range 7.0 X 10e4  to
1.4 X 10e3  m* K/w (0.004-0.008 h ft* �F/Btu).

(f) Hydrocarbons

(i) Fouling by hydrocarbon streams. In hydrocarbon
processing operations fouling deposits are formed which
consist of carbon-rich organic polymers [5]. Auto-
oxidation is considered to be the mechanism of forma-
tion. Important factors include inorganic salts; the
presence of oxygen or mercaptans; and traces of copper,
cobalt, manganese, iron, nickel, and chromium, which
catalyze the reaction.

Froment [ 161  concluded that

1. Relatively little is known about the reaction
under process conditions.

2. The process operates under severe conditions and
direct observations are difficult.

3. The severity of the conditions and chemical
nature of the feedstock are critical factors in the fouling
process.

4. There appears to be little hope of reducing
fouling unless the severity of operation can be decreased.

5. The use of additives reduces fouling but not to
the point that periodic cleaning can be avoided.

Duggan et al. [87] reported a technique for
determining the fouling tendency of hydrocarbon
streams. They stated that additives are being used
successfully in refineries and chemical plants to control
hydrocarbon fouling in a variety of process equipment.
Escalating fuel costs have made the use of such additives

lishing  Corporation
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more economically attractive. Significant decreases in
fouling rates were obtained in several plant cases,
including the preheat exchanger system of a crude unit,
a hydrodesulfurization unit, reformer feed-effluent
exchangers, and a naphtha hydrotreater. A proprietary
additive was used. In some cases constant overall heat
transfer coefficients were obtained, and in others the
on-stream time between shutdowns for cleaning was at
least doubled.

Fouling in crude unit preheat exchangers caused by
the presence of salt water in the crude oil was described
by Van der Wee and Tritsmans [88],  who listed several
procedures for minimizing fouling due to the presence of
salt water.

(ii) Corrosion by hydrocarbon streams. Most of the
corrosion problems in refinery and petrochemical plant
streams [89]  are caused by the presence of liquid water
containing dissolved gases, salts, and acids. Much of the
corrosion is caused by the presence of acids, which bring
the pH into the acidic range.

Water-soluble alkalis such as NaOH,  NazCOs, and
NHaOH  have been used extensively for corrosion con-
trol. Low-molecular-weight amines  are also used as
neutralizers. The cost of neutralizing chemicals is high
because it is proportional to the amount of neutraliza-
tion required. Good control must be exercised to
maintain a pH range such that scaling does not occur.

Film-forming corrosion inhibitors are also used
extensively. Their chemical structure consists of a polar
portion, which contains nitrogen, sulfur, oxygen, or
another atom that has an unshared electron pair to
permit chemisorption to an active metal surface, as well
as a nonpolar extremity.

It is thought that the nonpolar end is attracted to
the hydrocarbon and the inhibitor is chemisorbed onto
the surface, forming a film that is water-repellent. Such
neutralizing inhibitors are not required in stoichiometric
amounts to accomplish neutralization. However, a cer-
tain minimum amount of inhibitor is required to ensure
formation of a continuous protective film on the metal
surface.

An effective treatment procedure is to use a
combination of a chemical neutralizer such as an amine
and a film-forming inhibitor such as a neutralizing
amine. The amount of film-forming inhibitor should be
closely controlled to avoid emulsion or foaming prob-
lems at liquid-liquid or gas-liquid interfaces.

(g) Fouling in gas streams

The combustion of fossil fuels can produce particulate
and condensable materials in the gaseous products.
These materials deposit on heat transfer surfaces, where
they inhibit the transfer of heat. A major problem is

encountered under conditions where fly ash is deposited
on furnace walls or temperatures become low enough for
acids to condense. The combination of condensable (or
molten) materials and solid particles is worse than either
of them separately. Liquids wet the particles, and they
adhere more firmly to the heat transfer surface. Coatings
of significant thickness can be formed. In recent years,
emphasis has been on energy recovery from hot dirty gas
streams such as diesel exhausts which contain carbon
particles.

The subject of gas-side fouling was discussed exten-
sively at a recent workshop [90,  911.  Before interest
developed in heat recovery from dirty gases, the major
gas-side fouling problem occurred in fossil-fueled
furnaces. Wynnyckyj  and Rhodes [92]  proposed a
mechanism for furnace fouling. Deposits in coal-tired
furnaces do not grow evenly but produce a very rough
surface. The growth of the deposit is postulated to be a
dynamic process involving three types of particles. One
type is fly ash particles 5-20 pm in diameter, which are
hollow spheres (cenospheres). The cenospheres appear to
fuse and agglomerate to form larger, relatively dense
particles (nodules) in the size range 0.1-l .O mm. These
particles are large and heavy enough to penetrate the
boundary layer and impinge on the furnace wall. Large
lumps (pyroclasts) several centimeters in diameter are
formed on the furnace wall from the agglomeration of
nodules. This hypothesis is based on visual and circum-
stantial evidence and physical measurements by heat
flux probes [93].

Magnesium oxide has been used successfully to
minimize fouling of coal-fired boilers, but the amount
required, 0.4-3% of the fuel burned, made the practice
uneconomical. However, Radway and Boyce [94] re-
ported that the use of magnesia dispersions of tine
particle size at a rate of 0.015% of the fuel yielded a
reduction in fouling. Further investigation of this phe-
nomenon is warranted.

A good survey of the use of fire-side additives to
control fouling in utility boilers has been presented by
Locklin et al. [95].  For oil-fired boilers, additives are
used to control SOs-related problems, high-temperature
fouling, high-temperature corrosion, superheater tem-
perature, and stack pfume color. For coahfired  boilers,
additives are used to control fly ash conditioning
for electrostatic precipitation, convective tube fouling,
coal-ash slag, SOS-related  problems, and superheat con-
trol. In many cases, evaluation of the effect of additives
is qualitative in nature and more fundamental informa-
tion is needed.

Heat recovery systems usually have extended sur-
faces to remove heat from the gas. Protos and Sharon
[96]  studied the effect of spacing and arrangement of
finned tubes on fouling from air containing gypsum
particles. The in-line arrangement had a small relative
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Table 8 Design parameters for extended surfaces in fossil fuel flue gasesa

Type of
flue gas

Fouling resistance, m2 K/W
(h  ft* OF/Btu)

Fin spacing, m
(in)

Gas velocity
m/s W/s)

Clean gas (cleaning devices not required)
Natural gas 8.8 x 10-s-5.3  x 1o-4  (0.000 S-0.003)
Propane 1.8 x 10-4-5.3 x 1O-4 (0.001-0.003)
Butane 1.8 x 10-4-5.3  x 1O-4 (0.001-0.003)

Average gas (provisions for future installation of cleaning device)
No. 2 oil 3.5 x lo-�-7.0  x 1O-4 (0.002-0.004)
Diesel engine 5.3 x 10-a (0.003)

Dirty gas (cleaning devices required)
No. 6 oil 5.3 x 10-4-1.2 x 10-s (0.003-0.007)
Crude oil 7.0 x 1O-4-2.6 x 10-s (0.004-0.015)
Residual oil 8.8 x 10-4-3.5  x 10-s (0.005-0.02)
Coal 8.8 x 10-4-8.8 x lo-�  (0.005-0.05)

1.3 x lo-�-3.0  x lO-3 (0.050-0.118) 31-37 (100-120)
1.8 x 10-s (0.070)
1.8 x lo-� (0.070)

3.0 x 10-s-3.8 x 10-s (0.120-0.151) 26-31 (85-100)

4.6 x 10-3-5.8 x 10-s (0.180-0.228) 18-24 (60-80)
5.1 x 10-s (0.200)
5.1 x 10-s (0.200)
5.9 x lo-�-8.6 x 10-a (0.231-0.340) 15-21 (50-70)

�From Weierman [ 901.

tendency for fouling except for very close transverse
spacing. The relative fouling tendency was primarily
dependent on spacing ratios and only slightly affected
by gas velocity.

Silvestrini [97] investigated fouling of finned sur-
faces exposed to diesel exhausts at various plant sites
utilizing heat recovery systems. Fin type (plain or
serrated) did not affect fouling rate. Fins of greater
density showed worse fouling in terms of flow area
reduction. Fin bridging occurs through soot buildup
from the base tube surface. There is a significant rela-
tionship between sulfuric acid concentration and fouling.

Weierman [90]  discussed some factors involved in

the design of extended surface heat exchangers for fossil
fuel gases and showed examples of severe bridging across
serrated fins. Table 8 gives a range of suggested design
parameters.

In the cement industry, exhaust gases in the
temperature range 300-l 900°F are suitable for heat
recovery but are dusty and heavily laden with alkalis,
sulfates, and chlorides [98]. Because of the nature of
the gases, particulate fouling, chemical reaction fouling,
and corrosion fouling occur. A more thorough  knowl-

edge of the mechanism of gas-side fouling is needed
before successful heat recovery from such gases can be
accomplished.

References for Section 3. I Z 4 appear at the end of Section 3. I 7. Z
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3.17.5
Cleaning of heat exchangers

James G. Knudsen

n If design and fluid treatment do not accomplish
significant mitigation of fouling and serious reduction in
capacity results, it is necessary to take the heat
exchanger out of service and clean it. If there is no spare
exchanger to take its place, a complete plant shutdown
may be necessary. This is a costly occurrence and should
be avoided if possible. Most industrial plants shut down
for periodic maintenance, and heat exchanger cleaning
should coincide with these planned shutdowns.

Excessive fouling can occur for the following
reasons [37] :

1. Changes in flow rates and temperatures
2. Plant failures and excursions from normal opera-

tions
3. Ingress of air, bacteria, and corrosive chemicals

(from process fluid leaks)
4. Changes in fluid composition or product quality
5. Corrosion in remote parts of the system
6. Difficulty in monitoring and dosing treatment

additives

A. Mechanical cleaning

(a) On-line mechanical cleaning

On-line mechanical cleaning equipment can significantly
improve heat exchanger performance and increase times
between shutdowns for cleaning. On-line techniques
generally work best if the deposits are soft and friable
with a low removal resistance. A wide variety of on-line
mechanical techniques are available.

For gases, soot blowers are used most extensively.
There are two types: sonic soot blowers and jet soot
blowers. Sonic soot blowers are used in the cooler part
of furnaces, where soft deposits are present. They can
withstand temperatures up to 1 050°C (1 900�F).  They
emit sound for 15-30 s every lo-30 min. Jet soot
blowers emit pulses of steam or air at regular intervals.
They remove harder deposits than do sonic soot blowers,
but do not remove glossy deposits.

On-line cleaning is also performed with scrapers,
chains, and thermal shock. A number of scraped surface
heat exchangers for special applications are described in
the patent literature.

The two main on-line systems for mitigating fouling
in liquid systems are the Amertap system (Amertap
Corporation, Woodbury, N.Y.) and the MAN system
(Machinenfabrik Augsburg-Niirnburg, Nuremburg, West
Germany). The Amertap recirculating sponge ball system
uses sponge rubber balls (sometimes coated with
abrasive) which circulate through the heat exchanger.
The balls are slightly compressed as they pass through
the tubes. A ball passes through a tube about once every
5 min. Balls leaving the exchanger are separated by a
strainer and returned to the inlet. The MAN system uses
brushes that fit the tubes and move through them under
the force of the flowing fluid. A special retainer is placed
on each end of each tube, and under normal operation
the brushes are retained at the exit end. When flow is
reversed the brushes are moved to the other end of the
tubes, removing deposited material. Operation is re-
turned to normal and the brushes move through the
tubes again to be retained at the tube exit.
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Table 1 Typical deposits removed by chemical
cleani&

Organic Inorganic

Oil
Grease
Fats
Waxes
Soft carbon
Tars
Silt
Vegetation
Biological matter
Polymers
Resins
Paints

Rust
Magnetite
Calcium carbonate
Calcium sulfate
Magnesium hydroxide
Calcium phosphate
Silica
Magnesium silicate
Copper, copper oxides
Alumina
Nickel oxide

�From French [ 371.

Both of these systems are claimed to maintain
nearly zero fouling resistances in heat exchangers where
they have been used.

(b) Off-line mechanical techniques

In many cases, even though fluid treatment and on-line
cleaning are used, heat exchangers require cleaning
during shutdown. Off-line mechanical cleaning usually
requires disassembly of the heat exchanger.

In mechanical cleaning the deposit is removed by
drilling, chipping, or high-pressure water. High-pressure
water jets are most frequently used. Occasionally, sand is
injected with the water to remove hard adherent scale.
High-pressure water is effective in removing deposits
from the inside and outside of tubes, but it can erode
the tube surface and remove protective films that inhibit
corrosion. Another device is the lance, which may be
equipped with various cleaning and cutting heads that
rotate on its end. Mechanical means such as drilling out
tubes or chipping off the scale are labor-intensive and
can seriously damage the surface. If it is expected that
the shell side of a heat exchanger will require cleaning, it
is necessary to use a square-pitch tube layout.

Table 2 Deposits not normally removed by chemical
cleaning

Glasses
Ceramics
Hard carbon

�From French [37].

Inert plastics (e.g, polythene)
Vulcanized rubber
Rubber latex

Off-line techniques for gas-side deposits include
baking, hydroblasting, dissolving the deposit with a
solvent, and thermal shock. The deposit may be burned
off if it is combustible. It is important in cleaning
gas-side surfaces to match the cleaning technique to the
nature of the deposit and the mechanism of attachment

[911.

B. Chemical cleaning

French [37]  presented a good discussion of chemical
cleaning in practice, including several case studies. The
advantages of chemical cleaning are:

1. It is relatively rapid.
2. It is effective.
3. Heat transfer surfaces are not damaged mechan-

ically.
4. Chemical solutions usually reach otherwise in-

accessible areas.
5. Complete surface treatment is achieved.
6. It is not as labor-intensive as mechanical cleaning.
7. Cleaning can be performed in situ.

Table 1 lists deposits that can be removed by
chemical cleaning, and Table 2 lists deposits that are not
susceptible to chemical cleaning. Table 3 is a list of
typical chemicals used for in situ chemical cleaning.

When acids are used as cleaning chemicals, it is
important to use an inhibitor so that the acid will
remove the deposit and not dissolve the heat transfer
surface. Modern inhibitors can be used under extremes
of temperature and flow rate, and metal losses are less
than 2.5 pm for a 6-h contact time.

Table 3 Common types of chemicals utilized for in situ chemical cleaning

Complexing
Acids Alkalis agents Oxidants Solvents Others

Hydrochloric
Nitric
Sulfuric
Hydrofluoric
Citric
Formic
Sulfamic

Caustic soda
Ammonia
Trisodium

phosphate
Sodium

metasilicate
Soda ash

EDTA
Gluconates

Potassium
permanganate

Sodium bromate
Sodium nitrite
Sodium hypochlorite
Ammonium

persulfate

Aromatic
Aliphatic
Chlorinated
Solvent

emulsifiers
Dewatering

formulations

Inhibitors
Surfactants
Antifoams
Biocides
Dispersants
Hydrazinc

bifluoride

�From French [ 371.
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Chemical cleaning operations generally involve a
circulation technique to ensure that the chemicals are
always well mixed and that fresh chemical contacts the
heat transfer surfaces. With this technique the deposits
are dissolved as well as removed by mechanical scouring.

On-stream cleaning is often carried out when bio-
fouling occurs, and biocide is added periodically as a
shock treatment to kill the biological growth. Biocide

1 does not necessarily remove the biofilm. Miller and Bott
[38]  investigated the removal of biological films with
sodium hypochlorite solutions. A concentration of 4
ppm free chlorine resulted in an initial film removal rate
four to six times greater than that achieved with 2.5
ppm free chlorine. The film thickness was reduced by
80% but the film recovered rapidly after treatment. The
effectiveness of the biocide was greater at high velocities.

References for Section 3. I 7.5 appear at the end of Section 3.17.7.
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3.17 FOULING IN HEAT EXCHANGERS 3.17.6-1

3.17.6
Measurement of fouling

resistances

James G. Knudsen

n There are many different types of fouling and the
overall process is very complex. Heat, mass, and momen-
tum transfer and chemical reactions occur simul-
taneously. In order to understand the fouling mechan-
ism, it is necessary to study the individual processes that
occur during fouling. However, regardless of the in-
dividual processes, the overall result is an increase in the
resistance to heat transfer. Hence, a variety of monitors
have been developed to measure the thermal resistance
of fouling deposits as they are laid down on a heat
transfer surface.

As a heat exchanger surface becomes fouled, the
overall fouling resistance can be expressed by the simple
relationship

Rf, + Rf2 2 = Rf = $ - $

provided the change from UC, the overall heat transfer
coefficient under clean conditions, to UF, the overall
heat transfer coefficient under fouled conditions, is due
onZy  to the fouling. The overall coefficients are based on
A r . In an operating heat exchanger this is not always the
case. Therefore, the determination of accurate fouling
factors on full-scale equipment is difficult. A good
summary of techniques for measuring fouling factors has
been given by Epstein [4]. Knudsen [22] described the
characteristics of several generic types of test sections.
The various types are listed in Table 1.

The use of fouling monitors with a liquid as the
heating mechanism has disadvantages. One advantage is
that the surface cannot overheat. Most operating heat
exchangers are similarly limited. However, most fouling
monitors are electrically heated. The most common

configurations are 1 and 2b in Table 1. Configuration 1
was developed by Heat Transfer Research Incorporated
and consists of an annular duct with a concentric core, a
portion of which is electrically heated. Configuration 2a
consists of a thick-walled tube that is electrically heated.
Fetkovich et al. [99, 1001 utilized this configuration
and a transient cooling technique to determine fouling
factors for biofilms formed from contact with seawater.
Characklis et al. [ 1011 developed a fouling monitoring
device based on configuration 2b. It is electrically heated
and operated under steady-state conditions. Heat flux is
determined from the radial temperature gradient in the
thick-walled test section.

There is always a question of whether a fouling
monitor actually simulates the thermal hydraulic condi-

Table 1 Types of fouling test device8

Configuration Description

1 Annular geometry, indirect electric heating
2a Thin-walled tube, indirect electric heating
2b Thick-walled tube, indirect electric heating
2c Thick-walled tube, transient technique
3 Circular tube geometry, thermoelectric

heating or cooling
4 Annular or circular tube geometry, direct

electric heating
5 Annular or circular tube geometry, sensible

heat of fluids
6 Annular or circular tube geometry,

condensing vapor
7 Complex geometries
8 Electrically heated wires and coils

�From Knudsen [22].
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tions in a heat exchanger. Test sections of well-defined
geometry (annular ducts or circular tubes) can probably
simulate the thermal hydraulic conditions inside the
tube of a heat exchanger.

Fetisoff et al. [102]  compared two probes with
widely different configurations. One was similar to
configuration 1. The other was a coiled hot wire probe
made of 0.14-mm-diameter wire with a coil diameter of
1.1 mm. In a flowing system with heptane containing
small amounts of styrene, both probes gave essentially
the same results. The fouling studied was due to a chem-
ical reaction (polymerization of styrene) and the probes
might behave differently with other types of fouling.

Although it is possible to develop devices to
simulate the thermal hydraulic conditions in a heat
exchanger, it is difficult to simulate the actual fluid
whose fouling characteristics are to be determined. One
of the earliest and most sophisticated devices was the
HTRI portable fouling unit, in which the fluid being
tested flowed in annular duct with an electrically heated
central core [103].  Other test devices with varying
degrees of sophistication have been developed for use in
the field [23,  1041. These utilize a small side stream of
the fluid to be tested. All the test sections are similar to
configuration 1 (Table 1). Ling and Lund [105]
employed a test section similar to configuration 1 but
with direct resistance heating of the concentric core of
the annulus. This apparatus was used to study fouling of
heated surfaces by biological fluids. Direct resistance
heating probes may cause unwanted corrosion if the
fluid is an electrolyte. Other devices include the ASTM-
CRC fuel coker (manufactured by Erdco Engineering
Co.), a kinetic device developed by Taylor [ 1061,  and the
UOP (Universal Oil Products) [ 1071  miniaturized probe.

It is important that fouling resistances be measured
under constant conditions of temperature, flow rate, and
quality of the fluid being tested.

In addition to measuring fouling resistances, it is
important that chemical composition of the deposit be
determined as well as the physical characteristics of the
scale such as thermal conductivity, bulk density, poros-
ity, adhesion strength, and crystalline form. Scanning
electron micrographs of the scale surface and micro-
probe analyses can yield valuable information on the
deposition process.

A. Constant heat flux devices

A constant heat flux measuring device can be based on
either indirect electrical heating or direct resistance
heating, using the material of the heat transfer surface
itself. Electrically heated devices have the advantage that
the local heat flux may be determined, permitting

determination of local heat transfer coefficients and
fouling resistance. For most electrically heated devices
equipped with wall temperature sensors, the fouling
resistance can be calculated from

Rf = TWF  - Twc

ci

provided the fluid velocity, bulk temperature, and heat
flux remain constant during the test period. Here T,,,c is
the wall temperature under clean conditions, T,+,F is the
wall temperature under fouled conditions, and 4 is the
heat flux. This equation assumes no change in the heat
transfer coefficient of the fluid being tested for the
duration of the test.

The use of indirect electrical heating (e.g., with
cartridge heaters inside a tube) is the preferred method
since it does not restrict the type of material of the heat
transfer surface. Heat fluxes up to 380 000 W/m�
(120 000 Btu/h ft�) are possible and power require-
ments are 2-4 kW. The test section area can range from
3.2 X 10e3  to 6.4 X 10e3  m2 (5-10  in2).

Direct electrical resistance heating is convenient, but
the materials of the heat transfer test section are limited
to those with high resistivities such as stainless steel and
nichrome. The wall thickness must be very uniform or
the heat flux will vary over the surface.

B. Constant wall temperature devices

Test devices that make use of a boiling liquid or
condensing vapor to transfer heat to or from a test fluid
are essentially constant wall temperature devices. As
fouling proceeds, the wall temperature remains constant
and the heat flux decreases. Even though the wall
temperature may be known, the local heat flux cannot
be determined and hence only average fouling resistances
over the heat transfer section can be determined. In addi-
tion, condensing and boiling heat transfer coefficients
are variable with time, resulting in a large band of uncer-
tainty on the value of the measured fouling resistances.

C. Liquid-liquid devices

The fluid being tested may be heated or cooled by
another fluid, which should be nonfouling in nature.
This fluid should be passed through the test section
at a high mass rate to minimize its temperature change.
These devices are limited to low heat fluxes, and a
condition somewhere between constant heat flux and
constant wall temperature is achieved. Liquid-liquid
devices are best suited to studying fouling with complex
surfaces and complex geometries.

Nomenclature for Section 3. I Z 6 appears at the beginning of Part 3. References appear at the end of Section 3.1 Z Z
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3.17.7
Recommendedfouling  resistances

for design

James G. Knudsen

W Ultimately, the designer must decide how much
additional surface must be included in the heat ex-
changer to account for the fouling that occurs during
operation. Despite the extensive research that is under
way, there has emerged no clear-cut correlation by
which accurate fouling resistances may be predicted. The
ultimate fouling that occurs in a heat exchanger is highly
dependent on the operation of the equipment. As listed
in Sec. 3.17.5, various conditions can contribute to
excessive fouling over which the designer has no control.

In specifying the additional surface necessary to
account for fouling, the following items should be
considered:

1. Nature of the fluids and any past operating
experience

2. Treatments available to mitigate fouling
3. Nature of any potential deposit
4. Possible geometries that will reduce the potential

for deposition
5. Effects on operation of specifying more heat

transfer surface than is needed

The result of specifying a fouling resistance in
design is to provide excess surface over that needed for
the clean heat exchanger. Figure 1 shows the relation
between fouling resistance Rf and overall coefficient for
the clean exchanger UC for various percentages of excess
surface. For example, 100% excess surface means that
the heat exchanger has twice as much surface as needed
when it is clean. Therefore, modifications must be made
in the operating conditions to achieve the heat duty for
which the exchanger was designed.

Table 3.17.3(l)  indicates that an increase in velocity

o 1984 Hemisphere I

and reduction in surface temperature cause a reduction
in the asymptotic fouling resistance for several types of
fouling. This behavior is shown schematically in Fig. 2.
Such a plot cannot yet be expressed qualitatively for any
type of fouling, but Fig. 2 serves to illustrate the
problem. Point A represents the design velocity and
surface temperature and the corresponding fouling re-
sistance, which was used for one fluid assuming that the
other fluid is nonfouling. At start-up, there is too much
area in the exchanger for the required heat duty.
Operating conditions must then be adjusted to point B,

L I” I “” IO00 IO000

UC - Btu/hr ft� �F

Figure 1 Relation between fouling resistance, overall coefficient
for clean exchanger, and percent of excess surface.
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T
2d

VELOCITY __*

Figure 2 Effect of velocity and surface temperature on the
asymptotic fouling resistance.

corresponding to a lower than design velocity and higher
than design surface temperature. This is a region of
higher fouling resistance than was used in the design, so
conditions exist for this higher fouling resistance to
develop.

As fouling proceeds at constant heat duty, the
velocity of the fluid must be increased and its outlet
temperature decreased. If fouling proceeds beyond the
design value of the fouling resistance, the velocity of the
fouling fluid must continue to increase, resulting in a
significant friction loss penalty.

It would be desirable if, during the initial operating
period, the velocity could be maintained at a value
equal to or greater than the design value. This can be
accomplished by recirculation of the fouling fluid so
that initial start-up conditions correspond to point C in
Fig. 2. With recirculation the exchanger can be operated
at or above the design velocity, with the result that the
average bulk temperature of the fouling fluid is in-
creased. At high recirculation rates there is a cost
penalty for additional friction loss.

Unfortunately, the quantitative effect of velocity
and surface temperature on fouling are not well enough
known that firm economic analyses can be made.

A. Recommended fouling resistances

(a) Cooling water

With the treatment techniques available, the asymptotic
fouling resistance for cooling water should not be greater
than 1.7 X 10e4  m* K/W (0.001 h ft* �F/Btu)  and
certainly not greater than 3.5 X 10m4  m* K/W (0.002
h ft�  �F/Btu).  If possible, water velocity in the tube side

should be at least 2 m/s (6.6 ft/s) if erosion is not a
problem. Power condensers with stainless steel or
titanium tubes can tolerate 3-5 m/s (10-16 ft/s). If a
well-defined, well-controlled treatment program is used,
an excess surface of not more than 25% should be
specified.

Regardless of how much excess area is specified, the
designer must determine the initial operating conditions
of the heat exchanger to meet the design heat duty and
determine whether those conditions are such that
excessive fouling will occur. For cooling waters from
which calcium carbonate may be deposited, a heat
transfer surface temperature above 60°C (140°F) should
be avoided.

If it is known that cooling water scales at a certain
temperature and the asymptotic fouling resistance is
known, the effect of surface temperature may be
determined from the relationship

Rf* x C e x p  R<
( >

(1)

where E is the activation energy. The value of E has been
found to be in the range 4.7 X 10� to 9.3 X 10� J/kmol
(20 000-40 000 Btu/lb mol) [33]. A conservative
approach would be to use E = 2.3 X 10� J/kmol
(10 000 Btu/lb mol) if the wall temperature is being
lowered and 4.7 X 10� J/kmol (20 000 Btu/lb mol) if it
is being raised.

If a fouling resistance-time relationship is desired, it
might be developed in the form

Rf = R;(l - 8�) (2)

If two points on the curve are known-for example,
tr , (Rf)l  and t2, (Rf)* -the constants in the equations
may be determined. Zanker [108]  developed a nomo-
graph with which the constants Ri and B can be readily
determined.

Initial deposition rates have been shown by Watkin-
son [109]  to be related to the Langelier saturation
index, but further testing of the model is required.
Watkinson also reported the effect of fluid velocity on
the asymptotic fouling resistance as follows:

1. Calcium carbonate scaling, constant surface
temperature and composition:

R; = 0.101
~1.33~0.23

2. Gas oil fouling, fwed heat flux:

R* - o*55
f V*

3. Sand deposition from water, fixed heat flux

R;z�g
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3.17 FOULING IN HEAT EXCHANGERS / 3.17.7 Recommended Fouling Resistances for Design 3.17.7-3

where Rf* = asymptotic fouling resistance, m2 K/kW
V = fluid velocity, m/s
D = tube diameter, m

In the case of biofouling in the absence of other
types of fouling, a significant resistance to heat transfer
can  occur. Biofilms  have essentially the same thermal
conductivity as water; thus a biofdm  125 w (0.005 in)
thick has a fouling resistance of approximately
1.7 X 10e4 m2 K/W (0.001 h ft2 �F/Btu).

(b) Boiling and evaporation

A wide range of fouling resistances may be encountered
in boiling and evaporation operations. If hard adherent
deposits are formed, sufficient surface should be speci-
fied that a reasonable operating time is obtained
between shutdowns for cleaning.

For spent alkaline pulping liquors, fouling resis-
tances appear to be in the range 7 X 10V4 to 1.4 X 10m3
m2 K/W (0.004-0.008 h ft2 �F/Btu)  before cleaning
[46,47].

Fredrick and Grace [24,  1101 indicate that water-
soluble scales (mainly Na2S04-NazC03 and CaC03)
account for over 80% of the evaporator fouling problems
in alkaline pulp mills. The calcium carbonate scales have
a much greater impact on evaporator capacity. From
experiments with calcium carbonate [l lo] they con-
clude that deposition rate is doubled for a 3.1 K (5S�F)
increase in liquor temperature, scaling rate is not
strongly dependent on liquor solids concentration, and
calcium carbonate addition to the black liquor (seeding)
reduces fouling tendency.

For desalination plants, typical fouling resistances
range from 1.5 X lob4 to 7.6 X lo-�  m2 K/W
(0.000 85-0.000 43 h ft2 �F/Btu)  [84].

In steam boilers and boiling-water nuclear reactors,
in situ corrosion can occur as well as deposition of iron
oxides that are present in the boiling liquid. There has
been considerable study of the deposition of iron oxide
onto surfaces on which water is boiling. Lister [l 111
presented Charlesworth�s model [ 1121  for deposition of
iron oxide from water dosed with ammonia. The mass of
deposited iron oxide M, is given by

M = 0.025 i�c[  1 - exp (-0.01 t)]

where M = mass deposited, kg/cm�
4 = heat flux, W/cm2
c = concentration, kg/kg
t = time, h

(3)

Charlesworth found that the deposition was reversible,
reached a steady state in time, was proportional to the
total iron concentration, and was not greatly influenced
by the chemistry of the coolant or mode of heat transfer
(boiling or nonboiling).

Q 1984 Hemisphere F
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Table 1 Values of II and b in Eq. (4)

9,
W/cm2

c,
w/k

P,
kg/cm* a b

IO-60 O-5 l-180 2 1
25-140 O-2.5 70 l-5 1

O-35 O-2.5 1 1 1
10-30 o-3 1 1 1

The dependence of the deposition rate of iron oxide
on heat flux and concentration has been determined by
various workers. The results were summarized by
Asakura et al. [ 1131 as shown in Table 1, based on the
equation

$f = kiacb (4)

Asakura et al. derived the following equation based
on their experimental data:

dM K&-=-
dt h (5)

where h is the latent heat of vaporization. The deposi-
tion rate constant K was determined from a theoretical
analysis and compares well with experimental values, as
shown in Fig. 3. At constant pressure Eq. (5) will not
give a value of the asymptotic fouling resistance, as
shown by Charlesworth [ 1121,  and it is probably applic-
able only in the early deposition period.

Palmer [81]  indicates that the best method of
controlling iron oxide is by use of a dispersant that

3 F L O W  R A T E  - m/s
n

Figure 3 Deposition rate constant for iron oxide. From Asakura
et al. [113].

blishing Corporation



3.17.7-4 3.17 FOULING IN HEAT EXCHANGERS / 3.17.7 Recommended Fouling Resistances for Design

interacts with the iron oxide in the feedwater. Maximum
benefit from the clispersant treatment is obtained when
iron levels are reduced in the feedwater by amine
treatment and filtration.

Phosphate conditioning of boiler feedwater may
cause phosphates to precipitate if alkaline earth metal
ions are present. A common contaminant of phosphate-
treated boilers is calcium hydroxyapatite. Kelen and
Gustafsson [ 1141 investigated the kinetics of deposition
of this material in a boiler. The deposition rate constant
k (m/s) is defined by

dM = kc
d t

where M = mass deposited, kg/m2
t = time, s
c = concentration of phosphate in the water,

kg/m3
They obtained the following results: the range of k was
0.1-100 m/s; steam content did not influence deposition
rate in the nucleate boiling regime; k was proportional to

Q 9�2  -3. k was larger at higher temperatures; and sodium

Table 2a TEMA fouling resistances for water

Temperature
of heating medium < 240°F 240�-400�Fa

Temperature of water <12S°F > 125°F

Types of water

Water velocity, Water velocity,
ft/s ftls

<3 >3 <3 >3

Seawater 0.000 5 0.000 5 0.001 0.001
Brackish water 0.002 0.00 1 0.003 0.002
Cooling tower and

artificial spray pond
Treated makeup 0.001 0.001 0.002 0.002
Untreated 0.003 0.003 0.005 0.004

City or well water
(such as Great
Lakes) 0.001 0.001 0.002 0.002

River water
Minimum 0.002 0.001 0.003 0.002
Average 0.003 0.002 0.004 0.003

Muddy or silty 0.003 0.002 0.004 0.003
Hard (over 15

grains/gal) 0.003 0.003 0.005 0.005
Engine jacket 0.001 0.001 0.001 0.001
Distilled or closed

cycle condensate 0.000 5 0.000 5 0.000 5 0.000 5
Treated boiler

feedwater 0.001 0.000 5 0.001 0.001
Boiler blowdown 0.002 0.002 0.002 0.002

aRatings in the third and fourth columns are based on a
temperature of the heating medium of 240�-400°F. If the heat-
ing medium temperature is over 400°F and the cooling medium
is known to scale, these ratings should be modified accordingly.

Table 2b TEMA fouling resistances for industrial
fluids

oils
Fuel oil
Transformer oil
Engine lube oil
Quench oil

Gases and vapors
Manufactured gas
Engine exhaust gas
Steam (non-oil bearing)
Exhaust steam (oil bearing)
Refrigerant vapors (oil bearing)
Compressed air
Industrial organic heat transfer media

Liquids
Refrigerant liquids
Hydraulic fluid
Industrial organic heat transfer media
Molten heat transfer salts

0.005
0.001
0.001
0.004

0.01
0.01
0.000 5
0.001
0.002
0.002
0.001

0.001
0.001
0.001
0.000 5

polyacrylate showed a strong inhibiting effect on deposi-
tion.

(c) Hydrocarbons

As indicated previously, hydrocarbons cannot usually be
prevented from fouling, but additives can reduce the rate
of fouling and extend the operating time between
shutdowns. An approximate fouling resistance for re-
former feed-effluent heat exchangers is obtained from
data presented by Dugan et al. [87].  In 6 mo, with no
additive, the overall coefficient changed from 204 to
102 W/m2  K (36-18 Btu/h  ft2 �F), indicating a fouling
resistance of 5.3 X 10e3  m2 K/W (0.03 h ft2 OF/Btu). In
the same period, with additive, the overall coefficient
changed from 204 to 165 W/m2  K (36-29 Btu/h
(ft�  OF),  indicating a fouling resistance of 1.2 X 10e3
m2 K/W (0.007 h ft2 �F/Btu).  These are rather large
fouling resistances; however, the overall coefficients are
low. For a clean coefficient of 204 W/m2  K (36 Btu/h
ft2 OF) and a fouling resistance of 1.7 X 10�  m2 K/W
(0.01 h ft2 �F/Btu),  the excess surface is 36%.

Table 2c TEMA fouling resistances for chemical
processing streams

Gases and vapors
Acid gas
Solvent vapors
Stable overhead products

Liquids
MEA and DEA solutions
DEG and TEG solutions
Stable side draw and bottom product
Caustic solutions
Vegetable oils

0.001
0.001
0.001

0.002
0.002
0.001
0.002
0.003
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Table 2d TEMA fouling resistances for natural Table 2e TEMA fouling resistances for oil refinery
gas-gasoline processing streams streams (Continued)

Gases and vapors
Natural gas
Overhead products

Liquids
Lean oil
Rich oil
Natural gasoline and liquefied

petroleum gases

0.001
0.001

0.002
0.001

0.001

(d) Gases

Cracking and coking unit streams
Overhead vapors
Light cycle oil
Heavy cycle oil
Light coker gas oil
Heavy coker gas oil
Bottoms slurry oil (4: ft/s minimum)
Light liquid products

Catalytic reforming, hydrocracking,
and hydrodesulfurization streams

Reformer charge
Reformer effluent
Hydroaacker charge and effluentb
Recycle gas

0.002
0.002
0.003
0.003
0.004
0.003
0.002

0.002

The fouling resistances of deposits from dirty gas streams
are difficult to predict. Table 3.17.4(8) indicates the
range of fouling resistances that might be expected.

B. TEMA fouling resistances

In some cases, design engineers have a reasonable
background of experience on which to base estimates of
fouling resistances to be used in Eq. 3.17.1(l). In
addition, the fouling resistances for a number of specific
services may be estimated from the Tubular Exchanger
Manufacturers Association (TEMA) standards [66],
which are based on �experience values� collected for
many years. These are shown in Table 2.

Table 2e TEMA fouling resistances for oil refinery
streams

Hydrodesulfurization charge and effluen#
Overhead vapors
Liquid product over 50�  A.P.I.
Liquid product 30�-50�  A.P.I.

Light ends processing streams
Overhead vapors and gases
Liquid products
Absorption oils
Alkylation trace acid streams
Reboiler streams

Lube oil processing streams
Feed stock
Solvent feed mix
Solvent
Ex tractC
Raftinate
Asphalt
Wax slurriesC
Refined lube oil

0.001
0.002
0.001
0.002
0.001
0.001
0.002

0.001
0.001
0.002
0.002
0.003

0.002
0.002
0.001
0.003
0.001
0.005
0.003
0.001

Crude and vacuum unit gases and vapors
Atmospheric tower overhead vapors
Light naphthas
Vacuum overhead vapors

Crude and vacuum liquids
Crude oil

0.001
0.001
0.002

�Normally desalted below this temperature range (applies to
200�-299�F,  300�-499�F,  500°F and over).

bDepending on charge characteristics and storage history,
charge resistance may be many times this value.

CPrecautions  must be taken to prevent wax deposition on
cold tube walls.

Velocity, ft/s

T = O-199°F T = 200�-299°F

<2 2-4 >4 <2 2-4 >4

D r y  salp 0 . 0 0 3  0 . 0 0 2  0 . 0 0 2  0 . 0 0 3  0 . 0 0 2  0 . 0 0 2
0.003 0.002 0.002 0.005 0.004 0.004

T = 300�-499�F T = >500�F

0.004 0.003 0.002 0.005 0.004 0.003
0.006 0.005 0.004 0.007 0.006 0.005

The fouling resistances recommended by TEMA
should not be considered as constant or asymptotic
values that will be attained in a heat exchanger after a
period of operation. If they were true asymptotic values
that represented maximum attainable values of the
fouling resistance, the designer could specify the heat
exchanger to account for this resistance and the heat
exchanger would never need to be shut down for
cleaning.

Gasoline 0.001
Naphtha and light distillates 0.001
Kerosene 0.001
Light gas oil 0.002
Heavy gas oil 0.003
Heavy fuel oils 0.005
Asphalt and residuum 0.010

The TEMA standard fouling resistances have several
limitations: (1) they do not recognize the time-
dependent behavior of fouling, (2) they are not related
to specific design and operational characteristics of
particular heat exchangers, and (3) information is
available only for a number of fluids.

The use of TEMA fouling resistances allows over-
sizing of the heat exchanger such that it will meet
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performance requirements with reasonable intervals
between shutdowns for cleaning. The goal is to select an

optimal design that will result in a minimum of the sum
of fmed costs and shutdown and cleaning costs.

Nomenclature for Section 3.1 Z 7 appears at the beginning of Part 3.
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use in heat transfer augmentation, 2.5.11-2,2.7.94

Adiabatic flows, compressible, in duct, 2.2.2-13
Advanced models for furnaces, 3.11.7-l/3.1  1.7-5
Aggregative fluidization, 2.2.6-l
Agitated beds, heat transfer to, 2.8.34

A slash between two page numbers (e.g., 2.7.3-2212.7.3-26)
indicates a range of those pages.

Agitated vessels, 3.14.1-1
approximate overall heat transfer coefficients in, 2.1.2-5
equipment used in, 3.14.2-l/3.14.2-4

gas sparging, 3.14.2-l/3.14.2-2
mechanical agitators, 3.14.2-1
vessel internals, 3.14.2-2/3.14.24

heat exchanger, description of, 3.1.2-5/3.1.26
heat transfer correlations for, 3.14.3-l/3.14.3-8

with anchors and helical ribbons, 3.14.3-l/3.14.34
with nonproximity agitators, 3.14.3-l/3.14.3-3
scraped-wall pipe and related equipment, 3.14.34/3.14.36

Ahmad  scaling method for critical heat flux in flow boiling of
nonaqueous fluids, 2.7.3-8

Air:
properties of dry and saturated, 3.12.2-6
saturated liquid/vapor properties, 5.5.1-29
superheated gaseous, thermodynamic properties,

5 5.2415.5.2-9
Air-activated gravity conveyor, 2.3.3-2
Air-cooled heat exchangers:

comparison of air and water as coolants, 3.8.1-1
cooling air supply: by fans, 3.8.7-l/3.8.7-3

by natural draft, 3.8.8-l
costing, 4.8.3-l/4.8.3-3
custom built, 3.8.2-l/3.8.2-2
description, 3.1.2-4/3.1.2-5
finned tube bundles for, 3.8.4-l/3.8.4-2
finned tube systems for, 3.8.3-l/3.8.3-3
mechanical design, 4.4.1-l/4.4.1-7

for cold climates and viscous fluid, 4.4.1-7
components, 4.4.1-2/4.4.1-6
nomenclature for, 4.4.1-2
structural design factors, 4.4.1-6/4.4.1-7

special features, 3.8.9-l/3.8.94
sound emission from, 3.8.9-l

thermal rating, 3.8.5-l/3.8.5-5
tubeside flow arrangements, 3.8.6-l

Albedo for single scatter in radiation, 2.9.7-2
Aluminum, spectral characteristics of anodized surfaces, 2.9.2-16
Ammonia, saturated properties of, 5.5.1-29
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AMTD (see Arithmetic mean temperature difference)
Analogy between heat and mass and momentum transfer,

1.2.3-611.2.3-7,  2.1.5-l/2.154
Analytic solutions for heat exchangers, 1.3.1-1/1.3.2-l
Analytical solution of groups, for calculation of thermodynamic

properties of nonhydrocarbons, 5.2.2-315.2.2-9
tables of constants for, 5.5.4-115.5.4-6

Anchor agitators:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Andrade equation for variation of viscosity with temperature,
5.1.4-3

Anelasticity, 5.4.5-5
Angled tubes, use in increasing flooding rate in reflux

condensation, 2.6.2-812.6.2-9
Aniline, saturation properties, 5.5.1-26
Anisotropy of elastic properties, 5.4.54/5.4.5-5
Annular dispersed flow (see Annular flow)
Annular distributor in shell-and-tube heat exchangers, 3.3.5-11
Annular ducts:

critical heat flux In flow in, 2.7.3-20
forced convective heat transfer in single phase flow:

laminar flow, 2.5.1-312.5.14
with liquid metals, 2.5.13-l/2.5.13-2
turbulent heat transfer in, 2.5.1-6,25.1-10/2.5.1-11

free convective heat transfer m closedend: horizontal,
2.5.8-1412.5.8-16

vertical (heated on vertical curved surfaces),
2.5.8-1312.5.8-14

single phase flow and pressure drop in, 2.2.2-712.2.2-10
Iaminar flow, 2.2.2-712.2.2-9
turbulent flow, 2.2.2-912.2.2-10

Annular fins, efficiency, 2.5.3-9
Annular flow:

critical heat flux in, 2.7.3-2212.7.3-30
hydrodynamics in horizontal tubes, 2.3.2-2512.3.2-26
hydrodynamics in vertical tubes, 2.3.2-19/2.3.2-21

deposition and entrainment correlations, 2.3.2-2 1
interfacial roughness relationship, 2.3.2-20
triangular relationship for, 2.3.2-10

regimes of occurrence of: in horizontal flow, 2.3.2-312.3.24
in inclined tubes, 2.3.2412.3.2-5
in systems with phase change, 2.3.2-6/2.3.2-7

Annuli (see Annular ducts)
Arc welding of tubes into tube sheets:

on Inner face, 4.2.6-10
on outer face, 4.2.6-8

Archimedes number, 2.2.1-11
Area of tube outside surface in shell-and-tube heat exchangers:

charts for, 3.1.4-6, 3.3.10-5
Argon, saturated properties, 5.5.1-30
Arithmetic mean temperature difference, definition, 3.1.4-2
Armstrong, Robert C., 2.2.8-1/2.2.8-13,2.5.12-l/2.5.12-16
ASME VIII code, for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-2
index to, 4.3.2-l/4.3.2-11

ASOG (see Analytical solution of groups)
Assisted convection:

around immersed bodies, 2.5.9-l/2.5.94
in vertical channels, 2.5.9-212.5.9-6

Asymmetric loading, in heat exchangers, 4.1.2-2/4.1.2-9
Augmentation of heat transfer, 2.5.1 l-112.5.1 1-12,

2.6.6-1/2.6.64,2.7.9-l/2.7.9-5
active systems for: definition, 2.5.1 l-3

in forced convection, 2.5.11-g/2.5.11-9

in free convection, 2.5.114
compound systems for, 2.5.11-9
in boiling, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-312.7.94

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.6.6-212.6.6-3
in vapor space, 2.6.6-l/2.6.6-2

in kettle reboilers, 3.6.26
in she&and-tube heat exchangers using low finned tubes,

3.3.1 l-213.3.1 l-3
passive systems for: definition, 2.5.1 l-112.5.1 l-3

in forced convection, 2.5.114/2.5.11-8
in free convection, 2.5 .ll-3

performance evaluation criteria for, 2.5.1 l-9/2.5.1 l-10
Austenitic chromium-nickel steels, as material of construction,

4.5.24
Average phase velocity in multiphase flows, 2.3.14

Baffle leakage in shell-and-tube heat exchangers:
numerical methods for predictions of, 1.4.2-3
recommended design procedures for accounting for,

3.3.1-l/3.3.11-5
Baffle pipes in agitated vessels, 3.14.2-313.14.24
Baffles in shell-and-tube heat exchangers:

constructional features affecting thermal design:
clearances, 4.2.5-7

moss type, 4.2.5414.2.5-5
longitudinal type, 4.2.5-8
maximum pitch, 4.2.5-7
support type, 4.2.5-514.2.5-6
thickness, 4.2.5 -7

disk-and-doughnut, 3.3.1 l-2
double segmental, 3.3.1 l-2
leakage effects associated with (see Baffle leakage, Leakage

effects)
number of, calculation of, 3.3.64
segmental, recommended characteristics of, 3.3.5-7/3.3.5-10

Baker flow regime map for horizontal gas-liquid flow, 2.3.2-3
Balance equation (applied to complete equipment),

1.2.4-l/1.2.4-7
average interaction coefficients and driving forces for,

1.2.4-211.2.4-3
conventional representations of heat exchanger performance

by, 1.2.44/l  .2.4-5
differential form of, 1.2.5-l/1.2.5-3

for enthalpy,  temperature and concentration,
1.2.5-l/1.2.5-3

solution and closure, 1.2.5-211.2.5-3
for enthalpy, temperature and concentration changes,

1.2.4-l/1.2.4-2
NTU and effectiveness in, 1.2.4-3/1.2.44

Band dryer:
description, 3.13.24
practical design, 3.13.7-l/3.13.7-2

Banks of tubes (see Tube banks)
Barrels for shell-and-tube heat exchangers (see Shells)
Basket-type evaporator, 3.5.2-l/3.5.2-3
Bauer, R., 2.8.1-l/2.8.1-14,  2.8.2-l/2.8.2-8
Bayonet tube heat exchangers, constructional features of,

4.2.3-9/4.2.3-10
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Beer-Lambert law, 2.9.5-5
Bell, Kenneth J., 3.1.1-l/3.1.4-9
Bell-Delaware method for shell-side heat transfer and pressure

drop in shell-and-tube heat exchangers, 3.3.2-5/3.3.2-6
modified form as basis for recommended procedure,

3.3.3-l/3.3.11-5
Bell and Ghaly method for calculation of multicomponent

systems:
condensation, 2.6.3412.6.3-5
evaporation, 2.7.8-5

Bellows, expansion, for shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
constructional features, 4.2.6-1014.2.6-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-1014.3.2-l 1

Benard cells in free convection in horizontal fluid layers,
2.5.8-l/25.8-3

Bends:
boiling heat transfer in tubes with, 2.7.4412.7.46
dryout  in tubes with, 2.7.4-212.7.44
enhancement of condensation in, 2.6.6-3
multiphase pressure loss in: gas-liquid systems, 2.3.2-17

solid-gas systems, 2.3.3-7
solid-liquid systems, 2.3.44

single-phase fluid flow and pressure drop in, 2.2.2-16/2.2.2-17
loss coefficients for, 2.2.2-16
use of vaned  bends, 2.2.2-1612.2.2-17

Benedict-Webb-Rubin equation of state, 5.2.2-3
Benzene saturation properties, 5.5.1-12
Berenson equation for pool film boiling from a horizontal

surface, 2.7.2-14
Bergles, Arthur E., 2.5.11-1/2.5.11-12,2.6.6-l/2.6.64,

2.7.9-l/2.7.9-5
Bernoulli equation, application to flow across cylinders, 2.2.4-l
Bimetal tubes, use of in shell-and-tube heat exchangers, 4.2.5-2
Binary mixtures:

bubble growth in, 2.7.6-512.7.6-7
bubble nucleation in, 2.7.6-5
condensation of 2.1.6-2/2.1.6-3,2.6.3-7
condensers for, 3.4.4-l/3.4.4-2
constants for, for use in calculation of multicomponent

systems, 5.5.4-l/5.5.4-9
diffusion and mass transfer in, 2.1.5-l/2.1.54
forced convection boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-312.7.8-6
critical heat flux in, 2.7.8-612.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

phase equilibria in, 2.7.6-l/2.7.6-3
pool boiling of, 2.7.7-l/2.7.7-7

critical heat flux, 2.7.7-412.7.75
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-512.7.7-6
nucleate boiling, 2.7.7-l/2.7.74
transition boiling, 2.7.7-5

Bingham fluid (non-Newtonian), 2.2.8-7
Biot number:

in conduction, 2.4.3-2
in melting and solidification, 2.4.4-l/2.4.4-2

Black surface:
heat transfer between gas and, 2.9.6-l/2.9.6-2
spectral characteristics of reflectance from selective,

2.9.2-17
Blackbody radiation, 2.9.1-3/2.9.1-S

, Blake-Carmen-Kozeny equation, 2.2.5-2
Blasius equation for friction factor, 2.2.2-3
Block-type heat exchanger, 4.4.44

Blowing (see Injection)
Blunt bodies, drag coefficients for, 2.2.3-7
Boilers:

combustion systems for firing, 3.11.2-2/3.11.2-3
as type of heat exchanger, 1.1.5-2
(See  aho  Reboilers)

Boiling:
augmentation of heat transfer in, 2.7.9-l/2.7.9-5

pool boiling, 2.1.9-l/2.7.9-2
within tubes, 2.7.9-312.7.9-5

in axial flow reboilers, 3.6.2-6
basic processes, 2.7.1-l/2.7.1-9

bubble detachment and frequency, 2.7.1-712.7.1-8
bubble growth, 2.7.1-612.7.1-7
evaporation, 2.7.1-2
heterogeneous nucleation, 2.7.1-312.7.1-5
homogeneous nucleation, 2.7.1-212.7.1-3
sizing of active nucleation sites, 2.7.1-512.7.16
vapor formation, 2.7.1-l/2.7.1-2

of binary and multicomponent mixtures:
basic process in, 2.7.6-l/2.7.6-7
forced convective boiling, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in evaporators, 3.5.7-213.5.7-3
in horizontal tubes, 2.7.4-l/2.7.4-7

dryout  in (including bends and coils), 2.7.4-l/2.7.44
heat transfer rates in, 2.7.44/2.7.46

in kettle and horizontal thermosiphon reboilers,
3.6.2-l/3.6.2-6

pool boiling, 2.7.2-l/2.7.2-17
boiling curve for, 2.7.1-1
critical heat flux in, 2.7.2-912.7.2-13
film boiling in, 2.7.2-1412.7.2-15
minimum heat flux in, 2.7.2-1312.7.2-14
nucleate boiling in, 2.7.2-312.7.2-9
onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-13

outside tubes and tube bundles, 2.7.5-l/2.7.5-7
single tube in crossflow, 2.7.5-l/2.7.54
tube bundles, 2.7.5412.7.5-7

in vertical tubes, 2.7.3-l/2.7.3-37
critical heat flux, 2.7.3-1212.7.3-30
heat transfer in the region where critical heat flux has

been exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-1012.7.3-12
subcooled boiling, 2.7.3-512.7.3-10

Boiling curve:
in binary mixtures, 2.7.7-l
in pool boiling, 2.7.2-l

effect of surface finish on, 2.7.2-3
for single horizontal tube in crossflow, 2.7.5-l
for tube banks, 2.7.5-4

Boiling length:
definition, 2.7.3-15
quality/boiling length correlations, 2.7.3-15

application of nonuniform heating cases, 2.7.3-19
Boiling number, definition, 2.7.4-5
Boiling point, normal, 5.1.3-1

of commonly used fluids, 5.5.1-l/5.5.1-40
Boiling range (in multicomponent mixtures), influence on

selection of reboilers, 3.6.1-6
very wide, effect on reboiler design, 3.6.4-3

Boiling surface in boiling in vertical tubes, 2.7.34
Bolted channel head in shell-and-tube exchanger, 4.2.4-l
Bolted cone head in shell-and-tube heat exchanger, 4.2.4-2
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Bolting of flanges in shell-and-tube heat exchangers,
4.2.64/4.2.6-S

Boltzmann�s constant, 2.9.1-3
Bonnet head, in shell-and-tube heat exchanger, 4.2.4-l/4.2.4-2
Borishanski, V. M., 2.5.13-l/2.5.13-4
Borishanski correlation for nucleate pool boiling, 2.7.2-5
BotteriJl,  J. S. M., 2.8.4-l/2.8.4-8
Boundary layer:

in combined free and forced convection heat transfer to
immersed bodies, 2.5.9-l/2.5.9-3

concept, 2.2.1-16/2.2.1-17
equations, 2.2.1-17/2.2.1-18

continuity, 2.2.1-17
internal energy, 2.2.1-18
internal forms of, 2.2.1-20
Levy-Lees transformation of, 2.2.1-18/2.2.1-20
mean kinetic energy, 2.2.1-17
momentum, 2.2.1-17
solutions of, 2.2.1-20/2.2.1-22
turbulent kinetic energy, 2.2.1-18

on flat plate, 2.2.1-22/2.2.1-30
in flow over cylinders, 2.2.3-312.2.3-s
in flow over immersed bodies, 2.2.3-l/2.2.3-2
in heat transfer to flat plates: laminar boundary layer,

2.5.2-l/2.5.2-2
turbulent, 25.2-2

theory, 2.2.1-16/2.2.1-30
as example of theory of models, 2.2.1-13

Thickness of (displacement, momentum, energy, density,
temperature); 2.2.1-20

Turbulent: prediction methods for, 2.2.1-26/2.2.1-29
universal laws for, 2.2.1-25/2.2.1-26

Boussinesq approximations:
application in free convective flows, 2.5.7-l
for gravity effect, 2.2.1-10

application to laminar flow in circular duct, 2.2.2-5
Boussinesq number, definition, 2.5.7-2
Bowring  correlations for critical heat flux, 2.7.3-16/2.7.3-18
Bracket supports for heat exchangers, index to U.S., U.K., and

F.R.G. codes for, 4.3.2-7
Branches, mechanical design aspects, 4.1.8-l/4.1.8-2
Brazing in plate fin heat exchanger construction, 4.4.3-3/4.4.3-4
Bricks, drying of, 3.13.5-2/3.13.5-5
Brinkman  number, 2.5.126
British Standards Institute code for mechanical design of heat

exchangers (see BS 1500 code)
Bromley equation for film boiling from horizontal cylinders,

2.7.2-14
BS 1500 code for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-3
index to, 4.3.2-l/4.3.2-11

Bubble crowding as mechanism of critical heat flux, 2.7.3-22
Bubble flow:

drift flux model for, in vertical flow, 2.3.2-18/2.3.2-19
regions of occurrence: in horizontal flow, 2.3.2-2/2.3.24

in inclined tubes, 2.3.24/2.3.2-5
in shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6
in systems with phase change, 2.3.26/2.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

Bubbles:
in boiling of binary mixtures: growth, 2.7.6-S/2.7.6-7

nucleation, 2.7.6-5
in boiling  of single components: detachment and frequency,

2.7.1-712.7.1-8
growth, 2.7.1612.7.1-7

nucleation, 2.7.1-l/2.7.16
in fluidized beds, 2.2.6-412.2.6-l

coalescence, 2.2.6-5/2.2.6-6
single bubbles, 2.2.6412.2.6-5
spatial distribution, 2.2.6-612.2.6-7

in gas-liquid flow: horizontal tubes, 2.3.2-2/2.3.24
vertical tubes, 2.3.1-l/2.3.2-2,  2.3.2-18/2.3.2-19

rise velocity of gas bubbles in liquid, 2.3.2-18/2.3.2-19
Buffer layer in duct flow, 2.2.2-l
Bulk viscosity, 2.2.1-2
Bundle-induced convection in kettle reboilers, 3.6.2-2/3.6.2-3
Buoyancy effects:

on developing flows in ducts, 2.2.2-l 1
on flows, 2.2.1-10/2.2.1-11
inducing flow in channels, free convection heat transfer with,

2.5.7-19/2.5.7-20
on laminar flow over flat plate, 2.2.1-24

Buoyancy-induced flow in channels, free convective heat transfer
with, 2.5.1-19/2.5.7-20

Burnout (see Critical heat flux)
1,2Butadiene  saturation properties, 5.5.1-16
1,3-Butadiene  saturation properties, 5 5.1-l 7
Butane saturation properties, 5.5.1-7
Butanol saturation properties, 5.5.1-19
Butterworth, D., 2.6.1-l/2.6.3-10
i-Butyl  alcohol saturation properties, 5.5.1-20
By pass (shell-to-tube bundle):

clearances in shell-and-tube heat exchangers, 3.3.5-14
heat transfer and pressure drop correction factors for,

3.3.6-813.3.6-9
BWR equation of state (see Benedict-Webb-Rubin equation of

state)

C
Cabin heater, 3.11.2-2
Calorically perfect gas, 2.2.1-8
Carbon dioxide:

emissivity of gaseous, 5.5.5-2
saturation properties, 5.5.1-30
superheated gaseous, thermodynamic properties, 5.5.2-2

Carbon monoxide saturation properties, 5 5 .l-3 1
Carbon steel as material of construction, 4.5.2-2/45.2-3
Carbon tetrachloride saturation properties, 5.5.1-31
Carmen-Kozeny equation (see BlakeCarmen  Kozeny equation)
Carrean fluid (non-Newtonian), 2.2.8-7
Carryover of solids in fluidized beds, 2.2.6-3
Cavitation as source of damage in heat exchangers, 4.5.3-l
Centrifugal dryer, 3.13.24
Ceramics, spectral characteristics of reflectance from, 2.9.2-18
Certification of heat exchangers, 4.7.7-l
Channel emissivity, 2.9.7-11/2.9.7-12
Channel flow, heat and mass transfer in, 2.1.7-l/2.1.7-2
Chapman-Rubescin formula for viscosity variation with

temperature, 2.2.1-9
Chemical formulas of commonly used fluids, 5 5.1-l/5.5.1-40
Chemical reactions, numerical calculation of flows involving,

1.4.3-211.4.3-3
Chen correlation for forced convective boiling, 2.7.3-11/2.7.3-13
Chenoweth, J. M., 4.6.1-l/4.6.6-3
Chevron troughs as corrugation design in plate heat exchangers,

3.7.1-1, 3.7.3-l/3.7.3-2,  3.7.6-2
CHF (see Critical heat flux)
Chillers, construction features of, 4.2.3-9

0 1983 Hemisphere Publishing Corporation



HEAT EXCHANGER DESIGN HANDBOOK / Index I-5

Chilton-Colburn  analogy, 1.2.3-6
Chisholm, D., 2.6.7-I/2.6.7-4,  3.10.1-1/3.10.7-9,4.8.1-l
Chlsholm correlations:

for frictional pressure drop in straight channels, 2.3.2-l 1
for pressure drop in singularities, 2.3.2-1512.3.2-18

Chlorine, saturation properties, 5.5 .l-32
Chloroform, saturation properties, 5.5.1-26
Choice of heat transfer equipment (see Selection of heat transfer

equipment)
Chugging flow (gas-liquid), in shell-and-tube heat exchangers,

2.3.2-512.3.2-6
Churchill, S. W., 2.5.7-l/25.10-12
Churchill and Chu correlations for free convective heat transfer:

horizontal cylinders, 2.5.7-21
vertical plates: laminar flow, 2.5.7-3

turbulent flow, 2.5.7-4
Churn flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Circles, radiative heat transfer shape factors between parallel

coaxial, 2.9.3-3
Circular cylinders (see Cylinders)
Circulation, modes of in free convection: in enclosures heated

from below, 2.5.8-6
CISE correlations for void fractions, 2.3.2-1412.3.2-15
ClapeyronClausius  relationship (see ClausiusClapeyron

relationship)
Clausius-Clapeyron relationship:

application in evaporation, 2.7.1-2
in homogeneous nucleation, 2.7.1-3

Cleaning of shell-and-tube heat exchangers, 3.3.4-5
Climbing film evaporator, 3.5.24
Closed distillation process, 2.1.7-8
Coalescence of bubbles in fluidized beds, 2.2.6-S/2.2.6-6
Coatings for corrosion protection, 4.5.2-514.5.2-6
Cocurrent  flow:

Ffactor  chart for, 1.5.2-3
heat exchangers, 1.1.1-l/1.1.1-2

single-phase temperature pattern in, 1.1.3-l
solutionsfor, 1.3.1-l/1.3.14

e-NTU chart for, 1.5.2-3
Codes, mechanical design:

analytic basis of code rules, 4.3.3-114.3.3-2
comparison of principal codes, 4.3.4-l/4.3.4-3

cylinders: external pressure, 4.3.4-l/4.3.4-2
flanges, 4.3.4-214.3.4-3
nozzles, 4.3.4-3
stresses, 4.3.4-l
tubesheets, 4.3.4-2

example of applications, 4.3.6-114.3.6-23
guides to national practice in application of, 4.3.5-l/4.3.5-9

France (SNCT),  4.3.5-6
Germany (Merkblatter), 4.3.54
Holland (Stoomwesen), 4.3.5-S
Italy (ANCC), 4.3.5-7
Japan: high pressure, 4.5.3-9

standard, JIS-B8243,4.3.58
U.K. (BS 1500)  4.3.5-3
U.S. (ASME VIII), 4.3.5-2

index to U.S., U.K., and F.R.G. codes, 4.3.2-114.3.2-l 1
conical shell, 4.3.2-314.3.2-4
cylindrical shell and channel, 4.3.2-2/4.3.2-3
dished head, 4.3.24
flanges, 4.3.2-514.3.2-7
flat head, 4.3.2-414.3.2-5
floating head, 4.3.2-S
nozzles, 4.3.2-914.3.2-10
shell bellows, 4.3.2-10/4.3.2-11

-
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supports, 4.3.2-7
tubes, 4.3.2-3
tubesheets, 4.3.2-714.3.2-g

introduction, 4.3.1-l/4.3.1-3
Coiled tubes (see Helical coils, Curved ducts)
Coiled wire inserts for enhancement of heat transfer in boiling,

2.7.9-3
Colburn and Drew method for binary vapor condensation, 2.6.3-7
Colburn and Hougen method for condensation in presence of

noncondensable gases, 2.6.3-6
Colburn equation for single-phase heat transfer outside tube

banks, 3.3.2-l
Colburn j factor:

application in heat exchangers, 3.3.1-2
defmition, 2.1.34
for flow over tube banks, 3.3.7-l/3.3.7-4
in plate fin exchangers, 3.9.4-l/3.9.6-2
values of heat transfer in tubes, 2.1.3-7

Colebrook-White equation for friction factor in rough circular
pipe, 2.2.2-3

Coles, law of the wake, 2.2.1-26
Collier, J. G., 2.7.1-l/2.7.8-10
Column internal reboiler (see Internal reboilers)
Combined conductive, convective, and radiative heat transfer,

2.9.8-l/2.9.8-10
Combined free and forced convection heat transfer:

in channels, 25.10-l/2.5.10-10
horizontal channels, 2.5.10-712.5.10-12
vertical channels: laminar assisted convection,

2.5.10-212.5.10-6
laminar opposing convection, 2.5.10-6
turbulent, 25.10-6/2.5.10-7

around immersed bodies, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
horizontal plates (transverse flow), 2.5.94/2.5.9-6
immersed bodies (transverse flow), 2.5.9-6
opposing convection, 2.5.94
slightly inertial flow regime (assisting convection),

2.5.9-3125.94
thin boundary layer regime (assisting convection),

2.5.9-112.5.9-3
turbulent regime (assisting convection), 2.5.94

Combined heat and mass transfer, 2.1.6-l/2.1.64
in condensation of mixtures, 2.1.6-2/2.1.6-4
in drying, 2.1.6-l/2.1.6-2
in evaporation of binary and multicomponent mixtures,

2.7.8-212.7.86
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-1212.5.7-13

Combining flow, loss coefficients in, 2.2.2-20
Combustion chambers (see Furnaces)
Combustion model for furnaces, 3.11.7-313.11.7-4
Compact heat exchangers (see Plate fin heat exchangers)
Compartment dryers, 3.13.2-3
Compound systems for augmentation of heat transfer, 2.5.1 l-9
Compressible flow:

in ducts, 2.2.2-1212.2.2-14
adiabatic (Fanno) flow, 2.2.2-13
basic equations for, 2.2.2-1212.2.2-13
with constant heat transfer, 2.2.2-1212.2.2-13
over cylinders, 2.2.3-6
inviscid  flow with heat addition, 2.2.2-13
low density effect in, 2.2.2-13

Computer methods for heat exchanger design:
discussion of, 3.3.10-l/3.3.10-2
logic of, 3.1.3-313.1.3-4
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Computer methods for heat exchanger design, logic of (Cont.):

design, 3.1.3-3/3.1.34
rating, 3.1.3-3

plate exchangers, 3.7.104
Computer program for Monte Carlo calculations of radiative

heat transfer, 2.9.44/2.9.4-S
Concentration, choice of evaporator type for, 3.5.5-l/3.5.5-2
Concentric spheres, free convective heat transfer in, 2.5.8-16
Concurrency corrections in plate heat exchangers,

3.7.8-l/3.7.8-2
Condensation:

combined heat and mass transfer in, 2.1.6-2/2.1.64
dropwise, 2.6.5-l/2.6.54

calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction to, 2.1.7-6
mechanism of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promoters for, 2.6.5-3/2.6.54

fii, introduction to, 2.1.74/2.1.7X1
filmwise, of pure vapor, 2.6.2-l/2.6.2-19

outside horizontal and inclined tubes, 2.6.2-9/2.6.2-12,
3.4.6-3

inside horizontal tubes, 2.6.2-12/2.6.2-15,3.4.6-2
interfacial resistance in, 2.6.2-15
liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-2/2.6.2-9,  3.4.6-3

on firmed tubes, 3.4.6-3
fogging in, 2.6.7-l/2.6.74

conditions producing supersaturation, 2.6.7-212.6.7-3
design to minimize, 2.6.7-3
effects of, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l

in horizontal tubes, flow regimes in, 2.3.2-7
in plate exchangers, 3.7.12-1
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
introduction to, 2.6.1-1

heat transfer resistances in, 2.6.1-2
modes of, 2.6.1-l/2.6.1-2

of vapor mixture, 2.6.3-l/2.6.3-10,  3.4.64
approximate method, 2.6.3-2/2.6.3-5
binary vapor mixtures, 2.6.3-7
multicomponent mixtures, 2.6.3-7/2.6.3-9
single vapor with noncondensable gas, 2.6.3-5/2.6.3-7

of vapor mixtures forming immiscible liquids, 2.6.4-l/2.6.4-7
eutectic mixtures, 2.6.4-2/2.6.4-3
with incondensable gases, 2.6.4-512.6.4-7
non-eutectic mixtures, 2.6.4-312.6.4-5

Condensation curves:
description, 2.6.3-l/2.6.3-2
differential, 2.6.3412.6.3-5
integral, 2.6.3-3/2.6.3-5

Condensers:
approximate overall heat transfer coefficients in, 2.1.2-3
design procedures for, 3.4.9-l/3.4.9-4

overall, 3.4.9-113.4.9-2
inside tubes, 3.4.9-2/3.4.9-3
outside tubes, 3.4.9-313.4.94

discussion of types of, 3.4.3-113.4.3-6
horizontal m-tube, 3.4.3-313.4.3-4
horizontal, outside tube, 3.4.34/3.4.36
vertical m-tube, downflow, 3.4.3-l/3.4.3-2
vertical in-tube, upflow,  3.4.3-2/3.4.3-3
vertical, outside tube, 3.4.36

fogging in, 2.6.7-112.6.7-4,  3.4.5-2
heat transfer in, 3.4.6-l/3.4.6-4
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finned tubes, 3.4.6-3
outside horizontal tubes, 3.4.6-3
with mixtures, 3.4.64
subcooling in, 3.4.64
inside tubes, 3.4.6-l/3.4.6-2
outside vertical tubes, 3.4.6-3/3.4.64

introduction to, 3.4.1-l
mean temperature difference in, 3.4.8-l/3.4.8-3
operational problems in, 3.4.5-l/3.4.5-2

fogging, 3.4.5-2
due to limited vapor load, 3.4.5-l/3.4.5-2
pressure control, 3.4.5-l
venting, 3.4.5-2

pressure drop in, 3.4.7-l/3.4.7-2
selection of type of, 3.4.2-l/3.4.24
temperature patterns in, 1.1.3-l/1.1.3-2
as type of heat exchanger, 1.1.5-2
for use in association with evaporators, 3.5.4-2
for vapor mixtures, 3.4.3-l/3,4.4-2
(See also Condensation)

Conduction, heat:
basic equations for, 2.4.1-l/2.4.1-2
in melting and solidification, 2.4.4-l/2.4.4-3
periodic change of temperature in, 2.4.5-l/2.4.54
steady state, 2.4.2-112.4.2-3

in bodies with internal heat sources, 2.4.2-3
plane, cylindrical and spherical shells without internal

heat sources, 2.4.2-l/2.4.2-3
thermal contact resistance in, 2.4.6-l/2.4.6-2
transient response to a step change in temperature,

2.4.3-l/2.4.3-12
one-dimensional systems, 2.4.3-l/2.4.3-10
multidimensional systems, 2.4.3-10/2.4.3-l 1

Conductors, thermal conductivity of, 5.4.3-2/5.4.3-3
Cones, vertical:

free convective heat transfer from, 2.5.7-24
Conical shells, mechanical design of:

analytic basis for codes, 4.3.3-l
basic principles of, 4.1.3-2
index to U.K., U.S., and F.R.G. codes for, 4.3.2-3/4.3.24

Connors equation for fluid elastic instability, 4.6.4-2
Conservation equations:

for chemical species, 1.2.1-3
in differential form, 2.2.1-5/2.2.1-7
in duct flow, 2.2.1-3/2.2.1-5
in furnaces, 3.11.7-l/3.11.7-2
for gas-liquid flows, 2.3.2-812.3.2-9

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-812.3.2-9

in integral form, 2.2.1-2/2.2.1-5
for multiphase flows, 2.3.1-4/2.3.1-7

homogeneous model for, 2.3.14/2.3.1-7
separated flow model for, 2.3.1612.3.1-7

for turbulent flows, 2.2.1-13/2.2.1-14
Construction elements of heat exchangers, 4.1.1-2/4.1.2-3
Contact angle, 2.3.1-2

influence in nucleate boiling, 2.7.1-5,2.7.2-2
Contact resistance:

influence on particle-to-wall heat transfer in packed beds,
2.8.3-3

thermal, 2.4.6-l/2.4.6-4
Continuity equation:

applications in heat exchanger calculations, 1.2.6-5
in boundary layer, 2.2.1-17
in compressible duct flows, 2.2.2-12
differential form in single phase flow, 2.2.1-5/2.2.1-7
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Continuity equation (Cont.):
in gas-liquid flows, 2.3.2-812.3.2-9
integral form in single phase flow, 2.2.2-2
in multiphase flows: homogeneous, 2.3.1-5

separated flow, 2.3.1-25
in turbulent flow, 2.2.1-14

Continuum model, for fluids, 2.2.1-1
Continuum theories, for non-Newtonian fluids, 2.2.8-6/2.2.8-9

Lodge�s rubber-like liquid, 2.2.8-8
Maxwell model, 2.2.8-7
Oldroyd eight constant model, 2.2.8-8
White-Metzner model, 2.2.8-8

Contraction, sudden, pressure drop in: single-phase flow,
2.2.2-20

two-phase gas-liquid flow, 2.3.2-1612.3.2-17
two-phase gas-liquid flow, 2.3.2-1612.3.2-17

Control:
of heat pipes, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

Convection effects, on heat transfer in kettle reboilers:
bundle induced, 3.6.2-213.6.2-3
externally induced, 3.6.2-3

Convective boiling (see Boiling)
Convective heat transfer, single phase:

around immersed bodies: single bodies, 2..5.2-3/2.5.2-8
smooth flat plates, 2.5.2-l/2.5.2-3

augmentation of, 2.5.11-l/2.5.11-12
in combined free and forced convection (see Combined free

and forced convection)
channel flows, 2.5.10-l/2.5.10-12
immersed bodies, 2.5.9-l/2.5.9-7

effect of radiation on, 2.9.8-l/2.9.8-10
in fixed beds, 2.8.2-l/2.8.2-8,  2.8.3-l/2.8.3-3
in flow over tube banks, 2.5.3-l/2.5.3-16

finned tubes, 2.5.3-612.5.3-16
plain tubes, 2.5.3-l/2.5.3-6

forced convection in ducts, 2.5.1-l/25.1-13
1amina.r  flow, 2.5.1-2125.1-5
turbulent flow, 2.5.1-5/2.5.1-13

in free convection: immersed bodies, 2.5.7-l/2.5.7-3  1
layers and enclosures, 2.5.8-l/2.5.8-25

with impingingjets, 2.5.6-l/2.5.6-10
in liquid metal systems, 2.5.13-l/2.5.134
with non-Newtonian fluids, 2.5.12-l/2.5.12-16

in channels with viscous heating, 2.5.12-10/2.5.12-14
in channels without viscous heating, 2.5.12-6/25.12-10
with dilute polymer solution, 2.5.12-14125.12-15

in packed and agitated beds, 2.8.3-l/2.8.3-9
Conversion factors, for physical properties, 5 5 .l-3
Conveyor, gravity:

air activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-9

Cooling towers:
effect of variation in atmospheric pressure on,

3.12.6-213.12.6-3
hybrid, 3.12.5-l/3.12.5-5

assisted draft, 3.12.5-3/3.12.54
closed-circuit evaporative coolers, 3.12.5413.125-5
dry, 3.12.5-l/3.12.5-2
wet-dry, 3.12.5-213.12.5-3

introduction to, 3.12.1-1
mechanical draft, 3.12.4-l/3.12.44
natural draft: dry, 3.8.2-1/3.8.2-2,3.8.8-l

wet, structural design, 3.12.3-613.12.3-7
wet, thermal design, 3.12.3-l/3.12.36
main features of, 3.12.4-113.12.4-2
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thermal performance and design, 3.12.2413.12.44
packing region in, 3.12.2-l/3.12.2-13

departures from uniform counter flow in,
3.12.2-12/3.12.2-13

heat and mass transfer in, 3.12.2-l/3.12.2-3
packings in, 3.12.2-813.12.2-11
state of air leaving, 3.12.2-11/3.12.2-12
theory of thermal design of, 3.12.2-3/3.12.28

testing and acceptance of, 3.12.6-l/3.12.6-2
as type of heat exchanger, 1.1.5-2
water loss from, 3.12.6-2

Cooper, Anthony, 3.7.1-l/3.7.12-2
Copper-base alloys, as material of construction, 4.5.24/4.5.2-5
Correlation, general nature of, 1.2.3-511.2.36
Correspondence principle, in physical properties, 5.1.1-1
Corrosion:

associated with phase separation, 4.5.3-5
associated with welds, 4.5.3-514.5.3-6
erosion/corrosion, 4.5.3-114.5.3-2
fretting, 4.5.3-2
gas-vapor phase, 4.5.3-614.5.3-7
materials of construction to avoid, 4.5.2-2/45.26
in shell-and-tube heat exchangers, 3.3.4-5
vapor blanketing as cause, 4.5.34
in various equipment: reboilers, 45.3-5

waste heat boilers, 4.5.34
Corrugation design, for plate heat exchangers, 3.7.3-l/3.7.3-2,

4.4.2-314.4.24
Costing of heat exchangers:

an-cooled, 4.8.3-l/4.8.3-3
introduction to, 4.8.1-l
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

Countercurrent flow:
critical heat flux in, 2.7.3-26
gas-liquid, in vertical channels, 2.3.2-21/2.3.2-22
heat exchangers, 1.1.1-1

temperature pattern for in single-phase flow, 1.1.3-1
0-NTU chart for, 1.5.2-2

Counterflow (see Countercurrent flow)
Coupled thermal fields, in transient conduction, 2.4.3-12
Cowie, R. C., 4.8.2-l/4.8.2-5
Creeping flow, in combined free and forced convection around

immersed bodies, 2.5.9-3
Critical density, of commonly used fluids, 55.1-l/5.5.1-40
Critical flow, in gas-liquid systems, 2.3.2-2612.3.2-29

Henry-Fat&e model for, 2.3.2-2812.3.2-29
homogeneous models for, 2.3.2-28

Critical heat flux:
in axial flow reboilers, 3.6.2-713.6.2-8
in counter-current flow, 2.7.3-26
enhancement of, in boiling in tubes, 2.7.9-3/2.7.94

pool boiling, 2.7.9-l/2.7.9-2
in evaporators, 3.5.7-3
in flow in vertical annuli, 2.7.3-2012.7.3-21
in flow in vertical tubes, 2.7.3-1312.7.3-30

nomenclature for, 2.7.3-13
with non-uniform heat flux, 2.7.3-1812.7.3-20
with uniform heat flux, 2.7.3-13/2.7.3-18

in forced convective boiling of binary and multicomponent
mixtures, 2.7.8-612.7.8-7

departure from nucleate boiling, 2.7.8-6/2.7.8-7
dryout,  2.7.8-7

in kettle reboilers, 3.6.2413.6.2-5
mechanisms of, 2.7.3-2212.7.3-26

annular flow prediction methods for, 2.7.3-2312.7.3-26
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Critical heat flux (Cont.):
with nonaqueous fluids, 2.1.3-2612.1.3-30
in pool boiling, 2.7.2-g/2.7.2-13

geometric effects in, 2.7.2-10/2.7.2-11
liquid viscosity effects on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13
zuber analysis for, 2.7.2-g/2.7.2-10

in pool boiling of binary and multicomponent mixtures,
2.1.7-4i2.7.T5

in rectangular channels, 2.7.3-20
in rod bundles, 2.7.3-2112.7.3-22
outside single tubes in crossflow, 2.7.5212.7.5-3
outside tubes in tube banks, 2.7.5-512.7.5-7

correlations for, 2.7.5-612.7.5-7
mechanisms of, 2.7.5-512.1.5-6

Critical pressure:
of commonly used fluids, 5 .5.1-l/5  5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-6
in pure fluids, 5.1.1-2

Critical Rayleigh number, in free convection, 2.5.8-2/2.5.8-3,
2.5.8-312.5.8-6

Critical temperature:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-5
in pure fluids, 5.1.1-l/5.1.1-2

Critical velocity, in stratification in bends and horizontal tubes,
2.1.4-I/2.7.4-3

Critical volume, 5.1.1-2
Crocco�s integral, application to boundary layer equations,

2.2.1-19
Cross counter flow heat exchangers, 1.1.1-2

solutions for, 1.3.1-l/1.3.14
Crossflow:

in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
boiling in over horizontal tubes and tube banks,

2.7.5-I/2.1.54
in cooling towers, 3.12.2-12/3.12.2-13
over cylinders (see Cylinders)
flow induced vibration in, 4.6.1-l/4.6.6-3
heat exchangers: definition of, 1 .l .l-2

solutions for heat transfer in, 1.2.64, 1.3.14
pressure drop in gas-liquid, 2.3.2-12
in shell-and-tube heat exchangers, 3.3.6-3/3.3.64
temperature difference correction (F-correction) and 0-NTU

charts for various configurations of, 1.5.3-l/1.5.3-13
with both streams mixed, 1.5.3-3
one tube row, unmixed, 1.5.34
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, two passes, mixed, 1.5.3-12
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two passes, unmixed, 1.5.3-g

over tube banks (see Tube banks)
Crossflow shells (see X-shells)
Crystallization, choice of evaporator type for, 35.5-2
Curved ducts:

dryout in evaporative heat transfer in, 2.7.4-212.7.44
single-phase fluid flow and pressure drop in,

2.2.2-1412.2.2-16
flow characteristics in, 2.2.2-14/2.2.2-15
laminar flow in, 2.2.2-15/2.2.2-16
turbulent flow in, 2.2.2-16

Cut-and-twist factor, in enhancement of heat transfer in double
pipe heat exchangers, 3.2.3-l

Cyclohexane, saturation properties of, 5.5.1-I 1
Cyclopentane, saturation properties of, 5.5.1-11
Cylinders:

banks of cylinders (see Tube banks)
boiling from outside horizontal in crossflow, 2.7.5-l/2.7.54
characteristics of as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-112.5.9-6
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-112.8.2-8
flow across, 2.2.3-312.2.3-7

cimlar,2.2.2-312.2.2-6
noncircular, 2.2.3-612.2.3-7
pressure coefficient in, 2.2.4-2

free convective heat transfer from, 2.5.7-20/2.5.7-24
horizantal,  2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-23/2.5.7-24

free convective heat transfer inside horizontal, 2.5.8-14
hollow, radiation and conduction around, 2.9.8-6/2.9.8-7
pool boiling from, 2.7.2-l/2.7.2-15

critical heat flux in, 2.7.2-g/2.7.2-12
radiative heat transfer on nonisothermal gas in, 2.9.7-3
steady-state thermal conduction in, 2.4.2-l/2.4.2-3
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
single-phase heat transfer in flow over, 2.5.24/2.5.2-5
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
under external pressure, comparison of mechanical design

codes for, 4.3.4-l/4.3.4-2

D
Damage, sources of in heat exchangers, 45.3-114.5.3-7,

4.6.1-l/4.6.1-2
Damkohler number:

definition, 2.2.1-11
modified form for compressible flows with heat transfer,

2.2.2-12
Damping:

capacity, anelasticity, and, 5.4.5-5
of flow-induced vibration, 4.6.24

Davis and Anderson criterion, for onset of nucleate boiling,
2.7.3-6

Decane, saturation properties of, 5.5.1-10
Degradation temperature, of polymers, 25.12-1
�Del� operator (see Differential vector operators)
Delaware method, for shell-side heat transfer and pressure drop,

(see Bell-Delaware method)
Dengler and Addoms correlation, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Density:

defmition, 2.2.1-1
fluid with constant, 2.2.1-8/2.2.1-g
fluid with small variations of, 2.2.1-8
of Liquid water, 5.5.3-2
of multicomponent liquid mixtures, 5.2.3-l/5.2.3-2
relation with viscosity for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.140
of solids, 5.4.1-l/5.4.1-2

graphite and carbon, 5.4.1-1
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Density, of solids (Cont.):

metal alloys, 5.4.1-1
organics,  5.4.1-2
refractories, 5.4.1-l/5.4.1-2

Deposition of droplets in annular flow, 2.3.2-21, 2.7.3-24
Design of heat exchangers, introduction, 3.1.1-l/3.1.4-9
Design procedures, for segmentally baffled heat exchangers,

3.3.10-l/3.3.10-8
Desuperheaters for use in association with evaporators, 3.5.4-2
Developing flow in ducts:

single-phase flow and pressure drop in, 2.2.2-1012.2.2-11
hydrodynamic entrance region in, 2.2.2-10/2.2.2-11
various forms and effects on, 2.2.2-11

Diathermanous fluid, 2.9.1-1
Differential condensation:

calculation of condensation curves, 2.6.34
description, 2.6.3-l/2.6.3-3

Differential formulations for nonisothermal gas radiation,
2.9.7-512.9.7-8

embedding, 2.9.7-712.9.7-8
multiflex methods, 2.9.7-612.9.7-7
radiation diffusion, 2.9.7-512.9.76

Differential resistance term in heat exchanger design, 3.3.9-2
Differential vector operators in heat conduction, 2.4.1-2
Diffraction models for radiative heat transfer from surfaces,

2.9.4-712.9.4-8
Diffuse surfaces, radiative heat transfer between, 2.9.3-l/2.9.3-17
Diffuse wa.U  passages, radiative heat transfer in, 2.9.3-13/2.9.3-16
Diffusers, single-phase flow and pressure drop in,

2.2.2-1712.2.2-19
effect of inlet conditions, 2.2.2-18/2.2.2-19
with free discharge, 2.2.2-1712.2.2-18
methods of improving performance in, 2.2.2-19
performance, 2.2.2-17

Diffusion coefficients:
in gases, 5.2.5-315.2.54
in liquids, 5.2.5-l/5.2.5-3

Dimensional analysis:
pi theorem for, 2.2.1-11/2.2.1-12
and theory of similarity, 2.2.1-10/2.2.1-13

Dimensionless groups:
equivalent groups in heat and mass transfer, 2.1.5-2
in fluidization, 2.2.6-212.2.6-3
in free convective heat transfer to immersed bodies,

2.5.7-212.5.7-3
table of, 2.2.1-11

Dimensionless numbers (see Dimensionless groups)
Dimensionless time (see Fourier number)
Dimethyl  propane saturated properties, 5 5 .l-6
Direct contact condensation:

introduction, 2.6.1-1
mechanical construction, 4.4.4-614.4.4-7

Direct contact cooling, 4.4.4-8
Direct contact evaporation, 4.4.4-7
Dirt (see Fouling)
Discretization in numerical analysis:

for cases where flow patterns must be calculated, 1.4.2-1
in design of heat exchangers with prescribed flow patterns,

1.4.1-l/1.4.1-6
effect of fineness, 1.4.1-511.4.1-6
subdivision of space, 1.4.1-l/1.4.1-2
subdivision of time, 1.4.1-2/1.4.1-3

Disk-and-doughnut baffled heat exchangers, 3.3.11-2
Disk turbine agitator, 3.14.2-l/3.14.2-2

heat transfer in vessel agitated by, 3.14.3-1
Disks, free convective heat transfer from inclined, 2.5.7-25

Dispersed bubble flow (see Bubble flow)
Dissipation of turbulent energy, 2.2.1-20
Distillation, closed distillation process, 2.1.7-8
Distribution:

annular, in shell-and-tube heat exchangers, 3.3.5-l 1
design in fluidtied beds, 2.2.6-l/2.2.6-8

Dittus-Boelter equation, for single-phase forced convective heat
transfer, 2.7.3-5

Dividing flow, loss coefficients in, 2.2.2-19
DNB (departure from nucleate boiling) (see Critical heat flux)
Donohue method, for shell-side heat transfer in shell-and-tube

heat exchangers, 3.3.2-2
Double-pipe heat exchanger:

approximate overall heat transfer coefficients, 2.1.2-3
description, 3.1.2-l/3.1.2-2
design, 3.2.1-l/3.2.6-2

applications of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters for, 3.2.3-l/3.2.36
introduction, 3.2.1-1
operational advantages of, 3.2.6-113.2.6-2
types available, 3.2.4-113.2.4-2

Double segmental baffled heat exchangers, 3.3.11-2
Downward facing surfaces, free convective heat transfer from,

2.5.7-1312.5.7-15
Downward flow in vertical tubes, flow patterns in gas/liquid,

2.3.2-2
Dowtherm A saturation properties, 5.5.1-28
Dowtherm J saturation properties, 5.5.1-28
Drag coefficient:

for circular cylinder, 2.2.3-3/2.2.34
definition, 2.2.3-2
in fluidized beds, 2.2.6-2
for sphere, 2.2.3-3
on tube in tube bank, 2.2.4-312.2.4-5

Drag force:
on immersed bodies, 2.2.3-212.2.34
on tube in tube bank, 2.2.4-312.2.4-5

Drag reduction, 2.2.8-11/2.2.8-12
effect on heat transfer, 2.5.12-14/2.5.12-15

Drift flux model for two-phase flows, 2.3.1-7/2.3.1-g
Droplets:

deposition and entrainment of, in annular flow, 2.3.2-21
nucleation of in supersaturated vapors, 2.6.7-l/2.6.7-2
use in augmentation of heat transfer, 2.5.11-8

Dropwise  condensation:
calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction, 2.1.7-6,2.6.1-l, 2.6.5-l
mechanisms of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promotors for, 2.6.5-312.6.5-4

Dry cooling towers, 3.8.2-1/3.8.2-2,3.8.8-l,  3.12.5-l/3.12.5-2
Dry-wall convection, in evaporation (see Postdryout heat

transfer)
Dryers:

classification and selection, 3.13.2-113.13.24
introduction, 3.13.1-l/3.13.1-2
layout and performance data, 3.13.3-l/3.13.3-5

description of drying process in the Mollier chart,
3.13.34/3.13.3-5

energy and mass balances, 3.13.3-l/3.13.3-2
Mollier chart, 3.13.3-1
wet bulb temperature in, 3.13.3-2/3.13.3-4

practical design, 3.13.7-l/3.13.7-3
band dryers, 3.13.7-113.13.7-2
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Dryers, practical design (Cont.):
fluid bed dryers, 3.13.7-2
pneumatical conveying dryers, 3.13.7-2
rotary dryers, 3.13.7-2
spray dryers, 3.13.7-2/3.13.7-3

prediction of drying rates in, 3.13.4-l/3.13.4-5
prediction of residence time in: with nonprescribed material

flow, 3.13.6-l
with prescribed material flow, 3.13.5-l/3.15.5-5

as type of heat exchange equipment, 1.1.5-3
Drying, combined heat and mass transfer in, 2.1.6-l/2.1.6-2
Drying loft, 3.13.2-3
Drying plant (see Dryers)
Drying rates, prediction of, 3.13.4-l/3.13.4-5
Dryout:

introduction, 2.7.3-2
as mechanism for critical heat flux: of liquid film,

2.7.3-2212.1.3-30
under a vapor clot, 2.7.3-22

(See also Critical heat flux)
Ductile fracture as failure mode of heat exchanger, 4.1.1-3
Ducts, single-phase fluid flow and pressure drop in,

2.2.2-l/2.2.2-25
circular pipes, fully developed flow, 2.2.2-l/2.2.2-7
compressible flow in, 2.2.2-1212.2.2-14
curved ducts, 2.2.2-1412.2.2-17
developing flow in, 2.2.2-10/2.2.2-11
losses in piping components in, 2.2.2-14/2.2.2-20
noncircular  ducts, fully developed flow, 2.2.2-712.2.2-10
unstead flow in, 2.2.2-14

Durand correlation for heterogeneous conveyance in solid/liquid
flow,2.3.4-6

E
E-type shells in shell-and-tube heat exchangers:

recommended calculation methods for pressure drop and heat
transfer in, 3.3.1-l/3.3.10-8

temperature difference correction Q and &NTU charts for,
1.5.2-5/1.5.2-10

Eckert number, 2.2.1-11
Eddy viscosity:

definition, 2.2.2-2
relation to mixing length, 22.24

Edwards, D. K., 2.9.1-1/2.9.8-12,5.5.5-l/5.5.54
EEC code for thermal design of heat exchangers, 4.3.1-3
Effective thermal conductivity of fixed beds, 2.8.1-l/2.8.1-14,

2.8.2-212.8.2-5
Effective tube length in shell-and-tube heat exchangers, 3.3.5-17
Effectiveness of a heat exchanger, definition, 1.2.4-3,2.1.2-2
Efficiency of fins, 2.5.3-612.5.3-7
Elastic analysis, in mechanical design, 4.1.2-l 1
Elastic properties of solids:

anelasticitydamping capacity, 5.4.5-5
anisotropy, 5.4.5-415.4.5-5
introduction to, 5.4.5-l
isotropic materials, 5.4.5-3/5.4.54
static and dynamic properties, 5.45-2
stress-strain curve, 5.4.5-215.4.5-3
tables of, 5.5.8-l/5.5.8-3

Electric fields, effect on properties of rheologically  complex
materials, 5.3.8-l/5.3.8-2

Electromagnetic theory of radiation, 2.9.2-7/2.9.2-10

Electrostatic fields in augmentation of heat transfer,
2.5.11-3/2.5.11-4,  2.5.11-8/2.5.11-9,2.7.94

Elhadidy relation between heat and momentum transfer, 1.2.36
Embedding methods for radiative heat transfer in nonisothermal

gases, 2.9.7-712.9.7-8
Emission of thermal radiation, in solids, 2.9.2-l/2.9.2-3

characteristics of, 2.9.2-l/2.9.2-2
measurement of, 2.9.2-3

Emissivity:
of gaseous combustion products, 3.11.34
ofgases, 2.9.5-l/2.9.5-13

table, 5.5.5-l/5.5.54
of solids, 5.4.4-l/5.4.4-6
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
tables, 5.5.7-l/5.5.7-3
total, of solids, table, 3.11.3-6

EMTD (effective mean temperature difference) in air-cooled heat
exchangers, 3.8.5413.8.5-5

Enclosures:
annuli, free convective heat transfer in: horizontal,

2.5.8-14/2.5.8-16
vertical (heated on vertical curved surfaces),

2.5.8-13/2.5.8-14
concentric spheres, free convective heat transfer in, 2.5.8-16
free convection heat transfer in, when heated from below,

2.5.8-312.5.8-6
critical Rayleigh  number, 2.5.8-3/2.5.84
heat transfer rates, 2.5.8-6
modes of circulation, 2.5.8-6

honeycombs, free convective heat transfer in,
2.5.8-2012.5.8-23

horizontal cylinders, free convective heat transfer inside,
2.5.8-14

inclined, free convective heat transfer in, 2.5.8-17/2.5.8-20
large aspect ratios, 2.5.8-17/2.5.8-19
moderate aspect ratios, 2.5.8-20

rectangular, free convective heat transfer in, when heated
from the sides, 2.5.8-6/2.5.8-13

flow patterns in, 2.5.8~J2.5.8-8
large aspect ratios, 2.5.8-812.5.8-10
with local heating, 2.5.8-13
low aspect ratios, 2.5.8-10/2.5.8-13

Energy, internal (see Specific internal energy)
Energy equation:

in boundary layers, 2.2.1-18
in compressible duct flow, 2.2.2-12
differential form in single-phase flow, 2.2.1-5/2.2.1-7
in gas-liquid flows, 2.3.2-8/2.3.2-9

homogeneous flow, 2.3.2-8
separated flow, 2.3.2-812.3.2-g

in heat exchangers, 1.2.6-2/1.2.6-3
integral form in single-phase flow, 2.2.1-3
in multiphase flows: homogeneous, 2.3.1-5/2.3.1-6

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Enhancement devices:
for condensation, 2.6.6-l/2.6.64
for single-phase heat transfer, 2.5.11-l/2.5.11-12

Enhancement of heat transfer (see Augmentation)
Enlargements in pipes:

single-phase flow and pressure drop in, 2.2.2-17/2.2.2-19
diffusers, 2.2.2-11/2.2.2-19
sudden enlargements, 2.2.2-19
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Enlargements in pipes (Cont.):
two-phase flow and pressure drop in, 2.3.2-1512.3.2-16

slow change, 2.3.2-1512.3.2-16
sudden enlargement, 2.3.2-16

Enthalpy:
changes in streams in heat exchangers, 1.2.4-l/1.2.4-2
of saturated liquids and vapors, 55.1-l/5.5.1-40
(See also Specific enthalpy)

Enthalpy  balance equations for cooling towers, 3.12.2-5
Entrainment in annular gas-liquid flow, 2.3.2-l 1,2.7.3-24
Entrance effects in heat and mass transfer:

comparison of laminar and turbulent flows, 2.1.7-l/2.1.7-2
in turbulent flow heat transfer, 2.5.1-7

Entrance lengths, hydrodynamic in pipe flow, 2.2.2-10/2.2.2-l 1
Entrance losses for tube inlet in shell-and-tube heat exchanger,

2.2.7-112.2.1-8
Entropy (see Specific entropy)
Eiitvos number:

in bubble departure, 2.7.1-8
definition, 2.3.2-19

Equations of state:
Benedict-Webb-Rubin, 5.2.2-3
Peng-Robinson, 5.1.24
Redlich-Kwong, 5.1.24
Redlich-Kwong-Soave, 5.1.24
van der Waals, 5.1.2-315.1.2-4

Equilibrium interphase:
in binary and multicomponent mixture, 2.7.6-l/2.7.64,

5.2.1-l/5.2.1-8
hydrocarbon phase behavior, 5.2.1-315.2.1-5
in mixtures of undefined components, 5.2.1-5/5.2.1-8
nonhydrocarbon phase behavior, 5.2.1-5
vapor-liquid, 5.2.1-2/5.2.1-3

introduction, 1.2.1-3
metastable and stable, 2.7.1-1

Equilibrium vapor nucleus, 2.7.1-3
Equivalent sand roughness, 2.2.1-29/2.2.1-30
Ergun equation, for pressure drop in fixed beds,

2.2.5-2
Ethane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of, 5.5.2-2

Ethanol:
critical heat flux table for flow boiling of in vertical tube,

2.7.3-29
saturation properties of, 5.5.1-18

Ethyl acetate saturation properties, 5 5.1-25
Ethyl benzene saturation properties, 55.1-14
Ethyl ether saturation properties, 55.1-23
Ethylene:

saturation properties of, 5.5.1-15
superheated gaseous, thermodynamic properties, 5.5.2-3

Ethylene oxide saturation properties, 5.5.1-24
Euler number:

definition, 2.2.1-11
effect of roughness on, in flow over tube banks,

2.2.4-1412.2.4-15
in flow over tube banks, 2.2.4-512.2.4-12

European Economic Community (see EEC code for thermal
design of heat exchangers)

Eutectic mixtures, condensation of forming immiscible liquids,
2.6.4-212.6.4-3

Evaporation:
flow regimes in, 2.3.2-612.3.2-7
at an interface, 2.7.1-2

interfacial resistance in, 2.1.7-8
introduction to, 2.1.7-612.1.7-8
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
in plate heat exchangers, 3.7.12-1
(See also Boiling)

Evaporative coolers, 3.12.54/3.12.5-S
Evaporators:

arrangements for, 3.5.3-l/35.3-2
flash evaporation, 3.5.3-2
multiple effect, 3.5.3-l/3.5.3-2
vapor recompression, 3.5.3-2

choice of type of, 3.5.5-l/3.5.5-2
concentration, 3.5.5-l/3.5.5-2
crystallization, 3.5.5-2
vaporization, 3.5.5-l

design aspects, 35.4-l/3.5.4-2
condensers for, 3.5.4-2
desuperheaters for, 3.5.4-2
hot fluid space in, 3.5.4-l
separators for, 3.5.4-l/3.5.4-2

estimation of heat transfer coefficients in, 35.7-l/3.5.7-3
estimation of pressure drop and circulation in, 35.6-l
estimation of surface area in, 3.5.8-1
introduction to, 3.5.1-l
as type of heat exchanger, 1.1.5-2
types, 3.5.2-l/3.5.2-7

basket type, 3.5.2-l/3.5.2-3
climbing film, 3.5.24
falling film, 3.5.2413.5.2-5
horizontal shell side, 3.5.2-l
horizontal tube side, 3.5.2-513.5.2-6
long-tube vertical, 3.5.2-3/3.5.24
plate-type, 3.5.2-6
short-tube vertical, 3.5.2-l

Exit losses for tubes in shell-and-tube exchanger, 2.2.7-8
Expansion joints, mechanical design of:

basic principles of, 4.1.6-l
constructional details of, 4.2.6-10/4.2.6-11

Expansion of tubes into tube sheets:
explosive, 4.2.6-7
roller, 4.2.6-614.2.6-7

Explosive welding of tubes into tube sheets, 4.2.6-8/4.2.6-10
Extended surfaces (see Fins)
Externally induced convection, in kettle reboilers, 3.6.2-3
Extinction coefficient, 2.9.5-l
Extinction efficiency, 2.9.5-l
Extruders, heat transfer in, 3.14.3-513.14.36
Eyring fluid (non-Newtonian), 2.2.8-7

F
F-correction method:

application to single-pass cocurrent  and countercurrent flow
exchangers, 1.3.1-2/1.3.14,1.5.2-l/1.5.2-2

F-factor charts and equations for various heat exchanger
configurations, 1.5.2-211.5.3-12

crossflow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, one pass, unmixed, 1.5.3-7
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 1.5.34
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
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F-correction method, F-factor charts and equations for various
heat exchanger configurations, crossflow (Cont.):

two tube rows, one pass, unmixed, 15.3-5
two tube rows, two tube passes, unmixed, 1.5.3-9

double-pipe heat exchangers, 3.2.34/3.2.3-5
E-shell with even number of passes, 15.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 15.2-8
Gshell, even number of tube passes, 1.5.2-l 3
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
single pass cocurrent,  1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells  in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.44, 1.5.1-l/1.5.3-12
F-factor method:

for temperature difference (see F-correction method)
tong, for critical heat flux with non-uniform heat flux,

2.7.3-1912.7.3-20
F-type shells:

calculation of heat transfer and pressure drop in, 3.3.11-2
discussion of, 3.3.4-3
thermal leakage in, 1.5.2-1411.5.2-15

Failure modes of heat exchangers, 4.1.1-314.1.1-5
corrosion and other damage mechanisms, 45.3-l/45.3-7
ductile fracture, 4.1.1-3
high strain fatigue, 4.1.1-5
incremental collapse, 4.1.1-3/4.1.1-5

Falling film evaporator:
description of, 3.5.24/3.5.2-5
mass transfer in, 2.1.7-8

Fanning friction factor (see Friction factor)
Fanno flow, 2.2.2-13
Fans in air-cooled heat exchangers:

drive design, 3.8.7-2,4.4.14/4.4.1-6
noise emission, 3.8.9-l
power consumption, 3.8.7-l/3.8.7-2
selection and sizing, 3.8.7-l

Fatigue as failure mode of a heat exchanger, 4.1.1-5,
4.5.3-2/4.5.3-3,4.6.1-2

Ferritic stainless steels, as material of construction,
4.5.2-314.5.2-4

Fick�s Jaw for diffusion, 2.1.1-2
extensions to multicomponent system, 2.1.5-l
limitations in, 2.1.1-l/2.1.14

Film boiling:
in axial flow reboilers, 3.6.2-9
in cross flow over single cylinder, 2.7.5-3/2.7.54
in forced convective boiling on vertical surfaces,

2.7.3-3012.7.3-31
vertical flat plate, 2.7.3-3012.7.3-31
vertical rod, 2.7.3-31

in kettle reboilers, 3.6.2-5
in pool boiling, 2.7.2-1412.7.2-15

Film cooler, approximate overall heat transfer coefficients in,
2.1.24

Film temperature, definition of for turbulent flow over flat
plate, 2.2.1-29

Films in heat exchangers, 1.1.4-2
Filmwise condensation:

description of, 2.6.1-1
of pure vapors, 2.6.2-l/2.6.2-19

inside horizontal tubes, 2.6.2-12/2.6.2-15
outside horizontal tubes, 2.6.2-912.6.2-12
interfacial resistance in, 2.6.2-15

with liquid metals, 2.6.2-1512.6.2-16
on vertical surfaces, 2.6.2-2, 2.6.2-9

Finite difference equations:
application to natural convection in enclosures, 2.5.8-8
for flow pattern calculation, 1.4.2-l/1.4.24
for heat exchangers, 1.4.1-3/1.4.14

Finned-tube banks (see Tube banks finned)
Fins:

application in enhancement of boiling heat transfer,
2.7.9-112.7.94

as augmentation devices, 2.5.1 l-2
in condensation, 2.6.6-212.6.6-3
internaily  finned tubes, 2.5.11-5/25.11-6,2.6.6-2/2.6.6-3
in natural convection, 25.11-3/25.114

on cylinders in tube banks: pressure drop in,
2.2.4-1312.2.4-14

effect on flow over cylinders, 2.2.3-612.2.3-7
free convective heat transfer from, 2.5.7-25
longitudinal (straight): application in double-pipe heat

exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.1-l/3.2.6-2

low finned tubes: applications in shell-and-tube heat
exchangers, 3.3.1 l-2/3.3.1 14

correlation for single-phase heat transfer in flow over,
2.5.3-1212.5.3-13

use in boiling augmentation, 2.7.9-112.7.9-2
radiating, 2.9.84/2.9.8-6
single-phase forced convective heat transfer to banks of tubes

with, 2.5.3-612.5.3-16
efficiency of fins in, 2.5.3-6/2.5.3-11
experimental data compared with correlations for,

2.5.3-13/2.5.3-15
heat transfer correlations for high fins, 25.3-11/25.3-12
heat transfer correlations for low fins, 25.3-12/2.5.3-13

types, in heat exchangers, 1.1.4-1
types used in air-cooled heat exchangers, 3.8.3-l/3.8.3-3

Fire-tube boiler, 3.11.2-3
Fired heaters, 3.11.2-l/3.11.2-2
Firsova,  E. V., 2.5.13-l/2.5.134
Fittings, pipe (see Piping components)
Fixed beds:

characteristics of packings in, 2.25-2
heat transfer in, with gas flowing through, 2.8.2-112.8.2-7,

2.8.3-l/2.8.3-3
contact area resistance in, 2.8.3-2
effective thermal conductivity in, 2.8.2-2/2.8.2-5
fluid-to-particle heat transfer in, 25.4-l/2.5.4-6
heat transfer from wallsof,  2.8.2-5/2.8.2-7,2.8.3-l/2.8.3-3
molecular gas conduction influence in, 2.8.3-l/2.8.3-2
onedimensional temperature field in, 2.8.2-7
radiative heat transfer in, 2.8.3-2
twodimensional temperature field in, 2.8.2-l/2.8.2-2

heat transfer in stagnant (with no flow through),
2.8.1-l/2.8.1-14

effective thermal conductivity of, 2.8.1-3/2.8.1-5
heat transfer coefficient from walls  to, 2.8.1-5/2.8.1-10
one-dimensional temperature field in, 2.8.1-10/2.8.1-14
twodimensional temperature field in, 2.8.1-l/2.8.1-2

non-uniform heat transfer in, 2.1.4-3/2.1.44
single-phase flow and pressure drop in, 2.2.5-l/2.2.5-5
voidage  in, 2.2.5-l

Fixed tubesheet, shell-and-tube exchangers:
comparison of codes, 4.3.4-2
mechanical features, 4.2.3-l/4.2.34

Flanges, mechanical design of in heat exchangers:
basic principles, 4.1.7-l/4.1.7-2
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Fknges,  mechanical design of in heat exchangers (Cont.):
comparison of codes, 4.3.4-214.3.4-3
constructional features, 4.2.6-314.2.6-5
index to U.S., U.K., and F.R.G. codes, 4.3.2-514.3.2-l

Flash evaporation, 3.5.3-2
Flat absorber of thermal radiation, 2.9.2-15
Flat plate:

free convective heat transfer on: inclined and horizontal
plates, 2.5.7-13/2.5.7-19

vertical plates, 2.5 .I-212.5.7-13
laminar flow along, 2.2.1-22/2.2.1-24

effect of buoyancy forces, 2.2.1-24
effect of dentity-viscosity  function, 2.2.1-22
effect of Mach number, 2.2.1-23
effect of Prandtl number, 2.2.1-23
effect of suction or injection, 2.2.1-23
effect of wall temperature, 2.2.1-22
effect of wall temperature distribution, 2.2.1-23/2.2.1-24
higher order effects, 2.2.1-24
reference temperature, 2.2.1-23

single-phase forced convective heat transfer in, 2.5.2-l/2.5.2-3
transition flow along, 2.2.1-2412.2.1-2s

effect of outer flow turbulence, 2.2.1-24
effect of pressure gradient, 2.2.1-24
heat transfer in, 2.2.1-25
suction on blowing effect, 2.2.1-25
surface roughness, 2.2.1-25

turbulent flow along, 2.2.1-2912.2.1-30
effect of suction or injection, 2.2.1-30
heat transfer on, 2.2.1-29/2.2.1-30
Mach number effect on, 2.2.1-30
skin friction on, 2.2.1-29

Flat reflector of thermal radiation, 2.9.2-14
Floating head designs for shell-and-tube heat exchangers:

analytical basis for codes for, 4.3.3-l
comparison of codes for, 4.3.4-2
detailed constructional features, 4.2.3414.2.3-7

outside packed type, 4.2.3-7
packed-lantern ring type, 4.2.3-S/4.2.3-6
pull through type, 4.2.3-5
split backing ring type, 4.2.3-4/4.2.3-5

discussion, 3.3.5-12/3.3.5-13
example of calculation of heat exchanger mechanical design

with, 4.3.6-l/4.3.6-23
flanges in, 4.2.6-3
mechanical design of: basic principles of, 4.1.4-2/4.1.4-4

Flooding phenomena:
in gas-liquid flow in vertical tubes, 2.3.2-21/2.3.2-23
in reflux condensation, 2.6.2-712.6.2-9,  3.4.3-213.4.3-3
Pushkina and Sorokin correlation for, 2.3.2-22
as source of critical heat flux limitation in countercurrent

flow: in tube banks, 2.7.5-512.7.56
in tubes, 2.7.3-26

Wallis  correlation for, 2.3.2-22,2.6.2-8
Flow distribution in plate heat exchangers, 3.7.6-2,

3.7.8-3/3.7.8-4,4.4.3-3
Flow-induced vibration, 4.6.1-l/4.6.6-3

design considerations, 4.6.6-l/4.6.6-3
introduction, 4.6.1-l/4.6.1-2

sources of damage by, 4.6.1-l/4.6.1-2
prediction procedure, 4.6.5-l/4.65-2
shell-side velocities causing, 4.6.3-l
tube bundle vibration characteristics, 4.6.2-l/4.6.24

amplitude of vibration, 4.6.24
damping, 4.6.24
finned-tube natural frequencies, 4.6.2-3
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span lengths, 4.6.2-3
straight tube natural frequencies, 4.6.2-l/4.6.2-3
U-bend tube natural frequencies, 4.6.2-3

vibration phenomena, 4.6.4-l/4.6.44
acoustic vibration, 4.6.4-314.6.4-4
combined phenomena, 4.6.44
fluid elastic whirling, 4.6.4-2
parallel flow eddy formation, 4.6.4-3
turbulent buffeting, 4.6.4-2
vortex shedding, 4.6.4-l/4.6.4-2

Flow patterns (see Flow regimes)
Flow quality (see Quality)
Flow regimes:

in combined free and forced convection in channels:
circular pipes, 2.5.10-l/2.5.10-2
rectangular channels, 2.5.1 O- 11

in combined free and forced convection around immersed
bodies, 2.5.9-l/2.5.9-4

in condensation forming immiscrble  liquids, 2.6.4-2
in fixed beds, 2.8.2-2
in fluidized beds, 2.2.6-1, 2.2.6-3
in gas-liquid flow, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
inclined tubes, 2.3.2412.3.2-5
shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6,  3.4.7-2
systems with phase change, 2.3.2-612.3.2-l
vertical tubes, 2.3.2-l/2.3.2-2

influence of free convection on, in horizontal pipe flow,
2.2.2-6

in natural convection in enclosures, 2.5.86/2.5.8-8
in single-phase flow in tube banks, 2.2.4-l/2.2.4-3
in single-phase flow over immersed bodies:

boundary layer regime, 2.2.3-l/2.2.3-2
over circular cylinders, 2.2.3-3
over noncircular cylinders, 2.2.3612.2.3-7

in solid-gas flow, 2.3.3-2
Fluid elastic instability as source of flow-induced vibration,

4.6.4-2
Fluid elastic whirling (see Fluid elastic instability as a source of

flow induced vibration)
Fluid mechanics, Eulerian formulation for, 2.2.1-l
Fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.56
Fluidized bed dryer:

description, 3.13.24
practical design, 3.13.7-2

Fluidized bed gravity conveyors, 2.3.3-712.3.3-9
Fluidized beds:

bed-to-immersed tube heat transfer in, 2.8.46/2.8.4-7
bed-to-wall heat transfer in, 2.8.4-l/2.8.4-8

interphase gas convective component, 2.8.4-3
particle convective component, 2.8.4-2/2.8.4-3
predictive methods for, 2.8.44/2.8.4-6
radiative component, 2.8.4-3

fluid-to-particle heat transfer in, 2.5.5-l/2.55-6
introduction, 2.5.1-l/2.5.5-2
low Peclet numbers, 2.5.3-3/25.3-6
recommended equations, 2..5.5-2/2.55-3

single-phase fluid flow and pressure drop in, 2.2.6-l/2.2.6-9
local structure in, 2.2.6-612.2.6-8
minimum velocity for fluidization in, 2.2.6-2/2.2.6-3
pressure drop, 2.2.6-2
state diagram for, 2.2.6-2/2.2.6-3
types of fluidization, 2.2.6-l/2.2.6-2

use in augmentation of heat transfer, 2.5.11-S
Fluids:

models for, 2.2.1-7/2.2.1-10
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Fluids, models for (Cont.):
calorifically  perfect, 2.2.1-8
constant density, 2.2.1-8/2.2.1-9
continuum, 2.2.1-1
perfect gas (ideal gas), 2.2.1-7/2.2.1-8
small density variation, 2.2.1-8

physical properties: mixtures of fluids, 5.2.1-1/5.2.5-S
pure fluids, 5.1.1-l/5.1.5-3
rheologically  complex, 5.3.1-l/5.3.8-3
tables, 5.5.1-l/5.5.54

Fluorine saturation properties, 5.5.1-32
Fluted tubes, application in evaporators, 2.7.9-3
Flux method, for modeling radiation in furnaces, 3.11.7-5
Flux relationships in heat exchangers, 1.2.2-l/1.2.24
Fog formation (see Fogging in condensation)
Fogging in condensation, 2.6.7-l/2.6.74

design to minimize, 2.6.7-3,3.4.5-2
effects of, 2.6.7-3, 3.4.5-2
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Forced convection heat transfer, single-phase (see Convection
heat transfer)

Forced convective boiling (see Boiling)
Forced flow reboilers:

characteristics, advantages, and disadvantages of, 3.6.1-5
heat transfer characteristics of, 3.6.2-6/3.6.2-10

Forster and Zuber correlation for nucleate boiling, 2.7.24
Fouling:

in double-pipe heat exchangers, 3.2.6-l
in evaporators, 3.5.7-l/3.5.7-2
influence in selection of reboiler type, 3.6.16
numerical methods in the prediction of, 1.4.24
in plate heat exchangers, 3.7.9-l
in reboiler design, 3.6.4-l/3.6.4-2

fouling resistances in reboilers, 3.6.4-2
in shell-and-tube heat exchangers, 3.3.4-5, 3.3.5-14/3.3.5-15

as limiting factor in design, 3.3.10-7/3.3.10-8
as source of damage, 4.5.3-S

Four phase flows, examples, 2.3.1-2
Fourier law for wnduction,  2.1.1-2,2.4.1-l

limitations in, 2.1.1-l/2.1.14
Fourier number (Fo):

defmition, 1.2.3-5,2.1.3-2
in packed beds, 2.8.3-l/2.8.3-3
in solidification and melting, 2.4.4-l/2.4.4-2
in transient conduction, 2.4.3-l/2.4.3-7

Frames for plate heat exchangers, 4.4.2-S/4.4.2-7
France, guide to national practice for mechanical design, 4.3.5-6
Free convection:

augmentation of heat transfer in: active systems for, 2.5.114
passive systems for, 2.5.1 l-3

combined with forced convection (see Combined free and
forced convection)

effect on laminar flow heat transfer in channels,
2.5.14/2.5.1-S

effect of, on single-phase flow in vertical ducts, 2.2.2-l 1
heat transfer around immersed bodies, 2.5.7-l/2.5.7-3  1

generalized solutions for, 2.5.7-25/25.7-28
horizontal cylinders, 2.5.7-20/25.7-23
inclined and horizontal surfaces, 2.5.7-13/2.5.7-19
open ended channels, 25.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-25
vertical cones,  2.5.7-24
vertical and inclined cylinders, 2.5.7-23/2.5.7-24
vertical plates, 2.5.7-212.5.7-13

influence on friction factor in circular pipe flow,
2.2.2-512.2.2-I

in layers and enclosures, 2.5.8-l/2.5.8-25
circular vertical annuli heated and cooled on vertical

curved surfaces, 2.5.8-13/2.5.8-14
concentric spheres, 2.5.8-16
enclosures heated from below, 2.5.8-3
honeycombs, 2.5.8-2012.5.8-23
horizontal annuli, 2.5.8-14/2.5.8-16
horizontal cylinders, 2.5.8-14
inclined enclosures, 2.5.8-17/2.5.8-20
infinite horizontal layers, 2.5.8-l/2.5.8-3
rectangular enclosures heated and cooled on the sides,
2.5.8-612.5.8-13

occurrence in flow in horizontal circular pipe, Metais and
Eckert diagram for, 2.2.2-6

Free-fall velocity of particles, 2.3.3-3
Free molecule conditions, maximum shear stress, heat flux, and

mass flux in, 2.1.1-2
Free-stream turbulence, effect on flow over cylinders, 2.2.36
Freeze protection of air-cooled heat exchangers, 4.4.1-l/4.4.1-2,

4.4.1-7
Fresnel relations in reflection of radiation, 2.9.2-9
Fretting corrosion, 4.5.3-2
Friction coefficient (see Friction factor)
Friction factor:

in circular pipe flow, 2.2.2-l/2.2.2-2
definition, 2.2.2-l
Moody chart for, 1.2.3-3,2.2.2-2

definition, 1.2.3-2
in fixed beds, 2.2.5-3
in flow over tube banks, 3.3.7-l/3.3.74
interfacial, 2.3.2-2112.6.2-6
liquid film, 2.3.2-10
in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
on the shell side of double-pipe heat exchangers,

3.2.3-513.2.3-6
of solid in solid gas flow, 2.3.3-512.3.3-7

definition, 2.3.3-5
in horizontal pneumatic conveyance, 2.3.3-5/2.3.3-6
in vertical pneumatic conveyance, 2.3.3-5

in systems with heat transfer augmentation: coiled tubes,
2.5.11-7

internally finned tubes, 2.5.11-6
roughened surfaces, 2.5.1 l-2/2.5.11-5
twisted tape systems, 2.5.11-7

Friction multipliers in gas-liquid flow:
correlation for: in singularities, 2.3.2-15/2.3.2-18

in straight channels, 2.3.2-9/2.3.2-12
definition, 2.3.2-9

Friction velocity definition, 2.2.1-25
Frictional pressure drop (see Pressure drop)
Friedel correlation for frictional pressure gradient in straight

channels, 2.3.2-11
Froude number:

definition, 1.2.3-5,2.2.1-11
in fluidized beds, 2.2.6-212.2.6-3

Fuels, properties of, 3.11.3-2/3.11.3-3
Fugacity, 5.2.1-2
Furnaces:

advanced models for, 3.11.7-l/3.11.7-6
in boilers, 3.11.2-2/3.11.2-3
heat transfer in, 3.11.3-6

heat sink, 3.11.3-3/3.11.36
heat source, 3.11.3-l/3.11.3-3
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Furnaces, heat transfer in (Cont.):
heat transfer of the sink, 3.11.3-6
refractory surfaces, 3.11.3-6

introduction, 3.11.1-1
multizone model for, 3.11.6-l/3.11.64
plug flow model for, 3.11.5-l/3.11.5-2
in process heaters, 3.11.2-l/3.11.2-2
radiation characteristics of row of cylinders backed by

refractory wall in, 2.9.3-12/2.9.3-13
stirred reactor model for, 3.11.4-l/3.1  1.4-6
as type of heat exchange equipment, 1.1.5-3

G
G-type shells in shell-and-tube heat exchangers:

description, 3.3.4-3
temperature difference correction factor (F) and 8-NTU

chart for, 1.5.2-13
Galileo number, 2.2.1-11

in bubble rise in liquids, 2.3.2-19
Gas heater, approximate overall heat transfer coefficients in,

2.1.2-3
Gas-liquid flows:

applications of one-dimensional equations, 2.3.2-7/2.3.2-18
conservation equations, 2.3.2-812.3.2-p
correlation for void fraction, 2.3.2-13/2.3.2-15
frictional pressure drop in straight channels,

2.3.2-912.3.2-12
pressure changes across singularities, 2.3.2-15/2.3.2-18
pressure drop in heat exchangers, 2.3.2-12/2.3.2-13

critical two-phase flow, 2.3.2-2612.3.2-29
flow patterns in, 2.3.2-112.3.2-7

horizontal tubes, 2.3.2-212.3.24
shell-and-tube heat exchangers, 2.3.2-S/2.3.26
in systems with phase change, 2.3.2-612.3.2-7
inclined tubes, 2.3.24/2.3.2-5
vertical tubes, 2.3.2-l/2.3.2-2

hydrodynamics of specific flow regimes (horizontal),
2.3.2-2312.3.2-26

annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

hydrodynamics of specific flow regimes (vertical),
2.3.2-1812.3.2-23

annular flow, 2.3.2-1912.3.2-21
bubble flow, 2.3.2-1812.3.2-19
counter-current flow and flooding, 2.3.2-21/2.3.2-23
plug-slug flow, 2.3.2-19

in plate heat exchangers, 3.7.12-1
Gas-solid flow (see Solid-gas flow)
Gas sparging, for agitation of vessels:

description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3

Gaseous fuels, properties of, 3.11.3-2
Gases:

as constituent of multiphase flows, 2.3.1-2
combined radiative and convective heat transfer to,

2.9.8-7/2.9.8-10
diffusion coefficients in, 5.2.5-3/5.2.5-4
emissivity of, 2.9.5-l/2.9.5-13

table of, 5.5.5-l/5.5.54
emissivity of combustion product mixtures of, 3.11.34,

5.5.5-315.5.5-4
isothermal, radiative heat transfer in, 2.9.6-1/2.9.6-P
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nonisothermal, radiative heat transfer in, 2.9.7-l/2.9.7-13
P-?-T  relationships for, 5.1.2-l/5.1.24
radiation properties, 2.9.5-l/2.9.5-12

equation of transfer for, 2.95-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.954
molecular, 2.9.5-8/2.9.5-l  1
physics of, 2.9.54
spectral, band and total property definition,

2.9.5412.9.5-8
superheated, thermodynamic properties of, tables,

5.5.2-115.5.2-11
thermodynamic properties, 5.1.3-l/5.1.3-7
transport properties, 5.1.3-l/5.1.3-7

Gasketed plate heat exchangers (see Plate heat exchangers)
Gaskets:

for flanges in shell-and-tube heat exchangers, 4.2.6-3/4.2.64
for graphite block exchangers, 4.4.44
in plate heat exchangers, design and properties,

4.4.2-414.4.2-S
Geometric optics models for radiative heat transfer from surfaces,

2.9.4-8
Germany, Federal Republic of, mechanical design of heat

exchangers in:
guide to national practice, 4.3.54
index to Merkblatter code, 4.3.2-l/4.3.2-11

Gersten, K., 2.2.1-1/2.2.3-P
Gibbs phase rule, 5.2.1-1
Girth flanges, in shell-and-tube heat exchangers:

analytical basis for code for, 4.3.3-2
constructional details of, 4.2.6-3

Gn (heat generation number), 2.5.126
Gnielinski,  V., 2.5.1-l/2.5.4-6
Goodness factor, as a basis for comparison of plate fin heat

exchanger surfaces, 3.9.7-l/3.9.7-3
Goody narrow band model for gas radiation properties, 2.9.5-5
Graetz number:

definition, 1.2.3-5,2.1.3-2
in non-Newtonian flows, 2.5.12-612.5.12-7

Graetz problem (see NusseltCraetz  problem)
Graphite, density of, 5.4.1-1
Graphite block heat exchanger, 4.4.44
Grashof number, 1.2.34, 2.2.1-11, 2.2.2-6

in free convection over immersed bodies, 2.5.7-2
Gravitational acceleration, effect in pool boiling, 2.7.2-9
Gravity conveyor:

air-activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-p

Gregorig effect in enhancement of condensation, 2.6.6-l/2.6.6-2
Griffith, P., 2.6.5-l/2.6.54
Groeneveld correlation for postdryout heat transfer, 2.7.3-3 1
Groeneveld and Delorme correlation for postdryout heat transfer,

2.7.3-3212.7.3-33
Group contribution parameters tables, 5.5.4-10
Guerrieri and Talty correlations for forced convective heat

transfer in two-phase flow, 2.7.3-8
Guldberg�s  rule for critical temperature, 5.1.1-1
Guy, A. R., 3.2.1-l/3.2.6-2

H
Hagen-Poseville  law, 2.1.1-2,2.2.2-l, 2.2.2-3
Hagen-Rubens relation, between electrical and optical constants,

2.9.2-10
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Hampson coils (see Helical coils)
Handley and Heggs equation for fixed bed pressure drop, 2.2.5-3
Harris, D., 4.3.6-l/4.3.6-23
Hausen equation for developing laminar flow, 2.5 .l-2
Headers in shell-and-tube heat exchangers, 2.2.7-l/2.2.7-2

inlet distribution header, 2.2.7-S/2.2.7-6
outlet combining headers, 2.2.7-612.2.7-7
tube entry/exit pressure loss, 2.2.7-712.2.7-8

Heads, in heat exchangers:
analytic basis for codes, 4.3.3-l
constructional features of affecting mechanical design,

4.2.6-l/4.2.6-2
index of U.K., U.S.A., and F.R.G. codes for, 4.3.2414.3.2-s
mechanical design of, 4.1.8-1
types of, in shell-and-tube exchangers, 4.2.4-l/4.2.4-2

bolted channel, 4.2.4-l
bolted cone, 4.2.4-2
Bonnett type, 4.2.4-l/4.2.4-2
high pressure, 4.2.4-214.2.4-3
welded channel, 4.2.4-l

Heat and mass transfer:
combined, 2.1.6-l/2.1.64

in condensation, 2.1.6-212.1.64
in cooling towers, 3.12.2-l/3.12.2-3
in drying, 2.1.6-l/2.1.6-2
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12/2.5.7-13

relations between, 1.2.3-6/1.2.3-7
state of the art, 2.1.7-l/2.1.7-8

Heat capacity (see Specific heat capacity)
Heat conduction (see Conduction, heat)
Heat exchanger design, introduction, 3.1.1-l/3.1.4-9

approximate sizing of shell-and-tube heat exchangers,
3.1.4-1/3.1.4-P

basic design equation, 3.1.4-1
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference,

3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-313.1.4-6
estimation of surface area, 3.1.4-613.1.4-7
example, 3.1.4-7/3.1.4-g

fundamental concepts, 3.1.1-l/3.1.1-3
basic design equation, 3.1.1-2
heat transfer coefficients, 3.1.1-1
mean temperature difference, 3.1.1-2/3.1.1-3

logic of the design process, 3.1.3-l/3.1.34
criteria for successful design, 3.1.3-l/3.1.3-2
relationship among selection rating and design,

3.1.3-2/3.1.34
simplified example of de&n modification algorithm for

computer, 3.1.3-3/3.1.34
types of heat exchangers and their applications,

3.1.2-l/3.1.2-6
air-cooled, 3.1.24/3.1.2-S
double-pipe, 3.1.2-l/3.1.2-2
mechanically aided, 3.1.2-5
plate fin or matrix, 3.1.2-5
plate heat, 3.1.2-3/3.1.24
shell-and-tube, 3.1.2-2/3.1.2-3

Heat exchangers:
agitated vessels, 3.14.1-l/3.14.3-8
air-cooled, thermal design, 3.8.1-l/3.8.94
condensers, 3.4.1-1/3.4.9-S
corrosion and other damage, 4.5.3-l/4.5.3-7
costing, 4.8.1-l/4.8.4-2
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air-cooled, 4.8.3-l/4.8.3-3
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

definitions and quantitative relationships, 1.2.0-l/1.2.6-7
balance equations for equipment, 1.2.4-l/1.2.4-7
differential equations for streams in, 1.2.5-l/1.2.5-3
flux relationships, 1.2.2-l/1.2.24
partial differential equations for interpenetrating continua

in, 1.2.6-l/1.2.6-7
thermodynamic concepts, 1.2.1-l/1.2.1-3
transfer coefficient dependences, 1.2.3-l/1.2.3-7

description of, 1.1.0-1/1.1.6-l
equipment forms, 1.1.5-l/1.1.5-3
interactions between streams in, 1.1.2-l/1.1.2-2
interfaces between streams in, 1.1.4-l/1.1.4-2
temperature change patterns, 1.1.3-l/1.1.3-2
types of flow configuration, 1.1.1-l/1.1.14
unsteady operation, 1.1.6-1

design, 3.1.1-1/3.1.4-P
double pipe, 3.2.1-l/3.2.6-2

application of, 3.2.2-l
construction/mechanical design, 3.2.5-i/3.2.5-2,

4.4.4-114.4.4-2
design parameters, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

F-correction method for, 1.2.44, 1.3.1-2/1.3.14
F-factor charts for, 1.5.2-3/1.5.3-12
gas-liquid pressure drop in, 2.3.2-1212.3.2-13
liquid metal heat transfer in, 2.5.13-8/2.5.13-4
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: air-cooled, 4.4.1-l/4.4.1-7

basic principles, 4.1.1-l/4.1.8-3
block type, 4.4.44
direct contact, 4.4.4-614.4.4-8
double-pipe, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
example of design, 4.3.6-l/4.3.6-23
heat pipes, 4.4.4-P/4.4.4-11
helical (Hampson) coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-3/4.4.44
plate tin heat exchangers, 4.4.3-1/4.4.3-P
plate heat exchangers, 4.4.2-l/4.4.2-8
scraped surface, 4.4.4-514.4.4-6
shell-and-tube (codes), 4.3.1-1/4.3.5-l
shell-and-tube (construction), 4.2.1-l/4.2.6-13
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-2/4.4.4-3

numerical solution methods for: with calculation of flow
pattern, 1.4.2-l/1.4.24

with prescribed flow patterns, 1.4.1-l/1.4.1-6
plate fin, 3.9.1-l/3.9.134
plate, thermal design of, 3.7.1-l/3.7.12-2
P-NTU method for, 1.2.44/1.2.4-S,  1.3.1-2
pressure drop in headers, nozzles, and turnarounds, 2.2.7-l
radiant, 2.9.84
representation as interpenetrating continua,

1.2.6-I/1.2.6-7
shell-and-tube (single phase), thermal design of,

3.3.1-1/3.3.11-s
0 method chart for, 1.5.2-l/1.5.3-12
0 method for, 1.2.4-5, 1.3.1-2/1.3.1-4

Heat generation number (Gn), 2.3.12-6
Heating media, for reboilers, 3.6.2-10
Heat of vaporization, 5.1.3-2/5.1.34

of commonly used fluids, 5.5.1-l/5.5.140

lblishing  Corporation
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Heat pipes:
axial heat transfer and operational envelope for, 3.10.4-I
characteristics of wicks for, 3.10.6-l/3.10.6-2
circulation and axial heat transfer in, 3.10-2-l/3.10.2-3
introduction to, 3.10.1-l/3.10.1-2
mechanical design of exchangers using, 4.4.4-9/4.4.4-l 1
selection of working fluid for, 3.10.5-l/3.10.5-2
start-up and control of, 3.10.7-l/3.10,7-2
temperature  distribution and radial heat flux in,

3.10.3-l/3.10.3-2
Heat transfer:

analogy with mass transfer, 2.1.5-l/2.1.54
augmentation of (see Augmentation of heat transfer)
in cooling towers, 3.12.2-l/3.12.2-2
enhancement of, (see Augmentation of heat transfer)
in fluidized beds, fluid-to-particle, 2.5 5-2/2.5.5-6
in non-uniform systems, 2.1.4-l/2.1.44

in packed beds, 2.1.4-3/2.1.44
in shell-and-tube heat exchangers, 2.1.4-l/2.1.4-3

single phase convective (see Convective heat transfer, single
phase)

in transition flow over flat plate, 2.2.1-25
in tubes: Colburnj-factor (lammar  and turbulent), 2.1.3-7

correlations for, 2.5.1-l/2.5.1-11
Nusselt numbers for (lammar  and turbulent), 2.1.3-6

in turbulent flow over flat plates, 2.2.1-29/2.2.1-30
by radiation (see Radiative heat transfer)

Heat transfer coefficient:
in agitated vessels, 3.14.3-l/3.14.3-8
in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
average and overall values for, discussion, 1.2.4-2/1.2.4-3
in bed-to-wall heat transfer in fluidized beds, 2.8.4-l/2.8.4-7
in boiling in a vertical tube, 2.7.3-l/2.7.3-37

variation with quality of, 2.7.3-3
in boiling in horizontal tubes, bends, and coils,

2.7.4-112.7.4-7
in boiling of binary and multicomponent mixtures: forced

convective, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in boiling on outside of single tubes and tube banks,
2.7.5-l/2.7.5-7

in combined free and forced convection: in channels,
2.5.1@1/2.5.10-10

over immersed bodies, 2.5.9-l/2.5.96
in condensation, 2.6.1-2
in double-pipe exchangers, 3.2.3-3/3.2.3-3
in evaporators, 3.5.6-l/3.5.7-3
in fixed beds: between wall and bed, stagnant (no flow)

conditions, 2.8.1-5/2.8.1-10
particle-to-fluid, 2.5.4-1, 2.8.3-l/2.8.3-3

in flow over tube banks, 2.5.3-l/2.5.3-8
in fluidized beds: particle-to-fluid heat transfer,

2.5.5-l/2.5.5-6
in free convection: in layers and enclosures, 2.5.8-l/2.5.8-25

over immersed bodies, 2.5.7-l/2.5.7-31
individual, definition of, 1.2.2-l/1.2.2-2,2.1.2-6

typical values of, 2.1.2-6
internal, use in transient conduction calculations,

2.4.3-712.4.3-8
with liquid metals, 2.5.13-l/2.5.134
local, definition, 2.5.1-1
mean, along duct, 25.1-l
in moving, agitated, and vibrated beds of particles,

2.8.3-312.8.3-g
in non-Newtonian flows, 2.5.12-l/25.12-16
numerical calculation of, 1.4.3-3/1.4.34

overall definition of, 1.2.2-1/1.2.2-2,2.1.2-l,  3.1.1-I
in various heat exchangers, 2.1.2-3/2.1.24

in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.5-l
in pool boiling, 2.7.2-l/2.7.2-17
radiation, 2.9.8-2
in reboilers, 3.6.2-l/3.6.2-10
on the shell side in shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
in single-phase flow in ducts: laminar flow, 2.5.1-3/25.14

turbulent flow, 2.5.1-5/2.5.1-11
volumetric, 1.1.2-2

Heat transfer regimes:
in boiling in a vertical tube, 2.7.3-2
in free and forced single-phase convection, 25.10-2

Heated cavity reflectometer, 2.9.2-7
Heggs, P. J., 2.2.5-l/2.2.5-5
Helical coils:

in agitated vessels, 3.14.2-2/3.14.2-3
heat transfer to, 3.14.3-l/3.14.3-2

augmentation of boiling heat transfer using, 2.7.9-4
convective boiling in, 2.7.4-512.7.4-6
cooler, approximate overall heat transfer coefficients in,

2.1.24
dryout  in evaporative heat transfer in, 2.7.4-312.7.44
Hampson-type for heat exchangers, 4.4.44/4.4.4-9
single-phase flow and pressure drop in, 2.2.2-14/2.2.2-16,

2.5.11-6/2.5.11-7
single-phase heat transfer in, 2.5.11-6/25.11-7

Helical inserts, for enhancement of heat transfer in boiling,
2.7.9-3

Helical ribbon agitator:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Helium:
saturation properties, 5.5.1-33
superheated, thermodynamic properties, 5.5.2-l/5.5.2-2

Helmholtz reciprocity principle, in radiative heat transfer, 2.9.2-6
Henry, J. A. R., 2.2.7-l/2.2.7-11
Henry-Fat&e model, for critical two-phase flow,

2.3.2-2812.3.2-29
Henry�s law, for partial pressure, 2.7.6-l
Heptane saturation properties, 5.5.1-9
Heterogeneous conveyance in horizontal pipes, 2.3.4-312.3.4-6
Heterogeneous nucleation in boiling, 2.7.1-3/2.7.1-5
Hewitt, Geoffrey F., 2.3.1-l/2.3.2-33
Hexagonal cells, in free convection, 2.5.8-2
Hexane saturation properties, 5.5 .l-8
Hicks equation, for fixed-bed pressure drop, 2.2.5-3
High firmed tubes, correlations for single-phase heat transfer in

flow over, 2.5.3-11/2.5.3-12
Hohlraum cavity, 2.9.1-3
Holland, guide to national practice for mechanicat design of heat

exchangers, 4.3.5-5
Homogeneous condensation (fog formation), 2.6.1-1

effects, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Homogeneous model:
conservation equations for, in multiphase flows,

2.3.14/2.3.1-7
in gas-liquid flows: conservation equations, 2.3.2-8

critical flow estimation by, 2.3.2-28
frictional pressure drop correlations based on, 2.3.2-10
pressure drop in singularities calculated by,

2.3.2-1512.3.2-18
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Homogeneous model (Cont.):
in solid-liquid flow, 2.3.4-212.3.4-3

Homogeneous nucleation:
of droplets in supersaturated vapor, 2.6.7-l/2.6.7-2
of vapor bubbles in liquids, 2.7.1-212.7.1-3

table of values of temperature for various substances,
2.7.14

Honeycombs:
free convective heat transfer in, 25.8-20/2.5.8-23
loss coefficients in, 2.2.2-20

Horizontal cylinders:
free convective heat transfer inside, 2.5.8-14
(See also Cylinders, Horizontal tubes)

Horizontal layers, of fluid, free convection heat transfer in,
2.5.8-l/2.5.8-3

Horizontal pipes:
hydraulic conveyance in, 2.3.4-l/2.3.4-6
pneumatic conveyance in, 2.3.3-l/2.3.3-2
(See also Pipes, circular; Horizontal tubes)

Horizontal plates (see Horizontal surfaces; Flat plates)
Horizontal shell-side evaporator, 3.5.2-l
Horizontal surfaces:

combined free and forced convection in transverse flow over,
2.5.9412.5.9-6

free convective heat transfer from, 2.5.7-13/2.5.7-18
downward facing surfaces, 2.5.7-13/2.5.7-15
upward facing surfaces, 2.5.7-15/2.5.7-18

pool boiling from, 2.7.2-l/2.7.2-15
Horizontal thermosiphon reboilers:

calculation procedures for, 3.6.5-2/3.6.5-3
characteristics, advantages and disadvantages of, 3.6.1-3
thermal design, 3.6.2-l/3.6.26

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.24/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics of, 3.6.26
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor liquid disengagement in, 3.6.2-6

Horizontal tubsside evaporator, 3.5.2-5/3.5.2-6
Horizontal tubes:

boiling outside with crossflow, 2.7.5-l/2.7.5-4
combined free and forced convection in, 2.5.10-7/2.5.10-11

with uniform heat flux, 2.5.10-7/2.5.10-11
with uniform wall temperature, 2.5.10-7

combined free and forced convective heat transfer from
outside, 2.5.9-l/2.5.9-6

condensation on inside, 2.6.2-1212.6.2-15,  3.4.6-l/3.4.6-2
annular flow, 2.6.2-15
flow regimes, 2.6.2-12/2.6.2-13,  3.4.6-2
stratifying flow, 2.6.2-13/2.6.2-14,  3.4.6-2

condensation on outside of, 2.6.2-912.6.2-12,  3.4.6-3
in bundles, 2.6.2-10/2.6.2-12
effect of vapor shear, single tube, 2.6.2-9/2.6.2-10
laminar flow, single tube, 2.6.2-9

condensers with condensation inside, 3.4.3-3/3.4.3-4,  3.4.9-3
condensers with condensation outside, 3.4.3-513.4.36,

3.4.9-313.4.94
convective boiling in, 2.7.4-l/2.7.4-7

dryout in, 2.7.4-l/2.7.4-4
heat transfer in, 2.7.4-412.7.4-6

flow regimes in gas-liquid flow in, 2.3.2-212.3.24
free convective heat transfer from outside of,

2.5.7-2012.5.7-23

heat transfer to, in fluidized beds, 2.8.4-6/2.8.4-7
hydrodynamics of various two-phase flow regimes In,

2.3.2-2312.3.2-26
annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

pool boiling from, 2.7.2-l/2.7.2-15
(See also Horizontal pipes; Pipes, circular)

Hottel�s rule, in absorption of radiation by gases, 2.9.5-7
Hsu criterion, for onset of nucleate boiling, 2.7.2-2
Hybrid cooling towers, 3.12.5-l/3.12.5-5

assisted draft towers, 3.12.5-3/3.12.54
closed circuit evaporative coolers, 3.12.54/3.12.5-5
wet-dry towers, 3.12.5-2/3.12.5-3

Hydraulic conveyance:
homogeneous and pseudohomogeneous, 2.3.4-212.3.4-3
in horizontal tubes: flow regimes in, 2.3.4-l/2.3.4-2

heterogeneous conveyance in, 2.3.4-312.3.4-6
Hydraulically smooth surface, 2.2.2-l
Hydrocarbons:

phase behavior, 5.2.1-3/5.2.14
thermodynamic properties, 5.2.2-l/5.2.2-9

Hydrodynamic entrance length, in single-phase flow in ducts,
2.2.2-10/2.2.2-11

Hydrogen:
saturated properties, 5.5.1-33
supersaturated gaseous, thermodynamic properties, 5 5.24

Hydrogen chloride saturation properties, 5 5 .l-34
Hydrogen fluoride saturation properties, 5.5.1-34
Hydrogen sulfide saturation properties, 5.5 .l-35
Hydrostatic testing of shell-and-tube heat exchangers,

4.2.6-11/4.2.6-13
Hysteresis: in boiling curve, 2.7.2-8

reduction of, using porous surfaces, 2.7.9-3

I
Ideal gas law, 2.2.1-7
Ideal gas, velocity of sound in, 2.2.1-8
Illingworth, A., 4.7.1-1/4.7.10-l
Immersed bodies:

combined free and forced convection around, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
opposing convection, 2.5.94
slightly inertial regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/2.5.9-3
transverse flow, 2.5.9412.5.96
turbulent regime (assisting convection), 2.5.94

free convective heat transfer to, 2.5.7-l/2.5.7-3  1
generalized solutions for, 2.5.7-2512.5.7-28
horizontal cylinders, 2.5.7-20/2.5.7-23
inclined and horizontal surfaces, 2.5.7-l 3/2.5.7-19
open-ended channels, 2.5.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and Inclined cylinders, 2.5.7-23/2.5.7-24
vertical plates, 2.5.7-212.5.7-13

single-phase flow over, 2.2.3-l/2.2.3-9
circular cylinder, 2.2.3-3/2.2.3-6
flow regimes in, 2.2.3-l/2.2.3-2
forces exerted on, in, 2.2.3-212.2.3-3
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Immersed bodies (Conk):
noncircular cylinders, 2.2.3-612.2.3-7

single-phase forced convective heat transfer to: flat plates,
2.5.2-I/2.5.2-3

single bodies, 2.5.2-312.5.2-8
Immersed tubes, heat transfer to, in fluidized beds,

2.8.4-612.8.4-7
Immersion exchangers, 4.4.4-2/4.4.4-3
Immersion heaters, 4.4.4-2/4.4.4-3
Immiscible liquids, condensation of vapors producing,

2 . 6 . 4 - 1 1 2 . 6 . 4 - l
description, 2.6.1-1, 2.6.4-l
eutectic mixtures, 2.6.4-212.6.4-3

Imperfectly diffuse surfaces:
definition, 2.9.4-l
radiative heat transfer between specular surfaces and,

2.9.4-l/2.9.4-11
Impingement damage in heat exchangers, 4.5.3-l
Impingement plate:

constructional features of, 4.2.5-714.2.5-8
effect on inlet pressure drop in shell-and-tube heat exchangers,

2.2.7412.2.7-5
in condensers, 3.4.3-5
(See also Impingement protection)

Impingement protection, in shell-and-tube heat exchangers,
3.3.5-10/3.3.5-11

with condensation, 3.4.3-5
Impinging jets:

single-phase heat transfer in, 2.5.6-l/2.5.6-10
average coefficients in, 2.5.6-3/2.5.64
local coefficients in, 2.5.6-2/2.5.6-3

Inclined cylinders (see Inclined pipes; Cylinders)
Inclined enclosures, free convective heat transfer in,

2.5.8-1712.5.8-20
large aspect ratios, 2.5.8-17/2.5.8-19
moderate aspect ratios, 2.5.8-20

Inclined flow, effect of on heat transfer to cylinders,
2.5.2412.5.2-5

Inclined pipes:
flow regimes in gas-liquid flow in, 2.3.2412.3.2-5
free convection heat transfer on outside of, 2.5.7-2312.5  .I-24
pneumatic conveying (solid/gas flow) in, 2.3.3-2
(See also Pipes, circular)

Inclined plates (see Inclined surfaces; Flat plates)
Inclined surfaces, free convective heat transfer from,

2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-13/2.5.7-15
upward facing surfaces, 2.5.7-15/2.5.7-18

Inclined tubes (see Pipes, circular; Pipes, noncircular; Inclined
Pipes; Cylinders)

Incondensables (see Noncondensables)
Inconel, spectral characteristics of reflectance from oxidized

surface of, 2.9.2-15
Incremental collapse, as failure mode in heat exchanger,

4.1.1-3/4.1.1-5
Inert gases, effect on condensation, 2.1.6-3/2.1.6-4
Injection:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flate plates, 2.2.1-30
effect on laminar flow on flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.11-3/2.5.11-9

Inlet effects in shell-and-tube heat exchangers, 3.3.6-9/3.3.6-10
In-life flow, bundles of tubes (see Tube banks)
In-line tube banks:

correction for heat transfer in, 2.5.3-l/2.5.3-16
finned tubes, 2.5.3-l 1
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plain tubes, 2.5.3-2
drag coefficients for tubes in, 2.2.44
pressure drop in with finned tubes, 2.2.4-14
pressure drop in with plain tubes, 2.2.4-7/2.2.4-8

correction factors for small number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
Inspection (see Testing and inspection)
Insulators, thermal conductivity of, 5.4.3-l/5.4.3-2
Integral condensation:

calculation of condensation curves for, 2.6.3-3/2.6.34
description, 2.6.3-l/2.6.3-3

Integral finned tubes:
as augmentation device in natural convection, 2.5.11-3
use in shell-and-tube heat exchangers, 4.25-3

Interaction coefficients in heat exchangers, 1.1.2-l/1.1.2-2
Interaction parameters for binary systems, tables, 5.5.4-8/5.5.4-9
Interfacial resistance, in condensation, 2.6.2-15
Interfacial roughness, relationships for, in annular gas-liquid flow,

2.3.2-2012.3.2-21
Interfacial shear stress, effect on filmwise condensation:

on vertical surface, 2.6.2-512.6.2-7
Interfacial tension (see Surface tension)
Intermating troughs, as corrugation design in plate heat

exchangers, 3.7.1-1, 3.7.3-l/3.7.3-2,  3.7.6-l
Intermittent flows:

gas liquid, in horizontal and inclined flows, 2.3.2-2/2.3.2-5
plug flow, in vertical pipes, 2.3.2-19
slug flow, in horizontal pipes, 2.3.2-2412.3.2-25

Internal energy (see specific internal energy)
Internal heat sources, temperature distribution in bodies with,

2 . 4 . 2 - 3
Internal heat transfer coefficient, use in transient conduction

calculations, 2.4.3-7/2.4.3-8
Internal reboilers (in distillation columns), characteristics,

advantages and disadvantages of, 3.6.1-2/3.6.1-3
Internally finned tubes, heat transfer and pressure drop in,

2.5.11-5/2.5.11-6
International Standards Organization (see ISO)
Interpenetrating continua (as representation of heat exchangers):

partial differential equations for, 1.2.6-l/1.2.6-7
porosity in, 1.2.6-2

Intertube velocity, in tube banks, 2.2.4-3
Inviscid  flow, compressible, with heat addition, 2.2.2-13/2.2.2-14
Irvine, T. F., Jr., 2.4.6-l/2.4.64
IS0  codes for mechanical design of heat exchangers, 4.3.1-3
Isobutane saturated properties, 55.16
Isopentane  saturation properties, 5.5 .l-7
Isothermal flow, compressible, in ducts, 2.2.2-13
Isothermal gas, radiation heat transfer to walls from,

2.9.6-112.9.6-9
Isotropic materials, elastic properties, S.4.5-3/5.4.54
Isotropic scattering, 2.9.5-2
Italy, guide to national practice for heat exchanger mechanical

design, 4.3.5-7

J
J-type shells, in shell-and-tube heat exchangers:

calculation of heat transfer and pressure drop in, 3.3 .I l-l
description of, 3.3.4-3
temperature difference correction (0 and &NTU charts for,

1.5.2-11/1.5.2-12
Jadcet-type heaters, 4.4.4-314.4.44
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Jacob number, 2.7.1-8
Japan, guide to national practice for heat exchanger mechanical

design:
high-pressure gas control law, 4.3.5-9
standard construction (JISB8243),  4.358

JayatiIlaka  relation, between heat and momentum transfer,
1.2.3-6

Jens and Lottes correlation for subcooled forced convective
boiling of water, 2.7.3-8

Jet impingement dryer, 3.13.2-4
Jets, impinging (see Impinging jets)

K
Kapitza number, 2.1.7412.1.7-5
Kern method, for shell-srde  heat transfer in shell-and-tube heat

exchangers, 3.3.2-2
Kesler  and Lee equations, for critical temperature, critical

pressure, acentric factor and molecular weight,
5.2.1-615.2.1-g

Kettle reboilers:
calculation procedures for, 3.6.5-l/3.6.5-2
characteristics, advantages and disadvantages of, 3.6.1-2
constructional features of, 4.2.3-7/4.2.3-8
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and fti boiling, 3.6.24/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor-liquid disengagement in, 3.6.2-6

Kirchoff s law, in radiative heat transfer, 2.9.2-2
Knudsen number, 2.2.1-11
K-values, in phase equilibrium, 5.2.1-3

1
Lamella  heat exchangers, 3.1.2-3/3.1.24
Laminar boundary layers (see Boundary layers)
Laminar flow:

combined free and forced convective heat transfer in,
2.5.10-l/2.5.10-11

condensation in vertical surfaces, 2.6.2-212.6.24
heat transfer in ducts in, 2.5.1-2/2.5.1-5

augmentation of, 2.5 .l l-412.5.11-8
in concentric annular ducts, 2.5.1-3
free convection effects in, 2.5.14/2.5.1-5
with liquid metals, 2.5.13-l/2.5.13-2
between parallel plates, 2.5 .l-3
in straight circular pipes, 2.5.1-2

heat transfer in free convection on a vertical surface in,
2.5.7-3

heat transfer in tube bundles in, 2.5.13-2/2.5.13-3
in circular pipes, 2.2.2-l/2.2.2-2
in ducts, characteristic of plate fin heat exchangers,

3.9.5-l/3.9.5-3
in noncircular  pipes, 2.2.2-712.2.2-9

Laminar flow control, of boundary layers, 2.2.1-25
Laminar sublayer (see Viscous sublayer)
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Lancaster, J. F., 4.5.1-l/4.5.3-7
Large eddy simulation, in prediction of turbulent boundary

layers, 2.2.1-29
Latent heat (see Heat of vaporization)
Laws for turbulent flows:

of the wake, 2.2.1-26
of the wall, 2.2.1-25
velocity defect, 2.2.1-26

Layers of fluid, free convection heat transfer in, 2.5.8-l/2.5.8-3
Le Fevre equations for free convective heat transfer, 2.5.7-3
Leakage between streams, in shell-and-tube heat exchangers,

3.3.44/3.3.4-5,4.6.1-2
Leakage effects, on heat transfer and pressure drop in

shell-and-tube heat exchangers, 3.3.1-l/3.3.11-5
shell-to-baffle: correction factors, 3.3.6-613.3.6-g

leakage area, 3.3.64/3.3.6-5
tubes-to-baffle: correction factors, 3.3.6-613.3.6-8

leakage area, 3.3.6-5
Lessing  rings, characteristic of, as packings for fixed beds, 2.2.5-2
Lienhard and Dhir analysis of critical heat flux in pool boiling,

2.7.2-1012.7.2-12
Lienhard and Eichhorn criterion, for transition in critical heat

flux mechanism in crossflow over single tube, 2.7.5-3
Lift force:

in flow in tube banks, 2.2.4-16
in flow over immersed bodies, 2.2.3-3

Liley, P. E., 5.5.6-l/5.5.7-3
Liquid fuels, properties of, 3.11.3-3
Liquid hold-up, 2.3.1-3
Liquid metals:

heat transfer in, 2.5.13-l/2.5.134
in channel flows, 2.5.13-l/2.5.134
condensation of, 2.6.2-1512.6.2-16
in heat exchangers, 2.5.13-3

Liquid-solid flow (see Solid-liquid flow)
Liquids:

as constituent in multiphase flows, 2.3.1-l/2.3.1-2
physical properties of:

in multicomponent mixtures, 5.2.3-l/5.2.44
rheologically  complex, 5.3.1-l/5.3.8-3
saturated property tables for, 5.5.1-l/5  5 A-40
specific heat capacity, 5 .1.3-l
specific volume, 5.1.2-l/5.1.2-2
surface tension, 5.1.5-l/5.1.5-3
thermal conductivity, 5.1.4-6/5.1.4-7
thermal expansion coefficient, 5.1.2-2
viscosity, 5.1.4-l/5.1.4-5

LMTD (see Logarithmic mean temperature difference)
Loads, types of in heat exchangers, 4.1.1-l
Local conditions hypothesis, for critical heat flux in flow boiling,

2.7.3-1812.7.3-19
Lockhart and MartineIli  correlations:

for frictional pressure gradient, 2.3.2-10
for void fraction, 2.3.2-17

Lodge�s rubber-like liquid (non-Newtonian), 2.2.8-8
Logarithmic driving force. in mass transfer, 2.1.5-3
Logarithmic law region, 2.2.2-l
Logarithmic Mean Temperature Difference, 1.2.4-2/1.2.4-3,

2.1.2-2, 2.5.1-1, 3.1.1-2
Longitudinal fins (see Straight fins)
Long-tube vertical evaporator, 3.5.2-313.5.24
Loss coefficient, 2.2.2-14

for bends, 2.2.2-16
in combining and dividing flow, 2.2.2-1912.2.2-20
for diffusers, 2.2.2-1712.2.2-18
values for various fittings, 2.2.2-1912.2.2-20
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Louvered fins, in plate fin exchangers, 3.9.3-l
Low-ahoy steels, as material of construction, 4.5.2-3
Low-finned tubes:

application in shell-and-tube heat exchangers
3.3.11-2/3.3.11-3

correlations for single phase heat transfer in flow over,
2.5.3-12/2.5.3-11

use in boiling augmentation, 2.7.9-l/2.7.9-2
Lubricants, physical properties of:

classification, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-115.3.3-2
plastic lubricants, 5.3.4-l/5.3.4-2

Ludwieg-Tillmann formula, for skin friction, 2.2.1-26
Lydersen�s incremental method, for critical parameters,

5.1.1-l/5.1.1-2

M
Macdonald  equation, for fixed-bed pressure drop, 2.2.5-3
Mach number, 2.2.1-11

effect on turbulent flow over flat plate, 2.2.1-30
incompressible duct flows with heat transfer, 2.2.2-12

Maddox, R. N., 5.2.1-1/5.2.5-5,5.5.1-l/5.5.2-11,  5.5.4-l/5.5.4-9
Magnetic fields, effect on properties of rheologically  complex

materials, 5.3.8-l/5.3.8-2
Manifolds (see Headers)
Martin, H., 2.4.1-l/2.4.54,  2.5.5-l/25.6-10
Martinelli and Boelter equations for combined free and forced

convection, 2.5.10-2/2.5.10-3
Martineili  and Nelson correlations:

for frictional pressure gradient, 2.3.2-10/2.3.2-11
for void fraction, 2.3.2-14

Mass absorption coefficient, 2.9.5-2
Mass and heat transfer, combined:

in condensation, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2

Mass extinction coefficient, 2.9.5-2
Mass fraction, in multicomponent mixtures, 1.2.1-2
Mass scattering coefficient, 2.9.5-2
Mass transfer:

analogy with heat transfer, 2.1.5-l/2.1.54
in cooling towers, 3.12.2-2/3.12.2-3
in condensation: in multicomponent mixtures, 2.6.3-7/2.6.3-8

of binary mixtures, 2.6.3-7
of single vapor with noncondensables, 2.6.3-5/2.6.3-7

with impinging jets, 2.5.6-l/2.5.6-10
in fixed beds, 2.5.4-212.5.2-6
in fluidized beds, 2.5.5-3125.5-6
in nonuniform systems, 2.1.4-l/2.1.44
volumetric coefficient for, 1.1.2-2

Mass transfer coefficient:
in fixed beds, 2.5.4-l/2.5.4-6
individual definition of, 1.2.2-2/1.2.2-3,2.15-2/2.1.5-3

Matovosian, Robert,5.5.5-l/5.5.5-4
Materials of construction, for heat exchangers, 4.5.1-l/45.3-7

materials for corrosive service, 4.5.2-2/4.5.26
austenitic stainless steel%  4.5.24
carbon steel, 4.5.2-214.5.2-3
coatings, 4.5.2-514.5.2-6
copper base alloys, 4.5.2414.5.2-5
ferritic chromium stainless steels, 4.5.2-3
low ahoy steels, 4.5.2-3
nickel based alloys, 4.5.2-5
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non-metallic materials, 4.5.2-6
titanium, 4.5.2-5

materials for noncorrosive service, 4.5.2-2
product forms, 4.5.2-l/4.5.2-2

shells, channels, coyem, and bonnets, 4.5.2-l/4.5.2-2
tubes, 4.5.2-l
tubesheets, 45.2-1

testing and inspection of, 4.7.2-l
Matrix heat exchangers (see Plate fin heat exchangers)
Matrix inversion techniques, in radiative heat transfer,

2.9.3-712.9.34
Maximum bed-to-surface heat transfer, in fluidized beds,

2.8.4412.8.4-5
Maximum heat flux:

by conduction in solids, 2.1.1-2
in condensation, 2.1.7-412.1.7-6
under free molecule conditions in gases, 2.1.1-2

Maximum mass flux:
in condensation, 2.1.7-4/2.1.7-6
under free molecule conditions, 2.1.1-2

Maximum shear stress, under free molecule conditions, 2.1.1-2
Maximum velocities (in shelf-and-tube heat exchangers),

3.3.5-15,4.5.3-3
Maxwell model, for non-Newtonian fluid, 2.2.8-7
Maxwell velocity of a vapor, as limiting phenomenon in

condensation, 2.1.7-412.1.7-6
Maxwell�s equations, for electromagnetic radiation,

2.9.2-712.9.2-8
Mean-beam-length concept, in radiative heat transfer:

tables of geometric mean beam lengths, 2.9.6-5
theory of, 2.9.6-212.9.3

theory of, 2.9.6-212.9.6-3
Mean equivalent temperature, of a surface in combined

convective and radiative heat transfer, 2.9.8-2
Mean phase content, 2.3.1-3
Mean temperature difference:

application in shell-and-tube heat exchangers, 3.3.5-17
concept of, 3.1.1-2/3.1.1-3
effective, in kettle reboilers, 3.6.24
in condensers, 3.4.8-l/3.4.8-3
(See ~fso Logarithmic mean temperature difference,

Arithmetic mean temperature difference)
Mechanical agitators, for agitated vessels, 3.14.2-l/3.14.2-2

heat transfer correlations for, 3.14.3-l/3.14.3-6
Mechanical design of heat exchangers:

air cooled heat exchangers, 4.4.1-l/4.4.1-7
basic principles, 4.1.1-l/4.1.8-3

expansion joints, 4.1.6-1
flanges, 4.1.7-l/4.1.7-2
heads, openings and branches, 4.1.8-l/4.1.8-2
introduction to, 4.1.1-l/4.1.1-5
methods of analysis, 4.1.2-l/4.1.2-9
shells, 4.1.3-l/4.1.3-3
tube plates, 4.1.4-l/4.1.4-3
tubes, 4.1.5-1

block type, 4.4.44
direct contact, 4.4.4-614.4.4-8
double-pipe exchangers, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
heat pipes, 4.4.4-914.4.4-l 1
helical (Hampson) coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-314.4.44
plate fin heat exchangers, 4.4.3-l/4.4.3-9
plate heat exchangers, 4.4.2-l/4.4.28
shell-and-tube exchangers: constructional features,

4.2.1-l/4.2.6-13
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Mechanical design of heat exchangers, shell-and-tube exchangers:
constructional features (Cont.):
design codes for, 4.3.1-1/4.3.5-l
example of design, 4.3.1-6/4.3.6-23

scraped surface, 4.4.4-5 14.4.4-7
spiral  plate, 4.4.4-5
tubular and panel immersion, 4.4.4-2/4.4.4-3

Mechanical draft cooling towers, 3.12.4-l/3.12.4-2
thermal performance and design, 3.12.4-2/3.12.44

Mechanical draft fan coolers (see Air-cooled heat exchangers)
Melting, thermal conduction in, 2.4.4-l/2.4.4-2
Melting point of commonly used substances, 5.5.1-l/5.5.140
Mercury:

saturation properties, 5.5 .l-35
superheated gaseous, thermodynamic properties of,

5.5.2415.5.2-5
Merkblatter (German) code, for mechanical design of heat

exchangers, 4.3.1-3
index to, 4.3.2-l/4.3.24

Merkel�s equation, in cooling tower design, 3.12.2-3
Metais and Eckert diagrams, for regimes of convection:

in horizontal pipes, 2.2.6-6,2.5.10-l/2.5.10-2
in vertical pipes, 2.5.10-2

Metastable equilibrium, of vapor and Liquid, 2.7.1-1
Methane saturation properties, 5 5.1-4
Methanol saturation properties, 5.5.1-17
Methyl acetate saturation properties, 5.5 .l-25
Methyl-l-butyl  ether saturation properties, 5.5 .l-23
Metals:

condensation of, 2.6.2-1512.6.2-16
density, 5.4.1-1
liquid, single-phase heat transfer in, 2.5.13-l/2.5  .134
spectral absorptivity, 2.9.2-11/2.9.2-12

Microlayer evaporation, in boiling of binary mixtures, 2.7.6-7
Minimum heat flux in pool boiling:

of binary and multicomponent mixtures, 2.7.7-5/2.7.7-6
of pure components, 2.7.2-13/2.7.2-14

Minimum tubeside velocity, in shell-and-tube heat exchangers,
3.3.5-16

Minimum velocity for fluidization, 2.2.6-2
Minimum wetting rate, for binary mixtures, 2.7.8-7
Mirror-image concept, in radiative heat transfer, 2.9.4-l/2.9.4-2
Mirrors, spectral characteristics of reflectance from, 2.9.2-17
Mist flow:

in axial flow reboilers, 3.6.2-9
heat transfer in (see Post-dryout  heat transfer)
onset, as mechanism for critical heat flux in reboilers,

3.6.2-812.6.2-g
Mixed convection, occurrence in horizontal circular pipe, Metais

and Eckert diagram for, 2.2.2-6
Mixing length, 2.2.24

table of turbulent flow in circular pipes, 2.2.2-3
Mixing vessel (see Agitated vessel)
Mixtures:

of gases, radiation properties, 2.9.5-l l/2.9.5-12
condensers for, 3.4.4-l/3.4.4-2
(See also Binary mixtures, Multicomponent mixtures)

Models, theory of, 2.2.1-12/2.2.1-13
Modes of heat transfer, Nusselt description, 2.1.0-2
Molecular gas radiation properties, 2.9.5-8/2.9.5-l  1
Molecular weight:

of commonly used fluids, 5.5.1-l/5.5.140
Kesler  and Lee equation for estimation of in hydrocarbon

mixtures, 5.2.1-7
Molerus, O., 2.2.6-l/2.2.6-9

Mollier chart, for humid air, 3.13.1-1
description of drying processes in terms of, 3.13.34/3.13.3-5

Momentum equation:
in boundary layer, 2.2.1-17
in compressible duct flow, 2.2.1-12
differential form for single-phase flow, 2.2,1-5/2.2.1-7
in gas-liquid flows, 2.3.2-812.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-8/2.3.2-g

in heat exchanger calculations, 1.2.6-5/1.2.6-7
integral form for single-phase flow, 2.2.1-2/2.2.1-3
in multiphase flows: homogeneous flow, 2.3.1-5

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Monte Carlo methods, in radiative heat transfer, 2.9.4-2/2.9.4-5
for radiative heat transfer with an isothermal gas,

2.9.6-812.9.6-g
Moody chart:

for critical two-phase flow, 2.3.2-28
for single-phase friction factor in circular pipes, 1.2.3-3,

2.2.2-2
Morcos and Bergles equation, for influence of free convection of

friction factor, 2.2.2-6
Morris, M., 4.3.1-l/4.3.5-11
Mostinski correlations:

for critical heat flux, 3.6.2-5
for nucleate boiling, 2.7.2-6

application to kettle reboilers, 3.6.2-l
Moving bed, heat transter to, 2.8.3-3/2.8.3-4
Moving belt, heat transfer to, 2.1.3-2/2.1.3-3
Muchowski, E., 2.8.3-l/2.8.3-9
Mueller, A. C., 3.4.1-l/3.4.9-5
Multicomponent mixtures:

air-cooled condensers for, 3.8.9-2/3.8.9-4
boiling of, in kettle reboilers, 3.6.2-3/3.6.24
condensation of, 2.6.3-712.6.3-9,  2.6.4-112.6.4-7
condensers for, 3.4.4-l/3.4.4-2
diffusion in, 2.1.5-i/2.1.54
forced convective boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7.8-6
critical heat flux in, 2.7.8-6/2.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

of gases, radiation properties of, 2.9.5-11/2.9.5-12
phase equilibria in, 2.7.6-312.7.6-5
physical properties of, 5.2.1-l/5.2.5-5

diffusion coefficients, 5.2.5-l/5.2.5-5
equilibria, 5.2.1-l/5.2.1-8
interfacial tension, 5.2.4-l/5.2.4-3
thermodynamic properties, 5.2.2-l/5.2.2-9
thermophysical properties, 5.2.3-l/5.2.3-9

pool boiling of, 2.7.7-112.7.7-7
critical heat flux, 2.7.7412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.76
nucleate boiling, 2.7.7-l/2.7.7-4
transition boiling, 2.7.7-5

Multidimensional systems, heat conduction in,
2.4.3-10/2.4.3-12

Multiflux methods, for radiative heat transfer in non-isothermal
gases, 2.9.7-612.9.7-l

Multipass shell-and-tube heat exchangers, 1.1.1-2
Multiphase fluid flow and pressure drop:

introduction and fundamentals, 2.3.1-l/2.3.1-10
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Multiphase fluid flow and pressure drop, introduction and
fundamentals (Cont.):
classification of multiphase flows, 2.3.1-l/2.3.1-2
conservation equations for, 2.3.1-3/2.3.1-7
design parameters in, 2.3.1-2/2.3.1-3
drift flux models for, 2.3.1-7/2.3.1-10

solid-gas flow, 2.3.3-l/2.3.3-10
flow patterns in, 2.3.3-2
pressure drop in, 2.3.3-2, 2.3.34/2.3.3-8
principles of pneumatic conveyance, 2.3.3-l/2.3.3-2

solid-liquid flow, 2.3.4-l/2.3.4-7
flow regimes in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-312.3.46

Multiple effect evaporation, 3.5.3-l/3.5.3-2
Multirod clusters (see Rod bundles)
Multizone model, for furnaces, 3.11.6-l/3.11.64
Murray, I., 4.4.4-1/4.4.4-l  1

N
�Nabla�  operator (see Differential vector operators)
NahmeGriffith number, 2.5 .12-6
National practice, in mechanical design, guide to, 4.3.5-l/4.3.5-9
Natural convection:

as precursor to nucleate boiling, 2.7.2-l/2.7.2-2
(See also Free convection)

Natural draft cooling towers:
dry, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.12.5-l/3.12.5-2
main features of, 3.12.3-l/3.12.3-2
structural design, 3.12.3-6/3.12.3-7
thermal performance and design of, 3.12.3-2/3.12.36

design optimization of, 3.12.3-513.12.3-6
performance away from design point, 3.12.3-6
pressure losses in, 3.12.3-3/3.12.3-5
thermal design equation, 3.12.3-2/3.12.3-3

Natural draft heat exchangers (see Ah cooled heat exchangers,
Cooling towers)

Natural frequency of tube vibration in heat exchangers,
4.6.2-114.6.24

Navier-Stokes equation, 2.2.1-5
Neon saturation properties, 5.5 .l-36
Neopentane saturated properties, 5.5 .l-6
Net free area, in double-pipe heat exchangers, 3.2.3-l
Netherlands, guide to national mechanical design practice, 4.3.5-5
Newton�s law, for momentum transfer, 2.1.1-2

limitations in, 2.1.1-l/2.1.1-4
NFA (see Net free area)
Nickel-base alloys, as material of construction, 4.5.2-5
Nitrogen:

critical heat flux table for flow boiling of in vertical
tube, 2.7.3-29

saturation properties, 5.5 .l-36
superheated gaseous, thermodynamic properties, 5.5.2-5

Noise, in air-cooled heat exchangers, 3.8.9-l
Nonane saturation properties, 5 5.1-10
Nonaqueous fluids, critical heat flux in, 2.7.3-6/2.7.3-30
Noncircular cylinders (see Cylinders)
Nonwndensables:

in boiling, 2.7.2-8
in condensation, 2.1.6-2,2.6.1-2,2.6.3-512.6.3-7,

2.6.4-5 /2.6.4-6,2.6.5  -212.6.5  -3
Nondestructive testing, of heat exchangers, 4.7.6-l/4.7.6-2
Nonmetallic materials, for heat exchangers, 4.5.2-6

Non-Newtonian flow:
free convective heat transfer from: spheres, 2.5.7-25

vertical plates, 2.5.7-10/2.5.7-11
properties of rheologically  complex fluids in, 5.3.1-l/5.3.8-3
single-phase fluid flow and pressure drop in, 2.2.8-l/2.2.8-13

experimental characterization of non-Newtonian fluids,
2.2.8-l/2.2.8-6

models for non-Newtonian fluids, 2.2.8-612.2.8-g
turbulent flow of non-Newtonian fluids, 2.2.8-l 1
volume flow rate/pressure drop relations, 2.2.8-g/2.2.8-11

single-phase forced convective heat transfer with,
2.5.12-l/2.5.12-16

in channel flows, 2.5.12-6/2.5.12-15
equations and dimensionless groups for, 2.5.12-5/2.5.12-6
governing physical properties in, 2.5.12-2/2.5.12-5

Non-uniform heat flux, critical heat flux with, 2.7.3-18/2.7.3-22
North, C., 4.8.3-l/4.8.3-3
No-tubes-in-window shells, calculation of heat transfer and

pressure drop in, 3.3.1 l-1/3.3.1 1-3
Nozzles:

analytic basis for codes for, 4.3.3-2
comparison of codes for, 4.3.4-2
impinging jets from, heat transfer in, 2.5.6-l/25.6-10

arrays of nozzles, 2.5.6-5/2.5.6-6
optical spatial arrangement, 2.5.6-6/2.5.6-g
single nozzles, 2.5.64/2.5.6-5

in shell-and-tube heat exchangers: constructional features of,
4.2.5-12,4.2.6-214.2.6-3

description of, 2.2.7-l
impingement protection for, 3.3.5-10/3.35-11
pressure change across inlet nozzle, 2.2.7-2/2.2.7-3
pressure change across outlet nozzle, 2.2.7-312.2.74

index to U.S., U.K., and F.R.G. codes for, 4.3.2-g/4.3.2-10
loss coefficients in, 2.2.2-20

NTU (see Number of transfer units)
Nuclear fuel suspensions, properties of, 5.3.1-2/5.3.1-3
Nucleate boiling:

augmentation of, 2.7.9-l/2.7.94
in axial flow reboilers, 3.6.2-6/3.6.2-7
in evaporators, 3.5.7-2/3.5.7-3
in forced convective boiling of binary and multicomponent

mixtures, 2.7.8-l/2.7.8-2
in forced convective heat transfer in vertical tubes,

2.7.3-112.7.3-12
in horizontal tubes, 2.7.4-l/2.7.4-7
in kettle reboilers, 3.6.2-l/3.6.2-4
outside tubes and tube bundles in crossflow, 2.7.5-112.7.5-7
in pool boiling of binary and multicomponent mixtures,

2.7.7-l/2.7.74
in pool boiling systems, 2.7.2-3/2.7.3-g

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gases on, 2.7.2-8
influence of gravitational acceleration on, 2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-812.7.2-9
influence of surface conditions on, 2.7.2-712.7.2-8
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

Nucleation:
augmentation devices for, 2.7.9-I/2.7.9-2
in binary systems, 2.7.6-5
heterogeneous, in boiling, 2.7.1-3/2.7.14
homogeneous, of vapor bubble in liquid, 2.7.1-2/2.7.1-3
in supersaturated vapor, 2.6.7-l/2.6.7-2
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Nucleation sites:
critical size for nucleation: in pool boiling, 2.7.2-2/2.7.2-3

in subcooled forced convective boiling, 2.7.3-6
enhancement of number and activity of, 2.7.9-l/2.7.9-2
size in binary mixtures, 2.7.6-5
sizing of active, 2.7.1-512.7.1-6

Nuclei, formation in supersaturated vapor, 2.6.7-l/2.6.7-2
Number of transfer units (NTU):

in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
average value in nonuniform heat transfer in shell-and-tube

heat exchangers, 2.1.4-l/2.1.4-3
as basis for design of plate heat exchangers, 3.7.2-l

rating in, 3.7.7-l
in cooling of slab, 2.1.3-l/2.1.3-2
in cooling towers, 3.12.2413.12.2-5
in heat exchangers, 1.2.4-3
in particle-to-fluid heat transfer in fluidized beds,

2.5.5-212.5.5-3
in transient heat transfer, defmition of, 2.1.2-2/2.1.3-7
(See also f3 or 0-NTU method)

Numerical methods:
application in furnace prediction, 3.11.7-5
for cases in which flow patterns must be calculated,

1.4.2-l/1.4.2-2
applications, 1.4.2-311.4.2-4
discretization, 1.4.2-1
finite difference equations for, 1.4.2-l/1.4.2-2
solution procedure, 1.4.2-2/1.4.2-3

for the solution of heat exchangers with a prescribed flow
pattern, 1.4.1-l/1.4.1-6

discretization, 1.4.1-l/1.4.1-3
finite difference equations for, 1.4.1-3/1.4.14
influence of fineness of discretization, 1.4.1-5/1.4.1-6

special applications of, 1.4.3-l/1.4.3-6
calculations of heat transfer coefficients, 1.4.3-3/l  .4.34
flows with chemical reactions, 1.4.3-2/1.4.3-3
flows with radiation, 1.4.3-3
turbulent flow in empty spaces, 1.4.3-2
two-phase flows, 1.4.3-1

in transient conduction calculations, 2.4.3+X/2.4.3-10
Nusselt:

description of modes of heat transfer, 2.1.9-2
equations for condensation: inside horizontal tube, 2.6.2-13

outside horizontal tube, 2.6.2-9
vertical surface, 2.6.2-2

Nusselt-Craetz  problem, in laminar heat transfer in ducts, 2.5.1-2
Nusselt number:

in combined and free and forced convection: around
immersed bodies, 2.5.9-l/25.9-6

in channels, 2.5.10-2/25.10-11
definition, 1.2.3-2

in finned tube banks, 25.3-11
in flow over tube banks, 2.5.3-l/2.5.3-6

forms of correlation for, 2.1.34
in free convection over immersed bodies, 25.7-2
for heat transfer in tubes, 2.1.3-6
in laminar flow in ducts, 2.5.1-2/2.5.1-5
in liquid metal flow, 2.5.13-l/2.5.134
in non-Newtonian flows, 2.5.12-7/2.5.12-16
in nonuniform heat transfer in packed beds, 2.1.4-3/2.1.44
in particle to fluid heat transfer in fiied beds, 25.4-l
in plate heat exchangers, 3.7.5-l
in single-phase flow over immersed bodies, 2.5.2-l/25.2-8
in systems with heat transfer augmentation,

2.5.11-l/2.5.11-12
in turbulent flow in ducts, 2.5.1-5/2.5.1-11

0
Oblate spheroids, free convective heat transfer from, 2.5.7-25
Octane saturation properties, 5.5.1-9
Oldroyd efght constant model, for non-Newtonian fluid, 2.2.8-8
ONB (onset of nucleate boiling):

in pool boiling, 2.7.2-12
in subcooled boiling in vertical tubes, 2.7.3-5/2.7.3-7

One equation models, for turbulent boundary layers, 2.2.1-28
Openings, mechanical de&t aspects, 4.1.8-l/4.1.8-2
Operational envelope of a heat pipe, 3.10.4-l
Opposed convection:

around immersed bodies, 2.5.9-11
in vertical tubes, 25.10-6

Optimization methods, for heat exchanger design, 3.3.4-2
Organic solids, density, 5.4.1-2
Orifices:

loss coefficients in, 2.2.2-21
two-phase gas liquid flow, 2.3.2-1712.3.2-18

OTL (see Outer tube limit)
Outer tube limit, in shell-and-tube heat exchangers, 4.2.5-9
Outlet effects, in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
Overall heat transfer coefficient, 2.1.2-1

approximate values: in shell-and-tube exchangers,
3.1.4413.1.4-5

in liquid metal heat exchangers, 2.5.13-3
in various heat exchangers, 2.1.2-3/2.1.24

in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
Overall  power hypothesis, for critical heat flux in flow boiling,

2.7.3-19
Oxygen:

saturation properties, 5.5.1-37
superheated gaseous, thermodynamic properties of, 5.5.2-6

P
Packed beds (see Fixed beds)
Packing relationship, in cooling tower design, 3.12.2-3/3.12.24
Packings, for cooling towers, 3.12.2-813.12.2-10
Packings, for fixed beds:

characteristics, 2.2.5-2
effective conductivity of various in fixed beds: beds with gas

flow, 2.8.2-212.8.2-5
stagnant beds, 2.8.1-3/2.8.1-5

Paikert, P., 3.8.1-l/3.8.94
Paints, spectral characteristics of reflectance of surfaces treated

with, 2.9.2-1412.9.2-17
Palen  and Small correlation, for critical heat flux in tube banks,

2.7.5-6
Palen,  J. W., 3.6.1-l/3.6.5-6
Panel immersion exchangers, 4.4.4-214.4.4-3
Parallel flow (see Cocurrent  flow)
Parallel plates, (see Plates)
Partial boiling in subcooled forced convective heat transfer,

2.7.3-812.7.3-g
Particle convective component, in heat transfer from fluidized

beds, 2.8.4-212.8.4-3
Particle emissivity, 2.9.7-2
Particle Reynolds number in fixed beds, 2.2.5-2
Particles:

fluid-to-particle heat transfer in fluid&red  beds, 2.5 5-l/2.5.5-6
free fall velocity of, 2.3.3-3
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Particles (Conf.):
particle-to-wall heat transfer in fluidized beds,

2.8.4-112.8.4-8
Particulate fluidization,  2.2.6-l
Pass arrangements, in plate heat exchangers, 3.7.8-l/3.7.8-3
Passes, tube side, 4.2.5-314.2.5-4

�boxed in �  4 2 5-4
number of, 4%-3/4.2.54
partition plates between, 4.2.5-3

Passive methods, for augmentation of heat transfer,
2.5.11-l/2.5.11-3

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.5.114/2.5.11-8
in free convection, 2.5 .ll-3

Pearson number, 2.5.12-6
Peclet number, 1.2.3-2/1.2.3-3, 2.1.5-2

heat and mass transfer at low, in fluidized beds,
2.5.5-312.5.5-s

in heat transfer in liquid metal systems, 2.5.13-l/2.5.134
in non-Newtonian flow, 2.5.12-6

Peng-Robinson equation of state, 5.1.24
application to hydrocarbons, 5.2.2-2

Penner�s rule, in absorption of radiation by gases, 2.9.5-7
Pentane:

normal, critical heat flux for flow boiling of in vertical tube,
2.7.3-29

saturation properties of, 5.5.1-8
Perfect gas (see Ideal gas)
Perforated fins, in plate fin heat exchangers, 3.9.3-I
Perforated plates, loss coefficients in, 2.2.2-20
Periodic variations in temperature, thermal conduction in

bodies with, 2.4.5-112.4.5-4
Petroleum properties, 5.3.1-3
Phase change number, 2.4.4-l
Phase envelope, for natural gas mixture, 5.2.1-4
Phase equilibrium:

in binary mixtures, 2.7.6-l/2.7.6-3
in multicomponent mixtures, 2.7.6-3/2.7.6-4
(See also Equilibrium, phase)

Phase rule (Gibbs), 5.2. l-l
Phase separation, as source of corrosion problems, 4.5.3-5
PHE (see Plate heat exchanger)
Phenol saturation properties, 5.5 .l-20
Phonons, in thermal conductivity of solids, 5.4.3-l/5.4.3-3
Physical properties:

of mixtures of fluids, 5.2.1-l/5.2.5-5
of pure fluids, 5.1.1-l/5.1.5-3
of rheologically  complex media, 5.3.1-l/5.3.8-3
of solids, 5.4.0-l/5.4.5-5
tables of, 5.5.1-l/5.5.8-3
variation with temperature: effect in developing flow,

2.2.2-11
effect on flow in tube banks, 2.2.4-1012.2.4-12
effect on flow over cylinder, 2.2.3-6
effect on friction factor in circular pipe flow,

2.2.2-712.2.2-8
effect in heat transfer of flat plates, 2.5.2-2/2.5.2-3
effect in laminar flow heat transfer in channels,

2.5.1-4
effect in turbulent flow heat transfer in channels,

2.5.1-612.5.1-7
nature of variation, 2.2.1-9
in polymers, 2.5.12-2/2.5.12-4

Pin fins (see Spine fins)
Pi theorum,  in dimensional analysis, 2.2.1-11
Pipe fittings (see Piping components)

Pipes, circular:
augmentation of heat transfer in, 2.5.11-4/2.5.11-Y

internally finned for, 2.5.11-5/2.5.116
boiling of binary and multicomponent mixtures in,

2.7.8-l/2.7.8-7
critical heat flux, 2.7.8-612.7.8-7
forced convective (including mass transfer effects),

2.7.8-212.7.8-6
nucleate boiling, 2.7.8-l/2.7.8-2

combined free and forced convection in, 2.5.10-l/2.5.10-12
in condensers, 3.4.1-l/3.4.9-5
horizontal channels, 2.5.10-7/2.5.10-11
vertical pipes, 2.5.10-2/2.5.10-7

flow boiling in: horizontal pipes, 2.7.4-112.7.4-7
vertical pipes, 2.7.3-l/2.7.3-37

free convective heat transfer from outside of,
2.5.7-2012.5.7-24

horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-2312.5.7-24

heat transfer to, in fluidized beds, 2.8.4-6/2.8.4-7
heat transfer to liquid metals in, 2.5 .13-l
laminar heat transfer in, 2.5 .l-2

in hydrodynamically developed flow, 2.5.1-1
in thermally and hydrodynamically developing flow,

2.5.1-2
pneumatic conveyance (gas solids flow) in, 2.3.3-l/2.3.3-2
radiative heat transfer along, 2.9.3-15/2.9.3-16
roughened surface, radiative heat transfer along,

2.9.4-Y/2.9.4-10
single-phase fluid flow and pressure drop in fully developed

flow in, 2.2.2-112.2.2-7
effect of free convection on, 2.2.2-512.2.2-7
effect of temperature dependent fluid properties on,

2.2.2-7
friction factor, 2.2.2-I/2.2.2-2
influence of additives on, 2.2.2-7
turbulence characteristics in, 2.2.2-l/2.2.2-5

turbulent heat transfer in, 2.5.1-5/2.5.1-9
two-phase gas-liquid flow in, 2.3.2-l/2.3.2-33

flow regimes in, 2.3.2-l/2.3.2-5
hydrodynamics of flow in, 2.3.2-712.3.2-26

use in shell-and-tube heat exchangers for single-phase flow,
3.3.1-l/3.3.11-5

Pipes, noncircular:
triangular ducts: single-phase fluid flow and pressure drop in,

2.2.2-712.2.2-10
laminar flow, 2.2.2-7/2.2.2-8
turbulent flow, 2.2.2-Y/2.2.2-10

(See also Rectangular ducts, Square ducts)
Piping components:

gas-liquid flow and pressure drop in, 2.3.2-15/2.3.2-18
bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-17/2.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contractions, 2.3.2-1612.3.2-17
sudden enlargements, 2.3.2-16

single-phase fluid flow and pressure drop In, 2.2.2-14/2.2.2-20
curved ducts, 2.2.2-1412.2.2-17
enlargements, 2.2.2-17/2.2.2-19
miscellaneous fittings, 2.2.2-19/2.2.2-20

Plain tube banks (see Tube banks, plain)
Planck�s constant, 2.9.1-3
Planck�s law, for spectral distribution of blackbody radiation,

2.9.1-3
Plane shells: steady-state thermal conduction in, 2.4.2-l/2.4.2-3
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Plastic analysis, in mechanical design, 4.1.2-l/4.1.2-2
Plate-and-frame heat exchangers (see Plate heat exchangers)
Plate coil baffles, in agitated vessels, 3.14.2-3/3.14.2-4
Plate fin heat exchangers, 1.1.4-2, 3.9.1-l/3.9.1-2

approximate overall heat transfer coefficients in, 2.1.24
calculation procedure for a rating problem, 3.9.9-I
correlation of heat transfer and friction data for,

3.9.6-l/3.9.6-2
definition of geometric terms for, 3.9.2-l
description of, 3.1.2-5
goodness factor comparisons for, 3.9.7-l/3.9.7-3
laminar flow surfaces, 3.9.5-l/3.9.5-3
mechanical design, 4.4.3-l/4.4.3-9

brazing, 4.4.3-314.4.34
construction, 4.4.3-l/4.4.3-3
flow distributors, 4.4.3-3
materials, 4.4.3-714.4.3-8
plate fin-tube construction, 4.4.3-S/4.4.3-7

multifluid service in, 3.9.12-l/3.9.12-2
pressure drop calculation in, 3.9.10-l/3.9.10-2
procedures for the thermal sizing problems in,

3.9.11-l/3.9.11-2
recent theory and data on vaporization and condensation in,

3.9.13-l/3.9.134
specifications of sizing and rating problems in, 3.9.8-l/3.9.8-2
surface geometries for, 3.9.3-l
surface performance data for, 3.9.4-l/3.9.4-2

Plate fins, efficiency of, 2.5.3-9/2.5.3-10
Plate heat exchangers:

approximate overall heat transfer coefficients in, 2.1.24
construction and operation of, 3.7.1-l/3.7.1-3
corrugation design, 3.7.3-l/3.7.3-2
costing, 4.8.4-l/4.8.4-2
description, 3.1.2-3/3.1.2-4

gasketed plate, 3.1.2-3
lamella  (Ramen), 3.1.2-3/3.1.24
spiral plate, 3.1.2-3

factors affecting plate design, 3.7.6-l/3.7.6-2
corrugation geometry, 3.7.6-l/3.7.6-2
distribution, 3.7.6-2

factors governing plate specification, 3.7.2-l
fouling, 3.7.9-1
friction factor correlations, 3.7.4-l/3.7.4-2
heat transfer correlations, 3.7.5-l/3.7.5-2
mechanical design, 4.4.2-l/4.4.2-8

frame design, 4.4.2-514.4.2-7
gasket design and properties, 4.4.2414.4.2-s
plate arrangements, 4.4.2-l
plate construction features, 4.4.2-l/4.4.2-2
plate design features, 4.4.2-314.4.24

methods of surface area calculation, 3.7.10-l/3.7.10-4
overall plate design for, 3.7.7-l 13.7.7-2
plate arrangements and correction factors for, 3.7.8-l/3.7.8-4

concurrency corrections, 3.7.8-l/3.7.8-2
distribution along port manifolds, 3.7.8-3/3.7.84
end effects, 3.7.8-213.7.8-3
types of pass arrangements, 3.7.8-l

thermal mixing in, 3.7.11-l/3.7.11-2
two-phase flow applications, 3.7.12-1

Plates:
characteristic of, as padcings for fixed beds, 2.2.5-2
parallel, laminar heat transfer in flow between, 2.5 A-3

in hydrodynamically developed flow, 2.5.1-3
in thermally and hydrodynamically developing flow,

2.5.1-3
Plate-type evaporator, 3.5.2-6
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Plug flow:
regions of occurrence of: in horizontal flow, 2.3.2-212.3.2-4

in inclined tubes, 2.3.2412.3.2-s
in systems with phase change, 2.3.2-6/2.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

in vertical channels, 2.3.2-19
bubble rise velocity in, 2.3.2-19

Plug flow model, for furnaces, 3.11.5-l/3.11.5-2
Pneumatic conveyance, 2.3.3-l/2.3.3-2

in horizontal pipes, 2.3.3-l/2.3.3-3
in inclined pipes, 2.3.3-2
in vertical pipes, 2.3.3-l

Pneumatic conveying dryer, 3.13.7-2
P-NTU method:

application to single pass exchangers, 1.3.1-2/1.3.14
for calculation of heat exchangers, 1.2.44/l  .2.4-5

Poiseuille law (see Hagen  Poiseuille law)
Polarization, of thermal radiation, 2.9.2-12/2.9.2-14
Polymers:

degradation temperature, 2.5.12-1
physical properties, 2.5.12-2/2.5.124,5.3.6-l/5.3.7-2

specific heat capacity, 2.5.12-3
thermal conductivity, 2.5.12-2
viscosity, 2.5.12-212.5.12-4

non-Newtonian heat transfer to, 2.5.12-l/2.5.12-15
Pool boiling, 2.1.7-6/2.1.7-8

augmentation of heat transfer in, 2.7.9-l/2.7.9-2
boiling curve for, 2.7.2-l/2.7.2-2
critical heat flux in, 2.7.2-g/2.7.2-13

geometric effects on, 2.7.2-11/2.7.2-12
liquid viscosity effect on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13

film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling, 2.7.2-312.7.3-y

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gas on, 2.7.2-8
influence of gravitational acceleration on,

2.7.2-Y
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-812.7.2-9
influence of surface conditions on, 2.7.2-712.7.2-g
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

of binary and multiwmponent mixtures, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7-412.7.7-5
fiim boiling, 2.7.7-6
minimum heat flux, 2.7.7-S/2.7.7-6
nucleate boiling, 2.7.7-112.7.7-2
transition boiling, 2.7.7-5

onset of nucleate boiling in, 2.7.2-2/2.7.2-3
transition boiling in, 2.7.2-13

Porous surfaces, for enhancement of boiling heat transfer,
2.7.9-1

Post-burnout heat transfer (see Postdryout heat transfer,
Transition boiling, Film boiling)

Postdryout heat transfer:
correlations for in vertical tubes, 2.7.3-31/2.7.3-34

with departure from thermodynamic equilibrium,
2.7.3-3212.7.3-33

empirical correlations, 2.7.3-31/2.7.3-32
semi-theoretical, 2.7.3-3312.7.3-34

in evaporators, 3.5.7-3

lblishing  Corporation
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Powders:
classification of types of, in fluidized beds, 2.2.6-312.2.6-4
thermal conductivity under vacuum, 2.1.1-2

Power law fluid (non-Newtonian), 2.2.8-7

forced convective heat transfer to, 2.5.12-l/2.5.12-16
free convective heat transfer to bodies immersed in,

2.5.7-10, 2.5.7-25
Prandtlnumber, 1.2.3-4,2.1.3-3

effect on laminar flow over flat plate, 2.2.1-23
formulas for, 5.1.4-7
of liquid water, 5.5.34
of saturated vapors and liquids, 5.5.1-l/5  5.5.1-40
shell-side, in shell-and-tube heat exchangers, 3.3.5-17
turbulent, 2.2.1-19

Pressure coefficient:
for flow over single cylinder, 2.2.4-2
for flow over tube in tube bank, 2.2.4-2

Pressure control of condensers, 3.4.5-l
Pressure drop:

in condensers, 3.4.7-l/3.4.7-2
in double-pipe heat exchangers, 3.2.3-S/3.2.3-6
in evaporators, 3.5.6-l
in fluidized beds, 2.2.6-2
in gas-liquid Row,  2.3.2-7/2.3.2-18

frictional, in straight pipes, 2.3.2-Y/2.3.2-12
in shell-and-tube heat exchangers, 2.3.2-12/2.3.2-13
in singularities, 2.3.2-15/2.3.2-18
in stratified flow, 2.3.2-2312.3.2-24
in vertical annular flow, 2.3.2-19

in headers, nozzles and turnarounds in shell-and-tube heat
exchangers, 2.2.7-l/2.2.7-11

in internally finned tubes, 2.5.11-S/2.5.11-6
in multiphasc systems, 2.3.1-l/2.3.1-10

in gas-solid flow, 2.3.3-2,2.3.3-4/2.3.3-7
overall, in cooling towers, 3.12.3-3/3.12.3-S
in the packings of cooling towers, 3.12.2-10/3.12.2-11
in plate fin heat exchangers, 3.9.10-l/3.9.10-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
and pumping power in heat exchangers, 1.2.4-S/1.2.4-6
in reboilers, 3.6.3-l
on the shell side of shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
as limitation in design, 3.3.10-6

in single phase systems: in ducts and fittings,
2.2.2-112.2.2-25

in fixed beds, 2.2.5-l/2.2.5-5
introduction and fundamentals, 2.2.1-l/2.2.1-35
in non-Newtonian fluid flow, 2.2.8-Y/2.2.8-11
in tube banks, 2.2.4-112.2.4-17,  3.3.7-l/3.3.74

in vertical tubes with subcooled boiling, 2.7.3-Y/2.7.3-10
Pressure gradient:

effect in transition boundary layer flow over flat plate,
2.2.1-24

(See also Pressure drop)
Process heaters, fired, 3.11.2-l/3.11.2-2
Prolate spheroids, free convective heat transfer from,

2.5.7-25
Promoters, for dropwise condensation, 2.6.5-3/2.6.5-4
Propane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of,

5 .S .2-615.5.2-7
1-Propanol saturation properties, 5.5.1-18
2Propanol saturation properties, 5.5.1-19
Propeller agitator, 3.13.2-l/3.14.2-2

heat transfer in agitated vessels with, 3.14.3-1

Propylene:
saturation properties, 5.5.1-6
superheated gaseous, thermodynamic properties, 5.5.2-7

Propylene oxide saturation properties, 5 .S .l-24
Proximity agitators, 3.14.2-1

heat transfer in agitated vessels with, 3.14.3-3/3.14.3-6
Pugh, S. F., 5.4.5-1/5.4.5-5,5.5.8-l/5.5.8-3
Pulsations, use in augmentation of heat transfer, 2.5 .ll-8
Pushkina and Sorokin correlation, for flooding in vertical tubes,

2.3.2-22
P-F-T  correlations, for pure fluids, 5.1.2-l/5.1.2-4
Pyramid, free convective heat transfer from, 2.5.7-25

Quality, in multiphase flows:
flow quality, 1.2.1-1, 2.3.14,2.7.3-l
static quality, 1.2.1-1,2.3.14

R
Radiant heat exchanger, 2.9.8-4
Radiating fin, 2.9.84/2.9.8-6
Radiation:

diffusion method, for calculation of nonisothermal gas
radiation, 2.9.7-512.9.7-6

effect in film boiling, 2.7.2-15
effect on heat transfer in packed beds, 2.8.3-2
heat transfer coefficient, 2.9.8-2
in heat transfer from fluidized beds, 2.8.4-3,2.8.4-612.8.4-7
models for, in furnaces, 3.11.7-4/3.11.7-S
networks, 2.9.3-812.9.3-10

with a gas, 2.9.64
numerical calculation of flows involving, 1.4.3-3
(See also Radiative heat transfer)

Radiation shields, in radiation heat transfer, 2.9.3-12/2.9.3-13
Radiative heat transfer:

acting with conduction and convection, 2.9.8-l/2.9.8-10
combined phenomena in, 2.9.8-l
around hollow cylinder, 2.9.8-612.9.8-7
in molecular gas convection, 2.9.8-7/2.9.8-10
in radiant heat exchanger, 2.9.84
from radiating tin, 2.9.8-4/2.9.8-6
radiation coupled transient heating or cooling,

2.9.8-312.9.84
thermal network analysis of, 2.9.8-l/2.9.8-3

gas radiation properties, 2.9.5-l/2.9.5-13
equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-2/2.9.5-4
molecular, 2.9.5-8/2.9.5-11
physics, of, 2.9.5-4
spectral, band and total property definitions,

2.9.54/2.9.5-8
in furnaces, 3.11.3-l/3.11.7-6
introduction to, 2.9.1-l/2.9.1-5

blackbody radiation, 2.9.1-3/2.9.1-S
radiant intensity and flux, 2.9.1-2/2.9.1-3
thermodynamic surfaces and surface systems,

2.9.1-l/2.9.1-2
nonisothermal gas radiation, 2.9.7-l/2.9.7-13
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Radiative heat transfer, nonisothermal gas radiation (Cont.):
differential formulations for, 2.9.7-5/2.9.7-8
equation of transfer for, 2.9.7-112.9.7-2
geometric considerations, 2.9.7-212.9.7-3
molecular gas radiation in, 2.9.7-10/2.9.7-13
slab geometry, 2.9.7-312.9.7-s
spectral considerations and scaling approximations in,

2.9.7-812.9.7-10
radiation transfer between perfectly diffuse surfaces,

2.9.3-l/2.9.3-17
diffuse-walled passages, 2.9.3-1312.9.3-16
radiation network, 2.9.3-812.9.3-10
radiosity-irradiation formulations, 2.9.34/2.9.3-8
refractory surfaces, 2.9.3-8
selected working relations for, 2.9.3-10/2.9.3-13
shape factors for, 2.9.3-l/2.9.34

radiation transfer between specular and imperfectly diffuse
surfaces, 2.9.4-1/2.9.4-l  1

mirror-image concept, 2.9.4-l/2.9.4-2
Monte Carlo algorithms, 2.9.4-212.9.4-s
rough walled passages, 2.9.4-Y/2.9.4-10
specular and imperfectly diffuse surfaces, 2.9.4-1
specular walled passages, 2.9.4-512.9.4-7
surface models, 2.9.4-712.9.4-y

surface radiation characteristics, 2.9.2-l/2.9.2-20
absorption and emission characteristics, 2.9.2-l/2.9.2-3
approximations, 2.9.2-10/2.9.2-12
electromagnetic theory and the Fresnel relations,

2.9.2-712.9.2-10
polarization, 2.9.2-12/2.9.2-15
radiation characteristics in thermal design,

2.9.2-15/2.9.2-20
reflection and transmission characteristics,

2.9.2-312.9.2-7
between surfaces and isothermal gas, 2.9.6-1/2.9.6-Y

calculation of, 2.9.64/2.9.6-8
heat transfer at black wall, 2.9.6-l
mean beam length concept for, 2.9.6-2/2.9.6-3
Monte Carlo solutions for, 2.9.6-8/2.9.6-Y
radiation network in, 2.9.6-4
radiosity-irradiation formulation for gas filled enclosure

wall, 2.9.6-312.9.64
wall layer transmission in, 2.9.6-3

Radiators, automotive, construction, 4.4.3-5/4.4.3-7
Radiometers, application in gas radiation property measurement,

2.9.5-3
Radiosity, Stephan�s law for, 2.9.1-3
Radiosity-irradiation formulations in radiative heat transfer,

2.9.3412.9.3-8
for gas-filled enclosure wall, 2.9.6-3/2.9.6-4

Ramen heat exchanger (see Lamella heat exchanger)
Raoult�s law for partial pressure, 2.7.6-l
Rating of heat exchangers, 3.1.3-2, 3.3.4-l

computer program structure for, 3.1.3-3
Rayleigh  instability, in free convection, 2.5.8-2
Rayleigh  number, 1.2.3-4,  2.2.1-16, 2.2.2-6

critical, for instability in free convection: in enclosures heated
from below, 2.5.8-3/2.5.8-6

in horizontal layers, 2.5.8-2/2.5.8-3
in free convection over immersed bodies, 2.5.7-3

Reay, D., 3.13.7-l/3.13.7-3
Reboilers:

approximate overall coefficients in, 2.1.2-3
shell-and-tube, 3.6.1-l/3.6.5-6

calculation procedures for, 3.6.5-l/3.6.5-6
pressure drop in, 3.6.3-l

special design considerations for, 3.6.4-l/3.6.44
thermal design of, 3.6.2-l/3.6.2-10

as type of heat exchanger, 1.1.5-2
(See also Boilers)

Reciprocal mode integrating sphere, for reflection and
transmission measurements in radiation, 2.9.2-7

Rectangles:
closed form solutions for mean beam lengths between,

2.9.64
radiative heat transfer shape factors for opposite and

adjacent, 2.9.3-3
table of mean beam lengths, 2.9.6-5

Rectangular ducts:
combined free and forced convective heat transfer in,

2.5.10-11, 3.9.5-l/3.9.3-3
critical heat flux in flow boiling in, 2.7.3-20
laminar flow in, 2.2.2-7/2.2.2-9
radiative heat transfer along, 2.9.3-16/2.9.3-17
turbulent flow in, 2.2.2-10

Rectangular enclosures, free convective heat transfer in:
when heated and cooled on vertical sides, 2.5.8-6/2.5.8-13
when heated from below, 2.5.8-312.5.86

Rectangular fins, for plate fin exchangers, 3.9.3-l
Redlich-Kwong and Redlich-KwongSoave  equations of state,

5.1.24
application to hydrocarbons, 5.2.2-115.2.2-2

Reduced pressure, correlations for pool boiling using,
2.7.2-512.7.2-7

Reentrance cavities, for enhancement of boiling, 2.7.9-l/2.7.9-2
Reference temperature:

in calculation of friction factor in circular duct, 2.2.2-7
for laminar flow over flat plates, 2.2.1-23
for turbulent flow over flat plates, 2.2.1-29

Reflectance (see Reflectivity)
Reflection, of thermal radiation, from solid surfaces:

characteristics of, 2.9.2-312.9.2-6
measurement of, 2.9.2-612.9.2-7

Reflectivity, of solid surfaces, 2.9.2-3
measurement of, 2.9.2-6/2.9.2-7

Reflectometer, heated cavity, 2.9.2-7
Reflux condensers, 3.4.3-2

flooding phenomena in, 2.6.2-9, 3.4.3-213.4.3-3
Refractories, density of, 5.4.1-l/5.4.1-2
Refractory services, 2.9.3-8

in furnaces, 3.11.3-6
heat transfer by radiation between source, sink and,

2.9.3-l l/2.9.3-12
Refrjgerant  12:

critical heat flux table for flow of in vertical tube, 2.7.3-29
saturation properties, 3.5.1-21

Refrigerant 13 saturation properties, 5.5 .l-2 1
Refrigerant 21 saturation properties, 5.5.1-22
Refrigerant 22 saturation properties, 5.5.1-22
Regenerative heat exchangers, l.l.l-3/1.1.14

periodic operation of, 1 .1.6-l
Regimes of heat transfer, in ducts, single phase flow,

2.5.1-1
Relaminarization, of turbulent flow, 2.2.1-16
Residence times, in dryers:

with non-prescribed material flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.13.5-2

Retrograde behavior, in phase envelope for natural gas,
5.2.14/5.2.1-5

Reynolds number, 2.1.1-3
as limiting criteria for applicability of molecular flux

relationship, 2.1.1-3
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Reynolds number (Cont.):
bubble, 2.3.2-19
definition of, 1.2.3-2/l  .2.3-3

in finned tube bundles, 2.5.3-11
in condensation on vertical surface, 2.6.2-3
in cross flow over tube banks, 2.2.4-112.2.4-12,

2.5.3-112.5.3-8,  3.3.7-113.3.7-4
particle, fixed beds, 2.2.5-2

fluidized beds, 2.2.6-2
shell-side, in shell-and-tube heat exchangers, 3.3.5-16
in two-phase gas-liquid flow, 2.3.2-10

Rheologically  complex materials, properties of:
disperse compositions, 5.3.1-l/5.3.1-3

nuclear fuel suspensions, 5.3.1-2/S  .3.1-3
petroleum, 5.3.1-3
two-component compositions, 5.3.1-l/5.3.1-2

effect of external electric and magnetic fields on,
5.3.8-l/5.3.8-2

lubricants: classification of, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2

polymers, 5.3.6-115.3.7-2
Rheology, shear flow experiments used in, 2.2.8-3
Richardson number, 2.2.1-11
Ring cells, in free convection, 2.5.8-2
Ring stiffness, in shell-and-tube heat exchangers, 4.1.2-8/4.1.2-Y
Rod bundles:

critical heat flux in flow in, 2.7.3-2112.7.3-22
turbulent longitudinal flow in, 2.2.2-10

Rohsenow correlation, for nucleate boiling, 2.7.24
application in forced convection boiling in vertical tubes,

2.7.3-712.7.3-8
Roll cells, in free convection, 2.5.8-2
Roller expansion, of tubes into tube sheets, 4.2.6-6/4.2.6-7
Room, thermal network for combined radiation and convection

in, 2.9.8-3
Rossby number, 2.2.1-11
Rotary dryer, 3.13.24

practical design of, 3.13.7-2
Rotating drums, heat transfer to particle bed in, 2.8.34/2.8.3-5
Rotation, as device for heat transfer augmentation, 2.5.11-4,

2.5.11-8
Roughness, surface:

in augmentation of condensation, 2.6.6-l/2.6.6-2
in augmentation of heat transfer, 2.5.11-2,2.5  .l l-3/2.5  .114
as enhancement device in boiling, 2.7.9-2
completely rough surface, 2.2.2-2
effect in flow in fixed beds, 2.2.5-4
effect on flow over cylinders, 2.2.3-6
effect in pool boiling: critical heat flux, 2.7.2-13

nucleate boiling, 2.7.2-312.7.2-S
effect on pressure drop in tube banks, 2.2.4-14/2.2.4-15
effect on skin friction in turbulent flow over flat plate,

2.2.1-29
effect in transition flow over flat plate, 2.2.1-25
radiative heat transfer from, 2.9.4-7/2.9.4-10
values for commercial surfaces, 2.2.24

Rough walled passages, radiative heat transfer down,
2.9.4-Y/2.9.4-10

Ruiz,C.,4.1.1-l/4.1.8-3

S
Saddle supports, for heat exchangers, as source of assymetric

loading, 4.1.2-214.1.2-9
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Sand roughness, equivalent, 2.2.1-29/2.2.1-30
Sardesai, R. G., 2.6.4-l/2.6.4-7
Saturated boiling:

in pool boiling, 2.7.2-l/2.7.2-17
in vertical tubes, 2.7.3-10/2.7.3-12

nucleate, 2.7.3-10/2.7.3-11
two-phase forced convective, 2.7.3-11/2.7.3-12

Saturated fluids, tables of physical properties, 5.5.1-l/5.5.1-40
Saturation pressure, 2.7.1-1
Saturation temperature, 2.7.1-1
Saunders, E. A. D., 4.2.1-l/4.2.6-13
Scaling approximations, in nonisothermal gas radiation,

2.9.7-812.9.7-10
narrow band scaling: the Curtis Godson approximation,

2.9.7-812.9.7-y
wide-band scaling, 2.9.7-912.9.7-10

Scattering bed models, for radiative heat transfer from surfaces,
2.9.4-812.9.4-y

Scattering coefficient, 2.9.5-2
Schack  wide-band model, for gas radiation properties, 2.9.5-6
Schliinder,E.  U., 2.1.1-1/2.1.7-8,3.13.1-1/3.13.6-l
Schliinder equations:

for developing lammar flow, 2.5.1-2
for gas conduction in packed beds, 2.8.3-l

Schmidt number, 1.2.34
S&rock  and Grossman correlations, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Schunk, M., 5.1.1-1/5.1.5-3,5.4.1-l/5.4.4-6
Schwier, K., 5.5.3-l/5.5.3-5
Scraped surfaces:

in augmentation of heat transfer, 2.5 .ll-3
heat exchangers, description of, 3.1.2-6
in heat exchangers, 1.1.4-2
heat transfer coefficients with, 3.14.34/3.14.36
mechanical design for, 4.4.4-514.4.4-6

Scaling devices, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Seider-Tate equation, for heat transfer in heat exchangers, 3.3.2-2
Selection of heat transfer equipment:

for condensation duty, 3.4.2-l/3.4.24
dryers, 3.13.2-l/3.13.24
for evaporation, 3.5.5-l/3.5.5-2
general introduction to, 3.1.2-l/3.1.26
reboilers, 3.6.1-2/3.6.1-6

selection table, 3.6.1-6
Semiconductors, thermal conductivity, 5.4.3-3
Separated flow model:

application to stratified flow prediction, 2.3.2-2312.3.2-24
conservation equations for: in gas-liquid flow, 2.3.2-812.3.2-y

in multiphase flows, 2.3.1-6/2.3.1-7
Separators for use in association with evaporators,

3.5.4-l/3.5.4-2
Series solutions, for one-dimensional transient conduction,

2.4.3-112.4.3-7
Serrated fms, in plate fm heat exchangers, 3.9.3-1
Shah correlation, for boiling in horizontal tubes, 2.7.4-5
Shape factor, in radiative heat transfer between diffuse surfaces,

2.9.3-112.9.3-4
Shear flow, of non-Newtonian fluids, 2.2.8-l/2.2.8-3
Shear free flow, of non-Newtonian fluids, 2.2.8-312.2.8-6
Shear rate, in fluid, 2.2.8-l

Shear stress:
distribution of wall, in flow over single cylinder, 2.2.3-5
interfacial effect on filmwise  condensation: on vertical

surfaces, 2.6.2-512.6.2-7
turbulent, in pipe flow, 2.2.2-5

Shelf dryer, 3.13.24

blushing  Corporation
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Shell-and-tube heat exchanger:
application of low-fin tubes in, 3.3.11-2/3.3.11-3
approximate overall coefficient in, 2.1.2-3
approximate sizing of, 3.1.4-l/3.1.4-9

basic design equation for, 3.1.4-9
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference, 3.1.4-2/3.1.4-3
estimation of overall  heat transfer coefficient,

3.1.4-313.1.46
estimation of surface area, 3.1.4-6/3.1.4-7
example of, 3.1.4-7/3.1.4-g

baffle leakage in, numerical calculation of, 1.4.2-3
condensation in, 3.4.1-1/3.4.1-S
corrosion and other damage of, 4.5.3-l/45.3-7
description of 3.1.2-2/3.1.2-3
F-factor and &NTU  charts for, 1.5.2-l/1.5.2-15

E-shell with even number of passes, 1.5.2-5
five E-shells  in series, 1.5.2-g
four E-shells in series, 1.5.2-8
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

F-type shells, thermal leakage in, 1.5.2-14/1.5.2-15
introduction to design features, 1.1.5-l/1.1.5-2
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: basic principles, 4.1.1-l/4.1.8-3

constructional features of, 4.2.1-l/4.2.6-13
design codes for, 4.3.1-l/4.3.5-11
example of calculations, 4.3.6-l/4.3.6-23

multipass, 1.1.1-2
non-uniform heat transfer in, 2.1.4-l/2.1.4-3
numerical solutions for: with flow pattern calculation,

1.4.2-l/1.4.24
with prescribed flow patterns, 1.4.1-l/1.4.1-6

pressure drop in headers, nozzles and turnarounds in,
2.2.7-112.2.7-l 1

thermal design, 3.3.1-l/3.3.11-5
auxiliary calculations, 3.3.6-l/3.3.6-11
calculation of shell-side heat transfer coefficient and

pressure drop, 3.3.8-l/3.3.8-3
extension to other shell, baffle and tube bundle

geometries, 3.3.11-l/3.3.11-3
ideal tube-bank correlations for, 3.3.7-l/3.3.74
input data and recommended practices, 3.3.5-l/3.3.5-17
objectives and background, 3.3.1-l/3.3.1-2
performance evaluation when geometry specified,

3.3.9-l/3.3.96
practices of design, 3.3.4-l/3.3.4-5
procedures for segmentally baffled exchangers,

3.3.10-l/3.3.10-8
recommended method: principles and limitations,

3.3.3-113.3.3-5
survey of shell-side flow correlations, 3.3.2-l/3.3.26

Shells, for shell-and-tube heat exchangers:
costing, 4.8.2-l/4.8.2-5
inside diameter: metric practice for, 3.3.5-3

U.S. practice for, 3.3.5-3
materials of construction, 4.5.2-l/4.5.2-2
mechanical design: analytical basis for codes, 4.3.3-l

basic principles, 4.1.3-1
constructional features of, 4.2.6-l
index to U.S., U.K., and F.R.G. codes for, 4.3.2-2/4.3.2-3
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Shell-to-baffle clearance, in shell-and-tube heat exchangers,
3.3.513/3.3.5-14

Sherwood number, 1.2.3-2,2.1.5-2
in particle-to-fluid mass transfer in fixed beds, 2.5.4-l/2.5.4-6

Shipes,  K. V., 4.4.1-l/4.4.1-7
Short-tube vertical evaporator, 3.5.2-1
Shulman, Z. P., 5.3.1-l/5.3.8-3
Silver method, for calculation of multiwmponent condensation,

2.6.3412.6.3-5
Similarity, theory of, 2.2.1.10/2.2.1-13
Simultaneous heat and mass transfer (see Heat and mass transfer,

combined)
Singham, J. R., 3.12.1-l/3.12.64
Single-phase convective heat transfer (see Convective heat

transfer, single-phase)
Single-phase fluid flow:

in ducts and fittings, 2.2.2-l/2.2.2-25
in fured  beds, 2.2.5-l/2.2.5-5
over immersed bodies, 2.2.3-l/2.2.3-9
introduction and fundamentals, 2.2.1-l/2.2.1-35
in headers, nozzles and turnarounds, 2.2.7-l/2.2.7-11
in tube banks, 2.2.4-l/2.2.4-17

Singularities, two-phase gas-liquid pressure drop across,
2.3.2-15/2.3.2-18

bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-17/2.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contraction, 2.3.2-1612.3.2-17
sudden enlargement, 2.3.2-16

Sink, in radiation:
heat transfer between source, refractory and,

2.9.3-11/2.9.3-12
heat transfer from source to, 2.9.3-10/2.9.3-11

Skin friction coefficient, 2.2.1-20
in flow over cylinders, 2.2.3-5
in flow over tube banks, 2.2.4-312.2.4-5
Ludwieg-Tillman  formula for, 2.2.1-26
Stratford formulas for, in boundary layers, 2.2.1-21
in turbulent flow over flat plates, 2.2.1-29

Slab:
heat transfer in cooling of, 2.1.3-l/2.1.3-2
leaching process in, 2.1.5-2
radiative heat transfer in non-isothermal gas in,

2.9.7-3/2.9.7-5,2.9.7-1012.9.7-13
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
Slip ratio (see Velocity ratio)
Slot, radiative heat transfer along, 2.9.3-15/2.9.3-16
Slug flow:

hydrodynamics of, 2.3.2-2412.3.2-25
mechanism of critical heat flux in, 2.7.3-22
regions of occurrence of, in gas-liquid flow in horizontal

tubes, 2.3.2-l/2.3.2-5
Slugging, in fluidized beds, 2.2.6-l
Smith, R. A., 3.5.1-l/3.5.8-3
Smoluchowski effect, 2.1.1-2
Snell�s  law, in radiation, 2.9.2-9
Solar absorber, 2.9.2-15/2.9.2-16
Solar reflector, 2.9.2-16
Soldered fins,  in double pipe exchangers, 3.2.5-l
Solid fuels, properties of, 3.11.3-3
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Solid-gas flow:
flow patterns in, 2.3.3-2
free-fall velocity in, 2.3.3-3
pressure drop in, 2.3.3-2, 2.3.3412.3.3-g
principles of pneumatic conveyance by, 2.3.3-l/2.3.3-2

horizontal pipes, 2.3.3-l/2.3.3-2
inclined pipes, 2.3.3-2
vertical pipes, 2.3.3-l

velocity ratio in, 2.3.34
Solidification, heat conduction in, 2.4.4-l/2.4.4-2
Solid-liquid flow:

flow patterns in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-212.3.4-6
principles of hydraulic conveyance, 2.3.4-l

Solids:
as constituents in multiphase flows, 2.3.1-1
physical properties, 5.4.1-1/5.4.5-S

density, 5.4.1-l/5.4.1-2
elastic properties, 5.4.5-l/5.4.5-5
emissivity, 5.4.4-l/5.4.44
specific heat, 5.4.2-l/5.4.2-2
thermal conductivity, 5.4.3-l/5.4.3-3

total emissivities, 3.11.3-6
Solids circulation, in fluidized beds, 2.2.6-612.2.6-7
Sound velocity:

in ideal gas, 2.2.1-8
in two-phase gas-liquid flow, 2.3.2-27

Source, in radiation:
radiative heat transfer between refractory, sink and,

2.9.3-1112.9.3-12
radiative heat transfer between sink and, 2.9.3-10/2.9.3-l 1

Spacers, in shell-and-tube heat exchangers, 4.2.5-814.2.5-g
Spalding,  D. B., 1.1.1-l/1.4.36
sparging:

for agitation of vessels, 3.1.4-2
of reboilers, 3.6.4-3

Specific enthalpy, 1.2.1-1
of saturated liquids and vapors, 5 .5.1-l/5  5.140
of superheated gases, 5.5.2-115.5.2-l 1

Specific entropy, of superheated gases, tables of, 5.5.2-115.5.2-l 1
Specific heat (see Specific heat capacity)
Specific heat capacity, 1.2.1-211.2.1-3

in polymers, 2.5.12-8,5.3.6-2
in pure fluids, 5.1.3-415.1.3-7
of liquid water, 5.5.3-2
of multicomponent mixtures, 5.2.3-815.2.3-g
of saturated liquids and vapors, 5.5.1-l/5.5.1-5
of solids, 5.4.2-l/5.4.2-2

Specific internal energy, 1.2.1-1
Specific volume:

of polymers, 5.3.6-2
of superheated gas, tables of, 5.5.2-1/5.5.2-l  1
of the gas phase, 5.1.2-215.1.2-3
of the liquid phase, 5.1.2-1

Spectral absorptivity:
in gases, 2.9.5-S
of metals at room temperatures, 2.9.2-l l/2.9.2-12

Spectral emissivity, in gases, 2.9.5-5
Specular surface, 2.9.4-l

radiative heat transfer between imperfectly diffuse surfaces
and, 2.9.4-l/2.9.4-11

Specular-walled passages, radiative heat transfer in,
2.9.4-512.9.4-7

with adiabatic sides, 2.9.4-612.9.4-7
with isothermal sides, 2.9.4-512.9.4-6
with non-isothermal sides, 2.9.4-6

Spheres:
characteristics of, as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer fr ~~~,

2.5.9-l/2.5.9-6
in transverse flow, 2.5.9-6
in vertical flow, 2.5.9-l/2.5.9-4

concentric, free convective heat transfer in, 2.5.8-16
drag coefficients for, 2.2.3-2
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.2-8,  2.5.4-l/2.5.4-7
free wnvective  heat transfer from, 2.5.7-24/2.5.7-25
heat transfer to beds of moving, agitated and vibrated,

2.8.3-312.8.3-8
single-phase forced convection heat transfer to,

2.5.2-5/2.5.2-8,2.5.4-l
combined correlation for, 2.5.2-5,2.5.4-l
in restricted channel, 2.5.2-5

transient conduction in, 2.4.3-l/2.4.3-10
numerical methods for, 2.4.3-8/2.4.3-10
series solutions for, 2.4.3-l/2.4.3-7
solutions using internal heat transfer coefficient,

2.4.3-712.4.3-8
Spherical shells:

mechanical design, of, 4.1.3-l/4.1.3-2
steady-state thermal conduction in, 2.4.2-l/2.4.2-3

Spheroids (oblate and prolate), free convective heat transfer
from, 2.5.7-25

Spine fins:
efficiency, 2.5.3-9
in plate fm exchangers, 3.9.3-l

Spiral heat exchanger:
approximate overall heat transfer wefficients in, 2.1.24
description of, 3.1.2-313.1.24
mechanical design of, 4.4.44/4.4.4-5

Spray dryers, 3.13.7-213.13.7-3
Sprays, in heat exchangers, 1.1.4-2
Square ducts:

laminar flow in, 2.2.2-712.2.2-g
roughened wall, radiative heat transfer along, 2.9.4-g/2.9.4-10

Stable equilibrium, of vapor and liquid, 2.7.1-1
Staggered tube banks:

application in shell-and-tube heat exchangers, 3.3.5-5
correlations for heat transfer in, 2.5.3-l/2.5.3-16

finned tubes, 2.5.3-11
plain tubes, 2.5.3-2

drag coefficients for tubes in, 2.2.44
pressure drop in, with plain tubes, 2.2.4-8/2.2.4-g

correction factors for overall number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
pressure drop with tinned tubes, 2.2.4-1312.2.4-14

Stagnant packed beds (see Fixed beds)
Stainless steels:

as materials of construction, 4.5.2-314.5.24
austenitic, 4.5.24
ferritic, 4.5.2-314.5.2-4

spectral characteristics of reflectance from oxidized surface
of, 2.9.2-15

Stanton number, 1.2.3-1, 2.2.1-11
startup:

of heat pumps, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

State diagram, for fluidized beds, 2.2.6-2
Static mixer inserts, as enhancement device in condensation,

2.6.6-3
Static quality (see Quality)
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Steels, as material of construction, 4.5.2-214.5.24
austenitic stainless, 4.5.24
carbon steel, 4.5.2-214.5.2-3
ferritic stainless, 4.5.2-314.5.24
low alloy steels, 4.5.2-3

Stefan-Boltzmann constant, 2.9.1-3
Stefan�s law, for blackbody radiation, 2.9.1-3
Stegmaier, W., 2.3.3-l/2.3.3-10
Stephan and Korner correlation, for boiling of binary mixtures,

2.7.7-2
Stephan-Maxwell equations for diffusion, 2.1.5-1
Stirred beds, heat transfer to, 2.8.34
Stirred reactor model, for furnaces, 3.11.4-l/3.11.4-6
Stirred tanks (see Agitated vessels)
Straight fins (longitudinal fms)

application in double-pipe heat exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.3-l/3.2.3-3

Stratfords method, for solution of boundary layer equations,
2.2.1-21

Stratification, in gas-liquid flow (see Stratified flow)
Stratified flow:

as source of dryout in evaporative heat transfer,
2.7.4-l/2.7.44

in bends, 2.7.4-212.7.4-3
in helical coils, 2.7.4-3/2.7.44
in horizontal tubes, 2.7.4-112.7.4-2

prediction of, in horizontal and inclined tubes,
2.3.2-2312.3.2-24

regions of occurrence of: in condensation, 2.3.2-7
in horizontal tubes, 2.3.2-212.3.24
in inclined tubes, 2.3.2412.3.2-5
in shell-and-tube heat exchangers, 2.3.2-512.3.2-6

Stream analysis methods, for shell-side heat transfer and pressure
drop in shell-and-tube heat exchangers, 3.3.2-313.3.2-6

Stress equation models, for turbulent boundary layers, 2.2.1-29
Stresses:

allowable, comparison of codes for, in mechanical design of
heat exchangers, 4.3.4-l

types of, in heat exchangers, 4.1.1-l/4.1.1-2
Stress tensor:

in non-Newtonian fluids, 2.2.8-2
in single phase fluid flow, 2.2.1-2
in turbulent flow, 2.2.1-15

Stress-strain curve, for solids, 5.4.5-215.4.5-3
Strouhal number, 2.2.3-3

values for: banks of tubes, 2.2.4-1512.2.4-16
flow over blunt bodies, 2.2.3-7
flow over single cylinders, 2.2.34,2.2.4-l

in vortex shedding as source of tube vibration, 4.6.4-l/4.6.4-2
Subchannel  analysis, for critical heat flux in rod bundles, 2.7.3-21
Subcooled boiling:

in pool boiling, 2.7.2-l/2.7.2-17
in vertical tubes, 2.7.3-512.7.3-10

fully developed, 2.7.3-712.7.3-8
onset of, 2.7.3-512.7.3-7
partial, 2.7.3-812.7.3-g
single phase convection, 2.7.3-5
void fraction in, 2.7.3-912.7.3-10

Subcooling:
in condensers, 3.4.6-4
of liquid: effect on critical heat flux, 2.7.3-13

effect on forced convective boiling, 2.7.3-512.7.3-10
effect on pool boiling: critical heat flux,

2.7.2-1212.7.2-13
nucleate boiling, 2.7.2-9

of vapor in condensation, 2.6.7-  1

Sublayer, viscous, 2.2.2-l
Suction:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flat plate, 2.2.1-30
effect on laminar flow over flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5 .11-3,2.5.11-g

Sudden contractions (see Contraction)
Sudden enlargements (see Enlargement)
Superficial velocity, in multiphase flow, 2.3.14
Superheated liquid, in metastable state, 2.7.1-1
Superheated gases, thermodynamic properties of,

5.5.2-l/5.5.2-11
Superheated vapor, condensation of, on vertical surface, 2.6.2-3
Supersaturation, as cause of fogging in condensers:

conditions producing, 2.6.7-212.6.7-3
description of, 2.6.7-l

Supports, for heat exchangers (see Saddle supports, Bracket
supports)

Suppression of nucleate boiling, 2.7.3-1012.7.3-11
Surface condensers, 3.4.3-5
Surface finish:

effect in pool boiling:
critical heat flux, 2.7.2-13
nucleate boiling, 2.7.2-312.7.2-8

(See also Roughness, surface)
Surface, hydraulically smooth, 2.2.2-l
Surface models, in radiative heat transfer, 2.9.4-7/2.9.4-g

diffraction models, 2.9.4-712.9.4-8
geometric optics models, 2.9.4-8
scattering bed models, 2.9.4-812.9.4-g

Surface  roughness (see Roughness, surface)
Surface tension:

devices depending on, for heat transfer augmentation,
2.5.11-2

methods of estimating, 5.1.5-l/5.1.5-2
in mixtures of fluids, 5.2.4-l/5.2.4-3
tables of, for saturated fluids, 5.5.1-l/5.5.140

Sutherland formula, for viscosity variation with temperature,
2.2.1-9

Sutterby fluid (non-Newtonian), free convective heat transfer to,
2.5.7-11

Swirling flow, in augmentation of heat transfer, 2.5.11-2

T
Taborek, J., 1.5.2-l/1.5.3-12,  3.3.1-l/3.3.1  l-5
Taitel and Dukler flow regime map, for horizontal and inclined

gas-liquid flows, 2.3.2-312.3.24
Tapes, twisted (see Twisted tapes)
Teflon, use in heat transfer enhancement:

in boiling, 2.7.9-l
in condensation, 2.6.6-l

TEMA (Tubular Exchanger Manufacturers Association):
example of calculation of mechanical design of TEMA type

AJS, 4.3.6-l/4.3.6-23
mechanical design standards, 4.3.1-214.3.1-3

index to, 4.3.2-114.3.2-l 1
recommended baffle characteristics in segmentally baffled

exchangers, 3.3.5-8
specification sheet for exchanger, 3.3.4-2
standards, 3.3.1-1
type designation system, 4.2.2-l/4.2.2-3

Temperature-dependent physical properties (see Physical
properties, variation with temperature)
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Temperature distribution:
in condensation, 2.6.1-2
in fixed beds: in stagnant conditions, 2.8.1-l/2.8.1-2,

2.8.1-10/2.8.1-14
with flow-through bed, 2.8.2-l/2.8.2-2,2.8.2-7

series solutions for, in transient conduction, 2.4.3-l/2.4.3-7
Ternary mixtures, diffusion and mass transfer in, 2.154
Testing and inspection of heat exchangers:

certification, 4.7.7-l
cleanliness and storage, 4.7.9-l
constructions, 4.7.5-l
fittings, 4.7.8-l
materials, 4.7.2-l
nondestructive testing, 4.7.6-l/4.7.6-2
objectives of, 4.7.1-l/4.7.1-2
preparation and dispatch, 4.7.10-l
stages of inspection, 4.7.4-l
welding, 4.7.3-l

Thermal conduction (see Conduction, heat)
Thermal conductivity:

effective, in fixed beds: with flow, 2.8.2-212.8.2-s
with no flow (stagnant), 2.8.1-l/2.8.1-14

effective, of wicks in heat pipes, 3.10.3-l
of liquid water, 5.5.3-3
of multicomponent mixtures, 5.2.3-7/S  .2.3-8
of polymers, 2.5.12-2
of pure fluids, 5.1.4-S/5  .1.4-7

gases, 5.1.4-S/5.1.46
liquids, 5.1.4-7

of rheologicahy  complex materials, 5.3.1-l/5.3.2-3
of saturated vapors and liquids, 5.5.1-l/5.5.140
of solids, 5.4.3-l/5.4.3-3

electrical conductors, 5.4.3-215.4.3-3
electrical insulators, 5.4.3-l/5.4.3-2
semiconductors, 5.4.3-3
tables of, 5.5.6-l/5.5.6-4

of typical tube materials in heat exchangers, 3.3.5-5
Thermal contact resistance, 2.4.6-I/2.4.64
Thermal design, constructional features affecting, in

shell-and-tube heat exchangers, 3.1.1-l/3.1.4-9,
4.2.5-114.2.5-23

Thermal diffusivity of liquid water, 5 5.3-5
Thermal expansion, effect of, in shell-and-tube heat exchangers,

3.3.44
Thermal expansion coefficient:

in gases, 5 .1.2-3
of liquid water, 5.5.3-3
in liquids, 5.1.2-2
in saturated liquids, tables of, 5.5.1-l/5.5.1-40

Thermal leakage in F-type shell-and-tube heat exchangers,
1.5.2-14/1.5.2-15

Thermal mixing in plate heat exchangers, 3.7.11-l/3.7.11-2
Thermal network analysis of radiation acting with conduction

and convection, 2.9.8-l/2.9.8-3
Thermal stress:

in heat exchanger shells, 4.1.3-2
numerical methods in the production of, 1.4.24
in tube plates, 4.1.44

Thermodynamic properties:
of saturated fluids, 5.5.1-l/5.5.140
of superheated gases, 5.5.2-l/5.5.24

Thermodynamic surface in radiative heat transfer,
2.9.1-l/2.9.1-2

Thermoexel surface, for enhancement of boiling,
2.7.9-112.7.9-2

Thermosiphon, as form of heat pipe, 3.10.1-l

Thermosiphon reboilers (see Vertical thermosiphon reboilers,
Horizontal thermosiphon reboilers)

0-NTU method:
application to single pass counter and cocurrent  flow

exchangers, 1.3.1-2/1.3.14,1.5.2-l/1.5.2-2
charts and equations for heat exchanger design,

1.5.2-211.5.3-12
for counter flow, 1.5.2-2

cross flow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 1.5.3-4
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two tube passes, unmixed, 1.5.3-9

E-shell  with even number of passes, 1.5.2-S
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-8
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 15.2-12
J-shell, one tube pass, 15.2-l 1
single pass cocunent, 1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.4-5, 1.5.2-l/1.5.3-12
Thickness of boundary layers (displacement, momentum,

energy, density, temperature), 2.2.1-20
Three-phase flows:

classification, 2.3.1-2
gas-liquid-liquid, 2.3.1-2
gasliquid-solid, 2.3.1-2
solid-liquid-liquid, 2.3.1-2

Thwaites method for solution of boundary layer equations,
2.2.1-21

Tie rods in shell-and-tube heat exchangers, 4.2.5-814.2.5-g
Tinker method for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-3/3.3.2-6
Titanium as material of construction, 4.5.2-5
T-junctions, loss coefficients in, 2.2.2-20
Toluene saturation properties, 5.5.1-12
Tong F-factor method, for critical heat flux with nonuniform

heating, 2.7.3-1912.7.3-20
Toroidal shells, mechanical design, 4.1.3-2
Total emissivity in gases, 2.9.5-5
Transcendental equations in transient conduction, 2.4.34
Transient behavior:

in free convective heat transfer on vertical plates,
2.5.7-g/25.7-10

of heat exchangers, 1.1.6-1
in radiation-coupled heating or cooling, 2.9.8-3/2.9.84

Transition boiling:
in binary and forced convective boiling, 2.7.7-5
in forced convection over vertical surfaces, 2.7.3-30
in pool boiling, 2.7.2-13

Transition flow, heat transfer in free convective flow over
vertical surfaces in, 2.5.7-4/2.5.7-5

Transmission of thermal radiation in solids:
characteristics, 2.9.2-312.9.2-6
measurement, 2.9.2-612.9.2-7

Transmissivity of solids:
definition, 2.9.2-3
measurement, 2.9.2-612.9.2-7

Transport phenomena, approximate model for in dilute gases,
2.1.1-1
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Transport properties:
of pure fluids, 5.1.4-l/5.1.4-7
turbulent, 2.1.1-3

Transverse flow, combined free and forced convection in,
2.5.9412.5.9-6

Treated surfaces, for augmentation of heat transfer, 25 .I l-1
Triangular duct:

laminar flow in, 2.2.2-9
laminar heat transfer in, 3.95-l/3.9.5-3

Triangular fins, in plate tin exchangers, 3.9.3-l
Triangular relationship, in annular gas-liquid flow, 2.3.2-20
Triple interface (gas/solid/liquid), 2.3.1-2
Trouton�s rule, for heat of vaporization, 5.1.3-3
Truelove, J. S., 3.11.1-l/3.11.7-6
True temperature difference, in double pipe exchangers, 3.2.34
Tube-baffle damage, in heat exchangers, 4.5.3-3
Tube banks, finned:

application in kettle reboilers,  3.6.2-6
mechanical design, in air cooled heat exchangers,

4.4.1-214.4.1-5
single-phase flow and pressure drop in, 2.2.4-1312.2.4-15

correlation for pressure drop for staggered banks with
annular (ring shaped) fins, 2.2.4-1312.2.4-14

correlation for staggered banks with helical fins, 2.2.4-14
single-phase heat transfer in, 2.5.3-6/2.5.3-16

comparison of experimental data and correlations for,
2.5.3-1312.5.3-15

fin efficiency in, 2.5.3-612.5.3-l 1
heat transfer correlations for, with high-finned tubes,

2.5.3-11/2.5.3-12
heat transfer correlations for, with low-finned tubes,

2.5.3-1212.5.3-13
types used in air-cooled heat exchangers, 3.8.4-l/3.8.4-2

Tube banks, plain:
boiling on outside of tubes within, 2.7.5412.7.5-7

critical heat flux in, 2.7.5-S/2.7.5-7
heat transfer coefficients in, 2.7.5412.7.5-5

condensation in horizontal, 2.6.2-10/2.6.2-12
condensation in vertical, 2.6.2-212.6.2-10
flow induced vibration in, 4.6.1-l/4.6.6-3
single-phase flow and pressure drop in, 2.2.4-l/2.2.4-12,

3.3.7-113.3.74
description of, 2.2.4-l/2.2.4-3
drag and pressure drop in, 2.2.4-3/2.2.4-12,3.3.7-l/3.3.7-4
Strouhal numbers in, 2.2.4-1512.2.4-16

single-phase heat transfer to, 2.5.3-l/2.5.3-8
with liquid metals, 25.13-2
single row of tubes, 2.5.3-l/2.5.3-2,25.3-3
tube banks, 2.5.3-212.5.3-8,  3.3.7-l/3.3.74

Tube banks, roughened tubes, effect of roughness on Euler
number in, 2.2.4-1412.2.4-1s

Tube bundles:
characteristics of in shell-and-tube heat exchangers,

3.3.4-313.3.44
(See also Rod bundles, Tube banks)

Tube counts, in shell-and-tube heat exchangers:
constructional features affecting, 4.2.5-g/4.2.5-12
simplified equations for, 3.3.5-11/3.3.5-12
tables of, 4.25-1314.2.5-23

Tube end attachment, in shell-and-tube heat exchangers:
arc welding: on inner face, 4.2.6-10

on outer face, 4.2.6-8
explosive expansion, 4.2.6-714.2.6-8
explosive welding, 4.2.6-814.2.6-10
roller expansion, 4.2.6-614.2.6-7

Tubein-plate extended surface configurations, fin efficiency of,
2.5.3-10

Tube plates, in shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
basic mechanical principles of design of, 4.1.4-l/4.1.4-4

equivalent plates, 4.1.4-1
perforated, stresses in, 4.1.4-314.1.4-4
plates connected by tubes, 4.1.4-2
stresses and edge rotation of unperforated, 4.1.4-l/4.1.4-2
thermal stresses, 4.1.44

comparison of codes for, 4.3.4-2
constructional features of, 4.2.6-5/4.2.66,45.3-3
double, constructional features of, 4.2.3-1014.2.3-l 1
index to U.S., U.K., and F.R.G. codes for, 4.3.2-714.3.2-g
materials of construction for, 4.5.2-1

Tubes:
characteristics of, in shell-and-tube heat exchangers,

4.2.5-I/4.2.5-3
bimetal,  4.2.5-2
diameter and thickness, 4.2.5-l
integrally finned, 4.2.5-3
length, 4.2.5-114.2.5-2
pitch, 4.2.5-2

circular (see Pipes, circular)
codes for mechanical design of:

analytical basis of, 4.3.3-l
index to U.S., U.K., and F.R.G. codes, 4.3.2-3

flow-induced vibration of, 4.6.2-l/4.6.6-3
natural frequency of, 4.6.2-l/4.6.24

materials of construction for, 4.5.2-l
mechanical design characteristics of, 4.15-1
noncircular (see Pipes, noncircular)
recommended dimensions of, in shell-and-tube heat

exchangers, 3.3.5413.3.5-s
thermal conductivity of typical materials for, 3.3.5-5

Tubesheets, in shell-and-tube heat exchangers (see Tube plates)
Tube-side passes (see Passes, tubsside)
Tubular Exchanger Manufacturers Association (see TEMA)
Tubular immersion exchangers, 4.4.4-214.4.4-3
Tubular reactor, nonuniform heat and mass transfer in,

2.1.4-312.1.44
Tunnel  dryer, 3.13.2-4
Turbine agitators:

axial flow, 3.14.2-2
disk, 3.14.2-l/3.14.2-2
flat blade, 3.14.2-l/3.14.2-2
glass coated, 3.14.2-1
heat transfer in vessels agitated by, 3.14.3-1
pitched blade, 3.14.2-1

Turbine exhaust condensers, air cooled, 3.8.9-2
Turbulence:

characteristics in circular pipe flow, 2.2.2-l/2.2.2-5
effect in film condensation, 2.6.2-412.6.2-5
integral scale of, 2.2.1
limitation of phenomenological transport laws by,

2.1.1-312.1.1-4
modeling of, 2.2.1-1412.2.1-16

in furnace prediction, 3.11.7-2/3.11.7-3
origin of, 2.2.1-16
rekuninarization  of, 2.2.1-16

Turbulent boundary layers:
differential methods for, 2.2.1-2812.2.1-29

large-eddy simulations, 2.2.1-29
one-equation models, 2.2.1-28
stressequation models, 2.2.1-29
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Turbulent boundary layers: differential methods for (Cont.):
two-equation models, 2.2.1-28
zero-equation models, 2.2.1-28

integral methods for, 2.2.1-26/2.2.1-27
Turbulent buffeting, as source of tube vibration, 4.6.4-2
Turbulent energy, integral equation for, 2.2.1-20

dissipation of, 2.2.1-20
production of, 2.2.1-20

Turbulent flow:
in boundary layers, 2.2.1-18
in circular pipes, 2.2.2-l/2.2.2-5
combined free and forced convective heat transfer in channels

in, 2.5.10-6/2.5.10-11
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
in condensation, on vertical surfaces, 2.6.24/2.6.2-5
conservation equations for, 2.2.1-13/2.2.1-14

averaging in, 2.2.1-13
in empty spaces, numerical calculation of, 1.4.3-2
fundamentals of, 2.2.1-13/2.2.1-16
heat transfer in free convective flow over vertical surfaces in,

2.5.74
modeling of, 2.2.1-14/2.2.1-16
of non-Newtonian fluids, 2.2.8-11/2.2.8-12
in noncircular pipes, 2.2.2-9/2.2.2-10
in plate heat exchangers, 3.7.10-2/3.7.10-3
relaminarization  in, 2.2.1-16
single-phase heat transfer in ducts in, 2.5.1-5/2.5.1-13

augmentation of, 2.5.11-4/2.5.11-9
concentricammli, 2.5.1-10/2.5.1-11
in liquid metal systems, 2.5.13-l/2.5.13-2
smooth tubes, 2.5.1-5/2.5.1-9

Turbulent transport properties, 2.1.1-3
Turnarounds, in heat exchangers, 2.2.7-l

pressure losses in, 2.2.7-812.2.7-9
Twisted tapes:

enhancement of boiling heat transfer by, 2.7.9-3/2.7.94
enhancement of condensation by, 2.6.6-3
as inserts for augmentation of heat transfer, 2.5.11-7/2.5.11-8

Two-equation models, for turbulent boundary layers, 2.2.1-28
Two-phase flows:

classification of, 2.3.1-2
liquid-liquid flows, 2.3.1-2
numerical calculation of, 1.4.3-1
(See also Gas-liquid flow, Solid-gas flow, Solid-liquid flow)

Two-shell pas exchanger (see F-shells)

U
ii-& method, 2.1.2-5
umethod, 2.1.2-712.1.2-9
Ulinskas, R., 2.2.4-l/2.2.4-17
Unequal baffle spacing, correction factor for, 3.3.6-l 1
UNIFAC method, for estimation of thermodynamic properties

of mixtures, 5.2.2-615.2.2-9
tables of constants for use with, 5 .5.4-6/5  5.4-7

Uniform heat flux:
combined free and forced convection in channels with:

horizontal channels, 2.5.10-7/25.10-11
vertical channels, 2.5.10-4/2.5.10-7

critical heat flux in vertical tubes with, 2.7.3-12/2.7.3-18
solutions and correlations for free convective heat transfer
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within: horizontal and inclined plates, 2.5.7-18
vertical plates, 2.5.7-612.5.7-9

Uniform wall temperature, combined forced and free convection
in channels with:

horizontal channels, 2.5.10-7
vertical channels, 2.5.10-3/2.5.10-4

Uniheads, as form of double-pipe heat exchanger, 3.2.4-l
United Kingdom, mechanical design of heat exchangers in:

guide to national practice, 4.3.5-3
index to BS1500 code, 4.3.2-l/4.3.2-11

United States of America (see U.S.)
Universal laws, for turbulent boundary layers, 2.2.1-25/2.2.1-26

law of the wake of D. Coles, 2.2.1-26
law of the wall, 2.2.1-25
table of, 2.2.1-27
universal velocity profile, 2.2.1-26
velocity defect law of von Karman, 2.2.1-26

Universal velocity profile, 2.2.1-26
Universal velocity defect law, 2.2.2-2
Unsteady flows:

in ducts, 2.2.2-14
over cylinders, 2.2.3-6

Upward facing surfaces, free convective heat transfer from,
2.5.7-15/2.5.7-18

U.S., mechanical design of heat exchangers in:
guide to national practice, 4.3.5-2
index to ASME VIII code and TEMA standards,

4.3.2-l/4.3.2-11
Usher, J. Dennis, 3.7.1-1/3.7.12-2,4.4.2-l/4.4.2-8,

4.8.4-l/4.8.4-2
U.S.S.R. Academy of Sciences, tables of critical heat flux data

for water, 2.7.3-1712.7.3-18
U-tube bundles, for shell-and-tube heat exchangers,

3.3.5-1213.3.5-13.4.2.34
vibration of, natural frequencies in, 4.6.2-3

V
Vacuum condensers, air cooled, 3.8.9-2
Vacuum operation, of reboilers, 3.6.4-3
Valves:

loss coefficients in, 2.2.2-20
open, two-phase gasliquid flow pressure losses in, 2.3.2-18

van der Waals equation of state, 5.1.2-3/5.1.24
Vaned bends, single-phase flow and pressure drop in,

2.2.2-1612.2.2-17
Vapor belt, in condensers, 3.4.3-5
Vapor blanketing, as mechanism of critical heat flux, 2.7.3-22

in kettle reboilers, 3.6.2-5
as source of accelerated corrosion, 4.5.34

Vapor injection, effect of on boiling heat transfer in tube bundles
bundles, 2.7.5-5

Vaporization, choice of evaporator type for, 3.5.5-l
in plate-fin heat exchangers, 3.9.13-l/3.9.13-2

Vaporization, heat of (see Heat of vaporization)
Vaporizer, double bundle, constructional features,

4.2.3-9
Vapor-liquid disengagement, in kettle reboilers, 3.6.2-6
Vapor-liquid separation, for evaporators, 3.5.4-l/3.5.4-2

3.5.4-l/3.5.4-2
Vapor pressure, variation with temperature,

5.1.3-l/5.1.3-2
Vapor recompression, in evaporation, 3.5.3-2
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Velocity defect law:
for turbulent boundary layers, 2.2.1-26
universal, 2.2.2-2

Velocity distribution:
in circular pipe flow, 2.2.2-3
distorted inlet, effect on single phase flow and pressure drop,

2.2.2-l 1
Velocity fluctuations, in turbulent pipe flow, 2.2.2412.2.2-5
Velocity ratio (slip ratio):

in gas-liquid flow, 2.3.2-13
In solid-gas flow, 2.3.3-4

Venting of condensers, 3.4.5-2
Vertical cones (see Cones, vertical)
Vertical cylinders (see Cylinders, Vertical pipes, Pipes, circular)
Vertical cylindrical fired heater, 3.11.2-1
Vertical pipes:

annular flow in, 2.3.2-1912.3.2-21
boiling in, 2.7.3-l/2.7.3-37

critical heat flux, 2.7.3-1212.7.3-30
heat transfer in region where critical heat flux has been

exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-10/2.7.3-12
subcooled boiling, 2.7.3-512.7.3-10

bubble flow in, 2.3.2-1812.3.2-19
combined free and forced convective heat transfer in:

laminar flow (assisting convection), 2.5 .lO-212.5.10-6
laminar flow (opposing convection), 2.5.10-6
regimes in, 2.5.10-2
turbulent convection, 2.5.10-6

condensation in, 2.6.2-212.6.2-9
effect of interfacial shear, 2.6.2-5/2.6.2-7
effect of waves and turbulence, 2.6.2412.6.2-5
laminar flow, 2.6.2-212.6.2-4
reflux condensation, 2.6.2-712.6.2-9

condensers with condensation inside, 3.4.3-l/3.4.3-3
downflow, 3.4.3-l/3.4.3-2,3.4.9-2/3.4.9-3
upflow, 3.4.3-213.4.3-3,  3.4.9-3

condensers with condensation outside, 3.4.3-6, 3.4.94
flooding in: in gas liquid vertical flow, 2.3.2-2112.3.2-23

in reflux condensation, 2.6.2-712.6.2-9
flow regimes in gas-liquid flow in, 2.3.2-l/2.3.2-2
free convective heat transfer from outside of,

2.5.7-2312.5.7-24
hydraulic conveyance in, 2.3.4-l/2.3.4-3
plug (or slug) flow In, 2.3.2-19
pneumatic conveyance in, 2.3.3-l
(See also Pipes, circular; Pipes, noncircular)

Vertical plates (see Vertical surfaces)
Vertical surfaces:

combined free and forced convective heat transfer to,
2.5.9-l/2.5.94

wmbined heat and mass transfer on, 2.5.7-12
film boiling in forced convection on, 2.7.3-3012.7.3-31
filmwise condensation on, 2.6.2-212.6.2-9
free convective heat transfer from, 2.5.7-2/2.5.7-13

combined equation for uniform wall  temperature case,
2.5.7-512.5.7-6

dimensionless groupings for, 2.5.7-212.5.7-3
laminar flow with uniform wall temperature,

2.5.7-312.5.74
non-Newtonian, 2.5.7-1012.5.7-l 1
solution for uniform heat flux, 2.5.7-612.5.7-9
transient behavior of, 2.5.7-912.5.7-11
transition flow with uniform wall temperature,

2.5.7412.5.7-5

turbulent flow with uniform wall temperature,
2.5.74/2.5.7-5

free convective mass transfer to,
2.5.7-1112.5.7-12

pool boiling, from 2.7.2-l/2.7.2-15
Vertical thermosiphon reboilers:

calculation procedures for, 3.6.5-313.6.54
heat transfer characteristics of, 3.6.2-613.6.2-10

convective and nucleate boiling, 3.6.2-613.6.2-7
film boiling in, 3.6.2-9
heat flux limitations in, 3.6.2-7/3.6.2-9
mist flow, 3.6.2-9
temperature profiles in, 3.6.2-9/3.6.2-10

shell-side characteristics, advantages and disadvantages,
3.6.1-5

tube-side characteristics, advantages and disadvantages,
3.6.1-313.6-l-5

Vertical tubes (see Vertical pipes)
Vibrated beds, heat transfer to, 2.8.3-512.8.3-6
Vibration:

in augmentation of heat transfer, 2.5 .ll-3,2.5.114,
2.5.11-8,2.7.9-4

numerical methods for prediction of occurrence of, 1.4.2-4
(See also Flow-induced vibration)

Viscometric functions (non-Newtonian flow), methods of
determining, 2.2.84

Viscosity:
liquid, effect on critical heat flux in pool boiling, 2.7.2-12
of liquid water, 5 5.34
of multicomponent mixtures, 5.2.3-2/5.2.3-6
non-Newtonian, 2.2.8-2
of pure fluids, 5.1.3-1

gases, 5.1.4-1
liquids, 5.1.4-l/5.1.4-5

relation with density for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.140
small variations in, 2.2.1-9/2.2.1-10
variation with temperature:

Chapman-Rubescin formula for, 2.2.1-9
Sutherland formula for, 2.2.1-9

Viscosity number (Vi), 2.3.2-19
Viscous dissipation, influence on heat transfer in non-Newtonian

flows, 2.5.12-1012.5.12-14
Viscous sublayer, in duct flow, 2.2.2-l
Voidage, in fixed beds, definition, 2.2.5-l
Void fraction, 2.3.1-3

correlations for in gas-liquid flow, 2.3.2-1312.3.2-15
CISE correlations for, 2.3.2-14/2.3.2-15
drift flux models for, 2.3.2-1312.3.2-14
homogeneous, 2.3.2-13
Martinelli correlations for, 2.3.2-14

models for in gas-liquid flow :
horizontal stratified flow, 2.3.2-2312.3.2-24
vertical bubble flow, 2.3.2-1812.3.2-19
vertical plug flow, 2.3.2-19

in subwoled boiling, 2.7.3-9/2.7.3-10
Volumetric heat transfer coefficient, 1.1.2-2
Volumetric mass transfer coefficient, 1.1.2-2
von Karman friction factor equation for fully rough surface,

2.2.2-3
von Karman velocity defect law, 2.2.1-26
Vortex shedding:

from single cylinders, 2.2.3-3
as source of tube vibration,

4.6.4-l/4.6.4-2
in tube banks, 2.2.4-1512.2.4-16
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Votator, agitator, 3.14.2-1
heat transfer with, 3.14.3-6

Wallis correlations:
for flooding, 2.3.2-22

application in reflux  condensation, 2.6.2-8
for interfacial friction factor, 2.3.2-21

WaUis criterion, for transition from-stratified to annular flow,
applications in condensation, 3.4.6-2

Wall baffles, in agitated vessels, 3.14.2-2
Watl  layer transmissivity, 2.9.7-12/2.9.7-13
Wall temperature:

effect in laminar flow along flat plate, 2.2.1-22
effect of distribution of, in laminar flow along flat plate,

2.2.1-2312.2.1-24
Wake, Coleslaw of the, 2.2.1-26
Waste heat boilers, corrosion and failure in, 4.5.3414.5.3-5
Water:

critical heat flux values for, in tubes (table), 2.7.3-17/2.7.3-18
emissivity of gaseous, 5.5.5-l/5.5.5-2
liquid, properties of, 5.5.3-l/5.5.3-5
pool boiling curve for, at atmospheric pressure, 2.7.2-l
saturated properties: (O�-SO�C),  3.12.2-6

(O-647 K), 5.5 .l-37
superheated gaseous, thermodynamic properties of,

5.5.2-915.5.2-11
Water loss, from cooling towers, 3.12.6-2
Water tube boiler, 3.11.2-3
Wavelengths, of blackbody radiation, 2.9.14/2.9.1-5
Waves, interfacial, effect on film condensation on vertical

surface, 2.6.2412.6.2-5
Wavy fins, in plate fin exchangers, 3.9.3-l
Webb, R. L., 3.9.1-1/3.9.134,4.4.3-l/4.4.3-9
Weber, M., 2.3.3-112.3.4-7
Weber number, 1.2.3-5
Welded channel head, in shell-and-tube heat exchanger, 4.2.4-l
Welded fins, in double pipe exchangers, 3.2.5-l
Welding:

testing and inspection of, 4.7.3-l
of tubes into tube sheets: arc, 4.2.6-8,4.2.6-10

explosive, 4.2.6-814.2.6-10
Welds, corrosion of, 4.5.3-514.5.3-6
Wentz and Thodos equation, for fixed-bed pressure drop, 2.2.5-3
Wet-bulb temperature, 3.13.3-2/3.13.34
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Wettabihty,  of surface, effect on pool boiling, 2.7.2-9
Whalley and Hewitt correlations:

for entrainment, 2.3.2-22
for interfacial  roughness, 2.3.2-21

White-Metzner model, for non-Newtonian fluid, 2.2.8-8
Wicking, in enhancement of heat transfer, 2.5 .l l-2
Wicks, for heat pipes:

characteristics of, 3.10.6-l/3.10.6-2
effective thermal conductivity of, 3.10.3-l

Window  zone, in shell-and-tube heat exchangers:
calculation of effective areas of, for flow through,

3.3.6-l/3.3.6-2
pressure drop in gas-liquid flow in, 2.3.2-12/2.3.2-13

Winter, H. H., 2.5.12-l/2.5.12-16
Wire inserts, coiled, for enhancement of heat transfer in boiling,

2.7.9-3
Wispy annular flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Working fluid, selection of for heat pipe, 3.105-l/3.10.5-2

X
m-Xylene saturation properties, 5.5.1-13
o-Xylene saturation propertie%  55.1-13
pXylene saturation properties, 5.5.1-14
X-type shells (cross flow shells):

application in condensers, 3.4.9-3
description of, 3.3.4-3

Y
Yawed tube banks, pressure drop in, 2.2.4-12
Youngs modulus, 5.4.5-3

table of values of, 5.5.8-2

z
Zero equation models, for turbulent boundary layers, 2.2.1-28
Zivi equation, for void fraction, 2.6.2-14
Zone model, for furnaces (see Multizone model)
Zuber-Findlay model, for two-phase flows, 2.3.1-912.3.1-10
Zuber theory, for critical heat flux in pool boiling, 2.7.2-10
Zukauskas,  A., 2.2.4-l/2.2.4-17,  2.5.3-l/2.5.3-16
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GENERAL PREFACE

Ernst U. Schliinder

N The idea to create a Heat Exchanger Design Hand-
book originated at the seminar �Recent Developments in
Heat Exchangers,� organized by the International Centre
for Heat and Mass Transfer (ICHMT) in Trogir, Yugo-
slavia in 1972.

Even though much heat transfer data and correla-
tions were available, this information was scattered
throughout the open literature or buried in the files of
proprietary organizations. For manufacturers, vendors,
and users of heat transfer equipment it was becoming
more and more difficult not only to keep up with the
continually growing heat transfer information but also
to compare data and correlations from various sources.
In addition, these sources were often inconsistent, and
it was difficult for users to decide which data and corre-
lations would serve their own purposes best. Moreover,
over the years many heat transfer publications had
become more analytical and more academic, which
delayed their immediate application by practicing heat
transfer engineers.

Because of this situation, a group of heat transfer
specialists decided to collect heat transfer information
available in the existing open literature and also-as far
as possible-from proprietary sources in order to create
a heat transfer information base. Recommended correla-
tions based on selected experimental material would
then be provided for all heat exchanger design data.

Although there was great enthusiasm for this pro-
ject, not much progress was made until 1974, at the
Fifth International Heat Transfer Conference in Tokyo.
The idea was formulated then of publishing the informa-
tion base under the auspices of the ICHMT by Hemi-
sphere Publishing Corporation, the publisher of the

Centre. Eight representatives of universities, industry,
and proprietary organizations formed the Editorial
Board, which immediately started working on the scope
and organization of this Handbook. As a result of these
joint efforts the following live parts were planned:

Part I presents the theory of heat exchangers de-
fining and explaining all parameters and concepts
needed for thermal and hydraulic design and rating.

Part 2 contains recommended correlations for de-
sign and rating parameters based on evaluated available
information. As far as possible experimental data are
presented together with the recommended correlations
in order to reveal both the consistency of the data as
well as the reliability of the correlations.

Part 3 shows how to apply the material given in
Parts 1 and 2 when solving actual heat exchanger design
and rating problems. Because of the volume of material,
it would be impossible for this part to cover all known
kinds of heat exchangers. Nevertheless, most of the
commonly used types of equipment are discussed in
detail together with related installations such as cooling
towers and combustion chambers.

Pert 4 is devoted to the mechanical design of heat
exchangers, which actually cannot be separated from
thermal  and hydraulic design. A useful comparison of
some major national standards is included.

Part 5 contains physical property data that are
needed in design calculations in the other four parts.

For each of the five parts, a member of the Editorial
Board agreed to act as Lead Editor. Although each Lead
Editor accepted additional administrative responsibility
for his particular part, the whole Handbook has been a
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cooperative effort with each editor sharing the reviewing
and editorial work for all the material.

A large number of authors-well-known experts in
their fields-have contributed to this Handbook. Each
manuscript went through a review procedure and many
of them were discussed during the regular meetings of
the Editorial Board, which have been held every six
months since 1975.

Nevertheless, this Handbook must be considered as
a first step rather than as a final result. Though the con-
cept was clear, the realization has not been easy and
there is still room for improvement. Additionally, be-
cause new heat transfer data and correlations are pub-
lished each year, a permanent updating procedure has
been established to keep this Handbook current. This
supplementary material will be offered regularly to the

subscribers. To ensure that any future material (in-
cluding personal remarks and comments) can be added
easily, a loose-leaf ring binder format was chosen for
the Handbook.

The users of this Handbook are urged to communi-
cate with us about what is missing and to make sugges-
tions for improving the contents of the book and its
applicability. This kind of interaction and cooperation
between users and editors not only should improve the
quality of the Handbook but also should stimulate
further research work guided by the requirements of
heat exchanger design.

The Editorial Board wishes to thank the publisher as
well as the contributing authors for their most valuable
cooperation.



Preface

Frank W. Schmidt

W The thermal design engineer is forced to base his or
her design on published or proprietary correlations or on
experimental results. It is recognized that there is uncer-
tainty in the accuracy of many of these correlations. The
primary objective of this part of the Handbook is to eval-
uate and present the best available correlations. Whenever
possible, the expected accuracy of the correlations is in-
dicated by comparison with reliable experimental results.

A number of authors have included a discussion of
the basic phenomena, recognizing that in many instances
an engineer unfamiliar with a technical area will refer
to the Handbook for design assistance. Words of caution
are also given when special considerations must be given
to avoid an undesirable or faulty design. Although space
limitations required that only the most general correla-
tions be given, most authors have included an extensive
list of references which will assist users of the Handbook
in their search for more detailed information.

Heat exchangers take so many varied forms that
their design requires correlations that are applicable over
a wide range of transfer processes and exchanger geom-
etries. The Editorial Board, recognizing this, attempted to
cover as completely as possible all the significant areas
associated with thermal transfer devices. As a result, this
part will be of considerable value not only to engineers
concerned with the design and rating of heat exchangers
but to those interested in all aspects of thermal design.

Section 2.1 reviews the fundamentals of heat, mass,
and momentum transfer. Single phase fluid flow in
ducts, in banks of plain and finned tubes, and over im-
mersed bodies is discussed in Sec. 2.2 for both Newtonian
and non-Newtonian fluids. A discussion of flow in fixed
and fluidized beds is also presented in this section.

Extensive coverage of multiphase fluid flow and pres-
sure drop is given in Sec. 2.3. A discussion of the funda-
mentals of these types of flows is followed by a detailed
discussion of gas-liquid, solid-gas, and solid-liquid flows.

Heat conduction is covered in Sec. 2.4. Steady-state
and transient heat conduction with and without changes
in phase are discussed. A section on contact resistance is
also included.

Section 2.5 presents correlations for single phase
convective heat transfer. These include force, free, and
combined free and forced convection. Heat transfer in
Newtonian, non-Newtonian, and liquid metals systems
are discussed. Techniques used to augment heat transfer
are also described.

A very complete section on condensation of pure
vapor, vapor mixtures, and vapor mixtures forming im-
miscible liquids is presented in Sec. 2.6. Dropwise  con-
densation, fogging, and enhancement devices are also
discussed in this section.

Boiling and evaporation is the subject of Sec. 2.7.
The techniques required to predict heat transfer and
vapor formation rate in pool boiling, boiling inside and
outside tubes, and tube bundles of single component
liquids are presented. Boiling if binary and multicom-
ponent mixtures is also discussed.

Section 2.8 discusses heat transfer to gas-solid sys-
tems in fixed beds with and without gas movement,
fluidized beds, and agitated packed beds.

A very thorough discussion of radiation heat trans-
fer is presented in Sec. 2.9. Surface radiation characteris-
tics, radiation heat transfer between specular and diffuse
surfaces and gaseous radiation are discussed in detail in
the section.





NOMENCLATURE

W The most frequently used symbols for quantities
in heat and mass transfer are listed here according to
the following principles:

I. Capital Roman letters (not italic) denote ab-
solute quantities expressed in either SI basic units or
derived units, e.g., N = kg m/s2, J = N m, W = J/s.

Exceptions: Time (t), variables, coordinates (x, y,
z, r), characteristic lengths in dimensionless numbers
Cl,4 s).

2. Lowercase Roman letters (not italic) denote the
corresponding specific quantities per unit mass, mole,
length, area, or volume (but not time). A dot over the
symbol denotes an absolute or specific quantity per
unit time.

Exception: Velocity (u, u, w).
A function will be indicated by f. . + j.

Molar quantities are denoted by a tilde (-) over the
symbol.

Exceptions: Gas constant (E),  Loschmidt number
(z), molecular weight (@, chemical potential (II).

3. Lowercase Greek letters are used for coefficients
and physical properties.

Exceptions: Overall heat transfer coefficient (U),
heat capacity (c,, c,).

Capital Greek letters refer to eddy (turbulent)
quantities; e.g., A denotes eddy thermal conductivity.

4. Dimensionless variables should be denoted by a
superscript + following the corresponding symbol, e.g.,
y� for a dimensionless coordinate.

5. Decimal fractions or multiples of the SI units
may be denoted by the corresponding symbol preceding
the SI unit, e.g., MW = lo6 W.

o 1984 Hemisphere I lishing Corporation
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Basic Quantities

Quantity Symbol Unit

Heat rate

Heat quantity

Heat flux

Time

Frequency

Mass

Mass flow rate

Mass velocity (mass flow
per unit area)

Mass flux

Number of moles

Molar mass flow rate

Molar mass velocity

Molecular weight

Density

Concentration

Molar density

Molar concentration

Mass fraction

Mass loading

Molar mass fraction

Molar mass loading

Volume

Volume flow rate

Velocity

Surface area

Cross-sectional area

Length or diameter

Coordinate

Void fraction

Fraction of volume flow
rate

Quality

Flow quality

Work

ci

Q=jddt

cj = &A

t

f
M

A

ni =lli/s

lit,, =E;I,/A

N

ni

?i =8/s

Ii?

u, v, w

A

S

L,D,l,d,s

J/,cp,r,x,y,z

f

r

X

i

W

W

J

W/m2

S

l/s

kg

kg/s

kg/m2 s

kg/m2  s

mol

mol/s

mol/m2  s

g/m01

kg/m3

kg/m3

mol/m3

mol/m3

hi/kg

kilkgi

IIlOli/IIlOl

lllOli/mOl~

m3

m3 /s

4s

m2

m2

m

-

-

-

J
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Transport coefficients

x x i

Quantity Symbol Unit

Heat transfer coefficient a W/m2 K

Mass transfer coefficient P 4s

Overall heat transfer coefficient U W/m2  K

Drag coefficient t -

Friction factor f -

Emissivity E -

View factor cpl2
-

Thermal conductivity h W/m K

Diffusivity 6 m2/s

Kinematic viscosity V m2 Is

Dynamic (absolute) viscosity r) kg/m s

Thermal diffusivity K 'h/PC, m2 Is

Surface tension a N/m

Shear stress 7 Pa (N/m2  )

Pressure P Pa CN/m’ )

Pressure drop & Pa (N/m2 )

Thermodynamic quantities

Quantity

Enthalpy (specific)

Internal energy (specific)

Gibbs function free enthalpy (specific)

Free energy (specific)

Entropy (specific)

Chemical potential

Specific heat capacity

Temperature

Mean logarithmic temperature
difference

Symbol* Unit

h J/kg
u J/kg
g=h-Ts J/kg

f=u-Ts J/kg
S J/kg K

l-l J/b

Cp� CU J/kg K

T K, �C

AT,, K, �C

*For totals, letters are capitalized, H, U.

0 1984 Hemisphere Publishing Corporation Rev.1/84
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Chemical reactions

Quantity Symbol Unit

Reaction enthalpy; phase-change enthalpy; Ah J/k
latent heat

Energy of activation AE J/kg

Equilibrium constant K Various

Rate constant k Various

Rate of reaction ; mol/m3  s

Activity coefficient 71

Fugacity coefficient rg
-

Stoichiometric factors �i
-

Physical constants

Quantity Symbol Unit

Gas constant R 8.3 14 J/mol K

Loschmidt number iI 6.0252 * 1O23

Avogadro number �i: 1 /mol

Stefan-Boltzmann constant C, 5.6697 . 10e8  W/m2K4

Acceleration of gravity g m/s2

Standard acceleration g, = 9.8 . . . m/s2
of gravity

Subscripts

Quantity

Wall

Symbol

W

Mean

Solid

m

s

Gas

Inlet

Outlet

g

in

out

0 1984 Hemisphere Publishing Corporation Rev.  I/04
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Dimensionless numbers (most frequently used)

xx111

Name Symbol and definition

Archimedes number

Biot number

Effectiveness

Euler number

Fourier number

Froude number

Galileo number

Grashof number

Graetz number

Knudsen number

Ar = g13  Ap/v�  p = g13 pAp/q2

Bi = olgl/X,  or ql/X,

E

Eu = Ap/@u2/2)

Fo = Kt/12 = ht/pc,l’

Fr = u2 /gl

Ga = 13g/v2  = 13gp2  177’

Gr = g13  Ap/v2  p = g13 pAp/v’

Gz = ud2 1~1 = ud2pcp/N  = Re Pr d/l

Kn = lo/l, where l,, is the molecular
mean free path

Lewis number

Mach number

Number of transfer units

Nusselt number

P&let number

Phase change number

Prandtl number

Rayleigb number

Reynolds number

Schmidt number

Ma = u/u,und

NTU

Nu = al/X

Pe = ~11~  = ulpcp/h  = Re Pr

Ph = cp AT/Ah,,

Pl’ = V/K = T)Cp/x

Ra=GrPr

Re = ul/v = ulp/q = nil/q

SC = v/s = q/p&

Sherwood number Sh = /31/S

Stanton number St = a/put, = Nu/Re Pr

Strouhal number Sr = .fl/u

Weber number We = u2pl/a

Dimensionless mass transfer numbers are distinguished from dimensionless heat transfer
numbers by a prime (I), e.g., Bi� = PI/&.  Exceptions: Nu� = @I/S  = Sh and Pr� = v/6
= q/p6 = SC

0 1984 Hemisphere Publishing Corporation
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INTERNATIONAL SYSTEM
OF UNITS (SI): RULES, PRACTICES,

AND CONVERSION CHARTS

J. Taborek

l HEDH is written in SI units because this system has
been officially adopted by all countries and is replacing
the older metric engineering system, the cgs system, as
well as the U.S. customary system. In this section we
shall review the basic rules for use of the SI. However,
recognizing the fact that many references are written in
other unit systems, comprehensive unit conversion charts
are included.

A. Basic SI units

SI is �absolute� in the sense that there are only seven
fundamental, precisely defined basic units from which
all others are derived. The following five units are
important to heat transfer and fluid flow.

length (meter, m): defined in terms of krypton-86
wavelength

muss (kilogram, kg): the mass of an international
prototype, approximately equal to the weight of 1 liter
Hz 0 at 4°C

time (second, s): defined in terms of radiation
frequency of the cesium-133 atom

temperature (kelvin, K): defined in terms of the
triple point of water (ice point = 273.15 K)

amount  of  substance  (mole ,  mol ) :  a m o u n t  o f
substance that contains as many elementary entities as
there are atoms in 0.012 kg of carbon-12. The elemen-
tary entities must be identified when the mole is used
(atoms, molecules, ions).

B. Derived SI units with special names

Because SI is defined by the basic units only, there is a
need for establishing definitions for the most frequently
used composite or derived units, mainly for the purpose
of simplifying unit notation. Thus, for example, newton,
N, replaces kg m/s�.

There are a number of derived units that have
special names, signifying their importance: newton,
joule, watt, Pascal, and many others. While the unit
symbols are capital letters (N, J, W, Pa), the spelled out
unit names begin with lowercase letters, that is, newton,
joule, watt, and Pascal.

The most frequently used derived SI units with
special names in the area of heat transfer and fluid flow
are shown in Table 1.

Table 1 Most frequently used derived SI units

Quantity Unit Symbol Dimension

Force
Energy, work,

heat (also
power X time)

Power
Pressure
Frequency
Dynamic

viscosity

newton N kg m/s*
joule J N m or kg m* /sz

Ws=Js/s

watt w
Pascal Pa
hertz Hz
poise P
c e n t i p o i s e  CP

J/s = kg m� /s�
N/m* = kg/m sz

us
0.1 Pa s
mPas

0 1984 Hemisphere Publishing Corporationr 7KDiL A
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C. Prefixes and specification rules

The magnitude of the basic units may often not fit the
practice of specific applications without using a large
number of decimal digits or power of ten multipliers. SI
provides for this by assigning prefixes to the basic units,
as shown in Table 2.

Thus, for example, to express very high pressures
(stresses) in Pa, the megapascal, MPa, is used instead of
lo6 Pa. The preferred graduation is in powers of 103, and
there are only a few exceptions to this rule, such as for
units that are deeply ingrained in common use, such as
centimeter. Some of these are discussed later.

(a) Punctuation and spelling rules

The following general rules should be carefully followed
to maintain SI consistency.

1. Prefutes  are attached directly to the base unit
symbol or a derived unit symbol with a special name,
such as km for kilometer or MW for megawatt.

2. Prefixed units are spelled out in text as one
word, without hyphen, such as meganewton, not mega-
newton.

3. The multiplication of base units can be expressed
by leaving a space between the symbols, such as N s for
newton X second. However, for better clarity, a center
dot is often used, for example, N-s.  This usage becomes
especially important when the symbol m is used, which
can stand for milli or for meter. Thus mN (millinewton)
is clearly distinguished from m-N (meter X newton).

4. A prefix applied to a base unit constitutes a new
unit. When a power is applied to such a unit, the
exponent operates on the prefuted unit as an entity, i.e.,
mm2 = (mm)�.

5. The unit of length in SI is correctly spelled
�metre� (French spelling). This rule will be hard to
enforce in U.S. literature, however, and �meter� will
probably be more commonly used.

Table 2 SI prefmes

Factor Prefix Symbol Status

10�2
109
106
IO3
lo2
10
1 0 �
10-Z
10-3
10-h
1o-9
10-12

tera

giga
mega
kilo
hecto
deka
deci
centi
milli
micro
nano
pica

T
G
M
k
h
da
d
C

m
P
n

P

Preferred
Preferred
Preferred
Preferred
Accepted
Accepted
Accepted
Accepted
Preferred
Preferred
Preferred
Preferred

6. Multiple prefixes are prohibited. This presents
some problems with the unit kilogram (kg), where the k
stands for the prefix kilo and is one of the very few
inconsistencies in SI (a carryover from the older cgs
system). Thus k (for kilo) cannot be used in connection
with kg, as this would result in the unacceptable term
kkg. Equally incorrect is the use of Mg (megagram), as
gram is not a basic SI unit. Thus, the unit used is lo3 kg
or the equivalent unit, metric ton (see below).

Similarly, mkg is not an acceptable way to express
10e3  kg, and the more common alternate unit of gram
(g) is used.

D. Alternate units and supplementary
comments

There are as many derived units as the technology
demands, as SI is particularly suitable for this purpose
by the clearly defined unit relations. The Nomenclature
of this handbook contains practically all such units used
in heat transfer and fluid flow, showing the appropriate
SI dimensions. Consequently, these are not repeated
here.

In some cases, strict SI rules are relaxed to respect
generally accepted and deeply established practices. The
following list presents most frequently used exceptions,
together with some additional comments to alternate
units, their definition, and their usage.

length: The unit centimeter (cm) is a very practical
measure for everyday usage (person�s height, 6 ft = 183
cm), and will probably remain in perpetual use.

mass: The unit of kilogram is often too small for
expressing quantities of mass experienced in many
engineering applications. One of the few weaknesses of
SI is the lack of a well-defined alternate unit of mass. As
explained above, the prefixed units (kkg, Mg) are not
acceptable. Instead, an alternate unit for large quantities
of mass is introduced, designated metric ton (symbol t),
t = 1 000 kg. While this unit has not yet been accepted as
a recognized SI unit, it is very much in common use.

In the U.S. customary lb,-based system, several
definitions of a unit of mass similar in magnitude to the
metric ton exist. In engineering practice, the following
two definitions of the lb,-based ton are most frequently
used:

�short ton,� which is equal to 2 000 lb,,,
(exact) and therefore approximately = 907.2 kg

�long ton,� which is equal to 2 240 lb,
(exact), and therefore approximately = 1 016 kg

It is important to be aware of these differences in the
inconsistently defined U.S. customary system.

For small quantities of mass, gram (g) is also often
used in place of 10e3  kg.

0 1984 Hemisphere Publishing Corporation
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time: The unit second (s) should be used whenever
possible, as the alternates of minutes, hours, and days
are nondecimal entities, and thus complicate the system.

However, to express large quantities of mass per
unit of time, the unit hour (h), 3 600 seconds, or the
unit day (d), 86 400 seconds, must be used sometimes.
The time unit minute (min), often used in the U.S.
customary system (gal/min), has no real justification,
except that it is ingrained in some industrial practices.
Otherwise, the differential quantity of a minute, as
compared to a second, can be readily expressed by
prefixes in SI units, to obtain a number with reasonable
digits.

pressure: The basic unit of pressure, Pascal  (Pa =
N/m�),  is a very small quantity, equal to the pressure
exerted by about O.l-mm layer of water over 1 m�.  T h u s

in most engineering applications kPa or MPa is more
useful.

Many derived units of pressure are firmly estab-
lished in various branches of engineering and will
probably remain in use indefinitely. The most important
metric-based units are:

bar: has exact relationship to SI (=lOO  kPa)
torr = 1 mmHg  = 0.133 kPa: used for gas

pressure measurements
force: The newton is a very small unit of force,

approximately equal to the weight of water in a small
glass. Thus the more practical units of force are often
the kN or MN.

mm water = 9.8067 Pa: used for very small gas
pressure measurements

at (technical atmosphere) = kgr/cm3  = 98.066
kPa

volume: The liter, defined as dm3, is a very popular
unit of volume for everyday use, such as for water and
gasoline. Liter (L) is accepted as a common alternate
unit.

atm (normal or barometric atmosphere) = 760
mmHg  = 101.3 kPa

amount of substance: The frequently used units of
the metric engineering system, gram-mol and kg-mol, are
designated in SI as follows: 1 gram-mol = 1 mol (SI),
and 1 kg-mol = 1 kmol (SI). Thus 1 mol = 6.023 X 10z3
molecules.

temperature: In many engineering applications it is
more convenient to use degrees Celsius rather than the
absolute unit kelvin. The use of Celsius is permitted as
an alternate, with the relationship
T(�C)=  T(K) - 273.16 and AT(�C)  = AT(�K)

Table 3 Unit conversion

Physical quantity
G i v e n  i n  ------+ Multiplied by - Gives Approximate or useful
G i v e s  - Divided by - Given in relationship

Length ft
in
mil
yard
mile (mi)
km

Area

Volume

Velocity

ft*
in2
acre

ft�
U.S. gal
U.S. gtl
L (liter)
Brit. gal
U.S. gal
barrel (U.S. pet.)
barrel (U.S. pet.)

ft/P

m/s
ft/min
mi/h
km/h
knots

(See footnotes on page xxix.)

0.3048 m
25.4 (exact) mm

0.0254 mm
0.9144 m

1 609.3 m
0.621388 mi

0.092903 m�
645.16 mm2

4 047.0 m2

0.028317 m3
0.003785 m3
3.785 liter (L)
0.2642 U.S. gal
0.004546 m3
0.13368 ft3
0.15898 m3

42 U.S. gal

0.3048 m/s
3.2808 ft/s
0.00508 m/s
1.6093 km/h
0.6214 mi/h
1.852 km/h

3$  ftz 1 m
1 in r 25 mm

1 mi:  1.6 km

lOOft =9m*
1 in2 = 650 mm2

35 ft3 = 1 m3
260gal==l  rn�
1 gal = 3f L
1 Lr0.26gal

10 ft/s = 3 m/s

100 ft/min  = 0.5 m/s
30 mi/h r 48 km/h
50 km/h 131  mi/h
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Table 3 Unit conversion (CIwztinued)

Physical quantity
G i v e n  i n  - Multiplied by - Gives Approximate or useful
Gives 1 Divided by - Given in relationship

Mass

Force

Amount of substance

Mass flow rate

Volume flow rate

Mass velocity
(mass flux)

Energy (work)
(heat)

Power

Heat flux

Heat transfer coefficient

Heat transfer resistance

Pressure

lbm 0.45 359
kg 2.2046
metric ton 2 204.6
ton (2 000 lb,) 907.18

�bf
��f
�a
�w
dyne

4.44822 N = kg m/s2
0.45359 �gf
2.2046 �bf
9.80665 N
0.00001 (exact) N

lb,-mol
g-m01
kg-mol
mol

453.6 kmol
1.000 mol
1.000 kmol

1000 kmol

�b,/h
�4s
�b,/s
lb,/min

0.000 1260 k/S
7 936.51 *bm/h

0.4536 kds
0.00756 kg/s

U.S. gal/mm
U.S. bbl/day
U.S. bbl/day
ft3/s
ft�  /min

6.309 x 1O-5
0.15899
1.84 x 1O-6
0.02832
0.000472

lb,/h ft2
kg/s m*

1.356 x lo-�
731.5

Btuh
Btu
Btu
kcal
ft Ibf
W h

1 055.056 J = N m = W s
0.2520 kcal

118.28 ft lbf
4 186.8 J

1.3558 J
3 600 J

Btu/h
W
kcal/h
ft Ibf/s
hp (metric)
Btu/h
tons refrig.

0.2931 W = J/s
3.4118 Btu/h
1.163 W
1.3558 W

735.5 W
0.2520 kcal/h

3 516.9 W

Btu/h  ft*
W/m*
kcal/cm2  s

3.1546 W/m2
0.317 B tu/h ft*

41.868 W/m2

Btu/h  ft* OF
W/m*  K
kcal/cm*  s �C

5.6184 W/m*  K
0.1761 Btu/h ft* �F

41.868 W/m� K

(Btu/h ft2 OF)-� 0.1761
(W/ml  K)- � 5.6784

lbf/in2  (psi)
kPa
bar

6.8948 kN/m* = kPa
0.1450 psi

100 kPa

(See footnotes on page xxix.)

m3 /s
m3 /day
m3 /s
m�  /s
m3 /s

kg/s m�
lb,/h ft*

(W/m�  K)- �
(Btu/h ft� OF)-�

1 lb, z .45 kg
lkgr2.21bm
metric ton = 10�  kg

lNw0.1 kgf
= 0.22 lbf

10�  lb/h= .13 kg/s

1BturlOOOJ
1 kcal= 4 Btu

1 kcalr4000  J

lo6 Btu/h  = 300 kW

1 000 kW y 3.5 x lo6
Btu/h

1 000 Btu/h  ft* = 3.2
kW/mz

1 000 Btu/h ft2 �F  =
5 600 W/m*  K

0.001 (Btu/h ft* OF)-�  r
0.000 18 (W/m2  K)-�

lpsi=.7kPa
14.5 psi = 100 kPa
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Table 3 Unit conversion (Clmtinued)

xxix

Physical quantity

Pressure (Continued)

Mass flux

G i v e n  i n  --.---+ Multiplied by - Gives
G i v e s  - Divided by - Given in

lbf/ft2 0.0479 kPa
mm Hg (torr) 0.1333 kPa
in Hg 3.3866 kPa
mmH,O 9.8067 Pa
inH,O 249.09 Pa
at (kg&n2 1 98.0665 kPa
atm (normal) 101.3?5 kPa

lb,/ft�  s 4.8824 kg/m� s
lbm/ft2 h 0.001356 kg/m* s

Physical and Transport Properties

Approximate or useful
relationship

1 OOOkPa=  1 MPar
150 psi

1 inH,O=.25  kPa

atm = 760 mmHg

Thermal conductivity

Density

Specific heat capacity

Enthalpy

Dynamic (absolute)
viscosity

Kinematic viscosity

Diffusivity ft= Is 0.092903 ma /s

Thermal diffusivity m�  /h 0.0002778 m*/s
ft�  Is 0.092903 m*/s
ft* /h 25.81 x lO-6 mz /s

Surface tension

Temperature relations:

Btu/ft h OF 1.7308
W/m K 0.5778
kcal/m h �C 1.163

lb,/ft� 16.0185

k/m� 0.06243
lb,/U.S. gal 119.7

Btu/lb, �F
kcal/kg �C

4 186.8
4 186.8

Btu/lb, 2 326

k Wkm 4 186.8

W/m K
Btu/ft  h �F
W/m K

kg/m3
lb,/ft�
kg/m�

J/k K
J/k K

J/k
J/kg

centipoise (cP) 0.001 kg/m s
poise (P) 0.1 Pa s
CP 1.000 mPa s
CP 1 000 PPa s
lb,/ft h 0.0004134 Pa s
lb,/ft h 0.4134 CP
CP 2.4189 lb,,,/ft h
lb,/ft s 1.4482 Pa s

stoke (St), cm2 s 0.0001 m2 /s
centistoke (cSt) 10-e m2 /s
ft�  Is 0.092903 ml /s

dyne/cm 0.001 N/m
dyne/cm 6.852 x lO-5 lbf/ft
lbf/ft 14.954 N/m

steel = 50 W/m K
water (20°C) * 0.6 W/m K
air (STP) = 24 mW/m K

62.4 lb,/ft�  = 1 000

kg/m3

1 Btu/lb, �F  = 4.2
kJ/kg  K

kg/ms=Ns/m�=Pas

water (lOO�C),  0.31 CP

air (lOO�C),  0.021 CP

�C  = $ [OF - 321 �C=(�F+40)$-40 AT(�C)  = g AT(�F) K = �C  + 273.15
�F = $ (�C) + 32 �F  = (�C + 40)$ - 40 AT(�F)  = $ AT(�C) R = �F  + 459.67

Miscellaneous: Acceleration of gravity (standard): g = 9.806 65 m/s2
Gas constant: R = 8 314.3 m N/K kmol
Stefan-Boltzmann constant: 5 .669 7 x lo-* W/m* K4

1 . 7 1 4  x lO-9 Btu/ft* hR4

iEven though the abbreviations s and h were introduced only with the SI, they are used here throughout for consistency.
Note: the calorie and Btu are based on the International Standard Table values. The thermochemical calorie equals 4.184 J (exact) and

is used in some older texts.

Q 1984 Hemisphere Publishing Corporation
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LENGTH: meter, m; foot, ft

0 10
5

m 1 2 3 4 6 7 8 9

11111111111111 III, III1 111111111111111111, IIIII , I I I I I I 1 I I I I I I I I I I I II

ft 5 15 25
10 2 0

0
3 0

m X 3.2803 = ft

ft X 0.3048 = m

AREA: square meter, m2 ; square foot, ft2

0 100 10.-
55

m2m2 11 22 33 44 66 77 88 99

ft2ft2
5 05 0

00 100100

m2 X 10.764 = ft2

ft2 X 0.0929 = m2

VOLUME: cubic meter, m3; cubic foot, ft3

0 IO

m3
5

1 2 3 4 6 7 8 9
I,,, ,111 ,111 ,,I, II,, ,111

I I I I
,111 111,

I , I I
I,,, ,I,,

I I I I I I I I I I I I

ft3

I I I 1 I 1 I I I

5 0 150 250
100 200

3 5 0
300

0

m3 X 35.314 = ft3
ft3 X 0.083 = m3

MASS: kilogram, kg; pound-mass, lb,,,

0 10
5

kg 1 2 3 4 6 7 8 9
1111 IIll lill ,111 IIll IIll ,,I, ,111 ,111 ,I,,

f bm

‘~‘~‘~I l~l~‘~‘~l I I III I ‘I’ll ,I’ , ’

5 15
0 10 2 0

kg X 2.205 = lb,,,
lb, X 0.454 = kg
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VOLUME FLOW RATE: $; ~
gal(U.S.)

min

0 0.1
0.05

m3 0.01 0.02 0.03 0.04 0.06 0.07 0.08 0.09

I 1.1 III1 III
I � �  �I�ll�*

III1 III1 �II
I ��I I�  ��I��  �Y�*

min 200 400 600 800 1 0 0 0 1 2 0 0 1 4 0 0
0

gal(U.S.)
+x i.5a5(io4)=-min

g@@$! X 6.3l(lO-5)  = $

V E L O C I T Y :  y; ;

0 10
5

m

E

1 2 3 4 6 7 8 9

III ,111 1111 �I ‘III 1’11 III’ 11” “I’ I”’
I I I I

ft
s 5 15 2510 20 30

0

F x 3.28 = �;t

ff x 0.305 = y

MASS VELOCITY: 3 ;
1 O3 lb,,,

h ft2

0 100

kg 502 10 2 0 30 4 0 60 70 80 9 0
s m III’ IllI I”’ IIll IllI I”’ 1111 “II’ ‘I,l,‘,‘,I’/-

1 O3 lb,,, 10 20 30 40 80 70
h ft2 5 0

0

3 x 0.737 = *

IO3 lb
#X 1.356=3
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MASS FLOW RATE: h. l��hlbrn
s �

0 100
kg 5 0
- 10 2 0 30 4 0S 6 0 7 0 8 0 9 0

I I I I I

IO3 Ih-
I I

200 3do 400 560 6 0 0 700

? x 7.937  = 103Fm

1 O3 lb,

h
X 0.126 = y

FORCE: newton, N = 9; pound-force, Ibf

0 loo
50

N 10 20 3 0 4 0 6 0 70 8 0 9 0
I,,, ,111 ,111 ,,I, I,,, II,, I,11 Ill, II,, III,

I I II 11 III ~11'1 1111 I I

Ibr I i I
10

0

N X 0.225 = I&

lb X 4.448 = N

ENERGY (WORK): joule, J = N m; Btu

0

15
i0

1 0 0 0

I
500

J 100 200 300 400. I 600 700 800 900
'1111~11111111 III1 I'll 11'1 'III 11'1 1"' llll

Btu 0.1 l”“l”“l”“l”“~““l”“l”“l”“l”  0.2 0.30.4 0.6 0.7 0.8 0.9
0.5

0

J X 0.948(10-3  ) = Btu

Btu X 1055 = J

POWER OR ENERGY FLOW RATE: kilowatt kW = !!!!.m  106 �, s � h

0

kW 100 200 300 400 500 600 700 800 900 1 0 0 0

I,,, III1 11'1 IIII III' II11 111' IIII I111 11"

I ’ ’ I I II I III

IO6 Btu
Ill

0.5 1.5
h

2.5
1.0

0
2.0 3.0

kWX 3.412(10-3)=+

q)( 293=kW
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Btu
H E A T  T R A N S F E R  C O E F F I C I E N T :  -&; -

hft2 �F

(X102) 100
5050

WW 10 20 30 4010 20 30 40 60 70 a0 9060 70 a0 90
m2Km2K 1,,11,,,,11,111,1,,111111,,11,,,,11,111,1,,11111 1,,~1,,1,1,~111~,~~1,,,~1,,~1,,1,1,~111~,~~1,,,~

II 11 II II II II II II II II II II II I I III I I I I 1 I I l-I 1 I I l-
BtuBtu
ft2 OFft2 OF

1 2 3 4 6 7 81 2 3 4 6 7 8 99 11 12 13 14 16 1711 12 13 14 16 17
hh 55 1 51 5

1010

(X102)(X102)
BtuBtuSK X 0.176 = -SK x 0.176 = -

hft2 OFhft2 OF
BtuBtu

h ft2 OFh ft2 OF
X 5.68 = &X 5.68 = &

HEAT FLUX:

(X103)
0 100

W
5 0

10 2 0 30 4 0 6 0 70 80 9 0
m2 III I,,, II,, III, Ill1 “I’ 11’1 11’1 1’11 “‘I-

I I I I I I I I I I I I I II I II I I I I 1

Btu 2 4 6 a 12 14 16 18 2 2 2 4 2 6 28
h ft2 10 20 3 0

0
/X103)

3 X 0.316 = Btu  h ft2

$X3.16=$

DENSITY kg !!?m
;;;5; ft3

0

kg
m3 I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 -

100 200 300 4 0 0 500 600 700
n

I'll 1111 9
111111111

z.-
!!%I

ft3 10 20 3 0 4 0 800 900 1000 150 60 '1

0 0.01 0.02 0.03 0.04 0.05 0.06 -

3 X 0.0624 = 3

hx 1602=@
ft3 � m3

$
m�ml
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SPECIFIC HEAT CAPACITY: kJ -
Btu

kgK� Ib,

0

kJ 1 2 3

2 4
4 5

kg K 6 8 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
I I I I I I I I I I I I I I I I I I I I I I I I I

I I
Btu

I I I I I II I 1 I I I I I I

Ib, 0.1 0.2 0.3 0.4
0.5

0.6 0.7 0.8 0.9 1.1

0 1.0

&x 0.239 =*
m F

Btu
Ib,

X 4.187 = kJ
kg K

T H E R M A L  C O N D U C T I V I T Y :  -!!!!-a
Btu

mK� h

0.001 0.002 0.0030 0.004 0.005 -

-w 0.1 0.2 0.3 0.4

mK 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 v)
I I t 1 I I I, I I I I I I I I I I ,,I

I 1 I 1 1 I I 1 I
rr

I
Btu

I I I I I I I s
h 2 4 6 8 2 4 6 8 2 4 �

0.1 0.2

1
;c
Im

0
0.001 0.002 M

$X0.578=%
h f t  F

DYNAMIC (ABSOLUTE) VISCOSITY: $; 2

centipoise cP = 10m3 Ns = mPe s
m2

CP 10 20 30 4 0 50I
60 70 80

I I I
90I 100 CP

I0 I I I I 1

N s 0.05
0.1

0.01 0.02 0.03m2 0.04 0.06 0.07 0.08 0.09

I,,1 I'll II11 Ill1 I'll 'III III1 I'll III' '1'1
III' 'I" '1" Ill' 1"' 'I" "I' 1"' I'll 'Ill

Ibm
I I I I I I I I '1 I[ I I I 1 I

h ft 20 40 60 80 120 140 160 180 220

0 100 200

CP X 2.42 = /$

bXO413=cP -h f t
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x x x v

ENTHALPY:
kJ. pt/
kg � lb,

0 1000
kJ 200 400 600 800

G
'III III1 III1 III: '111 '(1' 1'11 "II 'I" I III I

Btu
1'1' 'III 'I" "II 1"11'1lI "'I "'1 1'

-
Ibm 1 0 0 200 300 4 0 0

0

~xo.430=~
m

e X 2.326 = ;
m

PRESSURE CONVERSION CHART
(top line = 1 Pa on all charts)

kgr/crn2~
bar, in Hz0

Pascal atm psi (4W

I-O Pa 7 1o-5 II 0.01

103+1 kPa -f10b2 $�O-�  klo -

t + A- = IO3

106 + + 10 p2

+ IO3

0

torr,

mmHg kPa

--lo-2 _ _
1o-3

,�=- 10-l
31 1o-2

== 10-l
- - 1.0 _ _

-=�,
10

==I.0

-=I 10
---lo2 _ _

_--- _----
-co3

IO2

*NOTE: only bar is exact (1 bar = IO5 Pa); however, atm and kg&m2
are within 2% accuracy (see list below).

1 atm = 1.01325 X IO5 Pa
1 psi = 6.89476 X IO3 Pa

1 in Hz0 = 2.49082 X IO2 Pa

1 kg&m2 = 9.80665 X IO4 Pa

1 bar=105 Pa
1 mmHg = 1.33322 X IO2 Pa

1 Pa = 9.86923 X I O � atm
1 Pa = 1.45038 X IO4 psi

1 Pa = 4.01474 X lob3 in Hz 0

1 Pa = 1.01972 X 10e5 kg&m2
1 Pa = low5 bar

1 Pa = 7.50064 X 10m3 mmHg

- - -  1  a t m

IO3

(= 1 MPaI
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TEMPERATURE COMPARISON

(NOT TO SCALE)

1 2 7 3 1 0 0 0

811 538
773 500

1 8 3 2

1 0 0 0
932

For
comparison

only

671.67 -Steam point (exact)

1
Equality point (OF = �C)

( - 1 4 8 )
Comparison

( - 3 0 2 )
only

0 &273.15)- I-459.67)-)  0 Absolute zero (exact)

T(�F)  = (�C  + 4O)g - 4 0

r(�c)  = (OF + 40)s - 4 0
T(R) = T(�F)  + 460
T(K) = T(k) + 273.15

AT:%=$(�F) OF = $(�C)
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GENERAL PREFACE

Ernst U. Schliinder

n The idea to create a Heat Exchanger Design Hand-
book originated at the seminar �Recent Developments in
Heat Exchangers,� organized by the International Centre
for Heat and Mass Transfer (ICHMT) in Trogir, Yugo-
slavia in 1972.

Even though much heat transfer data and correla-
tions were available, this information was scattered
throughout the open literature or buried in the files of
proprietary organizations. For manufacturers, vendors,
and users of heat transfer equipment it was becoming
more and more difficult not only to keep up with the
continually growing heat transfer information but also
to compare data and correlations from various sources.
In addition, these sources were often inconsistent, and
it was difficult for users to decide which data and corre-
lations would serve their own purposes best. Moreover,
over the years many heat transfer publications had
become more analytical and more academic, which
delayed their immediate application by practicing heat
transfer engineers.

Because of this situation, a group of heat transfer
specialists decided to collect heat transfer information
available in the existing open literature and also-as far
as possible-from proprietary sources in order to create
a heat transfer information base. Recommended correla-
tions based on selected experimental material would
then be provided for all heat exchanger design data.

Although there was great enthusiasm for this pro-
ject, not much progress was made until 1974, at the
Fifth international Heat Transfer Conference in Tokyo.
The idea was formulated then of publishing the informa-
tion base under the auspices of the ICHMT by Hemi-
sphere Publishing Corporation, the publisher of the

Centre. Eight representatives of universities, industry,
and proprietary organizations formed the Editorial
Board, which immediately started working on the scope
and organization of this Handbook. As a result of these
joint efforts the following five parts were planned:

Part I presents the theory of heat exchangers de-
fining and explaining all parameters and concepts
needed for thermal and hydraulic design and rating.

Part 2 contains recommended correlations for de-
sign and rating parameters based on evaluated available
information. As far as possible experimental data are
presented together with the recommended correlations
in order to reveal both the consistency of the data as
well as the reliability of the correlations.

Part  3 shows how to apply the material given in
Parts 1 and 2 when solving actual heat exchanger design
and rating problems. Because of the volume of material,
it would be impossible for this part to cover all known
kinds of heat exchangers. Nevertheless, most of the
commonly used types of equipment are discussed in
detail together with related installations such as cooling
towers and combustion chambers.

Part 4 is devoted to the mechanical design of heat
exchangers, which actually cannot be separated from
thermal and hydraulic design. A useful comparison of
some major national standards is included.

Part 5 contains physical property data that are
needed in design calculations in the other four parts.

For each of the five parts, a member of the Editorial
Board agreed to act as Lead Editor. Although each Lead
Editor accepted additional administrative responsibility
for his particular part, the whole Handbook has been a
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cooperative effort with each editor sharing the reviewing
and editorial work for all the material.

A large number of authors-well-known experts in
their fields-have contributed to this Handbook. Each
manuscript went through a review procedure and many
of them were discussed during the regular meetings of
the Editorial Board, which have been held every six
months since 1975.

Nevertheless, this Handbook must be considered as
a first step rather than as a final result. Though the con-
cept was clear, the realization has not been easy and
there is still room for improvement. Additionally, be-
cause new heat transfer data and correlations are pub-
lished each year, a permanent updating procedure has
been established to keep this Handbook current. This
supplementary material will be offered regularly to the

subscribers. To ensure that any future material (in-
cluding personal remarks and comments) can be added
easily, a loose-leaf ring binder format was chosen for
the Handbook.

The users of this Handbook are urged to communi-
cate with us about what is missing and to make sugges-
tions for improving the contents of the book and its
applicability. This kind of interaction and cooperation
between users and editors not only should improve the
quality of the Handbook but also should stimulate
further research work guided by the requirements of
heat exchanger design.

The Editorial Board wishes to thank the publisher as
well as the contributing authors for their most valuable
cooperation.



Preface

Duncan  Chisholm

n Successful design of a heat transfer plant involves,
during the design phase, an appreciation on the part of
the designer of both thermal and mechanical aspects of
design. It is the purpose of Part 4 of the Handbook to
give the reader a broad appreciation of the latter aspects
of the design process.

Part 4 begins with discussion of the basic principles
involved in mechanical design, such as stress-strain rela-
tions, stress analysis, thermal stresses, and stress relieving.

The greater number of sections in this part relate to
the mechanical design of shell-and-tube heat exchangers.
This is by no means inappropriate: over 90% of heat
exchangers in both value and number (excluding the
automobile radiator) are of this type. The elements of
their construction are discussed in Sec. 4.2.

With few exceptions, shell-and-tube heat exchangers
are designed to national codes. Considerable thought was
given to the role of the present volume in relation to
these codes. It was finally decided to provide an index to
the principal international codes, and a guide to the
other leading national codes. The objective is to high-
light the important clauses of the codes on a heat ex-
changer element-by-element basis.

Most other forms of heat exchanger tend to be
proprietary, and are thus less likely to be designed by

the general heat exchanger designer. For that reason
they are given a somewhat less exhaustive treatment
than in the case of the shell-and-tube exchanger. Air
coolers, plate heat exchangers, and plate fin heat ex-
changers, among others, are discussed in Sec. 4.4. The
problem of material selection both from the viewpoint
of strength and corrosion resistance is discussed in Sec.
4.5.

In recent years, the increasing size of heat ex-
changers, with the associated greater lengths between
supports, has resulted in an increased incidence of fail-
ures due to vibration. This important topic is discussed
in Sec. 4.6. The engineers� responsibility for the heat
exchanger does not terminate when the design leaves
the design office. It seems appropriate therefore to
include a contribution (Sec. 4.7) on the various require-
ments for testing and inspection required before plant
commissioning.

Finally, Part 4 of the Handbook concludes with a
number of contributions related to the important topic
of the costing of heat exchangers. In conclusion I would
like to thank the contributors both for the quality of
their contributions and for the expeditious manner in
which they were completed.





NOMENCLATURE

D The most frequently used symbols for quantities
in heat and mass transfer are listed here according to
the following principles:

1. Capital Roman letters (not italic) denote ab-
solute quantities expressed in either SI basic units or
derived units, e.g., N = kg m/s�, J = N m, W = J/s.

Exceptions: Time (t), variables, coordinates (x, y,
z, r), characteristic lengths in dimensionless numbers
(1, d, s).

2. Lowercase Roman letters (not italic) denote the
corresponding specific quantities per unit mass, mole,
length, area, or volume (but not time). A dot over the
symbol denotes an absolute or specific quantity per
unit time.

Exception: Velocity (u, u, w).
A function will be indicated by f. . . j.

Molar quantities are denoted by a tilde (-) over the
symbol.

Exceptions: Gas constant (E),  Loschmidt number
(<), molecular weight (%), chemical potential (p).

3, Lowercase Greek letters are used for coefficients
and physical properties.

Exceptions: Overall heat transfer coefficient (v).
heat capacity (cP, c,).

Capital Greek letters refer to eddy (turbulent)
quantities; e.g., A denotes eddy thermal conductivity.

4. Dimensionless variables should be denoted by a
superscript + following the corresponding symbol, e.g.,
y+ for a dimensionless coordinate.

5. Decimal fractions or multiples of the SI units
may be denoted by the corresponding symbol preceding
the SI unit, e.g. MW = lo6 W.

0 1983 Hemisphere Publishing Corporation
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Basic Quantities

Quantity Symbol Unit

Heat rate

Heat quantity

Heat flux

Time

Frequency

Mass

Mass flow rate

Mass velocity (mass flow
per unit area)

Mass flux

Number of moles

Molar mass flow rate

Molar mass velocity

Molecular weight

Density

Concentration

Molar density

Molar concentration

Mass fraction

Mass loading

Molar mass fraction

Molar mass loading

Volume

Volume flow rate

Velocity

Surface area

Cross-sectional area

Length or diameter

Coordinate

Void fraction

Fraction of volume flow
rate

Quality

Flow quality

Work

cj

Q=ji)dt

4 = &A

t

f
M

hi

Vi =lli/S

h,, = /;I,/A

N

ri

ri=a/s

li?

P

C

/7

i?

xi,Yi

xi, yi

xi,.Yi

Zi’i, Tj

V

k

u, u, w

A

S

L,D,l,d,s

G,cp,r,x,y,z

E

CG

X

i

W

W

J

W/m2

S

l/s

kg

k/s

kg/m* s

kg/m2 s

mol

mol/s

mol/m2  s

g/m01

kg/m3

kg/m3

mol/m3

mol/m3

kgilkg

kilkgi

ItlOli/IYlOl

mOli/mOlj

m3

m3/s

m/s

m*

m*

m
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Transport coefficients

Quantity

Heat transfer coefficient

Mass transfer coefficient

Overall heat transfer coefficient

Drag coefficient

Friction factor

Emissivity

View factor

Thermal conductivity

Diffusivity

Kinematic viscosity

Dynamic (absolute) viscosity

Thermal diffusivity

Surface tension

Shear stress

Pressure

Pressure drop

Symbol Unit

a W/m�  K

P m/s

u W/m2  K

5

f -

E -

cpl2

x W/m K

6 m2 Is

v m2 /s

17 kg/m s

K = h/p+ m2/s

u N/m

7 Pa (N/m2 )

P Pa W/m2  )

& Pa (N/m2  )

Themdynamic quantities

Quantity

Enthalpy (specific)

Internal energy (specific)

Gibbs function free enthalpy (specific)

Free energy (specific)

Entropy (specific)

Chemical potential

Specific heat capacity

Temperature

Mean logarithmic temperature
difference

*For totals, letters are capitalized, H, U.

Symbol* Unit

h J/kg
U J/kg
g = h - T s J/kg
f = u - T s J/kg
s J/kg K

c1 J/kg

cp9 cll J/k K
T K, �C

AT,, K, �C
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Chemical reactions

Quantity Symbol unit

Reaction enthalpy; phase-change enthalpy; A/r J/kg
latent heat

Energy of activation AE J/kg

Equilibrium constant K Various

Rate constant k Various

Rate of reaction i mol/m�  s

Activity coefficient 71
-

Fugacity coefficient rl?
-

Stoichiometric factors vi
-

Physical constants

Quantity Symbol Unit

Gas constant R� 8.3 14 J/mol  K

Loschmidt number iI 6.0252 l 1 0 �

Avogadro number z 1 /mol

Stefan-Boltzmarm constant C, 5.6697. lo-* W/m2K4

Acceleration of gravity g m/s2

Standard acceleration g,, =  9 . 8 . .  . m/s2
of gravity

subscripts

Quantity Symbol

Wall

Bulk

Mean

Solid

Liquid

GCiS

Inlet

Outlet

W

b

m

S

L

g

in

out
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Dimensionless numbers (most frequently used)

N a m e Symbol and definition

Archimedes number

Biot number

Effectiveness

Euler number

Fourier number

Froude number

Galileo number

Grashof number

Graetz number

Knudsen number

Ar = g13  Ap/v2  p = g13 pAp/q2

Bi = olgl/Xs or o$/X,

E

Eu = Ap/@u2/2)

Fo = Kt/l’ = ht/pcp12

Fr = u2 /gl

Ga = 13g/v2  = 13gp2  /v2

Gr = g13  Ap/v�  p = g13 pAp/v’

Gz = ud2 1~1 = ud2pcP/N  = Re Pr d/l

Kn = lo/l, where I,-, is the molecular
mean free path

Lewis number Le = K/6 = hlpcpti

Mach number Ma = hc,,nd

Number of transfer units NTU

Nusselt number Nu = al/X

P&let number Pe = ~11~  = ulpcplh = Re Pr

Phase change number Ph = cp AT/Ah,,

Prandtl number Pr = V/K = qc,,lA

Rayleigh number Ra=GrPr

Reynolds number Re = ullv = ulp/~ = nil/q

Schmidt number SC = v/s = Q/p8

Sherwood number Sh = fll/S

Stanton number St = a/put,  = Nu/Re Pr

Strouhal number Sr = jl/u

Weber number We = u2pl/o

Dimensionless mass transfer numbers are distinguished from dimensionless heat transfer
numbers by a prime (I), e.g., Bi� = pi/S.  Exceptions: Nu� = p1/6 = Sh and PI�  = v/6
= q/p6 = SC
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INTERNATIONAL SYSTEM
OF UNITS (SI): RULES, PRACTICES,

AND CONVERSION CHARTS

J. Taborek

H HEDH is written in SI units because this system has
been officially adopted by all countries and is replacing
the older metric engineering system, the cgs system, as
well as the U.S. customary system. In this section we
shall review the basic rules for use of the SI. However,
recognizing the fact that many references are written in
other unit systems, comprehensive unit conversion charts
are included.

A. Basic SI units

SI is �absolute� in the sense that there are only seven
fundamental, precisely defined basic units from which
all others are derived. The following five units are
important to heat transfer and fluid flow.

length (meter, m): defined in terms of krypton-86
wavelength

mass (kilogram, kg): the mass of an international
prototype, approximately equal to the weight of 1 liter
Hz 0 at 4°C

time (second, s): defined in terms of radiation
frequency of the cesium-133 atom

temperature (kelvin, K): defined in terms of the
triple point of water (ice point = 273.15 K)

amount  of  substance  (mole ,  mol ) :  a m o u n t  o f
substance that contains as many elementary entities as
there are atoms in 0.012 kg of carbon-12. The elemen-
tary entities must be identified when the mole is used
(atoms, molecules, ions).

0 1984 Hemisphere 1

B. Derived SI units with special names

Because SI is defined by the basic units only, there is a
need for establishing definitions  for the most frequently
used composite or derived units, mainly for the purpose
of simplifying unit notation. Thus, for example, newton,
N, replaces kg m/s*.

There are a number of derived units that have
special names, signifying their importance: newton,
joule, watt, Pascal, and many others. While the unit
symbols are capital letters (N, J, W, Pa), the spelled out
unit names begin with lowercase letters, that is, newton,
joule, watt, and Pascal.

The most frequently used derived SI units with
special names in the area of heat transfer and fluid flow
are shown in Table 1.

Table 1 Most frequently used derived SI units

Quantity Unit Symbol Dimension

Force
Energy, work,

heat (also
power X time)

Power
Pressure
Frequency
Dynamic

viscosity

newton N kg m/s*
joule J N m or kg m* /s*

W s = J s/s

watt W
Pascal Pa
hertz HZ
poise P
c e n t i p o i s e  CP

J/s = kg m* /s�
N/m2  = kg/m s2

US
0.1 Pa s
mPas

lblishing  Corporation

,. .,- ..,, ----- ^--“’ -- -_lll--l ---‘--”

i

..__-. ~- -.- .--. ~_ -_1--. “~-~ --1_ -__i____
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C. Prefixes and specification rules

The magnitude of the basic units may often not fit the
practice of specific applications without using a large
number of decimal digits or power of ten multipliers. SI
provides for this by assigning prefixes to the basic units,
as shown in Table 2.

Thus, for example, to express very high pressures
(stresses) in Pa, the megapascal, MPa,  is used instead of
lo6 Pa. The preferred graduation is in powers of 103, and
there are only a few exceptions to this rule, such as for
units that are deeply ingrained in common use, such as
centimeter. Some of these are discussed later.

(a) Punctuation and spelling rules

The following general rules should be carefully followed
to maintain SI consistency.

1. PrefNes are attached directly to the base unit
symbol or a derived unit symbol with a special name,
such as km for kilometer or MW for megawatt.

2. Prefixed units are spelled out in text as one
word, without hyphen, such as meganewton, not mega-
newton.

3. The multiplication of base units can be expressed
by leaving a space between the symbols, such as N s for
newton X second. However, for better clarity, a center
dot is often used, for example, N-s.  This usage becomes
especially important when the symbol m is used, which
can stand for milli or for meter. Thus mN (millinewton)
is clearly distinguished from m-N (meter X newton).

4. A prefix applied to a base unit constitutes a new
unit. When a power is applied to such a unit, the
exponent operates on the prefixed unit as an entity, i.e.,
mm* = (mm)�.

5. The unit of length in SI is correctly spelled
�metre� (French spelling). This rule will be hard to
enforce in U.S. literature, however, and �meter� will
probably be more commonly used.

Table 2 SI prefmes

Factor Prefix Symbol Status

10�2
109
106
10�
102
10
lo- �
10-Z
10-S
10-e
1o-9
10-12

tera

giga
mega
kilo
hecto
deka
deci
centi
milli
micro
nano
pica

T
G
M
k
h
da
d
C

m
cc
n

P

Preferred
Preferred
Preferred
Preferred
Accepted
Accepted
Accepted
Accepted
Preferred
Preferred
Preferred
Preferred

6. Multiple prefutes are prohibited. This presents
some problems with the unit kilogram (kg), where the k
stands for the prefm kilo and is one of the very few
inconsistencies in SI (a carryover from the older cgs
system). Thus k (for kilo) cannot be used in connection
with kg, as this would result in the unacceptable term
kkg. Equally incorrect is the use of Mg (megagram), as
gram is not a basic SI unit. Thus, the unit used is lo3 kg
or the equivalent unit, metric ton (see below).

Similarly, mkg is not an acceptable way to express
10T3 kg, and the more common alternate unit of gram
(g) is used.

D. Alternate units and supplementary
comments

There are as many derived units as the technology
demands, as SI is particularly suitable for this purpose
by the clearly defined unit relations. The Nomenclature
of this handbook contains practically all such units used
in heat transfer and fluid flow, showing the appropriate
SI dimensions. Consequently, these are not repeated
here.

In some cases, strict SI rules are relaxed to respect
generally accepted and deeply established practices. The
following list presents most frequently used exceptions,
together with some additional comments to alternate
units, their definition, and their usage.

length: The unit centimeter (cm) is a very practical
measure for everyday usage (person�s height, 6 ft = 183
cm), and will probably remain in perpetual use.

muss: The unit of kilogram is often too small for
expressing quantities of mass experienced in many
engineering applications. One of the few weaknesses of
SI is the lack of a well-defined alternate unit of mass. As
explained above, the prefixed units (kkg, Mg) are not
acceptable. Instead, an alternate unit for large quantities
of mass is introduced, designated metric ton (symbol t),
t = 1 000 kg. While this unit has not yet been accepted as
a recognized Sl unit, it is very much in common use.

In the U.S. customary lb,-based system, several
definitions of a unit of mass similar in magnitude to the
metric ton exist. In engineering practice, the following
two definitions of the lb,-based  ton are most frequently
used :

�short ton,� which is equal to 2 000 lb,
(exact) and therefore approximately = 907.2 kg

�long ton,� which is equal to 2 240 lb,
(exact), and therefore approximately = 1 016 kg

It is important to be aware of these differences in the
inconsistently defined U.S. customary system.

For small quantities of mass, gram (g) is also often
used in place of lob3 kg.
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time: The unit second (s) should be used whenever
possible, as the alternates of minutes, hours, and days
are nondecimal entities, and thus complicate the system.

However, to express large quantities of mass per
unit of time, the unit hour (h), 3 600 seconds, or the
unit day (d), 86 400 seconds, must be used sometimes.
The time unit minute (min), often used in the U.S.
customary system (gal/min), has no real justification,
except that it is ingrained in some industrial practices.
Otherwise, the differential quantity of a minute, as
compared to a second, can be readily expressed by
prefixes in SI units, to obtain a number with reasonable
digits.

force: The newton is a very small unit  of force,
approximately equal to the weight of water in a small
glass. Thus the more practical units of force are often
the kN or MN.

volume: The liter, defined as dm3, is a very popular
unit of volume for everyday use, such as for water and
gasoline. Liter (L) is accepted as a common alternate
unit.

amount of substance: The frequently used units of
the metric engineering system, gram-mol and kg-mol, are
designated in SI as follows: 1 gram-mol = 1 mol (SI),
and 1 kg-mol = 1 kmol (SI). Thus 1 mol = 6.023 X 10z3
molecules.

Table 3 Unit conversion

pressure: The basic unit of pressure, Pascal (Pa =
N/m�),  is a very small quantity, equal to the pressure
exerted by about O.l-mm layer of water over 1 m*. Thus
in most engineering applications kPa or MPa is more
useful.

Many derived units of pressure are firmly estab-
lished in various branches of engineering and will
probably remain in use indefinitely. The most important
metric-based units are:

bar: has exact relationship to SI (=lOO  kPa)
torr = 1 mmHg  = 0.133 kPa: used for gas

pressure measurements
mm water = 9.8067 Pa: used for very small gas

pressure measurements
at (technical atmosphere) = kgr/cm3  = 98.066

kPa
atm (normal or barometric atmosphere) = 760

mmHg  = 101.3 kPa

temperature: In many engineering applications it is
more convenient to use degrees Celsius rather than the
absolute unit kelvin. The use of Celsius is permitted as
an alternate, with the relationship
T(�C)  = 7�(K)  - 273.16 and AT("C)  = AT(’K)

Physical quantity
G i v e n  i n  -----+ Multiplied by ----w Gives Approximate or useful
G i v e s  - Divided by c-- Given in relationship

Length ft
in
mil
yard
mile (mi)
km

Area

Volume

Velocity

ft�
in2
acre

ft�
U.S. gal
U.S. gal
L (liter)
Brit. gal
U.S. gal
barrel (U.S. pet.)
barrel (U.S. pet.)

ftlsa
m/s
ft/min
mi/h
km/h
knots

(See footnotes on page xxix.)

0.3048 m
25.4 (exact) mm

0.0254 mm
0.9144 m

1609.3 m
0.621388 mi

0.092903 m2
645.16 mm�

4 047.0 mz

0.028317 m3
0.003785 m�
3.785 liter (L)
0.2642 U.S. gal
0.004546 m3
0.13368 ft�
0.15898 m3

42 U.S. gal

0.3048 m/s
3.2808 ft/s
0.00508 4s
1.6093 km/h
0.6214 mi/h
1.852 km/h

3$  ft r 1 m
1 in = 25 mm

1 mi = 1.6 km

lOOft�=9m*
1 in2 = 650 mm2

35 ft3 -- 1 m3
26OgaIzl m3
1 gal = 3; L
1 L=0.26gal

10 ft/s= 3 m/s

100 ft/min  r 0.5 m/s
30 mi/h x 48 km/h
50 km/h = 31 mi/h

I
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Table 3 Unit conversion (Continued)

Physical quantity
G i v e n  i n  -
G i v e s  -

Multiplied by - Gives Approximate or useful
Divided by - Given in relationship

Force

Mass velocity
(mass flux)

Energy (work)
(heat)

Power

Mass ��m 0.45 359
kg 2.2046
metric ton 2 204.6
ton (2 000 lb,) 907.18

�bf
1%
kgf
kgf
dyne

4.44822 N = kg m/s2
0.45359 kgf
2.2046 �b  f
9.80665 N
0.00001 (exact) N

Amount of substance lb,-mol
g-m01
kg-mol
mol

453.6 kmol
1.000 mol
1.000 kmol

1 000 kmol

Mass flow rate lbm/h
k/s
lbm/s
lb,/min

0.0001260 kg/s
7 936.51 b/h

0.4536 �4s
0.00756 �4s

Volume flow rate U.S. gal/min
U.S. bbl/day
U.S. bbl/day
ft3 /s
ft3 /min

6.309 x 1O-5
0.15899
1.84 x 10-d
0.02832
0.000472

lb,/h ft2
kg/s m*

Btuh
Btu
Btu
kcal
ft lbf
W h

1.356 x lo-�
737.5

1 055.056 J = N m = W s
0.2520 kcal

778.28 ft Ibf
4 186.8 J

1.3558 J
3 600 J

Btu/h
W
kcal/h
ft lbf/s
hp (metric)
Btu/h
tons refrig.

0.2931 w = l/s
3.4118 Btu/h
1.163 W
1.3558 W

735.5 W
0.2520 k&/h

3 516.9 W

Heat flux Btu/h  ft*
W/m2
k&/cm2 s

3.1546 W/m2
0.317 Btu/h ft*

41.868 W/m�

Heat transfer coefficient Btu/h  ft2 �F
W/m�  K
kcal/cm*  s �C

5.6784 W/m*  K
0.1761 Btu/h  ft2 �F

41.868 W/m2  K

Heat transfer resistance (Btu/h  ft2 OF)-� 0.1761
(W/m�  K)-� 5.6784

Pressure lbf/in2  (psi)
kPa
bar

6.8948 kN/mz  = kPa
0.1450 psi

100 kPa

Gee footnotes on page xxix.)

kg
�bm
lbrn
kg

m�/s
mS /day
m3 /s
m3 /s
m3/s

kg/s mz
lb,/h ft2

(W/m2  K)- *
(Btu/h  ftz �F)-  1

1 lb, r.45 kg
1 kg I 2.2 lb,
metric ton = 10�  kg

1NaO.l kgf
EJ 0.22 lbf

10�  lb/h=.13 kg/s

1 Btu = 1 000 J
1 kcal 2 4 Btu

1 kcal-4 000 J

lo6 Btu/h  = 300 kW

1 000 kW = 3.5 x lo6
Btu/h

1 000 Btu/h  ft� = 3.2
kW/mZ

1 000 Btu/h  ft� �F  =
5 600 W/m* K

0 . 0 0 1  (Btu/h  ft* OF)-�  II
0.000 18 (W/m* K)-�

1  p s i - 7 k P a
14.5 psi- 100 kPa
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Table 3 Unit conversion (Continued)

Physical quantity

Pressure (Continued)

G i v e n  i n  m Multiplied by- Gives Approximate or useful
G i v e s  - Divided by - Given in relationship

lbf/ft* 0.0479 kPa
mm Hg (torr) 0.1333 kPa 1000 kPa=  1 MPa=
inHg 3.3866 kPa 150 psi
mmH,O 9.8067 Pa
inH,O 249.09 Pa 1 in H,O =I .25 kPa
at (k&cm*) 98.0665 kPa
atm (normal) 101.325 kPa atm = 760 mmHg

Mass flux lb,/ft2 s 4.8824 kg/m2 s
lbm/ft2 h 0.001356 kg/ma s

Physical and Transport Properties

Thermal conductivity

Density

Specific heat capacity

Enthalpy

Dynamic (absolute)
viscosity

Kinematic viscosity

Diffusivity ft2 Is 0.092903 ma /s

Thermal diffusivity m�/h 0.0002778 m� /s
ft2 /s 0.092903 ml/s
ft* /h 25.81 x lO-6 ma Is

Surface tension

Btu/ft h �F 1.7308 W/m K steel = 50 W/m K
W/m K 0.5778 Btu/ft  h �F water (2O�C) = 0.6 W/m K
kcal/m  h �C 1.163 W/m K air (STP) - 24 mW/m K

lbm/ft) 16.0185

kg/m3 0.06243
lb,/U.S.  gal 119.7

kg/m3
lb,/ft�

kg/m3

62.4 lbm/ft� = 1 000

kg/m�

B tu/lb, o F 4 186.8 J/k K 1 Btu/lb, �F  = 4.2
kcal/kg  �C 4 186.8 J/kg K kJ/kg  K

Btu/lb, 2 326 J/kg
kdkgm 4 186.8 J/k

centipoise (cP) 0.001 kg/m  s
poise (P) 0.1 Pa s
CP 1.000 mPa s
CP 1 000 PPa s
lbm/ft h 0.0004134 Pa s
lb,/ft h 0.4134 CP
CP 2.4189 lb,/ft h
lbm/ft s 1.4482 Pa s

stoke (St), cm* s 0.0001 mz /s
centistoke (cSt) lo-6 m2 /s
ft2 Is 0.092903 ma /s

dyne/cm 0.001
dyne/cm 6.852 x lo-�
lbf/ft 14.954

N/m
lbf/ft

N/m

kg/m s = N s/m* = Pa s

water (lOO�C),  0.31 CP

air (lOO�C),  0.021 cP

Temperature relations: �C  = $ [OF - 321 �C=(�F+40);-40 AT(�C)  = $ AT(�F) K = �C  + 273.15
�F  = ; (�C)  + 32 �F  = (�C  + 40) $ - 40 Ar(�F)  = + AT(�C) R = �F  + 459.67

Miscellaneous: Acceleration of gravity (standard): g = 9.806 65 m/s2
Gas constant: R=8314.3mN/Kkmol
Stefan-Boltzmann constant: 5.669 7 X 10e8  W/m* K4

1 . 7 1 4  x  1O-9 Btu/ft* h R4

�Even though the abbreviations s and h were introduced only with the SI, they are used here throughout for consistency.
b Note: the calorie and Btu are based on theInternational Standard Table values, The thermochemical calorie equals 4.184 J (exact) and

is used in some older texts.
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LENGTH: meter, m; foot, ft

0 10
5

m 1 2 3 4 6 7 8 9

IIll III1 IllI ‘III IllI III, III1 III1 I,,, III,
I I 1 ,,I III I III I I I I I I I I I

f t 5 15 25
100 20 3 0

m X 3.2803 = ft

ft X 0.3048 = m

AREA: square meter, m2 ; square foot, ft2

0 10
5

m* 1 2 3 4 6 7 8 9

ft2

i~~,I”i’~‘,‘,“‘~‘~~~iI~~‘~“‘~‘~‘l’~”~~~~~~l”~’~‘~“l~‘~i’~~I’i~~’~‘l”l’I’l

IO 20 30 4 0 60 70 8 0 9 0

0
5 0

100

m* X 10.764 = ft2
ft2 X 0.0929 = m*

VOLUME: cubic meter, m3; cubic foot, ft3

0 10

m3
5

1 2 3 4 6 7 8 9

,111 III1 III1 III1 III1 III, ,111 III, IllI IIll
II"' I Ill I I I I I I I I I I I I I I I I I I I I

ft3 5 0 150100 2 5 0200 350

0
300

m3 X 35.314 = ft3
ft3 X 0.083 = m3

MASS: kilogram, kg; pound-mass, lb,

0 10
5

kg 1 2 3 4 6 7 8 9
1llllllll IllI 1111’1111  111111111l1111l1111i1111

‘bm

I I I”“” l’l’l’l’l  I”

5
0

15
10 2 0

k g  X 2.205 = lb,
lb, X 0.454 = kg

Q 1984 Hemisphere Publishing Corporationr 7MDiA



HEAT EXCHANGER DESIGN HANDBOOK / International System of Units (SI) xxxi

VOLUME FLOW RATE: q; ~
gal(U.S.1

min

I.10 (

m3 0.01 0.09

-7 l1lllhl

galKJ.S.1
min 200 4 0 0 600 800 1 0 0 0 1 2 0 0 1 4 0 0

0

gal(U.S.1
fX 1.585(104)=---min

9 X fj31(10-5)  = 5

f t
VELOCITY: ;; 5

0 10
5m 1 2 3 4 6 7 8 9

s III llll 1111 1111 IllI 1111 111' llIl 111' 'Ill1

ft
1111]111I I 1 I I

T 5 15
25

10 2 0 30

0

;x3.28=!

: x 0.305 = F

MASS VELOCITY: $$ ;
IO3 l b ,

h ft2

0 100

kg
50

2 10 2 0 30 40 60 70 80 9 0
s m I,,, Ill1 III1 II11 IIII III1 IIII 1111 IllI I'll.

10"

1111 I II I I

10 2 0 3 0 4 0 60 70
h ft2 50

0

IO3 lb
3 x 0.737 = +

IO3 lb
+X 1.356=3
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MASS FLOW RATE: $; 103;bm

0 100
kg
- IO 20

5 0
30 4 0 6 0

S
7 0 8 0 9 0

IO3 l b ,
h 100 2000 300 400 500 600 700

t x 7.937 = �03;m

lOjIb
---+(0,2fj=~

h � S

FORCE: newton, N = 9; pound-force, Ibf

0 100
50

N IO 20 30 40 60 70 80 9 0

III1 8III Ill, IIII ,111 III, I’ll IIll ‘Ill Illl,
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4.1 BASIC MECHANICAL PRINCIPLES 4.1.1-1

4.4.4
Introduction

C. Ruiz

A. Loads and stresses

The mechanical design of heat exchangers begins with
consideration of the service loads and a determination
of their values. Loads may be subdivided into two cate-
gories, depending on their cause and on their variation
with time. In the first category, the following types
should be considered:

1. Distributed mechanical load, for example, in-
ternal or external pressure.

2. Mechanical load concentrated on a small area,
for example, self-weight loading applied at a column or
saddle support or load applied at an anchor by a pipe.
(Note that when this load is caused by the restricted
thermal expansion of a pipe, it is limited by the yielding
of the pipe and anchor point .)

3. Thermal loading caused by differential expansion
of the shell-and-tube bundle, by the thermal expansion
of the heat exchanger on its supports, by temperature
gradients through the thickness of a plate or shell, or
by differences between thermal expansion coefficients
in the junction between two elements.

In the second category, static or quasistatic loads
are distinguished from shock loads that may occur in an
accident-for example, thermal shock due to direct im-
pingement of cold fluid on a hot surface. Loads may be
maintained throughout the whole life of the heat ex-
changer, change only a few times, or undergo a cyclic
variation.

Once the loads normally occurring in service and
those anticipated in possible accidents are character-
ized, the next step is to find the stress distribution,

D 1983 Hemisphere I
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assuming elastic behavior. As in the case of loads, elastic
stresses may be subdivided into several categories,
depending on both their origin and the effect they have
on the strength of the structure. The ASME  Boiler and
Pressure Vessel Code [ 1 ] categorizes the stresses into a
number of groups in accordance with detailed rules that
are not always unequivocal. A simple classification is the
following:

Type 1 stress: Stress distributed uniformly through
the thickness caused by internal or external pressure-in
general, any stress not limited by a displacement and
capable of causing widespread yielding and ultimately
plastic collapse of the structure. The pressure-induced
stress in a cylindrical shell is a typical example.

Type II stress: Bending stress caused by mechani-
cal loading. The bending stress in a tube plate, treated
as simply supported, under the effect of the difference
in pressure between the tube side and the shell side is
an example of this stress, whose value may be permitted
to exceed the yield point of the material without pro-
ducing plastic collapse of the plate. It is important to
note that the stresses are calculated under assumed
elastic behavior. They are thus used rather as figures of
merit than as a correct representation of the true stress
conditions. Neither residual stresses nor elastoplastic
deformation is considered quantitatively in design; their
effects are minimized by following empirical design rules
and engineering judgment.

Type III stress: Stresses caused by constraints at
junctions or by thermal loading. Limited by displace-
ment, these stresses cannot by themselves bring about
ultimate plastic collapse.

blishing Corporation
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TJlpe  IV stress: The previous stresses affect a wide
area. A type IV stress, on the other hand, is concen-
trated in the immediate vicinity of a notch, a sharp
reentrant corner, a threaded connection, and so on.
Such notch-type stress raisers need be considered only
when the material used is brittle or when cyclic varia-
tions of the load can lead to fatigue failure.

A complete �fitness-for-purpose� analysis requires
the consideration of all possible modes of failure, deter-
mination of the strength against each mode, and defini-
tion of acceptable safety limits. An elastic stress analysis
is insufficient by itself, and more complete treatments
including limit analysis, elastic shakedown, and those
based on fracture mechanics are needed [2-51. Elastic
analysis, however, is sufficient for selection of the main
dimensions. This is achieved by setting acceptable limits
to the calculated stresses, based on the mechanical
properties of the material. In parallel with most design
codes [l, 6, 71, the mechanical properties taken to
represent the strength of the material are as follows:

Ultimate tensile stress, uu
Yield point or 0.2% proof stress, uy
Stress required to produce failure after 100 000 h at

the design temperature, uR
Stress required to produce a permanent strain of 1%

after 100 000 h at the design temperature, uT

The design stress S, depending on the special re-
quirements of the design code, is taken to be the
smallest of

% UY OR UT- - -
3- 1.5 1.5 1.1 cl>+
The safety factors that appear as denominators in Eq.
(1) are specified by the design code and may differ
slightly from those given here. It will be noted that
mechanical properties such as the elongation to rupture,
the fracture toughness, or the fatigue strength are en-
tirely ignored at this stage. It is only in the selection of
materials and in the strength evaluation, when required,
that they are used for analysis.

After S has been obtained for the material selected,
allowable limits for the four stress types are found as
shown in Fig. 1, in which ur should be less than S, urI
may be as high as lSS, but the sum of uI and uII must
not exceed 1X3,  and similarly for other combinations.
Notch-type stresses, depending less on the overall dimen-
sions and loads than on the severity of the notch, need
be limited only by fatigue strength SD (see Sec. C).

t Wlthm  a threedigit section the equation, figure, and table
numbers do not have the three-digit identifier; for cross-
references between sections, the appropriate three-digit number
will be given.

z
r
0
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c
;, .-
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:
m

l-
7
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Figure 1 Determination of allowable stress limits.

B. Construction elements

Shells, tube plates, tubes, expansion joints, flanges, and
heads are the main elements of construction. In this
section their stress analysis will be described briefly; the
reader will be referred to specialized publications for
further information. Detailed design, following design
codes, is considered in other chapters in this part of the
handbook. The differences between the behavior of the
various elements is illustrated by comparing a cylindrical
shell and a plate, as in Fig. 2. In the shell,

u ,P

I t

(2)

and in the plate, at the center, assuming free support at
the periphery,

L

Fig

Q011

1 J
ti

01

re 2 Stresses of types I and II in a vessel consisting of a
cylindrical shell and a flat head.
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4.1 BASIC MECHANICAL PRINCIPLES / 4.1.1  Introduction 4.1.1-3

$1 = *
3(1 + v)p?

8h2
(3)

(see Sec. 4.1.4). Limits to these stresses are set in accord-
ance with Fig. 1. Should there be a combination of both
types, as in the beam of Fig. 3, the sum ur + uIr will be
maintained below 1.55�. A better limit for the combined
loading case, allowing for the interaction between both
types of loading, is given by

+.5 1 -  ;
2[ 01 (4)

At the junction between the shell and the flat head
of Fig. 2, compatibility of radial displacements and rota-
tions implies the existence of self-equilibrating edge
forces and moments that will introduce a system of
localized stresses, direct, bending and shear, of type III.
Provided that the material is sufficiently ductile, uIII  can
be allowed to cause plastic deformation since, once
yielding has been reached, the load, which is deforma-
tion dependent in the elastic field, ceases to grow as
the deformation increases to satisfy the compatibility
requirements at the junction.

The limitation fixed by Fig. 1 is represented in
Fig. 4 by the parallelipiped OMNPO’M’N’P’, truncated
by the planes

UI + UII =G 1.5s (5)

UI + $1 + UIII < 3s (6)

All points within the space bounded by these planes
correspond to acceptable stress limits. A much simpler
limitation, more conservative than the first, is provided
by

All points within the tetrahedron OO’MP represent
acceptable limits.

C. Modes of failure to be considered

The first mode of failure to be considered is ductile
fracture preceded by large widespread plastic deforma-
tion. In most construction elements a biaxial state of

Figure 3 Beam element under a combination of stresses types I
and II.

0 1983 Hemisphere I
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UI + UII  + 0111 = 3 s

011

s

Figure 4 Limitation of combined stresses, considering interac-
tion among types I, II, III. Points within space OMNPO�M�N�P�
satisfy criterion of Fig. 1; points within OMPO�  satisfy Eq. (7).

stress exists and it is necessary to define a single charac-
terizing parameter. This may be the maximum stress,
the maximum shear stress, or a combination of the
principal stresses. Refer to the small element of Fig. 5;
the stress equivalent to the actual condition is one of
the following:

u= 41 (maximum stress criterion)

0 = u, or (01 - 02)

(Tresca shear criterion, whichever is larger)

(8)

(9)

u = d/o: + 0; - u, (12 (von Mises� criterion) (10)

In these equations, u1 is larger in absolute value than
02, and both may be positive (tension) or negative
(compression). It is very rare that a complete triaxial
state is found in the design process. Generally the stress
in the third direction, ua, is negligible. When this is not
so, it can be included in the equations [2] , Ductile frac-
ture is prevented by limiting the equivalent stress as
previously described.

The second mode of failure, closely related to duc-
tile fracture, is incremental collapse. This can be illus-
trated by means of a simple model, consisting of three
bars, rigidly fixed to cross members at their ends, as in

Figure 5 Biaxial state of stress.
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1 I 1 L 1 I fi 0 1 2 3 L
T ime

F

Figure 6 Three-bar system under constant force and cyclic
variation of temperature.

Fig. 6. A constant force F is applied to the assembly
and the temperature of the central bar is cycled between
T and T + AT, where T is the initial temperature of the
whole assembly. By writing that there is equilibrium of
forces and compatibility of displacements, it is easy to
distinguish between three possible types of behavior:

1. Elastic cycling, as in Fig. 7, when

EctAT<2 (oy -5) (11)

2. Elastic shakedown, after a first half-cycle result-
ing in a set strain, when

2 (+-&)<E~ATC~ (Ok-&)

3. Finally, when

EcYAT>+-5)

(12)

(13)

The central bar deforms along lines 11-21-31, and so on,
in Fig. 7c, whereas the two outer bars deform along
111-211-311,  and so on, and the assembly as a whole
tends to suffer an increasingly large deformation and,

F
27

finally, breaks in a ductile manner. This is the process
of incremental collapse. In the elementary example
treated, and accepting the same stress limits as before,

F OY

2.4
-=oI<s=~

The thermal stress, compressive in the central bar,
tensile in the two outer bars, is

Ecu A T
%I ---<33s=2uy

2

QI + %I = 2A+-

F EcxAT<~=
2 Y

to avoid incremental collapse (Fig. l), whereas Eq. (13)
specifies that incremental collapse will not occur only if

2LEaAT<2*
2A 2 Y

This is one example of a situation where the design stress
limits are not sufficient to prevent failure. It is perhaps
exceptional in that the stiffness of the component
undergoing thermal cycling is usually much smaller than
that of the rest of the structure and it yields, whereas
the structure as a whole deforms between two well-
defined limits. If, instead of the limits given by Fig. 1,
Eq. (7) is applied,

%I F E&AT
q+3=-+-

CJY

24 6
-3’1.5

or

G+-
3 F  EcxAT<~*

2 Y

A comparison with the exact conditions, Eq. (14), shows

E

in

Figure 7 Different possible load-deformation states for the three-bar assembly. (a) Elastic behavior. (b) Elastic shake-
down. (c) Incremental collapse.
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4.1 BASIC MECHANICAL PRINCIPLES / 4.1.1 Introduction 4.1.1-S

that this is overconservative. It can be concluded that
the criterion for the combination of stresses of Fig. 1
may not be sufficiently conservative in some cases
whereas the condition represented by Eq. (7), illustrated
by the plane O’MP  of Fig. 4, is always safe.

Consider now the same three-bar assembly of Fig. 6
but assume that the cross section of the central bar is
much smaller than that of the outer bars, say, 0.M
By repeating the same equilibrium and compatibility
analysis as before, the behavior under cyclic tempera-
ture of the central bar is

1. Elastic cycling, as in Fig. 7, when

EarAT<l.l (cJ�-&)

2. Elastic shakedown, when

1.1 (oy -5) <Eel  AT<2.2ay

(15)

3. Finally, when

ECI  AT> 2.20~ (17)

The central bar cycles between yielding in tension and
in compression, as in Fig. 8, following the loop lI-21-
31-41,  and so on, whereas the two outer bars cycle
elastically between 111, 211, and so on. High-strain
fatigue of the central bar will cause its eventual failure.
The same process is found in components in which a
notch-type stress raiser increases the stress level above

yield point. Under cyclic loading, the area adjacent to
the notch is forced to deform plastically by the rest of
the material, which remains elastic. References [8, 91
should be consulted.

Heat exchanger tubes are often subjected to axial
compression and external pressure. The combination of
these loads may cause elastic buckling, a mode of failure
that should also be considered in shells under partial
vacuum or external pressure. See Sec. 4.1 S.

Time-dependent deformation under constant stress
at elevated temperature, or creep, is not a serious prob-
lem in liquid-to-liquid heat exchangers, since the service
temperature is never sufficiently high. It may have to
be considered in some special gas-to-gas heat exchangers.
For a treatment of the subject, see [lo] .

Figure 8 High-strain fatigue.

Nomenclature and References for Section 4.1.1 appear at the end of Section 4.1.8.
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4.4.2
Methods of analysis

C. Ruiz

A. Elastic analysis

A heat exchanger consists of an assemblage of elemen-
tary shells, plates, and tubes. Each component can be
considered as separate from the rest and subjected to
pressure, self-weight. and self-induced thermal loading
with completely unrestrained ends supported by the
necessary reactions. A complete stress, strain, and de-
formation analysis is possible for most components and
loading conditions [1 I-141,  and this will give the
value of the displacements at the ends of each com-
ponent and, in general, at the junctions with others.
Usually, the independent, unrestrained displacement of
two components with a common junction will not be
possible. Self-equilibrating restraining loads will be
applied at the junction line or surface to both com-
ponents in order to achieve compatibility of displace-
ments. This is the essence of the free-body method
described in detail in [3] . The total stresses, strains, and
deformations are the sum of the results of the unre-
strained analysis and of the effect of the restraining
loads applied at the junctions between components or
at rigid anchors.

Although successful in providing a simple, efficient
way of solving problems in which there is rotational
symmetry, the application of the free-body method be-
comes much more complex when the load distribution
is not symmetric, as in column supports or saddles
supporting a horizontal shell. Some standard solutions
exist for these cases and will be described later. Shells
of revolution under loads that may be described by
means of trigonometric series are treated in [ 12-141
in some detail. A limitation in the method consists in

0 1983 Hemisphere I
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that, by treating shells as surfaces without thickness,
rings as curves, and beams as lines, it cannot give any
indication of the stress distribution at junctions, where a
three-dimensional stress analysis is needed. In recent
years, numerical methods, in particular the finite-
element method, have been widely used. The principle
of this method consists of subdividing the complete
body into a number of matching elements with straight
edges and using energy principles to obtain the relation-
ship between loading, assumed to be applied at nodal
points, and the displacement of these points. Simplify-
ing assumptions have to be made to make the process
of solution practicable with available computing facili-
ties. A critical appraisal of the results is always needed.
The method is described in [ 15,161, among many other
publications, and the reader is referred to the users�
manuals for specific programs [17,  181. A combination
of numerical integration and finite-element techniques
is being used for the solution of problems involving
branched shells of revolution [ 191.

Experimental stress analysis provided, until re-
cently, the only means of determining stress in three-
dimensional situations, asymmetric or concentrated
loads on shells, and so on. It is now an alternative to
numerical analysis. Photoelasticity and strain gauge tech-
niques [20,  211 are firmly established, having the virtue
of simplicity and of providing clear, unambiguous values
of stresses or strains.

B. Plastic analysis

The value of the load required to cause widespread
yielding and ultimate collapse of a structure consist-

iblishing  Corporation
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4.1.2-2 4.1 BASIC MECHANICAL PRINCIPLES / 4.1.2 Methods of Analysis

ing of shells and rings is estimated assuming that the
material is rigid-ideally plastic. The method of analysis
is essentially the same as the one used for the limit-
analysis linear frames, with the added difficulty of the
bidimensional state of stress on the shells as compared
with the one-dimensional stresses in the beams forming
the framework. Examples of the application of limit
analysis to pressure vessel shells and rings are found in
[2, 31, a general introduction to the subject is contained
in [22] , and further applications to shell structures are
given in [23] .

Limit analysis is commonplace in the design of
structures such as buildings and bridges. It is not fre-
quently used in the design of heat exchangers because
the mode of failure is seldom plastic collapse under
static loading. In a flanged joint, elastic behavior must
be demanded if leakage is to be prevented and the joint
is to be opened periodically for maintenance or inspec-
tion. To avoid high-strain fatigue, elastic shakedown
of the structure as a whole, under combined constant
and cyclic loads, is also a design requirement. In these,
as in the design against conventional fatigue, an elastic
rather than a plastic analysis constitutes the basis for
design.

C. Asymmetric loading

Three types of asymmetric loading conditions are com-
monly found in practice:

1. Load applied by a pipe or a support column to
the heat exchanger shell

2. Saddles supporting a horizontal heat exchanger
3. Variation of temperature across a diameter in

the tube plate of a hairpin heat exchanger

The first two types of loading are analyzed by ex-
pansion in the form of trigonometric series, a method
that is too tedious to be of any practical direct appli-
cation to design [24].  Bijlaard [25-291  was able to
present the results of the stress analysis of cylindrical
and spherical shells loaded through a rigid rectangular
pad or a radial pipe in a form readily applicable, and his
results have been included in [6]. Unfortunately, the
stresses predicted have been found to be only in rough
agreement with experimental data [30]. It is possible to
combine the theoretical and the experimental results to
obtain a rough idea of the stress level. Consider the
cylindrical shell of Fig. 1. Forces and moments are ap-
plied to a radial pipe as shown and the stresses u,, ue
are calculated for positions A, B, C, D on the outside or
the inside of the shell following Table 1, with the
geometric parameters from Figs. 2-5. The stresses are
combined in accordance with von Mises� criterion and
the largest value maintained below acceptable limits.

Figure 1 Cylindrical shell under concentrated loading.

When the load is applied through a column of non-
circular cross section-an oblique pipe or a rectangular
pad-for purposes of analysis the zone in contact is re-
placed by a circle of equal area.

Referring to Table 1, the designer will fill in the
data for applied loads, that is, the value of radial and
shear loads (in newtons or pounds force) and of hoop
and axial moments and torque (newton-meters or
pounds force-inches). For a given geometry, the shell
thickness, mean shell radius, and nozzle half-bore
(meters or inches) will then be Wed in and the load and
geometric parameters calculated. From Figs. 2 and 3, as
indicated in the first part of Table 1, values are obtained
for the dimensionless parameters (N,T/F),  and so on.
Multiplying these parameters by (F/T*),  and so on,
gives the components of the stress u, at positions A,,
Ai, . s . as shown in Fig. 1. In all cases, the sign is the one
given in Table 1. The total axial stress u, is the algebraic
sum of all terms in a row. The value of the hoop stress
is obtained similarly and combined to the shear stress
TV,  7* to give the final values. A consistent system of
units should be used.

The stresses can be calculated similarly for spherical
shells, Fig. 6 and Table 2, with geometric parameters
from Figs. 7-10.

Horizontal heat exchangers are supported on sad-
dles, as in Fig. 11. Design of the saddles and reinforc-
ing pads, when needed, is based on experimental work
[31] and is detailed in BS 5500 [6] . The exact analysis
is complicated by the ill-defined conditions at the junc-
tion between saddle and shell, where the form in which
the load is transmitted depends on the friction coeffi-
cient, the flexibility of the shell, and the temperature
distribution [24,  321 .

The first step in the design of saddles is to find
the bending moment MC in the middle and MS in the
supports,

M = WIL
c 4

-4f1 (1)
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4.1 BASIC MECHANICAL PRINCIPLES / 4.1.2 Methods of Analysis 4.1.2-3

Table 1 Stress calculation for cylindrical shell under concentrated loading

1. Applied loads 2. Shape 3. Parameters

Radial load F = Thickness T = F/T= =

Hoop moment Me= Radius R = MC/t-T2  =

Axial moment ML= Nozzle f bore r = ML/rT�  =

Torsion MT=

Shear load v, =

Shear load VL =

From Fig. 2 3 2 3 2 3

Read
NxT MX NxTr

F -F MC Total

Id
F F MC ML

xF= x6F= Xz=
MC

x6F=

ML
Xjjz= x %=

OX

Ao - -
Ai - + - f

Bo - - + f

ox Bi - + + -

co - - -

Ci - + - +

Do - + f

Di - + +

From Fig. 4

NeT
F

No Tr Mer N,g Tr

MC MC ML

Mer
ML

F F MC MC

x6z=

M L ML

xT1= x6T1= X*= Xz= x %=
of3

Ao - - - -
Ai - f - +

Bo - - + +

00 Bi - + -I- -

co - - -

Cf - + - +

Do - - + +

Di - + + -

Shear stress due to MT 71 =iPiT/L?dT=

Shear stress due to V, 72 = VJarT  =

Shear stress due to VL T) = VL/nrT =

Shear stress in A, B 7, +r2 =

Shear stress in C, D 7, + 73 =

Combined stress U= o~+o~-i70,ag+37z  =

Ao co Ci
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Figure 2 Longitudinal direct stress due to radial force or to
bending moment in a cylindrical shell.

Figure 3 Longitudinal bending stress due to radial force or to
bending moment in a cylindrical shell.
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Figure 4 Circumferential direct stress due to radial force or to
bending moment in a cylindrical shell.

Figure 5 Circumferential bending stress due to radial force or to
bending moment in a cylindrical shell.
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Figure 6 Spherical shell under concentrated loading.

Ms=-WI/l  l-
[

1 --A/L + (r2 - b2)/2dL
1 + 4b/3L 1 (2)

where all quantities are defined in Fig. 11. The com-
bined longitudinal bending and pressure stress in the
middle is

pr MC
c�x))top  middle = 5 - z

pr+ Me
(�x)bottom  middle = z -

7rr2  t

and in the plane of the saddles is

(Fdtops”pPort  = 5 -Ks
1

pr MS

(%)bottom  support = z + K
2
m2 t

(5)

where K, and K2 are given in Table 3.
Shear stresses appear between the saddle and the

shell. Their magnitude is given by

(7)

when the vessel is not reinforced and the saddles are
well away from the ends, and

in a ring-reinforced vessel. S is the design stress and K3

is given in Table 4.

Hoop stresses cause an ovalization of the shell. For
the unreinforced vessel, at the bottom,

(9)

and at the end of the saddle,

Wl 3K6 WI
” = -4t(b,  + lot)

- -
Tt2

for!>8 (10)

Wl 12K6 W,r

“’ = - 4t(b,  + lot) - LtZ
for + <8 (11)

K5 and K6 are given in Table 5. K6 varies between 0.01
and 0.05. For ring-reinforced shells, as in Figs. 11 and
12, at the bottom,

KS WI

‘Je = -t(b, + IOf) (12)

at the junction between ring and shell,

C,K, W,rc KS W,
ue = - -

I a (13)

and the outermost fiber of the ring is subjected to

C5K7W1rd  K8 W,
ue = - -

I a (14)

C�,  , Cs , K, , and K8 are also given in Table 5. a is the
cross section of the reinforcing ring, defined as in Fig.
12, and I is its second moment of area.

When a saddle cannot take the whole load without
inducing excessively high stresses, it is possible to use
the full circumferential support of Fig. 13. For this
type, the shear stress at the support is

0.319Wl
4= rt

with a minimum section modulus

KIO WI r2
z= s

(15)

Klo varies between 0.075 for $ = 30� and 0.015 for
qJ = 90�.

The preceding section gives only a brief description
of the B.S. method. For further details, see [6].

In a hairpin heat exchanger, the two halves of the
tube plate are at different temperatures, one side being
in contact with the fluid inlet, the other with the outlet.
This problem will be treated in Sec. 4.1.4.
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4.1.2-6 4.1 BASIC MECHANICAL PRINCIPLES / 4.1.2 Methods of Analysis

Table 2 Stress calculation for spherical shell under concentrated loading

1. Applied loads 2. Shape 3. Parameters

Radial load F = Thickness T= F/T�  =

Moment M, = Radius R = M, frT2 =

Moment M, = Nozzle i bore r = M,frT�  =

Torsion MT=

Shear load v ,  =

Shear load v ,  =

r R
p=iT  TJ-

From Fig. 7 8 9 10 9 10

N T M
Read

N+Tr Mv NQTr Mv
F 7 M, M,

Total
Ml M2

Id X$ F
X6T�= MS

+=
M2

X6-+= OG

Ao - - - -

Ai - f - +
Bo - - + +

O$ Bt - + + -

co - - - -

Ci - + - +

Do - - + +

4 - + + -

From Fig. 7 8 9 10 9 10

Read
N T

F

M

F

No Tr

M2
Total

IUI x+ X6$= X6%= x6%= 08

Ao
Ai
Bo

00 4
co
Ci

Do

Di

Shear stress due to MT r1 = ii�iT/2d  T =

Shear stress due to Y, T, = V, /lrrT =

Shear stress due to V, 7) = V, /nrT =

Shear stress in A, B 7, +r* =

Shear stress in C, D 7, + 73 =

Combined stress o.=JcP  + a;-o$pg  + 371  =0

47 Ai BO Bi co Ci Do D t
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4.1 BASIC MECHANICAL PRINCIPLES / 4.1.2 Methods of Analysis 4.1.2-7

Figure 7 Direct stress due to radial force in a spherical shell.
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Figure 8 Bending stress due to radial force in a spherical shell.
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Figure 9 Direct stress due to bending moment in a spherical
shell.
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Figure 10 Bending stress due to bending moment in a spherical
shell.
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4.1.2-g 4.1 BASIC MECHANICAL PRINCIPLES / 4.1.2 Methods of Analysis

(b)

(a)

Figure 11 Cylindrical heat exchanger supported on saddles. (a) Without ring stiffeners. (b) With ring stiffeners.

Table 3 Stress calculation for saddle supports: Values
ofK, andKz

-
Angle, degrees K, K,

Ring-reinforced shells, A < f 120 1.0 1.0

150 1.0 1.0
Unreinforced shells 120 0.107 0.192

150 0.161 0.279

Table 4 Stress calculation for saddle supports: Values
of K3

Angle ,  degrees  K,

Unreinforced shells, A > i 120 1.171

150 0.799

Reinforced shells, A > f 120 0.319

150 0.319

Unreinforced shells, b, < A < i 120 0.880

150 0.485

+<A<b, 120 0.880

150 0.485

Table 5 Stress calculation for saddle supports: Values of KS, K, ,

&,G,andG

120� 150�

$ < 0.5 0.013 0.008

KG 0.5 <$ < 1 0.030 0.020

A
T>l 0.053 0.032

Ring support

120� 150�

Internal rings

120° 150�

External rings

120� 150�

c, - 1 - 1 +1 +1 -1 - 1
c, +1 +1 - 1 - 1 +1 +1
K, - - 0.76 0.673 0.76 0.673
K7 0.0528 0.0316 0.0577 0.353 0.577 0.0353
KS 0.34 0.3 0.263 0.228 0.263 0.228
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4.1 BASIC MECHANICAL PRINCIPLES / 4.1.2 Methods of Analysis 4.1.2-9

LA--i \
t2

(a)

*lot

(b)

Figure 12 Reinforcing rings in a cylindrical shell.

,A‘* I
63

i --
Q, '$1

Figure 13 Full circumferential support of a heavy, thin-walled
vessel.

Nomenclature and References for Section 4.1.2 appear at the end of Section 4.1.8.
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4.1 BASIC MECHANICAL PRINCIPLES 4.1.3-1

4.1.3
Shells

C. Ruiz

n Only loads with rotational symmetry will be con-
sidered here. For other cases, see [3, 12-15, 33, 341.
Shells are considered thin when the ratio (thickness/
diameter) is less than 1:lO. Thick-walled vessels are
seldom used in heat exchangers [33-3.51.

other, so that there is no interaction between them. This
assumption is valid when the shell length exceeds 3R//3,
or about 2fi. The stresses induced by the edge loads
die out very rapidly away from the edges.

B. Spheres (domes)
A. Cylinders

In the cylindrical shell under internal pressure and edge
loading of Fig. 1, the pressure-induced stresses and
corresponding displacements and rotations at the edges
are

In a spherical shell under internal pressure and edge
loading as in Fig. 2, under the effect of the pressure

PR pR’(1 -v)

Oe = a@ = t
u =

2 t E
sin $

PR
ue =20,  =t

pR’(2 -v)
u1 =u2 =

2 t E

x=0

and, due to edge loading,

Xl = x2 = 0

and, due to edge loading,

(1)
(% ledge = +

6vM 20 2P2
Rt2  sin @+ z H �  Rt2  sin GM

6vM, + WIP + 2J41P2
((Jo)* =f----  - - (u&dge  = f 6M H

Rt2 Rt R2t Rt2  sin d+ Rt tan G

R2 H t Ru - -  -
’ - 2f13D  1 2f12D

Mt

and the equivalent equations for edge 2. In these equa-
tions,

3(1 -v2)P

t2
D = Et3

12(1  -v�)
( 3 )

It is assumed that edges 1 and 2 are remote from each

( 4 )

(5)

Figure 1 Cylindrical shell under internal pressure and end
loading.
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4.1.3-2 4.1 BASIC MECHANICAL PRINCIPLES / 4.1.3 Shells

Jpr (per umt length) \

Figure 2 Spherical shell under internal pressure and end loading.

u-R2 sin@:*+
2f13D

RM
2p2D

X=AH+-M
2p2D /3D sin r#~

(5)
(Cont.)

where 0 and D are given by Eq. (3). These equations are
valid only when /3$ > rr, or @ > 2m (radians).

C. Cones

For the conical shell of Fig. 3 under internal pressure,

PR
Ue = -

t cos a!

pR2(2 -v)

’ = 2tE cos a
(6)

PR P(RI  +R2)(2 -v) .
O@ = 57-G-z Xl =-x2 =

2 t E  cos2 a
sin (Y

The stresses and edge displacements are given by the

t
-p-LAcpR1

Figure 3 Conical shell under internal pressure and end loading.

same equations as for the sphere, Eq. (5)  taking

D. Toroids

Complete toroidal shells are used as tube bends. Under
internal pressure, the stresses are (Fig. 4)

Pr
(Je = 5

Pr 2R + r cos qb
‘@ = f 2(R + r cos $)

The effect of edge loads as well as in-plane bending
moments applied to a pipe bend has been treated in [3].

E. Thermal stresses

A good treatment of thermal stresses may be found in
[35,  361, with numerous results summarized in [33].
It is always possible, when the temperature is constant
through the thickness, to subdivide the shell into a
number of isothermal elements and to calculate the
discontinuity stresses at the junction between each pair
of elements. For example, consider a cylindrical shell
with step variation of temperature or consisting of two
materials of different thermal expansion coefficient
(see Fig. 5). In either case, the free expansion of one-half
relative to the other is

ufree  =cuAT=(or, -02)AT

An edge force and a moment must be imposed to
achieve continuity:

Ul +ufree =u* Xl = -x2

HI +H2  =o Ml =M,

From Eq. (2), assuming both halves of the shell to have
the same characteristics,

P3D 2f14 D
Hl = -jg- Ufree M, =  0 ue =- Ufree

R3 t

at the junction.

,

Figure 4 Toroidal shell under internal pressure.

0 1983 Hemisphere Publishing Corporation



4.1 BASIC MECHANICAL PRINCIPLES / 4.1.3 Shells

(cl

Figure 5 Cylindrical shell (a) with step variation of temperature, or (b) consisting of two halves with different thermal ex-
pansion coefficients. (c) Edge conditions.

Nomenclature and References for Section 4.1.3 appear at the end of Section 4.1.8.
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4.1 BASIC MECHANICAL PRINCIPLES 4.1.4-1

4.1.4
Tube plates

C. Ruiz

n For the purpose of analysis and design, tube plates
are replaced by an equivalent, unperforated plate with
the same dimensions and bending stiffness. The analysis
consists of three parts. First, the loads imposed by the
constraints on the equivalent plate are calculated. Then
the stresses are obtained also for the equivalent plate.
Finally, suitable stress magnification factors are applied
to find the stress distribution in the actual plate, con-
sidering the effect of the perforations.

A. Equivalent plates

In the equivalent plate, Young�s modulus is E* and
Poisson�s ratio is v*.  The ratio E*/E, where E is Young�s
modulus for the tube plate material, and v* are obtained
from Fig. 1, as a function of the relative ligament width
[37-401. The tubes, expanded against the tube plate
and, as is common practice at present, welded with or
without additional weld metal, have a reinforcing effect
that is usually disregarded [41,42].

B. Stresses and edge rotation of unperforated
plates: hairpin heat exchangers

The simplest form of loading and support is shown in
Fig. 2~. A more general case, which can serve to build
up plates in which the pressure varies with the radial
position, is shown in Fig. 2b. Figure 2c is then combined
with Fig. 2b to satisfy compatibility at the junctions.
The remaining cases are applications of the first three.

0 1983 Hemisphere I
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Figure 1 Equivalent elastic constants for a tube plate.
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Figure 2 Different types of loading and support of circular
plates.
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4.1.4-2 4.1 BASIC MECHANICAL PRINCIPLES / 4.1.4 Tube Plates

1. Simple support, constant pressure:

p 2 3
x=1601tva

3(3 + v)
(%>o = &do = + 8t2 Pa*

(1)

2. Annular plate, simple support, constant pressure:

s

4ab4
-(I -~)(a*  -bz)logt1

4a2b3

- (1 - ~)(a�  -b*) log 51
3P

(u~)~ =*--
4t2

-v)+b*(l  +3v)

4b4(1  + v)

a* -b*

3P
((TO)* =f--

4t2
-(l  -v)b*

4a2b2(1  + v)

a* -b*

3. Annular plate, edge loading:

M1 (a�  +b*)--(a*  -b*)

(1 - ~�)(a�  - b2)

2ab

-*�  (1 - ~*)(a�  -b*)

+M (a’ +b*)+v(u*  -b*)

* ( 1  -~�)(a*  -b*)

(2)

(3)

0 1983 Hemisphere 1 iblishing  Corporation

( 3 )
(Cont.)

4. Built-in edge, uniform pressure:

3pa2
(qd1 = f. 4t2

3pa2
(q>1  = f - v

4t2
( 4 )

edge moment Ml = pa3 /8 (per radian).
5. Built-in edge, uniform pressure over a central

area of radius r,, :

(I-$) M, =ap+$)

(a,)0 = (ue)o = f F
ri

+ v) log; + (1 + v) 21(5)
cue>1  = + 3pri 4-v I--

2t2 ( >2a2

6. Annular plate, built in at the edge and under
uniform pressure:

+b4(1  -v)-4b4(1  +v)log(a/b)+a*b*(l  +v)

a*(l-v)+b*(l+v) 1
(6)

-b4 -4u*b*  log (a/b)

a*(1  -v)+b*(l  +v) 1
7. Annular plate, bending moment applied to

edge 1:

6M1
(%)I  = (ue)l = f -

at*
( 7 )

where

D = Et3

12(1  -v�)

C. Plates connected by tubes: box-type
and floating-head heat exchangers

The tube nest acts as a flexible foundation, reducing the
stresses of the plate below the value corresponding to
the hairpin type. Although it is possible to treat the
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problem using a finite-element technique or subdividing
the plates into annular elements under uniform pressure
and matching edge displacement and edge loading, it is
preferable to solve for the two extreme cases of simple
and of built-in support. This has been done in [43],
which forms the basis of the BS 5500 method of design.
In both publications, the peak stresses in the equivalent
plate may be obtained from graphs, drawn for the case

v* = 0.3 E* = f--dF
f d

A more accurate value of the stress may be obtained as
follows.

1. Box-type heat exchanger, simply supported
plate :

(urlr=k(P~  -~2X-4 -C)-?‘2(na+AQ)  R ’

A(QG, +G2) 0i

(ue)r=‘@~ -~2)(~49-~2(na+AQ)  R_ ’

A(QG;  +&I 0

09

t

2. Box-type heat exchanger, clamped plate. At the
edge :

(uIR&.p~  -P~XA---P~(~Q+AQ)  R *
r

A(QG:’ + G;) 0t
( 9 )

3. Floating-head heat exchanger, simply supported
plate :

4. Floating-head heat exchanger, clamped plate.
At the edge:

P I -P2 R ’
(U,)R  = +_ -

0
-

G’l t
Ue = VU,

In these equations,

YR [bei’(Nfi  CYR>  - ber’(rRlf2  WOI
G1 = 3[fl(yr)f2(7R)-fi(yR)f2(yr)l

G
2

= -Y’R* [ber(yR)f~ (rR) + bei(~R)f2(W)l

6[f,(~r)fi(7R)-fi(^lR)f2(~r)l

G’ =

-YR  [bei’W)fi (rR) - ber’(Mlf2 W)l
3[fiWf2(yR) -f,(yRlfi(v)l

G; =
y*R*  [ber(yRlfl(yR)  + beWOf2(~R)l

6[f:(yr)f,(yR)-fl(yR)f~(yr)l

(11)

G,, = YR {Per�(M)] * + [bei�(~R)l*l
’ 3 [bei(yR)bei’(yR)  + ber(yR)ber’(yR)]

G,, = y2R2  [ber(yR)bei’(yR)  - bei(yR)ber’(yR)]
2

6 [bei(yR)bei’(yR)  + ber(yR)ber’(yR)]

where p1 = shell-side pressure
p2 = tube-side pressure

n = number of tubes
a = cross-sectional area (metal) per tube

A = cross-sectional area of bore of shell
B = cross-sectional area of shell plate (metal)
C = cross-sectional area of perforated part of

tube plate
211=  length of tubes

Er,s = Young�s modulus of tubes or shell
Q = E,na/E&l
y = (E$141/lAD*)“4

fi = her(y)  - (1 - v*)bei’(yr)/yr
f2 = bei + (1 - v*)ber’(yr)/yr
fi = v*ber(yr)  + (1 - v*)bei’(y)/yr
fi = v*bei(yr)  - (1 - v*)ber’(+yr)/yr

Tables of the functions ber, bei,  and so on, are found in
[ 11,44,45]  . For a complete analysis, see [3] .

D. Stresses in perforated plates

Having calculated the stresses in the equivalent unper-
forated plate, a:, a:, it is now possible to find the stress
distribution in the ligament of the actual tube plate.
In Fig. 3,

CJ,*  = t$ sin*  4 + Ue* COS�  $

T* = ($ - u;) y

Figure 3 Stress analysis of tube plate. (a) Normal and shear
components on a ligament. (21)  Average stresses over ligament
width. (c) Maximum shear stress.
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4.1 BASIC MECHANICAL PRINCIPLES / 4.1.4 Tube Plates

O2 0,
/

Figure 4 Uniaxial stress equivalent to a biaxial stress system.

The average stresses in the ligament are

and the maximum shear stress is

2

Tmax  =J--!$+ 72

= + fG [(ur* sin* @ + ae* cos2 4)*

+ (u,* - f$)’  sin� $1 �*

The equivalent stress, taken to be equal to twice the

3T-r-r

f-d
f

1.0

Figure 5 Stress concentration factor.

Tyq= (b)
Figure6 Plate heated along a strip. (a) Temperature fixed
through thickness. (b) Linear temperature gradient through
thickness.

maximum shear stress, is obtained from Fig. 4, where
u1 is the largest of u,* and oi in absolute value.

In addition to the average stresses, peak stresses
exist near the holes that act as notch-type stress raisers.
These peak stresses are given by

upeak = SCF Ul

where the stress concentration factor (SCF) is obtained
from Fig. 5.

E. Thermal stresses

An upper limit to the thermal stress in a structural ele-
ment made of a material with Young�s modulus E and
coefficient of thermal expansion (Y is ECI AT, where
AT is the temperature difference� between two points.
Several simple cases are considered below.

1. Tube plate with clamped edge, linear thermal
gradient between T + AT (top face) and T (bottom
face). Bending stress at the edge +orE AT/2(1  - Y).

2. Plate heated along a strip, temperature distribu-
tion as in Fig. 6~. Tensile stress Ecx(T  - TO).

3. Plate heated as in 2, but with bottom face cooler
than top face.

u=+E+‘, +T2 -2T0  +z(T1 -Tj

4. Cylindrical shell with outside surface at T and
inside surface T + AT. Linear gradient through the wall.

Nomenclature and References for Section 4.1.4 appear at the end of Section 4.1.8.
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4.1 BASIC MECHANICAL PRINCIPLES 4 . 1 5 1

4.1.5
Tubes

C. Ruiz

n In tubes under external pressure, the modes of
failure can be plastic collapse and buckling. The first
mode is avoided simply by maintaining the hoop stress
below the yield point of the material. For the second,
the critical pressure is given by [3] :

2E t3
PC=-  -

0I--V*  d
(1)

where d is the tube bore and t is the thickness. The
safety factor usually accepted is about 5.

In box-type and floating-head heat exchangers, the
tubes may be subjected to a compressive load and buckle
as columns with built-in ends:

where a is the tube cross-sectional area (metal) and 1 is
the length between fixed ends. The baffles partly sup-
port the tubes, increasing the buckling strength.

Nomenclature and References for Section 4.1.5 appear at the end of Section 4.1.8,
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4.1 BASIC MECHANICAL PRINCIPLES 4.1.6-1

4.4.6
Expansion joints

C. Ruiz

H Two main types of convolutions are used in heat
exchanger shells: square, as in Fig. la, and toroidal, as
in Fig. lb. Both can be analyzed by the free-body
method, subdividing them into annular plates and
cylinders or into toroidal shells. As a first approach, the
convolution may be treated as strips of unit width, ig-
noring the contribution to the stiffness of the circum-
ferential stresses. In square convolutions, the longi-
tudinal bending stress is found to be

(3 =&Etax
9.33a2

where A is the expansion specified for the joint per
convolution. In toroidal convolutions,

0 =,J@-x
4.33R2

and the stiffness of the joint per convolution is

F Edt3-=-
A 8.91a3

7
20

-4

2a

I

L

(a)
cl

(b)

Figure 1 Expansion joints in heat exchangers. (a) Square con-
volution. (b) Toroidal convolutions.

for the square type and

F Edt3-=-
A 3.34R3

for toroids.

Nomenclature and References for Section 4.1.6 appear at the end of Section 4.1.8.
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41.7
Flanges

C. Ruiz

n One of the major sources of operational failures is
the leakage of bolted flanged joints, which often need
continuous attention. Methods of design treat flanges as
rings and assume elastic behavior of all the constitutive
elements, including bolts and gasket [l, 3, 61 . This is
very far from the truth. The inadequacy of the elastic
analysis to model a complex situation in which the bolts
are usually loaded above their yield point and the gasket
creeps under the applied contact pressure explains the
difficulties in service. Attempts made to improve on the
conventional method of design proposed by standard
codes [ 1, 61 have succeeded only in pointing out the
fundamental flaws in the elastic model. As a result of
plastic deformation, the contact pressure is not uni-
formly distributed over the gasket, changing with time.
In the conventional type of Fig. la, the point of applica-
tion of the gasket reaction is undefined and the com-

hydrostatic

t
load

t

bolt load

P

b
gasket react ion f

(a) (b 1

bined moment applied to the flange also varies with
loading conditions, time, and temperature. The flange
rotation cannot be calculated with any accuracy. It is
only as a result of the empirical rules developed after
many years of practical experience and embodied in the
pressure vessel and heat exchanger codes that satisfac-
tory designs can be produced. Joints with self-energized
gaskets, like the type illustrated in Fig. lb, on the other
hand, can be analyzed with some accuracy, and a design
based entirely on a theoretical analysis is feasible. The
same is true of the boltless joint of Fig. lc. In both
cases plastic deformation is either avoided or highly
localized-for example, under the ring. The overall be-
havior is elastic, and the position of the reactions is
well defined and does not change with time. The free-
body method of analysis, which treats flanges as annular
plates, may be used. Alternatively, the finite-element

Figure 1 Bolted flanged joint. (4) Conventional joint with a gasket. (b) Self-energized ring gasket. (c) Boltless joint.
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4.1.7-2 4.1 BASIC MECHANICAL PRINCIPLES / 4.1.7 Flanges

method may be preferred as providing a more accurate
model of the joint. In either case, bolts are replaced by
a cylinder with the PCD and the same metal cross-
sectional area as the total bolt area, and the effect of
the holes on the stiffness of the flange is included in
the analysis, as was done for the perforated tube plates
[46].  The problem is thus reduced to one with rota-
tional symmetry. This method has been applied to the
design of closure heads for nuclear reactor vessels [47,
481 . The design of boltless closures has been described
elsewhere [49].  A survey of this and other types of
joints has also been published by the author [SO].

The effect of a bending moment on a ring is to
cause a rotation about the centroid, in such a way that
the fibers above the neutral axis x-x in Fig. 2 are com-
pressed and the fibers below it are loaded in tension.

Figure 2 Stresses and rotation of a ring.

It can be shown [ 121  that the rotation is

where Z, is the second moment of area wrt, x-x. The
maximum stresses are

Nomenclature and References for Section 4.1.7appear  at the end of Section 4.1.8.
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4.1 BASIC MECHANICAL PRINCIPLES 4.1.8-l

4.4.8
Heads, openings, and branches

C. Ruiz

A. Heads

The stresses in flat, hemispherical, torispherical, and
ellipsoidal heads can be found by means of the general
methods of analysis previously described. Some impor-
tant results are summarized in Figs. l-3 [3]. Plastic
collapse under internal pressure is the mode of failure
usually considered to govern the dimensioning of these
shells, and limit analysis design has therefore been pro-
posed as an alternative to elastic analysis [51,  521 . In
addition, compressive stresses are set up in the circum-

1+&
20

15

b

In 10

5

v I I I I
0 10 20 30 LO

1
1

Figure 1 Maximum stress in a flat head.

ferential direction that may cause buckling in torispheri-
cal heads with a sharp transition between the cylindrical
body and the spherical crown [53 to 551.

B. Openings and branches

The traditional method for the compensation of open-
ings and branches is to add a pad or ring, or to increase
the thickness of the branch in such a way that the cross-
sectional area of the reinforcement equals the cross-
sectional area of the metal removed from the shell.
The limits fixed to the compensation depend on the
design codes and empirical rules guide the detailed
design of welds, transition radii, and so on. Modem

L
”
ul

r , I 1 T

1 1
Y7
I--v
0

Figure 2 Maximum stress at the junction between a cylindrical
shell and a conical transition.
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0m=-
2 b

4

3
In

1

I-

m=
,<

- - C L -

/ ’  - - i . 5

___--- C__e.---- dI
2

100 200 300
1
T

Figure 3 Maximum stress in an ellipsoidal head.

developments of limit analysis techniques have made
possible a reassessment of the design philosophy and
resulted in a more rational approach based on the
prevention of plastic failure under static loading and, in
the case of cyclic loads, the elastic shakedown of the
assembly [56-60].  The diagram of Fig. 4 summarizes
the results of limit analysis and elastic shakedown
analysis and compares them with the design curves of
the A. D. Merkblatt B9 [60,  71. The dimensionless
pressure p* is defined as the ratio between the bursting
pressure of the plain shell and that of the shell with the
branch. p�  is the maximum cyclic pressure for elastic
shakedown and uo.2 is the �weakening factor� defined
by the A. D. Merkblatt as

pressure to produce 0.2% set strain in nozzle
uo.2  = pressure to produce 0.2% set strain in plain shell

a

A

b

bl
B

c

c

From Fig. 4, a branch thickness may be chosen for any
specified weakening as characterized by p*, p�,  or uoeZ,

Elastic stress concentration factors for various types
of reinforcements have been obtained by means of the
free-body method [61,  621, finite elements [63, 641,
and experimentally [30,  651.  The problem is compli-
cated by the pronounced effect on the peak stress of
small departures from the
manufacturing tolerances.

theoretical shape due to

�a�

F

t

\\
\
- 0 . 2 5

1

- vo.2
4 I

e---p m-m- p

Figure 4 Dimensionless bursting pressure for a branch
forced opening (nozzle) in a cylindrical shell, where d = nozzle
bore, t = nozzle thickness, D = shell bore, and T = shell thick-
ness.

NOMENCLATURE FOR SECTIONS 4.1 .l-4.1.8

cross-sectional area of tubes or reinforcing rings C,,C, parameters for stress analysis of saddle supports
outside radius of annular plate d tube diameter; bore; distance between centroid
cross-sectional area of bars or bore of shell; dis- of reinforcing ring and end of web
tance between ring reinforcements or supporting D diameter of shell; stiffness defined by Eq.
saddle and domed end in horizontal vessel 4.1.3(3)
depth of domed end; inside radius of annular D * equivalent stiffness of perforated plate
plate E Young�s modulus
width of supporting saddle E* equivalent Young�s modulus of perforated plate
cross-sectional area of shell plate f tube pitch
distance between centroid of reinforcing ring and F force
inside wall surface G1 ,G2 stress functions
cross-sectional area of perforated part of shell h thickness of plate or ring
plate H distributed edge force
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4.1 BASIC MECHANICAL PRINCIPLES / 4.1.8 Heads, Openings, and Branches 4.1.8-3

I second moment of area
K1.K2,K3,K5.K7,KB,K10  parameters for stress analysis

1
L

M

lb

P

Pl9P2

PC

4

Q
r,R

S

SCF

SD
t

T
u
V

vo.2

Wl
X

z

p"

Y
A
e

V

of saddle supports
length
length of cylindrical barrel in vessel with domed
ends
moment; bending stress resultant
number of tubes
normal force; membrane stress resultant
pressure
shell-side and tube-side pressure, respectively
critical buckling pressure
shear stress
parameter (= E&E&
radius
design stress; distributed shear at the edge of a
plate
stress concentration factor
fatigue strength
thickness
thickness; temperature
displacement; expansion
vertical displacement
weakening factor
load applied at saddle
distance between ring reinforcements
minimum section modulus
coefficient of thermal expansion; cone angle
shell parameter defined by Eq. 4.1.3(3)
rotation of plate at edges
expansion of joint per convolution; increment
angle of saddle; circumferential coordinate; rota-
tion of ring
Poisson�s ratio

V* equivalent Poisson�s ratio for perforated plate
a stress
% ultimate tensile stress

UY yield stress; 0.2% proof stress
OR stress required to produce failure after 100 000 h

at design temperature

UT stress required to produce a permanent strain of
1% after 100 000 h at design temperature

;
shear stress
meridional coordinate; angle of saddle with inte-
gral reinforcement

X rotation at ends of a shell of revolution

Subscripts

c circumferential; central

L
inside
longitudinal

0 outside
n normal
r radial direction
s support; shell
t tube
T torsional
X axial direction
e hoop direction
6 meridional direction in shells
12 principal stresses; ends of a shell of revolution
3 third principal stress
I,II,III,IV types of stress (defined in text)

Superscrip Is

* equivalent magnitude in perforated plate
I derivative
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION 4.2.1-1

4.2.4

Introduction

E. A. D. Saunders

H A variety of unfired heat transfer equipment is used
in industry, but the most common is the shell-and-tube
exchanger. Although it is not especially compact, it has
the advantage of being robust and versatile. Except for
the special-purpose finned-tube air cooler, it is usually
the only design that can be considered for large surface
areas, pressures greater than 2 MN/m�,  and temperatures
greater than 25O�C.

As the name implies, a shell-and-tube heat ex-
changer consists of a shell (pressure vessel) containing
a tube bundle, which is attached to stationary and rear
heads. The tubes, which are attached to tubesheets, may
be plain or tinned, and run parallel to the longitudinal
axis of the shell.

Section 4.2.2 deals with design and construction
codes and describes a particular system for designating
the various shell configurations, stationary heads, and
rear heads. The design of the rear head establishes the
type of shell-and-tube exchanger, and the different
types, with variations, are described in Sec. 4.2.3. The
purpose of the various stationary heads is described in
Sec. 4.2.4. Sections 4.2.5 and 4.2.6 deal with each com-
ponent of a shell-and-tube heat exchanger and describe
its thermal or mechanical function.

The nomenclature of the shell-and-tube heat ex-
changer components is given in Table 4.2.3(l).
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION 4.2.2-l

4.2.2
Design and construction codes

E. A. D. Saunders

A. TEMA [l]

The pressure parts of a shell-and-tube heat exchanger are
designed in accordance with a pressure vessel design code
such as ASME  [2], BSS 5500 [3], A. D. Merkblatter
[4], and so on, but a pressure vessel design code alone
cannot be expected to deal with all the special features
of shell-and-tube heat exchangers. To give guidance and
protection to designers, fabricators, and purchasers
alike, a supplementary code is desirable that provides
minimum standards for design, materials, thicknesses,
corrosion allowances, fabrication, tolerances, testing,
inspection, installation, operation, maintenance, and
guarantees for shell-and-tube heat exchangers.

One universally accepted code that does this is the
Standards of Tubular Exchanger Manufacturers Associa-
tion, known as TEMA. Although TEMA is designed
specifically to supplement the ASME  Boiler and Pressure
Vessel Code, Section VIII, Division 1, a large portion of
it may be used to supplement other pressure vessel codes
if required.

TEMA is applicable to shell-and-tube heat ex-
changers with the following limitations:

Shell diameter not exceeding 1 524 mm
Pressure not exceeding 2 1 MN/m�
Product: shell diameter X pressure not exceeding

10 500 (mm X MN/m�)

The intent of the above limitations is to limit the
barrel thickness and stud diameter to approximately
50 mm and 75 mm, respectively. A special section en-
titled �Recommended Good Practice� is provided to
give the designer guidance for shell diameters up to

2 540 mm �where design temperatures and materials
of construction result in reasonable thicknesses for
pressure containing exchanger parts.�

There are three mechanical classes in TEMA:

Class R: �generally severe requirements of petro-
leum and related processing applications�

Class C: �generally moderate requirements of com-
mercial and general process applications�

Class B: �chemical process service�

B. Type designation

Sections 4.2.3 and 4.2.4 show that there are a variety of
exchanger and head types. TEMA provides a simple
three-letter system that completely defines almost all
shell-and-tube exchangers with respect to exchanger
type, stationary end head, rear end head, and shell-side
nozzle configuration, the system being shown in Fig. 1.
The first letter defines the stationary end head, the
middle letter defines the shell type, and the last letter
defines the rear end head type.

Figures 4.2.3(3), 4.2.3(5), and 4.2.3(7) show all
exchangers having type A stationary heads and type E
shells, so that the U-tube, split-backing-ring, and pull-
through floating-head exchangers would be designated
AEU, AES, and AET, respectively. All could be fitted
with bonnet-type stationary heads if required, in which
case they would be designated BEU, BES, and BET,
respectively. The fixed tubesheet exchanger shown in
Fig. 4.2.3(l)  has a type A stationary head and a type M
rear head, so that it is designated AEM.  The bobbin-type
stationary head could be replaced by a bonnet-type head
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4.2.2-2 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.2 Design and Construction Codes

A

CHANNEL
AND REMOVABLE COVER

B

BONNET (INTEGRAL  COVER)

:HANNEL  INTEGRAL WITH TUBE
SHEET AND REMOVABLE COVER

c Rl

ct

N

CHANNEL INTEGRAL WITH TUBE.
SHEET AND REMOVABLE COVER

D

Ll
SPECIAL HIGH PRESSURE CLOSURE

FRONT END

STATIONARY HEAD TYPES SHELL TYPES

IG?l
ONE PASS SHELL

f: p+Iz-j]

TWO PASS SHELL
WITH LONGITUDINAL BAFFLE

G p+q-j

SPLIT FLOW

T T
H ----__ ---__

i 1 1
DOUBLE SPLIT FLOW

J:

DIVIDED FLOW

K
Ka

KETTLE TYPE REBOILER
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X

1
CROSS FLOW

-

-

1

-

M

-

N

-

P

-

s

-

T

-

U

-

N

-

REAR END
HEAD TYPES

FIXED TUBESHEET
LIKE “A” STATIONARY HEAD

FIXED TUBESHEET
LIKE ‘3” STATIONARY HEAD

FIXED TUBESHEET
LIKE “N” STATIONARY HEAD

IUTSIDE  PACKED FLOATING HEAC

66~=~=%zJ~~~&2~~z~
FLOATING HEAD

WITH BACKING DEVICE

PULL THROUGH FLOATING HEAD

U-TUBE BUNDLE

EXTERNALLY SEALED
FLOATING TUBESHEET

Figure 1 TEMA designation system. From Standards of Tubular Exchanger Manufacturers Association, 6th ed., 1978,
figure N-1.2.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.2 Design and Construction Codes 4.2.2-3

if required, in which case it would be designated BEM.
The kettle shown in Fig. 4.2.3(10) would be designated
AKT.

The simple system avoids confusion between fab-
ricator and purchaser regarding the exchanger configura-
tion and enables the latter to ensure that bids are com-
pared on the same basis. For instance,�a  fixed tubesheet
exchanger may have nine combinations of stationary and
rear heads (omitting type D heads).

C. Size  designation
The size of an exchanger is designated by the inside
diameter/tube length; that is, an exchanger with 1 500-
mm ID having 6 OOO-mm-long tubes would be designated
1 500/6 000. A kettle having a stationary-head inside
diameter of 1 000 mm, a main-shell inside diameter of
1 600 mm, and a tube length of 7 500 mm would be
designated 1 000/l 600/7 500.

REFERENCES  FOR SECTION  4.2.2

1. Tubular Exchanger Manufacturers Association, Inc., 331 Madison Avenue, New York, N.Y. 10017.
2. American Society of Mechanical Engineers, United Engineering Center, 345 East 47th Street, New York, N.Y. 10017.
3. British Standards Specification 5500: 1976, British Standards Institution, 2 Park Street, London WlA 2BS.
4. A. D. Merkblltter, Carl Heymanns Verlag KG, 5 K6ln  1, 18-32, F.R. Germany.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION 4.2.3-l

4.2.3
Types of shell-and-tube

heat exchangers

E. A. D. Saunders

earlier in Sec. 4.2.2B.  Nomenclature for heat exchanger
components is summarized in Table 1. The features of
the various types are summarized in Table 2.

I B. Fixed tubesheet or fixed head

1
(type L M, or N)

In this type, shown in Figs. 1 and 2, both tubesheets are
welded to the shell, forming a �box�: for this reason
it is sometimes referred to as a box-type exchanger.
After removing the head covers, or complete heads, at
each end, access to the tube ends is obtained and the
inside of the tubes may be cleaned by mechanical means.

A. Introduction

Heat transfer equipment may be designated by type or
by the function it performs, such as chiller, condenser,
cooler, heater, reboiler, vaporizer, and so on. The choice
of shell-and-tube heat exchanger type is governed chiefly
by factors such as provision for differential movement
between shell and tubes, design pressure, design tempera-
ture, and fouling nature of the fluids, rather than the
function. Almost all exchanger types can perform any
function.

The various shell-and-tube heat exchanger types,
and their variations, are described below, the type letter
relating to the particular designation system referred to

Table 1 Nomenclature for heat exchanger components (applicable to Figs. 1, 3, 5, 7,
8, and 9)

Number Component Number Component

1 Shell 16 Stationary-head nozzle
2 Rear-head dished cover 17 Stationary-head cover flange
3 Floating tubesheet 18 Stationary-head/tubesheet flange
4 Floating-head cover 19 Shell flange at stationary head
5 Floating-head backing ring 20 Shell flange at rear head
6 Floating-head cover flange 21 Rear-head flange at shell
7 Stationary-head cover 22 Rear-head barrel

8 Tie rods and spacers 23 Stationary-head barrel
9 Baffle 24 Packing

10 Stationary tubesheet 25 Packing follower ring
11 Pass partition plate 26 Packing box flange
12 Tubes 27 Floating tubesheet skirt
13 Support saddle 28 Slip-on backing flange
14 Expansion bellows 29 Split shear ring

15 Shell nozzle 30 Lantern ring with weep hole
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Table 2 Types of shell-and-tube heat exchangers: Summary of features

Characteristic
Fixed tubesheet U tube
(type  L, M, Nl (type  U)

Split-backing-ring
floating head
(type S)

Pull-through
floating head
(type  T)

Packed-lantern-ring
floating head

(type W)

Outside-packed
floating head
(type PI Bayonet tube

Does it provide for differential movement
between shell and tubes?

Is tube bundle removable?
Is replacement bundle possible?
Can individual tubes be removed and

replaced?
Method of cleaning inside
Method of cleaning outsideb
Number of tube-side passes

Yes-with bellows
in shell

No
No

Yes
Yes
Yes
Outer tubes

only
Chemical
Any
Any even

number

Yes
Yes
Yes

Yes
Yes
YeS

Yes
Yes
Yes

Yes
Yes
Yes

Yes
YeP
YeB

Yes

Any
Chemical

Any

Yes Yes

Any Any
Any Any
One or any even One or any

numberc even numbef

Yes Yes Yes

Any Any Any
Any Any Anya
One or two onlyd Anye One (special)

Is double tubesheet construction
permissible?

Are there internal gaskets?
Approx. diametral clearance, mm

(Shell  ID-OTLY

Yes Yes No
No No Yes

No No
Yes No

Yes Yes
No No

11 to 18 11 to 18 35 to 50 95 to 160 15 to 35 25 to 50 11 to 18

OAssumes tubcsheet for outer tubes not welded to shell.
bExtemal  mechanical cleaning possible only with square or rotated square pitch, or unusually wide triangular pitch.
COne-pass  construction requires packed gland or bellows at floating head. See Figs. 4.2.5(4) and 4.2.5(5).
dTube-side nozzles must be at stationary end for two passes.
eAxial  nozzle required at rear end for odd number of passes.
fSubject to comments given in Sets. 4.2.5D  and 4.2.5E.



4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.3 Types of Shell-and-Tube Exchangers 4.2.3-3

Figure 1 Fixed tubesheet exchanger.

As the tube bundle cannot be removed, cleaning of the
outside of the tubes is usually carried out by chemical
means. The fixed tubesheet type is therefore limited to
applications where the shell-side fluid is nonfouling; any
fouling fluids must be routed through the tubes.

It is not possible to replace the tube bundle without
cutting the shell, but by using special tube cutters and
extractors it is possible to withdraw individual tubes and
replace them with new ones. Sometimes during this
operation a tube may lodge or break inside the shell, in
which case the relevant tube hole in each tubesheet is
plugged.

In the construction shown, the shell barrel and tube-
sheets should be made of metals that can be welded
readily to one another, such as steel-steel, but not steel-
aluminum or steel-brass. When incompatible shell barrel
and tubesheet metals occur, the most common practice
is to use bimetal tubesheets, the required tubesheet

metal being placed on the tube side of the sheet and the
required shell barrel metal on the shell side. An alterna-
tive solution to the problem of incompatible metals is
to weld a flange to each end of the shell, in the same
metal as the shell, and bolt them to the tubesheets using
suitable gaskets. This design is not recommended, how-
ever, except for low-pressure, nonlethal service, as the
gasket cannot be replaced and the joint has little flexi-
bility for tightening.

The combination of temperatures and thermal ex-
pansion coefficients of the shell and tubes during service
may cause a differential movement between them. If
the differential movement is excessive, the tubes will
loosen in the tubesheets and it is therefore important
to check the tubesheet design against all differential
movements likely to occur, not only during steady
operation, but also at startup, shutdown, cleaning out,
and so on. A fixed tubesheet exchanger, without a shell

Figure 2 Fixed tubesheet exchanger, 1 067-mm  diameter with 21 945-mm-long tubes. Courtesy of Whessoe Heavy En-
gineering Ltd., Darlmgton, England.
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4.2.3-4 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.3 Types of Shell-and-Tube Exchangers

expansion bellows, can absorb a limited differential
movement, but when this becomes excessive a bellows
must be used. However, large-diameter, high-pressure
bellows, designed for large movements, are expensive,
and in such cases it may be prudent to consider an al-
ternative type of shell-and-tube exchanger.

The fixed tubesheet exchanger has the important
advantage of having no internal joints, thus eliminating
a potential source of leakage of one fluid into the other.
In addition, the absence of an internal joint means that
peripheral tubes can be placed close to the inside of the
shell and more tubes can be accommodated in a given
shell diameter for the fixed tubesheet type than for any
other type.

C. U tube or hairpin (type U)

The U-tube or hairpin type, shown in Fig. 3, has one
tubesheet with each tube free to move relative to the
shell, thereby eliminating any problems of differential
movement between shell and tubes. As the tube bundle
can be withdrawn, the outside of the tubes may be
cleaned by mechanical means, but chemical cleaning is
usually necessary for the inside of the tubes. The U-tube
type is therefore limited to applications where the tube-
side fluid is nonfouling; any fouling fluids must be
routed through the shell.

Although U-tube exchangers are made in which all
U tubes are identical, this may impose thermal design
restrictions, and in the majority of cases U tubes having
varying-bend radii are used. As a result, once the bundle
has been made, only U tubes at the periphery are ac-
cessible for renewal, so that split tubes in the inner
rows must be plugged.

In common with the fixed tubesheet type, the
U-tube type has no internal joints and peripheral tubes
can be placed close to the inside of the shell. However,
the number of tubes accommodated within a given shell
diameter is slightly less than that for the fixed tubesheet
type, because there is a practical limit to the bend radius
of the innermost Us.

A particular application for the U-tube type is the
tank suction heater shown in Fig. 4. The purpose of the
tank suction heater is to heat heavy fuel oils, and other
viscous liquids, during pumping from a storage tank in
order to reduce the viscosity of the liquid and assist
pumping. The tank suction heater eliminates the need to
maintain the entire tank contents at the required pump-
ing temperature. Steam, which flows through the tubes,
is the usual heating medium. The tubes may be plain or
longitudinally finned externally. The end of the shell
inside the tank is cut away to assist entry of the viscous
fluid.

D. Split-backing-ring floating head (type S)

In the split-backing-ring floating-head type, shown in
Fig. 5, one tubesheet is futed with respect to the shell
whereas the other tubesheet �floats,� thus permitting
differential movement between shell and tubes, and also
complete tube bundle withdrawal. To separate the shell-
and tube-side fluids at the floating-head end, the floating
tubesheet is fitted with a flanged cover at its periphery,
which is held in position by bolting it to a split backing
ring on the other side of the tubesheet. The floating-
head assembly (flange, cover, tubesheet, and backing
ring) is located beyond the main shell in a shell cover
of larger diameter. A typical floating-head assembly for
this type of exchanger is shown in Fig. 6.

Access to the tube ends at the stationary end is
obtained by removing the stationary-head cover or com-
plete head; access to the tube ends at the floating-head
end is obtained by removing the shell cover, split back-
ing ring, and floating-head cover. The inside of the tubes
may then be cleaned in situ, or the complete bundle may
be removed for cleaning the outside of the tubes or
repair.

The split-backing-ring floating-head type has none
of the disadvantages of the fixed tubesheet and U-tube
types with regard to cleaning or differential move-
ment between shell and tubes. However, there is an
internal joint at the floating head, and careful design is

Figure 3 U-tube exchanger.
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CONDENSATE

DRAIN

Figure 4 Tank suction heater.

necessary to avoid leakage of one fluid into the other. It
will be seen from Fig. 6 that peripheral tubes cannot
encroach beyond the floating-head gasket inside diame-
ter, and for this reason the split-backing-ring floating-
head type accommodates a smaller number of tubes than
fixed tubesheet and U-tube types having the same shell
diameter.

E. Pull-through floating head (type T)

Figure 7 shows that the pull-through floating-head type
is similar in construction to the split-backing-ring type
except that the floating-head cover flange is bolted
directly to the floating tubesheet. The latter is increased
in diameter to match that of the floating-head flange
outside diameter, and a split backing ring is not required.
As a result, the shell diameter is approximately the same
as the enlarged shell cover diameter of the split-backing-
ring type to contain the same number of tubes. The
pull-through floating-head type accommodates the small-
est number of tubes in a given shell diameter of all types.
Figure 6 shows a typical floating-head assembly.

The advantage of the pull-through type, compared

with the split-backing-ring type, is that the bundle may
be withdrawn from the shell without removing either
the shell or the floating-head cover, thus reducing main-
tenance time. A significant reduction in cost may be
made by omitting the two rear-head flanges, but this
means that the tubes cannot be cleaned or inspected
in situ and the tube bundle must always be withdrawn
and inserted �blind.� Usually this modification is per-
mitted only if fouling problems are not expected to be
serious.

As in the case of the split-backing-ring type, there is
an internal joint, and careful floating-head design is re-
quired to avoid leakage of one fluid into the other.

F. Packed-lantern-ring floating head (type W)

The feature of the packed-lantern-ring floating-head
exchanger, shown in Fig. 8, is that separation of the
shell- and tube-side fluids at the floating head is obtained
by means of packing rings installed between the outside
of the floating tubesheet and recesses in the rear-head
flanges. The shell2  and tube-side fluids each have their
own packing rings, which are separated by a lantern ring

Figure 5 Split-backing-ring floating-head exchanger.
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4.2.3-6 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.3 Types of Shell-and-Tube Exchangers

Shell flange

1 LSplit backing ring

Split backing ring

Figure 6 Typical floating-head assembly.

provided with weep holes. Any leakage at the packing
will not cause mixing of the shell- and tube-side fluids
within the exchanger itself.

The machined bearing surface at the floating tube-
sheet must be wide enough to accommodate the two
sets of packing, the lantern ring, and any thermal move-
ments. If the pressure thickness of the tubesheet is
appreciably less than the required bearing surface, a
machined skirt is usually attached to the periphery of
the sheet.

This type of exchanger provides all the advan-
tages of floating-head construction in that the inside of
the tubes may be cleaned in situ, the whole bundle
may be withdrawn for cleaning or complete replace-
ment, and differential movement between shell and
tubes can be accommodated; in addition, there are no
internal joints. Although this construction is the cheap-

est of the floating-head types, its use is limited to non-
lethal service and low pressures. Typical limitations are
shown below, the maximum design temperature being
about 2OO�C:

Shell ID, mm Maximum pressure, MN/m2

Up to 600 2
Above 600 to 1 060 1
Above 1 060 to 1 525 0.5

If a skirt is provided at the floating head, the clear-
ance between the inside of the shell and peripheral tubes
is about the same as the split-backing-ring floating-head
type. If a skirt is not required, this clearance may be
reduced slightly but adequate allowance must be made

Rear-head
end

Shell I- Stationary-
I head end

Figure 7 Pull-through floating-head exchanger.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.3 Types of Shell-and-Tube Exchangers 4.2.3-7

Figure 8 Packed-lantern-ring floating-head exchanger.

for peripheral tube hole distortion arising from expan-
sion or welding of the tube ends.

This type is limited to one or two tube-side passes,
and in the latter case the tube-side nozzles must be fitted
to the stationary head.

G. Outside-packed floating head (type P)

Another type of floating-head exchanger is shown in
Fig. 9. To contain the tube-side fluid at the floating
head, one end of a cylindrical barrel (skirt) is welded
to the periphery of the floating tubesheet, whereas the
other end is fitted with a slip-on backing flange and flat
cover. The backing flange is held in place by a split
shear ring inserted into a groove in the wall of the skirt.
The split shear ring enables the flange and cover to be
removed, so that when the bundle is withdrawn, the
skirt can slide inside the shell with only a small clear-
ance. The shell-side fluid is contained by packing rings
installed between the outside of the skirt, which has a
machined finish, and recesses within the rear head
flange. The packing follower ring is capable of being

slid off the skirt prior to bundle withdrawal. This type
of exchanger offers all the features of the packed-
lantern-ring type, with the added advantage that there
are no limitations for the tube-side fluid or its design
pressure and temperature. The shell-side fluid must be
nonlethal and is usually limited to about 3OO�C  and
2 MN/m�.

The clearance between the inside of the shell and
peripheral tubes is governed by the tube-side design
pressure, and for moderate pressures this clearance will
be at least of the same order as that of the split-backing-
ring type.

H. Kettle-type reboiler (type K)

The kettle-type reboiler is a special application of the
U-tube and pull-through type of constructions described
earlier, typical designs being shown in Figs. 10 and 11.
It is used for vaporization of the shell-side fluid, and the
special feature of the design is the space above the tube
bundle, which is designed so that disengagement of the
vapor and entrained liquid droplets can occur within the

Figure 9 Outside-packed floating-head exchanger.
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4.2.3-8 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.3 Types of Shell-and-Tube Exchangers

Heating medium inlet

Heating medium

Fire  10 Kettle-type reboiler.

exchanger itself. The calculation of vapor space depth is
based on the vapor quantity, density, the number of
vapor exit nozzles, and the degree of liquid entrainment
permitted, but in typical cases it is about one-third of
the shell diameter. It is usual to have a minimum vapor
space depth of about 225 mm. In order to reduce liquid
entrainment still further, demister pads or �dry pipes�
are sometimes fitted in the vapor exit nozzles. A �dry
pipe� is a horizontal length of pipe, closed at both ends
and perforated with small holes along its length. The
liquid droplets are knocked out as the vapor passes
through the holes.

A weir plate is fitted to ensure that the liquid
level in the reboiler is maintained and that the surface

of the upper tubes is not exposed. Vaporization is
limited to about 80% of the liquid feed, and the space
between the weir and the end of the shell is sized to pro-
vide adequate surge capacity.

Although Fig. 10 shows a pull-through floating-head
bundle, U tubes may be used if process conditions per-
mit. In most cases, for economy, the diameter of the
stationary head is made just large enough to accommo-
date the tube bundle for the U-tube type, and the com-
plete floating head assembly for the pull-through type,
the transition from the enlarged shell to the smaller
stationary head being achieved with a cone. However,
it is not essential for the shell to be reduced in diameter
and if there are no mechanical design problems, the cone

Figure 11 U-tube kettle, 1 778/2 845 mm diameter with 7 925-mm-long straight-leg tubes. Courtesy of Whessoe Heavy
Engineering Ltd., Darlington, England.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.3 Types of Shell-and-Tube Exchangers 4.2.3-9

may be replaced by a flat or domed end having the same
diameter as the shell.

In the case of U-tube and floating-head construc-
tion, a �doubleended� kettle, shown in Fig. 12, may be
provided, in which a bundle is inserted into each end of
the shell, the shell usually being coned at both ends.
The single double-ended unit is equivalent to two com-
plete kettles operating in parallel.

I .

In a chiller, a fluid is cooled to a temperature lower than
that which could be obtained if water were used as the
coolant. Except for the omission of the weir plate, a
chiller is similar to the kettle-type reboiler. The fluid to
be cooled flows inside the tubes and a refrigerant, such
as ammonia or Freon, vaporizes on the outside of the
tubes. Because of the moderate temperature difference
between fluids and the absence of fouling, fixed tube-
sheet construction is often used. The transition from the
enlarged shell to the smaller stationary and rear heads is
usually made with a cone at each end, similar to the
double-end unit described earlier. Again, it is not essen-
tial for the shell to be reduced in diameter and the cones
may be replaced by flat or domed ends, having the same
diameter as the shell, if conditions permit.

J. Double-bundle vaporizer

A special non-TEMA type of vaporizer is the double-
bundle type illustrated in Fig. 13, which is particularly

suited to the vaporization of liquids at low temperature,
with steam as the heating medium. Although a single-
bundle unit can be designed for this duty, special care
is required to prevent freezing of the condensate. This
is likely to occur if the condensate is prevented from
flowing away freely due to malfunction or inadequate
design.

To overcome this, a �buffer� fluid is used on the
shell side of the double-bundle design. The lower bundle
acts as a kettle in which the buffer fluid is vaporized by
condensing steam in the tubes. The vaporized buffer
fluid condenses on the tubes of the upper bundle to pre-
heat and vaporize the low-temperature liquid in the
tubes, the buffer fluid condensate falling back to the
boiling pool around the lower bundle. The buffer fluid
and its vaporizing/condensing temperature are selected
with regard to (1) optimum bundle sizes, (2) moderate
shell-side design pressure, and (3) the elimination of
freezing in either bundle. In a typical system, steam at
205�C  is used to preheat and vaporize liquid ethylene
from -104�C  to 10°C,  methanol being the buffer fluid
at 12O�C.

K. Bayonet tube

In the bayonet tube, shown in Fig. 14, the inner tube,
outer tube, and shell are completely free to move inde-
pendently of one another. This type is particularly
suited to extremely large temperature differences be-
tween the two fluids. The free end of each outer tube
must be sealed with a cover, thus providing an internal

Figure 12 Doubleended U-tube kettle, 1 016/l  371 mm diameter. Courtesy of Whessoe Heavy Engineering Ltd.,
ton, England.
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4.2.3-10 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.3 Types of Shell-and-Tube Exchangers

Stationary-head flange

Vapor

t

Steam

L
Cold liquid

Figure 13 Double-bundle vaporizer.

joint, but because the cover can be welded to the tube
it does not present the same risk of leakage as a gasketed
joint. The heat transfer surface is that of the outer tube.

The shell side may be provided with baffles, similar

P +(Vapor)

Outer tube-

Inner tube-

P1 Liquid)

I� II
I ,I

I!1 I

-J$ETfeets

(Water)

Figure 14 Bayonet tube exchanger.

to the other types above, but short vertical units are
sometimes unbaffled and are particularly suited to con-
densing and vaporizing duties on the shell side where a
low pressure loss is essential. The short vertical tube
unit shown in Fig. 14 may be used to vaporize liquids at
low temperature using steam as the heating medium. The
presence of steam in the inlet head and inner tubes pre-
vents condensate freezing.

Both sets of tubes may be welded to their respective
tubesheets if required. This may be essential for the
outer tubes, as their tubesheets may have to withstand a
considerable pressure; it is less important for the inner
tubes, as their tubesheets merely have to withstand the
pressure loss of the tube-side fluid.

L. Double tubesheets

In some processes the leakage of one fluid into the
other, however small, could present a hazard or con-
taminate the process completely, the most likely source
of leakage being the tubeltubesheet  joints. Double
tubesheet construction, as used in the unit shown in
Fig. 15, may be used in which fluid leaking through the
tube/tubesheet joints in either tubesheet will flow into
the space between them, where it may be vented or
drained away. No mixing of the fluids within the shell or
heads can occur.

Figure 16 shows that double tubesheet construction
may be applied to fixed tubesheet, U-tube, floating-
head, and bayonet-tube types, but in the case of the
floating-head type, outside-packed construction is re-
quired as shown in Fig. 9. Although the tubes in the
outer tubesheet may be attached by expansion or weld-
ing, the tubes in the inner tubesheet can be attached
only by expansion.
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Figure 15 Double-tubesheet U-tube exchanger, 1 066-mm  diameter with 3 657-mm-long straight-leg tubes. Courtesy of
Whessoe  Heavy Engineering Ltd., Darlington, England.

Floating head-Rear end

Figure 16 Double tubesheet construction.

Floating head & U tube-Stationary end
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION 4.2.4-l

4.2.4

Hzmes

E. A. D. Saunders

A. Introduction

The various exchanger types shown in Figs. 4.2.3(5)
and 4.2.3(7)-4.2.3(10)  have bolted bobbin-type sta-
tionary heads, but this is not an essential requirement
and other head types may be used depending on service
conditions. In the case of fixed tubesheet exchangers,
the head at the rear end need not match that at the
stationary end.

The various head types and their applications are
described below, the type letter relating to the particu-
lar designation system referred to in Sec. 4.2.2B.  The
first letter refers to the stationary end for all exchanger
types and the second letter to the rear end of fixed tube-
sheet exchangers only.

The channel-type head is commonly known as a
�bobbin� in the United Kingdom and some other
countries.

B. Bolted channel (type A or L)

It will be seen that the bolted channel-type stationary
head comprises a cylindrical shell or barrel, flanged at
both ends, with one flange being bolted to the shell
flange or stationary tubesheet and the other flange
bolted to a flat cover. Removal of the flat cover provides
access to the tube ends without having to break the
flanges connecting the piping to the nozzles. If neces-
sary, the complete head may be removed for unre-
stricted access to the tube ends, or to withdraw the
complete bundle. This type of header is desirable when
cleaning of the inside of the tubes in situ is expected to
be frequent.

The bolted channel-type head may also be fitted at
the rear end of the fixed tubesheet type, if required,
but this is usually worthwhile only if there is a nozzle
in the rear end barrel.

C. Welded channel (type C or N)

For high-pressure and/or lethal service where it is de-
sirable to minimize the number of external joints, the
cylindrical barrel is welded, instead of bolted, to the
stationary tubesheet. This eliminates one external joint,
but access to the tube ends for cleaning or repair must
always be carried out inside the head barrel. It is essen-
tial to ensure that there is adequate space between
peripheral tubes and the inside of the barrel to accom-
modate the equipment required for tube end attach-
ment, repair, and tube withdrawal.

D. Bonnet (type B or M)

A typical bonnet head is shown at the rear end of the
fixed tubesheet exchanger of Fig. 4.2.3(l).  Bonnet-type
heads provide a cheaper alternative to the bolted or
welded channel types and also offer unrestricted access
to the tube ends after removal. However, it is necessary
to break the flanges connecting the piping to the nozzles
prior to removal, and this type of header is generally
used at the stationary end when tube cleaning is ex-
pected to be infrequent.

Bonnet heads are invariably fitted at the rear end
of the fixed tubesheet type if there are no nozzles in
the rear end barrel.

o 1983 Hemisphere Publishing Corporation
r

MIH

- .__,.  _I-  .___*-.  _. _ - .-I.--I._.�  . . --_. ��  -. ,, .-� . -I_~I-,s..CP-T



4.2.4-2 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.4 Head Types

I
Head cover EliHead barrel Soft metal liner

on sealing surface

Delta ring Double cone ring

E. Bolted cone

When there is one tube-side pass,
shaped head may be used instead
bonnets.

Figure 1 �Self-sealing� gaskets.

an axial-bolted cone-
of bolted bobbins or

F. High pressure

The A-, C-, L-, and N-type full-diameter closures of
conventional design described above are satisfactory
over a wide range of diameter/pressure combinations.
There are no mandatory rules, but an upper limit of
(diameter) X (pressure) of 15 000 (mm X MN/m2) is
a rough guide. However, as head diameter and pressure
increase, it becomes increasingly difficult to design a
practical, economic closure of conventional type which
provides adequate strength, leak-tightness, and service-

“Grayloc” ring
(Gray Tool Co.)

ability without huge bolts. For instance, a conventional
closure, 600 mm in diameter, is satisfactory for a pres-
sure of 25 MN/m�,  but even at this modest head size
the bolts will have a diameter of about 80 mm, thus
necessitating special bolt-tensioning equipment for best
results.

When the conventional closure is not practicable,
one approach is to replace the conventional gasket with
a special type that utilizes the contained pressure itself
to force it to follow the dilation of the seating surface.
The principle is shown in Fig. 1. Although this design
minimizes the risk of leakage, the bolting must be large
enough to withstand the hydrostatic end load. When the
bolting becomes too large, the �nonbolted� closure
(TEMA type D) is used where the hydrostatic end load
is taken by pins or rings. There are numerous designs
of this type, and the split-ring design shown in Fig. 2
illustrates the principle only.

Self-sealing gasket

olts for initial gasket seal

Figure 2 Shear ring closure.

0 1983 Hemisphere PubWing Corporation

WI
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r 600-mm manway

I

Stub end self-reinforced
forged nozzles

4.2.4-3

Figure 3 All-welded exchanger.

Large-diameter, high-pressure closures are expensive, eliminated, and the stub-end nozzles are welded directly
and sometimes the all-welded construction shown in to the piping at site. Access to the heads and tubesheets
Fig. 3 is used instead. All girth and nozzle flanges are is via manways, usually 600 mm in inside diameter.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION 4.2.5-l

4m2.5
Features relating to thermal design

E. A. D. Saunders

A .
(a) Diameter and thickness

Small-diameter, closely packed tubes provide compact
units, but the tubes may be difficult to clean both inside
and outside; large-diameter, widely spaced tubes provide
less compact units, but cleaning problems are reduced.
The usual outside tube diameter range for petroleum and
petrochemical applications is 15 to 32 mm, with 19 and
25 mm being the most common.

Tube thickness must be checked against internal and
external pressure, but the diameters and thicknesses of
tubes most commonly used can withstand appreciable
pressure. For instance, a steel tube 19 mm in outside
diameter, 2.1 mm thick, can withstand internal and
external pressures of 16 and 7 MN/m�,  respectively.
Hence, in many applications tube thicknesses are selec-
ted on the basis of cost, corrosion resistance, and stan-
dardization rather than pressure. Typical thicknesses are
as follows:

Carbon and low- Stainless steels and
OD alloy steels copper alloys

15.88 mm (�  in)II 1.65 mm (16 BWG) 1.24 mm (18 BWG)
19.05 mm (�  in)
25.40 mm (; in)

2.11 mm (14 BWG) 1.65 mm (16 BWG)
2.77 mm (12 BWG) 2.11 mm (14 BWG)

31.75 mm (14 in) 3.40 mm (10 BWG) 2.77 mm (12 BWG)

Tubes are usually purchased to specifications relat-
ing to outside diameter and nominal thickness, rather
than nominal bore, because the permitted tolerances for

0 1983 Hemisphere 1
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the latter are greater. Tubes may be purchased to mini-
mum wall or average wall thicknesses. In the case of
minimum wall tubes, the wall thickness must not be less
than the nominal thickness, but may exceed it up to a
certain maximum (typically 18 to 22% greater than
nominal thickness). In the case of average wall tubes, the
wall thickness may be greater or smaller than the nom-
inal thickness within a certain range (typically +8 to 10%
of the nominal wall thickness). The bore of minimum
wall tubes may be less than the nominal bore and
should be allowed for in thermal design, particularly
tube-side pressure-loss calculations.

U tubes need special attention because thinning of
the wall occurs in the smaller radius bends during bend-
ing. If thinning of the wall cannot be tolerated because
of pressure and/or corrosion requirements, it is usual to
bend the inner two rows from straight tubes having a
greater thickness than the remainder (typically 25 to
30% thicker). Where pressure and corrosion require-
ments are not governing, and the tubes are not suscep-
tible to work hardening, some thinning in the bend may
be tolerated. TEMA, for instance, specifies that such
thinning should not exceed 17% of the original tube wall
thickness. TEMA also limits flattening at the bend to
10% of the tube nominal outside diameter.

(b) Length

For a given surface area the cheapest exchanger is ob-
tained by making it as small in diameter and as long as
possible, consistent with the space and handling facilities
available at site and in the fabricator�s shop. On this
basis there is an incentive to make exchangers as long as
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4.252 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

possible, limited only by the tube length available from
tube supplliers,  but practical aspects usually govern.
Irrespective of the exchanger type, a clear length of at
least twice the tube length must be available for siting
the exchanger to permit either tube bundle or tube
withdrawal. Long bundles may present difficulties in
handling, particularly when withdrawing from, or insert-
ing into, the shell. The most common tube length range
is 3 600 to 9 000 mm for removal bundles, with a
bundle weight limitation of 20 tons and 3 600 to 15 000
mm for the fixed tubesheet type. Exchangers up to
22 000 mm long have been made to meet the demands
of increased process plant capacities.

(c) Pitch

Except for small tubes and shell diameters, TEMA speci-
fies that the tube pitch/outside diameter ratio should
not be less than 1.25 and that for external fouling ser-
vices there should be a minimum gap of 6.35 mm (a in)
between adjacent tubes to assist external cleaning by
mechanical means. Where cleaning lanes are provided,
the tubesheet layout should be arranged such that the
lanes are continuous throughout the bundle, or if this
is not practical, every tube may be reached from one
side of the bundle or the other. Typical tube pitches
are as follows:

Minimum pitch
-

Tube OD Clean Fouling

15.88 mm (3 in) 19.84 mm (jj in) 22.22 mm (2 in)
19.05 mm (4 in) 23.81 mm (g in) 25.40 mm (; in)
25.40 mm (1 in) 31.75 mm (13 in) 31.75 mm (14 in)
31.75 mm (I$ in) 39.69 mm (12  in)16 39.69 mm (1�  in)16

t
Rotated 60”)
triangular pitch

Triangular pitch (30’)

Figure 1 shows four basic tube pitch orientations.
For a given tube pitch/outside diameter ratio, about
1.5% more tubes can be accommodated within a given
shell diameter using 30� or 60� pitch compared with
45� or 90� pitch. In addition, heat transfer considera-
tions must be taken into account when selecting tube
pitch angle. For single-phase fluids outside the tubes,
typical pitch angles are as follows:

Turbulent flow Laminar flow

Clean Fouling Clean Fouling

30� 90� 30� 45�

(d) Bime tal

When it is difficult or expensive to obtain a single metal
that will resist the corrosive action of both fluids, bi-
metal tubes are used. Almost any pair of metals may be
drawn together to form a bimetal tube. When the com-
bined wall thickness is not great, the thickness of each
tube is made about the same; but as the combined wall
thickness increases, it is usual to limit the thickness of
the more expensive metal as far as practicable in order
to reduce cost.

In most cases the tubesheets will be clad on the
tube-side face with the same metal as the inner tube. In
order to prevent galvanic action at the tube ends arising
from different metals in contact with the tube-side fluid,
it is usual to remove about 20 mm of the outer tube at
each end and replace it with a ferrule of the same metal
as the inner tube, as will be shown in Fig. 4.2.6(18).

4

Square pitch (90”) Rotated square pitch
145Y

Figure 1 Tube pitch arrangements.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4.2.5-3

Tubesheet -7

Definned portion at baffle

Figure 2 Integrally finned tube.

(e) Integrally finned

Low-finned tubes (19 fins per 25 mm length, 1.6 mm
high) and medium-finned tubes (11 fins per 25 mm
length, 3.2 mm high) are designed specifically to fit into
shell-and-tube heat exchangers in the same manner as
plain tubes. The external surface area is respectively 2.5
and 3 times that of a plain tube of the same outside
diameter. These tubes may provide a cheaper design
than a plain tube one, particularly when an expensive
tube material is involved and the external heat transfer
coefficient is low in relation to the internal coefficient.
Performance of a plain tube exchanger may be boosted
by substituting integrally finned tubes.

The special characteristics of low- and medium-
finned tubes, as shown in Fig. 2, should be considered
in design as follows:

1. The wall thickness under the fins is less than that
at the plain end.

2. The bore of the tube in the finned portion is less
than that at the plain end. The direct replacement of
plain tubes by integrally finned ones may double tube-
side pressure loss.

3. The outside diameter of the fins is slightly less
than that of the plain end. Unless definned,  there will
be a greater baffle/tube clearance than with plain tubes.
Definning at each baffle is desirable if vibration prob-
lems exist, but the loss of finned surface must be taken
into account in thermal design.

B. Tube-side passes

(a) Partition plates

Each traverse of the tube-side fluid from one end of the
exchanger to the other is termed a pass. By changing the

number of tube-side passes, the thermal designer is able
to change the fluid velocity inside the tubes, and de-
pending on the process conditions, only one tube-side
pass, or as many as 16, may be required, although 8
passes is a more common upper limit. The heads are
fitted with flat metal plates, known as partition plates,
which divide the head into separate compartments.

The thickness of pass partition plates depends on
head diameter but is usually 9 to 16 mm for carbon and
low-alloy steels and 6 to 13 mm for the more expensive
alloys.

Except for D-type and other special high-pressure
heads, the partition plates are always welded to the head
barrel and also to the adjacent tubesheet or cover, as
appropriate, if either is welded to the barrel. If the tube-
sheet or cover is not welded to the head, the tubesheet
or cover is grooved and the edge of the partition plate
sealed by a gasket embedded in the grooves.

Typical pass arrangements are shown in Fig. 3,
which also shows the shape of the head gaskets and
grooving required in the tubesheets and covers.

(b) Number of passes

A fixed tubesheet and outside-packed floating-head
exchanger may have any practical number of tube-side
passes-one, two, four, six, and eight passes are the most
common, with three and five passes, although permis-
sible, less often used. A U-tube exchanger must have an
even number of passes, two and four passes being the
most common, with six and eight passes, although per-
missible, less often used. The number of passes in the
lantern-ring floating-head exchanger is limited to one
or two, and in the latter case the tube-side nozzles must
be at the stationary end. The number of passes in split-
backing-ring and pull-through floating-head exchangers
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4.2.5-4 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

No.
-

4

6

8

Stat. end Rear end Stat. end Rear end

ALSO SHOWS GASKET
PATTERN AND GROOVING
FOR STATIONARY AND
REAR TUBESHEETS

Figure 3 Typical tube-pass layouts.

is usually an even number, for example, two, four, six,
or eight. A single-tube-pass floating-head exchanger
may be used to provide the thermal advantage of
countercurrent flow, but special construction is required
as described in Sec. B(c).

(c) Single-tube-pass jloating head

The special constructions required at the floating head
when a single tube pass is required are shown in Figs. 4
and 5. The packed gland is the simplest, but its applica-
tion is limited to low-pressure, nonlethal service on the
shell side. When the packed gland construction is not
permissible, the bellows-type construction must be used.
There are various designs for bellows-type construction,
and Fig. 5 is typical only. One example is shown in
Fig. 6.

(d) “Boxed-in” passes

As mentioned in Sec. B(a), D-type and other high-
pressure headers are special, and conventional partition
plates are not used. It is necessary to �box in� the passes

0 1983 Hemisphere 1

as shown in Fig. 4.2.4(3). The removable pass covers,
studs, and gaskets are of relatively light construction, as
the cover joint only has to withstand the tube-side
pressure loss and not the full tube-side design pressure.

C. Baffles

(a) Cross type

Cross baffles, shown in Fig. 7, have the dual purpose of
supporting the tubes adequately at intervals to prevent
sag and vibration, and also of enabling the shell-side
fluid to flow back and forth across the bundle from
one end of the exchanger to the other for heat transfer
purposes. By changing the spacing of the baffles, the
thermal designer is able to change the shell-side fluid
velocity. Figure 8 shows three types of cross baffles used
in exchanger design, namely, segmental, double seg-
mental, and triple segmental. Segmental baffles are the
most common type, but if the design is governed by
shell-side pressure loss, it may be reduced appreciably
by resorting to double or triple segmental baffles.

Ibbhhg  corporation

H



4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4.2.5-S

Figure 4 Single-pass floating head with gland.

L Double gasketed (inside and
outside stud circle)

Figure 5 Single-pass floating head with bellows.

The opening in the baffles through which the shell-
side fluid flows from one baffle space to the next is
termed the baffle window, and the amount cut away is
termed the baffle cut. Baffle cut is usually defined as
the window opening segment height expressed as a per-

centage of the shell diameter. The usual range of baffle
cuts is 15 to 40% for segmental and 20 to 30% for
double segmental baffles. There must always be some
overlap of the edges of adjacent baffles.

In a horizontal exchanger the baffle edges at the
windows may be in the vertical position (vertical-cut baf-
fles) or in the horizontal position (horizontal-cut baf-
fles). The latter is suitable for clean single-phase fluids,
but for fouling, condensing, or boiling fluids vertical-cut
baffles are used. This prevents dirt settling out in the
bottom of the shell for fouling fluids, whereas in the
case of condensers it enables condensate to flow freely.

Tubes in the baffle window zones of segmental and
double segmental baffles pass through every other baffle
and are unsupported for a length of two baffle spaces.
Figure 8 also shows a design using segmental baffles in
which there are no tubes in the baffle windows and
therefore all tubes pass through all baffles. Additional
supports, through which all tubes pass, may be installed
between the main segmental baffles as required, thus
providing extra tube support and an increase in the
natural frequency of the tubes, without affecting heat
transfer and pressure loss. This design is termed �no
tubes in window� and is used chiefly to eliminate shell-
side flow-induced tube vibration. Compared with con-
ventional designs, no-tubes-in-window designs have larger
shell diameters to contain the same number of tubes.

(b) Support type

In cases where the performance of the exchanger is not
dependent on the shell-side velocity, the cross-type

Figu re 6 Split-backing-ring floating-head exchanger, with bellows at floating head, showing bellows restraining
tesy of Whessoc : Heavy Engineering Ltd., Darlington, England.

bars. Cour-
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4 . 2 5 6 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

Figure 7 Tubing up 1 219-mm diameter, 9 144-mm  tube length, fixed tubesheet exchanger. Segmental baffles slotted for
sealing strips. Courtesy of Whessoe Heavy Engineering Ltd., Darlington, England.
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Figure 8 Baffle types. (W denotes baffle window.)
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4 . 2 5 7

baffle need not be used and certain designs use circular
baffles that are not cut at all. These are termed full-circle
supports.

Split-backing-ring and pull-through floating-head
exchangers have a special support-type baffle adjacent
to the floating head to take the weight of the complete
floating-head assembly. A full-circle support could be
used, but the surface between the baffle and the floating
tubesheet would become ineffective. In order to increase
the effectiveness of this surface it is usual to cut slots of
various shapes in the baffle.

(c) Thickness

TEMA specifies minimum baffle thickness, which is re-
lated to diameter and unsupported tube length. Typical
examples are as follows:

Baffle thickness, mm, for
unsupported tube length, mm

Shell ID, mm Less than 6 10 Greater than 1 524
-

Less than 355 3.2 9.5
Greater than 1 550 9.5 19.1

(d) Maximum pitch

TEMA specifies the following maximum unsupported
tube length (MUTL)  for carbon, low-alloy, stainless
steel, and nickel alloys:

Tube OD MUTL

15.88 mm (2 in)
19.05 mm (i in)

1 321 mm (52 in)
1 524 mm (60 in)

25.40 mm (1 in) 1 880 mm (74 in)
31.75 mm (14 in) 2 235 mm (88 in)

For aluminum and alloys, copper and alloys, and
titanium the MUTL is reduced to 0.865 of the above
values.

In the case of segmental and double segmental
baffles, with 19.05 mm OD tubes, for example, adjacent
baffles must not be spaced more than 762 mm apart;
if triple segmental baffles are used adjacent baffles must
not be spaced more than 508 mm apart. The maximum
permissible tube length for a completely unbaffled ex-
changer, having 19.05 mm OD tubes, for example,
would be 1 524 mm.

Sometimes, in order to accommodate the required
nozzle, with possibly a reinforcing pad, the end baffle
pitch must be made greater than that in the remainder
of the exchanger. In this case the longest unsupported
tube length is that which exists in the baffle window

nearest the tubesheets. It is important to check that the
distance between the tubesheet and the second baffle
from it, at each end, does not exceed the TEMA maxi-

mum and that the long tube span does not contribute
to flow-induced vibration problems.

(e) Clearances

For construction purposes there must always be a clear-
ance between the tubes and the holes in the baffles, and
also between the outside of the baffles and the inside
of the shell. Sometimes for heat transfer or antivibration
purposes smaller clearances than those shown below are
required. This is permissible, but as the clearances are
reduced so fabrication costs increase.

If the maximum unsupported tube length is 914
mm (36 in) or less, or the tube outside diameter is
greater than 31.75 mm (1: in), TEMA specifies that the
baffle hole should be drilled 0.794 mm (A in) greater
than the tube outside diameter. This diametral clear-
ance is halved if the maximum unsupported length is
greater than 914 mm (36 in) for tubes 31.75 mm (lb in)
and smaller.

The diametral clearance between shell inside diame-
ter and baffle diameter depends on the shell diameter,
typical values specified by TEMA being 4.45 mm (0.175
in) for diameters between 610 and 991 mm (24 and
39 in) and 11.12 mm (0.438 in) for diameters between
2 159 and 2 540 mm (85 and 100 in). Where baffle/shell
clearance has little effect on shell-side heat transfer co-
efficient or temperature difference, up to twice the spe-
cified clearance may be used (see also Sec. 4.2.6A).

(f) Impingement plates

To protect the tubes below the shell-side inlet nozzle
from damage resulting from solid particles or liquid
droplets entrained in the shell-side fluid, an impingement
plate may be required. TEMA specifies impingement
protection when pVz exceeds the following values:

Fluid

Noncorrosive, nonabrasive
single phase

Other liquids, including liquids
at boiling point

Corrosive vapors and gases,
liquid-vapor mixtures

ap,  kg/m3 (lb/ft3); V, m/s (ft/s).

pv�a

2 230 (1 500)

744 (500)

cl (0)

The impingement plate is usually about 6 mm thick,
flat or curved, with dimensions slightly greater than the
nozzle bore d. If fitted inside the shell, it is usual to
position the plate edge at a distance of about d/4 below
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4.2.5-8 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

the intersection of the nozzle wall and shell to provide
an annular escape area roughly equal to that of the
nozzle area. Internally fitted impingement plates mean
that the shell cannot be completely filled with tubes and
an increasing number of tubes have to be omitted as
nozzle/shell diameter ratio increases.

At the outlet nozzle it is usual to position the
closest row of tubes at a distance of about d/6 below the
nozzle in order to provide adequate escape area.

In order to provide as many tubes as possible within
a given shell, the impingement plate is sometimes fitted
outside the shell in an enlarged nozzle, either conical or
domed.

When it is not practical to fit the impingement plate
inside or outside the shell, a vapor belt is used as shown
in Fig. 9. A vapor belt has the added advantage that any
nozzle sinkage,  as described in Sec. 4.2.6A, occurs in
the vapor belt barrel where it cannot influence shell/
baffle clearances.

(g) Longitudinal type

Although most exchangers have a single shell-side pass,
two shell passes can be provided by installing a flat metal
plate, about 6 to 13 mm thick, running axially along the
shell at the diameter to divide the tube bundle into two
semicircular portions. The plate is in contact with the
stationary tubesheet, but does not extend the full tube

i
I

Bonnet 1

entry

D
Shell continuous

Slots in shell
Box type

D
Cone type

Figure 9 Vapor belts.

Cross baffle dia. Shell ID

8 stainless-steel

0.3mm (O.OO&in)

Figure 10 Longitudinal baffle.

length because space is required at the rear end to enable
the shell-side fluid to cross over the bundle from the first
pass into the second pass. The plate is termed a longi-
tudinal baffle, and an exchanger having two shell-side
and two tube-side passes provides the thermal advantage
of countercurrent flow. The TEMA shell-type designa-
tion is F.

The longitudinal baffle is usually welded to the
stationary tubesheet, but means must be provided to
prevent leakage of the shell-side fluid from one pass
to the other between the longitudinal baffle edges and
the shell. The worst leakage point is adjacent to the
stationary tubesheet where the inlet and outlet nozzles
are diametrically opposed and the pressure (and tem-
perature) differential across the baffle is greatest. In the
case of fixed tubesheet exchangers, it is usually possible
to weld the longitudinal baffle to the shell, but this is
not possible for U-tube and floating-head exchangers
because the longitudinal baffle must be removed with
the bundle. When removable bundles are involved, the
gap between longitudinal baffle and shell is sealed by
flexible strips or packing devices, a typical flexible strip
design being shown in Fig. 10. The flexible strips are
placed on the shell inlet side of the longitudinal baffle
so that the higher pressure assists the strips in maintain-
ing contact with the shell.

When flexible strips or packing devices are used,
it is usual to design the exchanger such that the pressure
difference across the longitudinal baffle is not too great
(typically 0.07 MN/m*).

(h) Tie rods, spacers, and sealing devices

The tube bundle is held together and the baffles located
in their correct positions by a number of tie rods and
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4.2.5-9

spacers. The tie rods are circular metal rods screwed
into the stationary tubesheet and extending the length
of the bundle up to the last baffle, where they arc
secured by lock nuts. Between every baffle all tie rods
have spacers fitted over them, each spacer being tube
or pipe, having an inside diameter slightly greater than
the tie rod diameter, and a length equal to the required
baffle spacing.

The tie rods and spacers may also be used as sealing
devices to assist in blocking off undesirable shell-side
leakage paths due to pass partition lanes or gaps between
the bundle and shell. Dummy tubes (which do not pass
through the tubesheets), round oars, and flat longitud-
inal strips, inserted into slots in the periphery of the
baffles, may also be used as sealing devices. Depending
on nozzle/shell diameter ratio, the largest bundle/shell
gap is often that created by an internally fitted impinge-
ment plate. If this creates a leakage path around the
bundle, it must be sealed with longitudinal strips or
other devices, but these must not be fitted in the inlet
baffle space because this would reduce the escape area
around the impingement plate considerably. The outlet
baffle space must be examined on a similar basis.

Typical details are shown in Fig. 11.

Tie

Shell C.L.

D. Outer tube limit
The outer tube limit (OTL) is the diameter of the largest
circle, drawn about the tubesheet center, beyond which
no tube may encroach. For a given shell inside diameter,
the OTL for the split-backing-ring and pull-through
floating-head types is dependent on pressure and
whether the tubes are expanded or welded to the tube-
sheets. Welded tube ends provide a slightly smaller
OTL than expanded tube ends. The OTL for fvted
tubesheet and U-tube exchangers is independent of both
pressure and tube end attachment for a given shell
inside diameter.

In addition to the above factors, each fabricator has
individualized clearances and construction details, so
that the OTL data listed in Table 1 are typical only.

E. Tube count

The number of tubes that can be accommodated within
a given shell inside diameter, for a given tube outside
diameter and pitch, is governed by the following factors:

1. The type of exchanger. This determines the OTL
as described in Sec. D.

K (.] . . . . . .I. . . . , . @ w672.0OTL

Baffle

. . . . . . . �I.. . . . . ..o
� . . . , . . . . * . � . . . . .

;;j . . . . . . . I . . . . . . .
and spacers

Channel partition

edge

Total tube holes (25.4 OD) = 354

“T” denotesi assembly match mark

685.0 ID - 31.750 A pitch - l-pass - Fixed head

Figure 11 Typical tube layouts.
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4.2510 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

thk. impingement plate

685.0 ID shell 150

8
150

Channel partition

Tie rods and spacers
Total tube holes (25.4 OD) = 300

“T” denotes assembly match mark

Bundle runner

685.0 ID - 31.750 A pitch - 2-pass  - U-tube bundle

42.0
I

Tie rods and spacers ’

Baffle edgiea

(6)

“T”  j

7.000 thk impingement plate

885.0 ID shell

Channel partition

@
Fltg. hd. partition

Total tube holes (25.4 OD) = 256
“T” denotes assembly match mark

685.0 ID - 31.750 0 pitch - 4-pass - Floating head - Type S

(Cl

Figure 11 Typical tube layouts. (Continued)

o 1983 Hemisphere Publishing Corporation

tml



4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4.2.5-l 1

Shell-

.OOO thk impingement plate

685.0 ID shell

Tie rods and spacers

Pass partition C.L.

. (.Jp . . . t. I g \

-- ! Baffle edae Y-3

Fltg
-

. hd. partition

Total tube holes (25.4 OD) = 204

“T” denotes assembly match mark

,

685.0 ID - 31.750 0 pitch - 4-pass - Floating head - Type T

(d)

Figure 11 Typical tube layouts. (Continued)

2. The number of tube-side passes. As the number
of passes increases, so does the area occupied by pass
partitions that cannot be occupied by tubes.

3. The nozzle diameter. If an impingement plate is
fitted internally, adequate escape area must be allowed
as described in Sec. C(f). The greater the nozzle diame-
ter, the smaller the number of tubes that can be accom-
modated. The tube count is independent of the nozzle
diameter if an external impingement plate or vapor belt
is fitted.

4. Tie rods, spacers, sealing devices. Space must be
allowed to accommodate these items.

5. Tube end attachment. This may affect the OTL
as described in Sec. D. In addition, a greater tube-to-tube
center distance may be required at the pass partitions for
welded tube ends, thus reducing the space available for
tubes still further.

6. Pressure. This may affect the OTL for floating-
head exchangers as described in Sec. D.

7. Radiused tubesheets. If the tubesheet has periph-

Table 1 Typical diametral clearance (Di - OTL), mm�

Exchanger
ID, mm

Fixed tubesheet
and U tubeb

Pull-through floating-head
tube-side pressure, MN/m2

Split-backing-ring
floating headC 1 2 3

u p to 500 11 35 (3) 95 95 100
1 000 15 41 (3) 110 116 135
1 500 18 50 (2) 130 136 160
2 500 18 - - - -

lubes roller expanded. Di = shell inside diameter.
bNot affected by pressure for given shell inside diameter.
CFigures in parentheses denote maximum tube-side pressure.
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4.2.5-l 2 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

era1  radiused hubs for welding to the shell or head bar-
rels, the OTL may be reduced because tubes must not
encroach into the radii.

8. Rotatable bundles. These are rotated through
180�  to even out wear at the shell inlet. If a space is
left for an internal impingement plate, a similar space
must be left on the opposite side of the bundle, resulting
in a loss of tubes.

Because of the large number of variables, it is not
possible to provide exact tube count tables for all condi-
tions. The tube counts provided in Table 2 are adequate
for initial sizing purposes, but for exact counts a tube
layout drawing must be made.

F. Shell-side nozzle arrangements

Figure 4.2.2(l)  shows various shell-side nozzle arrange-
ments, namely, E, F, G, H, J, K, and X. The E shell,
with two nozzles, one at each end, represents the most
common arrangement. The purposes of the F and K
shells have been described in Sets. C(g) and 4.2.3H,
respectively.

When shell-side pressure loss governs a design prob-
lem, the divided flow shell, type J, will reduce pressure
loss considerably. There is a choice of two inlets/one
outlet or one inlet/two outlets, and in order to mini-
mize nozzle diameters it is usual to provide two inlets/
one outlet for condensing services and one inlet/two
outlets for vaporizing services.

In the cross-flow shell, type X, the shell-side fluid
makes one cross-flow pass across the whole bundle,
which has full-circle supports except for short units.
Additional full-circle supports, through which all tubes
pass, may be installed as required, thus providing extra
tube support and an increase in the natural frequency of
the tubes, without affecting heat transfer and pressure
loss. In addition to the elimination of flow-induced
vibration, the X shell may solve a design problem gov-
erned by shell-side pressure loss. The bundle usually has
a flat top and bottom to provide adequate segmental-
shaped entrance and exit flow areas. In order to mini-
mize nozzle diameter, a typical design may require up
to four nozzles at both the top and bottom of the shell,
depending on length. A full-length perforated distributor
plate may be required at the top of the bundle to aid
shell-side flow distribution.

The G and H shells are used chiefly for certain con-
densing and boiling applications in which the shell-side
heat transfer coefficient is independent of the shell-side
velocity. Figure 4.2.2(l)  shows that both contain longi-
tudinal baffles, as described in Sec. C(g), but these are
usually unsealed at the edges.

Although conventional cross-type baffles may be
used, the G shell often has one full-circle support at mid-
point on the common center line of the shell nozzles.
The H shell is equivalent to two G shells joined end to
end and a total of three full-circle supports is required,
one in each G shell as before and one at the midpoint
of the complete bundle. Inspection of Sec. C(d), dealing
with maximum baffle pitch, shows that G and H shells
with 19.05-mm  OD steel tubes, for example, cannot be
longer than 3 048 and 6 096 mm, respectively. By using
full-circle support baffles, G and H shells provide longi-
tudinal, rather than cross flow, of the shell-side fluid and
the pressure loss is therefore lower.

To improve condensate subcooling, the longitudinal
baffles are sometimes perforated to permit condensate
formed in the upper half of the bundle to drip on the
tubes in the lower half. G and H shells are often used as
horizontal thermosyphon reboilers, in which case ade-
quate space is provided at the top of the bundle to per-
mit the vapor-liquid mixture to discharge freely.

G. Routing of fluids

Except for exchangers having specific functions, such as
a kettle-type reboiler where the cold fluid must flow on
the shell side, it is immaterial to the function of the
exchanger whether the hot or cold fluid flows on the
shell side. Where problems of fouling, high pressures,
and special materials are absent, it is often worthwhile
to investigate both possibilities to determine the cheaper
exchanger.

When one fluid requires an expensive material for
corrosion resistance or strength at high temperature, it
is usual to route that fluid to the tube side, this being
cheaper than having to make the whole of the shell side
in the expensive material. When one fluid is at high
pressure it is also usual to route that fluid to the tube
side, this being cheaper than having to make a thick
shell, with the added possibility that the tubes may
have to be thickened to resist the high external pressure.

Guidance regarding the routing of the fluids is given
below:

Route on tube side if:

Fouling (except U tube)
Corrosive
High pressure
High temperature

Route on shell side if:

Small flow rate
Viscous fluid
Low heat transfer coefficient
(Consider finned tubes)

Conflicting requirements often arise, however, and
it is prudent to establish alternative designs, with the
fluids switched, in order to determine the better one.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

Table 2u Tube counts for fixed tubesheet exchangers�

4.2.5-l 3

15.88-mm  (Q-in)  OD X 19.84-mm  ($$-in) pitch A 19.05-mm  (f-in) OD X 23.81-mm (+:-in)  pitch A
Shell
ID, 1 pass 2 pass 4 pass 6 pass 1 pass 2 pass 4 pass 6 pass

$iy 0.0 0 . 3 3 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 II 13 66 62 49 45 39 35 52 50 45 43 32 30 26 24
(0

2.54 125 119 112 106 90 84 18 12 85 81 16 12 60 56 52 48
(10)
305 186 175 170 159 143 132 129 118 127 120 116 109 98 91 88 81

(12)
331 230 216 212 198 193 169 161 153 158 148 146 136 125 115 115 1 0 5

(13?-)
381 310 291 290 211 256 231 238 219 213 200 199 186 175 162 163 1 5 0

(1%)
438 401 316 318 353 340 315 319 294 216 259 260 243 234 217 220 203

(17f)
489 505 412 480 441 431 404 414 381 348 325 330 307 301 218 285 262

(19:)
540 621 519 593 551 546 504 521 419 428 400 408 380 316 348 359 331

�2;3 148 698 Ill 661 666 616 638 588 516 481 495 460 459 424 440 405
(23:)
635 869 810 836 111 180 121 151 692 600 559 511 536 539 498 518 411

(2%
686 1 0 1 9  9 4 8 983 912 923 852 891 820 104 655 619 630 638 589 616 561

(27)
131 1180 1098 1142 1060 1 0 1 1  9 9 5 1 0 4 3  9 6 1 816 159 189 132 145 688 121 664

(29)
187 1354 1258 1313 1211 1244 1148 1201 1111 936 810 901 841 860 194 835 169

(31)
-838 1539 1430 1495 1386 1422 1313 1383 1274 1 064 9 8 9 1 034 959 983 908 956 881

(33)
889 1731 1612 1691 1566 1613 1488 1512 1447 1 201 1115 1 169 1 083 1115 1 029 1 087 1 101

(35)
940 1946 1805 1896 1155 1815 1674 1111 1630 1 346 1 249 1 3 1 2  1 2 1 5 1 255 1 158 1 226 1129

(37)
991 2161 2009 2115 1957 2029 1871 1983 1825 1 499 1 391 1463 1 355 1 4 0 3  1 2 9 5 1 372 1 264

(39)
1061 2520 2336 2464 2280 2311 2181 2321 2137 1 145  1617 1106 1 5 7 8 1 642 1514 1608 1 480
(42)
1143 2901 2688 2841 2628 2741 2528 2688 2415 2009 1 8 6 1 1 968 1 820 1 898 1 150 1 862 1714
(45)1219 3308 3063 3244 2999 3138 2893 3081 2836 2 291 2121 2 241 2017 2 113 2003 2 134 1 964
(48)1295 3 142 3464 3674 3396 3561 3283 3501 3223 2592 2 399 2545 2352 2467 2 214 2425 2232
(51)
1372 4203 3889 4132 3818 4011 3691 3948 3634 2912 2694 2862 2644 2119 2561 2135 2511
(54)
1448 4690 4338 4615 4263 4488 4136 4420 4068 3 250 3006 3 198 2954 3 110 2866 3 064 2820
(57)
1524 5205 4813 5126 4134 4992 4600 4921 4529 3601 3 335 3552 3280 3459 3181 3411 3139
60)1 600 3982 3681 3924 3623 3821 3526 3776 3475
(631616 4 316 4 044 4 315 3983 4 214 3882 4 160 3828
66)1753 4789 4424 4126 4 361 4619 4 254 4563 4198
(69)1 829 5 220 4 821 5 154 4155 5 043 4644 4984 4585
(72)1981 6 138 5 668 6066 5596 S 946 5 416 5 882 5412
(78)
2 134 7 130 6581 7 053 6504 6923 6 314 6855 6 306
(84)
2286 8 196 7563 8113 1480 I 915 7 342 1901 7 268
(90)
2438 9 331 8614 9249 8526 9 101 8 378 9022 8299
(96)
2591 10 552 9 1 3 2 10458 9638 1 0 3 0 1  9 4 8 1 10218 9 398
(102)
2143 11842 10920 11143 10821 11516 10654 11488 10566
(1�38)
2896 13205 12176 13100 12071 12925 11896 12831 11802
(114)
3048 14643 13500 14533 13 390 14 348 13205 14250 13101
(120)

OTube  counts given for tube diameters, pitches, number of passes, and nozzle: shell diameter ratios shown. Internal impingement fitted except
for 0.0, which refers to vapor belt OI  external impingement. Refer to Sec. E. Expanded ends.
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4.2.5-14 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

Table 20 Tube counts for fLved tubesheet exchanged (Continued)

19.05-mm  (t-in) OD X 25.4-mm  (l-in) pitch A 25.4-mm (l-in) OD X 31.75-mm  (l$-in) pitch A
Shell

ID, 1pa.Q 2 pass 4 pass 6 pass 1 pass 2pa= 4 pass 6~s

;zy 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 46 43 40 31 29 26 23 20 28 21 24 23 17 16 17 12
(8)
254 15 11 6-l 63 53 49 46 42 47 44 42 39 33 30 29 26

(10)
305 112 106 102 96 86 80 II 11 IO 66 64 60 54 50 48 44

(12)
331 138 130 127 119 110 102 100 92 81 82 80 IS 69 64 63 58

(13$)
387 181 176 175 164 154 143 143 132 115 110 107 102 94 89 87 82

(15$)
438 243 221 229 213 206 190 193 111 153 143 144 134 129 119 121 111

(173)
489 306 286 290 210 264 244 250 230 193 180 183 110 161 154 158 145

(19')
510 376 351 359 334 330 305 315 290 238 220 227 209 209 191 199 181

�3 454 423 435 404 404 373 387 356 287 267 275 252 255 235 244 224

(23 527 491 507 411 473 437 455 419 334 311 321 298 300 217 288 265
(2%
686 619 516 597 554 561 518 541 498 392 365 378 351 355 328 342 315

(27)
131 111 667 694 644 654 604 633 583 455 423 440 408 415 383 402 370

(2%
187 823 765 798 740 756 698 734 676 522 485 506 469 419 442 465 428

(31)
838 935 869 908 842 864 198 840 174 594 551 571 534 549 506 533 490

(33)
889 1 056 980 1028 952 980 904 955 879 611 622 653 604 623 514 601 558

(35)
940 1 183 1 098 1153 1 068 1103 1018 1016 991 152 691 774 678 101 646 684 629

(37)
991 1 318 1 222 1 286 1 190 1 234 1 138 1 206 1110 838 176 818 756 184 722 766 704

(39)
1 067 1533 1421 1499 1 387 1442 1 330 1412 1 300 975 903 953 881 917 845 897 825
(42)
1 143 1 765 1 635 1 729 1599 1 668 1538 1 635 1505 1123 1040 1100 1017 1061 978 1040 951
(45)
1 219 2014 1 864 1915 1 825 1911 1 161 1815 1725 1282 1186 1251 1161 1216 1120 1193 1097
(48)
1 295 2278 2 109 2231 2068 2168 1 999 2131 1962 1451 1342 1424 1315 1381 1272 1357 1248
(51)
1 312 2559 2 368 2515 2324 2443 2252 2403 2212 1630 1508 1602 1480 1556 1434 1530 1408
(54)
1448 2856 2641 2810 2595 2133 2518 2692 2477 1820 1680 1790 1652 1741 1603 1715 1577
(57)
1524 3170 2 931 3121 2882 3040 2801 2991 2158 2020 1867 1989 1836 1931 1784 1909 1756
(6�3)
1600 3500 3235 3449 3184 3 364 3099 3 318 3053 2231 2061 2198 2028 2144 1974 2115 1945
(63)
1616 3846 3554 3193 3501 3104 3412 3656 3364 2452 2265 2418 2231 2361 2114 2330 2143
(66)
1753 4 209 3 888 4153 3832 4060 3739 4 010 3689 2684 2479 2648 2443 2589 2384 2551 2351
(6%
1829 4581 4237 4529 4 119 4432 4082 4319 4029 2926 2701 2889 2664 2827 2602 2793 2568
(72)
1981 5 394 4981 5 331 4918 5 226 4813 5 169 4756 3441 3177 3400 3136 3334 3070 3297 3033
(78)
2134 6266 5 783 6 198 5 715 6085 5602 6024 5541 3998 3689 3954 3645 3882 3513 3843 3534
(84)
2 286 1203 6646 1130 6 513 7 009 6452 6943 6386 4598 4241 4551 4194 4414 4111 4432 4075
(90)
2438 8 206 7511 8128 7493 7999 1364 7929 7294 5238 4832 5188 4782 5106 4700 5061 4655
(96)
2591 9 214 8553 9191 8410 9 054 8 333 8980 8259 5921 5460 5868 5401 5781 5320 5132 5271
(102)
2143 10407 9597 10320 9510 10 174 9 364 10095 9285 6645 6127 6589 6011 6496 5918 6445 5921
(108)
2896 11606 10101 11514 10609 11 360 10455 11271 10372 7412 6833 7 353 6174 7255 6676 1201 6622
(114)
3048 12869 11864 12172 11767 12610 11605 12522 11517 8220 7576 8158 7514 8.055 7411 7998 1354
(120)

@Tube  counts given for tube diameters, pitches, number of passes, and nozzle: shell  diameter ratios shown. Internal impingement fitted except
for 0.0, which refers to vapor belt or external impingement. Refer to Sec. E. Expanded ends.

0 1983 Hemisphere Publishing Corporation

tai



4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4.2.5-l 5

Table 20 Tube counts for fixed tubesheet excbmgeti
(Continued)

31.75-mm  (I@)  OD X 39.69-mm  (l&in) pitch A
Shell
IQ 1 pass 2 pass 4 pass 6 pass
mm
(in) 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 11 16 14 13 10 9 - -
(8)
254 29 21 26 24 20 18 17 15

(IO)
305 43 41 39 31 33 31 29 27

(12)
337 54 51 50 4-l 43 40 39 36

(13$)
381 74 69 69 64 61 56 56 51

(15 4 )
(1%; 96 90 90 84 81 15 76 70

4i9 122 113 116 101 105 96 100 91
(19f)
540 150 140 143 133 132 122 125 115

�23 181 169 113 161 161 149 154 142

(23 211 196 203 188 189 114 182 167
(25)
686 248 231 239 222 224 201 216 199

(27)
731 288 268 278 258 263 243 254 234

(2%
187 331 301 321 291 304 280 295 271

'3s'38 311 350 366 339 348 321 338 311
(33)
889 426 395 414 383 395 364 385 354

�3;i0 478 443 466 431 445 410 435 400
(37)

991 532 493 519 480 498 459 486 441
(39)
1 067 620 574 606 560 583 537 571 525
(42)
1143 715 661 100 646 615 621 662 608
(45)
1219 816 155 800 739 714 713 760 699
(48)
1 295 924 854 907 831 819 809 864 194
(51)
1312 1038 960 1020 942 990 912 915 891
(54)
1448 1159 1071 1140 1052 1109 1021 1092 1004
(57)
1524 1281 1189 1267 1169 1234 1136 1216 1118
(6�3)
1600 1422 1313 1401 1292 1366 1257 1348 1239
(63)
1616 1563 1443 1541 1421 1505 1385 1486 1366
(66)
1753 1111 1580 1688 1551 1650 1519 1630 1499
(6%
1829 1866 1122 1842 1698 1802 1658 1781 1637
6�2)
1981 2195 2026 2169 2000 2126 1951 2103 1934

i71814 2551 2353 2523 2325 2471 2219 2452 2254

i824i6 2934 2706 2904 2676 2854 2626 2828 2600
(90)
2438 3343 3083 3311 3051 3258 2998 3230 2950

ig:61 3779 3484 3745 3450 3689 3394 3659 3364

%: 4243 3911 4201 3875 4153 3815 4116 3184

g4t 4132 4362 4694 4324 4631 4261 4598 4228

3048 5249 4837 5209 4797 5145 4733 5101 4695
(120)

aTube  counts given for tube diameters, pitches, number of
passes, and nozzle: shell diameter ratios shown. Internal impinge-
ment fitted except for 0.0, which refers to vapor belt or external
impingement. Refer to Sec. E. Expanded ends.
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4.2516 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

Table 2b Tube counts for U-tube exchanged

15.88-mm (Q-in) OD 15.88-mm  (Q-in) OD 19.05mm ($-in) OD
X 19.84-mm  ($-in)  pitch A X 22.23-mm ($-in) pitch 0 X 23.81-mm (g-in) pitch A

Shell
ID, 2 pass 4 pass 2 pass 4 pass 2 pass 4 pass
mm
(in) 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 58 54 46 42 40 36 32 30 36 34 28 26
(8)

254 100 94 88 82 70 66 60 56 64 60 56 52
(10)

305 158 146 140 130 108 102 96 90 104 96 92 84
(12)

337 200 184 180 166 138 128 124 114 132 122 120 110
(13;)

387 274 254 252 234 190 176 174 162 182 170 168 156
(15$)

438 360 336 336 312 248 230 232 214 242 226 226 208
(17f)

489 460 426 434 400 318 294 300 276 310 286 292 268
(19$)

540 570 528 542 500 394 366 374 344 386 358 366 338
(213

591 694 644 662 612 478 442 456 420 470 434 448 414

(234)
635 810 750 776 716 560 518 536 494 550 510 528 486

(2%
686 956 884 918 848 660 610 634 586 650 602 626 576

(27)
737 1 1 1 2  1 0 3 0 1 0 7 2  9 0 0 768 708 740 684 758 702 732 674

(2%
787 1 2 8 0  1 1 8 4 1 2 3 8  1 1 4 2 884 818 854 790 874 808 846 780

(31)
838 1 4 6 0  1 3 5 2 1 4 1 6  1 3 0 8 1 0 0 8  9 3 2 978 902 1 0 0 0  9 2 4 968 892

(33)
889 1 6 5 4  1 5 3 0 1 6 0 6  1 4 8 2 1 1 4 2  1 0 5 6 1 1 0 8  1 0 2 2 1 1 3 2  1 0 4 6 1 0 9 8  1 0 1 2

(35)
940 1 8 5 8  1 7 1 8 1 8 0 8  1 6 6 8 1 2 8 2  1 1 8 6 1 2 4 8  1 1 5 0 1 2 7 2  1 1 7 6 1 2 3 8  1 1 4 2

(37)
991 2 0 7 4  1 9 1 6 2 0 2 2  1 8 6 4 1 4 3 2  1 3 2 4 1 3 9 4  1 2 8 6 1 4 2 2  1 3 1 4 1 3 8 4  1 2 7 8

(39)
1067 2 4 2 0  2 2 3 6 2 3 6 6  2 1 8 0 1 6 7 2  1 5 4 4 1 6 3 2  1 5 0 4 1 6 6 2  1 5 3 4 1 6 2 2  1 4 9 4
(42)
1143 2 7 9 4  2 5 8 2 2 7 3 4  2 5 2 2 1 9 3 0  1 7 8 2 1 8 8 8  1 7 4 0 1 9 2 2  1 7 7 4 1 8 7 8  1 7 3 0
(45)
1219 3 1 9 4  2 9 5 2 3 1 3 0  2 8 8 4 2 2 0 6  2 0 3 6 2 1 6 0  1 9 9 2 2 2 0 6  2 0 2 6 2 1 5 2  1 9 8 2
(48)
1295 3 6 2 2  3 3 4 4 3 5 5 4  3 2 7 6 2 5 0 0  2 3 0 8 2 4 5 2  2 2 6 0 2 4 9 2  2 3 0 0 2 4 4 4  2 2 5 0
(51)
1372 4 0 7 6  3 7 6 2 4 0 0 2  3 6 8 8 2 8 1 4  2 5 9 6 2 7 6 4  2 5 4 6 2 8 0 6  2 5 8 8 2 7 5 6  2 5 3 8
(54)
1448 4 5 5 6  4 2 0 4 4 4 7 8  4 1 2 6 3 1 4 4  2 9 0 2 3 0 9 2  2 8 4 8 3 1 3 8  2 8 9 4 3 0 8 6  2 8 4 2
(57)
1524 5 0 6 4  4 6 7 2 4 9 8 2  4 5 9 0 3 4 9 4  3 2 2 4 3 4 4 0  3 1 7 0 3 4 8 8  3 2 1 6 3 4 3 4  3 1 6 2

(60)

aTube  hole counts given for tube diameters, pitches, number of passes, and nozzle: shell
diameter ratios shown. Internal impingement fitted except for 0.0, which refers to vapor belt or
external impingement. Refer to Sec. E Expanded ends.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4 . 2 5 1 7

Table 2b Tube counts for U-tube exchanged (Continued)

19.05-mm  (+-in)  OD
X 25.4.mm (l-in) pitch 0

19.05-mm  &in) OD 25.4-mm (l-m) OD
X 25.4-mm (l-in) pitch A X 31,75-mm (I@) pitch 0

Shell
ID, 2 pass 4 pass 2 pass 4 pass 2 pass 4 pass

fny 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 28 26 22 20 32 28 26 22 14 12 10 8

(8)
254 50 48 44 40 58 54 50 46 28 24 22 20

(10)
305 78 74 70 64 90 84 80 74 46 42 38 36

(12)
337 100 94 90 84 114 106 104 96 58 54 52 48

(134)
387 140 130 128 118 160 150 148 136 82 76 74 68

(15-t)
438 184 170 172 160 212 196 198 182 110 102 102 94

(17;)
489 236 220 222 206 272 252 256 236 142 132 134 122

uga,
540 294 272 280 258 338 314 322 296 178 164 170 156

(214)
591 358 330 342 314 414 382 394 364 218 200 208 190

Wf)
635 420 388 402 370 484 448 462 426 256 236 246 226

(25)
686 496 458 476 440 572 530 550 506 304 282 292 270

(27)
737 578 534 558 514 666 616 642 592 356 328 344 316

(2%
787 666 616 644 594 770 712 744 686 412 380 398 366

(31)
838 760 702 738 680 878 812 850 784 472 434 456 420

(33)
889 862 796 838 772 996 920 966 890 536

(35)
940 970 896 944 870 1118 1034 1088 1004 604

(37)
991 1084 1000 1056 972 1250 1154 1218 1122 676

(39)
1067 1264 1168 1236 1140 1460 1348 1426 1314 792

(42)
1143 1462 1348 1422 1318 1688 1556 1650 1520 916

(45)
1219 1672 1542 1638 1508 1932 1780 1892 1742 1050
(48)
1295 1898 1750 1860 1714 2190 2020 2148 1978 1192

494 520 478

558 586 540

622 656 604

730 770 708

844 896 822

9 6 6  1 0 2 8 944

1 0 9 8  1 1 6 8  1 0 7 2

(51)
1372 2136 1970 2098 1932 2466 2274 2420 2230 1342 1236 1318 1210

(54)
1448 2390 2202 2348 2162 2758 2542 2710 2496 1504 1384 1478 1358

(57)
1524 2656 2448 2614 2406 3066 2828 3018 2778 1674 1542 1646 1514

(60)

�Tube  hole counts given for tube diameters, pitches, number of passes, and nozzle: shell
diameter ratios shown. Internal impingement fitted except for 0.0, which refers to vapor belt or
external impingement. Refer to Sec. E. Expanded ends.
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4.2.5-18 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design

Table 26 Tube counts for U-tube exchanged (Continued)

25.4-mm  (l-m) OD 31.75-mm  (l$-in) OD 31.75-mm (If-in) OD
X 31.75-mm  (I$-in) pitch A X 39.69-mm  (14~in) pitch0 X 39.69-mm (l&-in) pitch A

Shell
ID, 2 pass 4 pass 2 pass 4 pass 2 pass 4 pass

FnT 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.22

203 16 14 12 10 8 6- - 8- - -

(8)
254 32 28 26 24 16 14 12 12 18 16 14 12

(10)
305 52 48 46 42 28 24 24 20 30 28 26 24

(12)
337 68 62 60 54 36 32 32 28 40 38 36 32

(13:)
387 92 88 84 80 50 46 46 42 58 54 52 48

(l5$)
438 128 118 118 108 68 62 62 58 78 72 72 66

(l7f)
489 164 152 154 140 88 82 82 74 102 94 96 86

(19$)
540 206 188 194 176 112 102 104 96 128 118 120 110

(214)
591 252 232 240 220 136 126 130 118 158 146 148 136

(23:)
635 296 274 284 260 162 150 154 140 186 170 176 162

(25)
686 352 324 338 310 192 176 182 168 220 204 210 194

(2-O
737 412 380 396 364 224 206 214 198 260 238 248 228

(2%
787 476 438 460 422 260 240 250 230 300 276 288 264

(31)
838 544 502 528 494 298 274 286 264 344 316 332 306

(33)
889 618 570 600 552 338 312 328 300 390 360 378 348

(35)
940 696 642 678 624 382 350 370 340 440 406 428 392

(37)
991 780 718 760 698 426 392 414 380 490 454 478 440

(3%
1 067 912 840 890 818 500 460 488 448 578 532 562 516
(42)
1143 1 0 5 8  9 7 4 1032 950 580 534 566 520 670 616 654 600
(45)
1219 1 2 1 2  1 1 1 6 1186 1090 664 612 650 596 768 706 750 690
(48)
1295 1 3 7 6  1 2 6 8 1348 1240 756 696 740 680 874 802 854 784
(51)
1372 1 5 5 0  1 4 2 8 1522 1400 852 784 836 768 984 906 964 888
(54)
1448 1 7 3 6  1 5 9 8 1706 1568 954 878 938 862 1102 1014 1082 994
(57)
1524 1 9 3 2  1 7 8 0 1 9 0 0  1 7 4 6  1 0 6 4  9 7 8  1 0 4 4  9 6 0  1 2 2 6  1 1 2 8  1 2 0 6  1 1 0 8
(60)

�Tube hole counts given for tube diameters, pitches, number of passes, and nozzle: shell
diameter ratios shown. Internal impingement fitted except for 0.0, which refers to vapor belt or
external impingement. Refer to Sec. E. Expanded ends.

0 1983 Hemisphere Publishing Corporation



4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4.2.5-19

Table 2c Tube counts for split-backing-ring floating-head exchanger9

15.88-mm  (Q-in) OD X 19.84-mm  (g-in) pitch A 15.88-mm (%-in) OD X 22.23-mm (+in) pitch 0
Shell

ID, 1 pass 2 pass 4 pass 6 pass 1 pass 2 pass 4 pass 6~s

0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 59 58 48 47 31 30 21 20 40 40 33 33 20 20 14 14
(8)

254 102 100 89 87 67 65 55 53 70 69 61 60 46 45 37 36
(10)

305 158 154 142 138 115 111 101 97 109 106 98 95 80 77 70 67

(12)
337 198 193 180 175 151 146 135 130 137 133 125 121 105 101 94 90

(134)
387 273 265 253 245 219 211 201 193 188 182 174 168 151 145 138 132

(154)
438 359 347 336 324 298 286 277 263 248 239 232 223 206 197 192 183

(174)
489 458 440 433 415 390 372 367 349 316 303 298 285 269 256 253 240

(194)
540 568 544 540 516 493 469 468 444 392 375 372 355 340 323 323 306

(213 -
591 690 659 659 628 608 577 580 549 477 455 456 434 420 398 401 379

(236)
635 790 756 757 723 701 667 672 638 545 522 522 499 484 461 463 440

(25)
686 933 890 897 854 837 794 805 762 644 614 619 589 578 548 556 526

(2�0
737 1088 1035 1050 997 985 932 951 888 751 715 724 688 680 644 656 620

(29)
787 1255 1192 1214 1151 1145 1082 1108 1045 866 823 837 794 790 747 765 722

(31)
838 1433 1359 1389 1315 1316 1242 1277 1203 989 938 959 908 908 857 881 830

(33)
889 1624 1537 1578 1491 1500 1413 1459 1372 1121 1061 1089 1029 1035 975 1007 947

(35)
940 1826 1727 1776 1677 1695 1596 1651 1552 1261 1192 1227 1158 1170 1101 1141 1072

(37)
991 2034 1921 1982 1869 1896 1783 1850 1737 1404 1326 1368 1290 1308 1230 1277 1199

(39)
1067 2377 2241 2321 2185 2228 2092 2178 2042 1641 1547 1602 1508 1538 1444 1504 1410
(42)
1143 2747 2587 2687 2527 2587 2427 2534 2374 1896 1786 1855 1745 1786 1670 1751 1639
(45)
1219 3143 2955 3079 2891 2973 2785 2916 2728 2170 2040 2126 1996 2052 1922 2013 1883
(48)
1295 3567 3349 3499 3281 3386 3168 3326 3108 2463 2312 2416 2265 2338 2187 2296 2145
(51)
1372 4017 3768 3946 3697 3825 3576 3762 3513 2773 2602 2723 2552 2641 2470 2596 2425
(54)
1448 4494 4210 4419 4135 4292 4008 4224 3940 3103 2907 3051 2855 2963 2767 2917 2721
(57)
1524 4998 4678 4919 4599 4785 4465 4714 4394 3451 3230 3396 3175 3304 3083 3255 3034
(60)

OTube  counts given for tube diameters, pitches, number of passes, and nozzle: shell diameters shown. Internal impingement
fitted except for 0.0, which refers to vapor belt or external impingement. Refer to Sec. E. Expanded ends.
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4.2520 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION 4.2.5 Thermal/ Design

Table 2c Tube counts for split-backingring floatiqhead  exchange& (Continued)

19.05-mm  (f-in) OD X 23.81-mm  (@n) pitch A 19.05-mm  (t-in) OD X 25.4-mm (l-in) pitch 0
Shell

ID, 1 pass 2 pass 4 pass 6 pass 1 pass 2 pass 4 pass 6 pass

; 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 40 39 33 32 20 19 14 13 30 30 24 24 15 15 - -
(8)

254 70 69 61 60 45 44 37 36 53 52 46 45 34 33 28 27

(10)
305 108 106 97 95 79 77 69 67 82 80 74 72 60 58 52 50

(12)
337 136 133 124 121 103 100 93 90 103 101 94 92 78 76 70 68

(13f)
387 188 182 174 168 150 144 138 132 143 138 132 127 114 109 105 100
(154)

438 247 239 231 223 205 197 191 183 188 182 176 170 156 150 145 139
(174)

489 315 303 297 285 268 256 252 240 240 231 227 218 204 195 192 183
(194)

540 392 375 372 355 340 323 323 306 298 285 283 270 258 245 245 228
(214,

591 477 454 456 433 420 397 401 378 363 346 347 330 319 302 305 288
W$)

635 545 522 522 499 484 461 463 440 415 397 398 380 368 350 353 337
(25)

686 644 615 619 590 578 549 556 527 490 468 471 449 439 417 423 401
(27)

737 752 716 725 689 681 645 657 621 572 545 552 525 518 491 500 473
(2%

787 867 824 838 795 791 748 766 723 660 627 638 605 602 569 583 550
(31)

838 991 940 961 910 910 859 883 832 754 715 731 692 692 653 672 633
(33)

8 8 9  1 1 2 3  1 0 6 3 1 0 9 1  1 0 3 1 1037 977 1009 949 855 809 831 785 789 743 768 722
(35)

9 4 0  1 2 6 4  1 1 9 4 1 2 3 0  1 1 6 0 1173 1103 1144 1074 962 909 936 883 893 840 870 817
(37)

9 9 1  1 4 0 7  1 3 3 0 1 3 7 1  1 2 9 4 1311 1234 1280 1203 1071 1012 1044 985 998 939 974 915
(39)
1 0 6 7  1 6 4 5  1 5 5 1 1 6 0 6  1 5 1 2 1 5 4 2  1 4 4 8  1 5 0 8  1 4 1 4  1 2 5 2  1 1 8 1  1 2 2 3  1 1 5 2  1 1 7 3  1 1 0 2  1 1 4 7  1 0 7 6

(42)
1 1 4 3  1 9 0 2  1 7 9 1 1 8 6 1  1 7 5 0 1 7 9 1  1 6 8 0  1 7 5 5  1 6 4 4  1 4 4 8  1 3 6 3  1 4 1 7  1 3 3 2  1 3 6 4  1 2 7 9  1 3 4 6  1 2 5 1

(45)
1219 2 177 2 046 2 133 2002 2  0 5 9  1 9 2 8  2  0 2 0  1 8 8 9  1 6 5 7  1 5 5 7  1 6 2 4  1 5 2 4  1 5 6 7  1 4 6 7  1 5 3 7  1 4 3 7

(48)
1 2 9 5  2 4 7 1  2 3 2 0 2 4 2 4  2 2 7 3 2 3 4 6  2 1 9 5  2 3 0 4  2 1 5 3  1 8 8 0  1 7 6 6  1 8 4 5  1 7 3 1  1 7 8 4  1 6 7 0  1 7 5 3  1 6 3 9

(51)
1 3 7 2  2 7 8 3  2 6 1 0 2 7 3 3  2 5 6 0 2 6 5 0  2 4 7 7  2 6 0 6  2 4 3 3  2 1 1 8  1 9 8 7  2 0 8 0  1 9 4 9  2 0 1 7  1 8 8 6  1 9 8 3  1 8 5 2
(54)
1 4 4 8  3 1 1 4  2 9 1 7 3 0 6 2  2 8 6 5 2 9 7 4  2 7 7 7  2 9 2 8  2 7 3 1  2 3 7 0  2 2 2 0  2 3 3 0  2 1 8 0  2 2 6 3  2 1 1 3  2 2 2 6  2 0 7 8

(57)
1 5 2 4  3 4 6 3  3 2 4 1 3 4 0 8  3 1 8 6 3 3 1 5  3 0 9 3  3 2 6 7  3 0 4 5  2 6 3 6  2 4 6 7  2 5 9 4  2 4 2 5  2 5 2 3  2 3 5 4  2 4 8 6  2 3 1 7
(6�3

=Tube counts given for tube diameters, pitches, number of passes, and nozzle: shell diameters shown. Internal impingement
fitted except for 0.0, which refers to vapor belt or external impingement. Refer to Sec. E. Expanded ends.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4.2.5-21

Table 2c Tube counts for split-backiqying floating-head exchangersa  (Continued)

19.05-mm  (s-in) OD X 25.4-mm  (l-in) pitch n 25.4-mm  (l-in) OD X 31.75-mm (If-in) pitch 0
Shell
ID, 1 pass 2 pass 4 pass 6 pass 1 pass 2 pass 4 pass 6 pass
mm
(in) 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 35 35 29 29 18 18 - - 18 18 14 14 8 8 - -

(8)
254 61 60 53 52 39 38 32 31 33 32 28 27 21 20 17 16

(10)
305 95 93 85 83 69 67 60 58 51 50 46 45 37 36 32 31

(12)
337 119 116 108 105 91 88 81 78 65 63 59 57 49 41 44 42

(13:)
387 165 160 153 148 132 127 121 116 89 87 82 80 71 69 65 63

(15:)
438 217 210 203 196 180 173 167 160 118 114 110 106 98 94 91 87

(17))
489 277 266 261 250 235 224 221 210 151 145 142 136 128 122 120 114

(194)
540 344 330 321 313 298 284 283 269 188 180 178 170 163 155 154 146

(213
591 419 399 400 380 369 349 352 332 229 218 218 207 201 190 192 181

CW,
635 479 459 459 439 425 405 407 387 263 251 252 240 233 221 223 211

(25)
686 566 540 544 518 508 482 488 462 311 296 299 284 219 264 268 253

(27)
737 661 629 638 606 598 566 577 545 363 345 350 332 328 310 317 299

(29)
787 762 724 737 699 695 657 673 635 419 397 405 383 382 360 369 347

(31)
838 871 826 844 199 800 755 776 731 479 454 464 439 431 414 426 401

(33)
889 987 934 959 906 911 858 886 833 543 513 521 491 501 471 487 457

(35)
940 1 1 1 0  1 0 5 0 1 0 8 0  1 0 2 0 1 0 3 0  9 7 0 1 0 0 3  9 4 3 611 577 594 560 567 533 552 518

(37)
991 1 2 3 7  1 1 6 8 1 2 0 5  1 1 3 6 1 1 5 3  1 0 8 4 1 1 2 5  1 0 5 6 681 643 663 625 634 596 619 581

(39)
1067 1 4 4 6  1 3 6 3 1 4 1 2  1 3 2 9 1355 1.272 1 3 2 5  1 2 4 2 796 750 777 731 746 700 729 683

(42)
1143 1 6 7 2  1 5 7 4 1 6 3 6  1 5 3 8 1 5 7 5  1 4 7 7 1 5 4 2  1 4 4 4 921 867 901 846 867 813 849 795

(45)
1219 1 9 1 3  1 7 9 8 1 8 7 4  1 7 5 9 1 8 1 0  1 6 9 5 1 7 7 4  1 6 5 9 1 0 5 4  9 9 1 1 032 959 996 933 977 914

(48)
1295 2 1 7 1  2 0 3 9 2 1 3 0  1 9 9 8 2 0 6 1  1 9 2 9 2 0 2 4  1 8 9 2 1 1 9 7  1 1 2 4 1 1 7 4  1 1 0 1 1 1 3 6  1 0 6 3 1 1 1 5  1 0 4 2

(51)
1372 2 4 4 6  2 2 9 4 2 4 0 2  2 2 5 0 2 3 3 0  2 1 7 8 2 2 9 0  2 1 3 8 1 3 4 9  1 2 6 5 1 3 2 5  1 2 4 1 1 2 8 4  1 2 0 0 1 2 6 3  1 1 7 9

(54)
1448 2 7 3 7  2 5 6 3 2 6 9 1  2 5 1 7 2 6 1 4  2 4 4 0 2 5 7 3  2 3 9 9 1 5 1 0  1 4 1 4 1 4 8 4  1 3 8 8 1 4 4 2  1 3 4 6 1 4 1 9  1 3 2 3

(57)
1524 3 0 4 4  2 8 4 8 2 9 9 5  2 7 9 9 2 9 1 4  2 7 1 8 2 8 7 1  2 6 7 5 1 6 8 0  1 5 7 1 1 6 5 3  1 5 4 4 1 6 0 8  1 4 9 9 1 5 8 4  1 4 7 5

(60)

aTube  counts given for tube diameters, pitches, number of passes, and nozzle: shell  diameters shown. Internal impingement
fitted except for 0.0, which refers to vapor belt or external impingement. Refer to Sec. E. Expanded ends.
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4.2.5-22 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal  Design

Table 2c Tube counts for split-back&ring floating-head exchangerSa  (Continued)

25.4-mm (l-m) OD X 31.75-mm  (l$-in) pitch A 31.75-mm  (l-&in)  OD X 39.69-mm  (l&-in) pitch 0
Shell
ID, 1 pass 2 pass 4 pass 6 pass 1 pass 2 pass 4 pass 6 pass

;iny 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 21 21 17 17 10 10 - - 11 11 9 9- - - -

(8)
254 38 37 33 32 24 23 20 19 20 20 17 17 13 13 - -

(10)
305 59 58 53 52 43 42 37 36 32 31 29 28 23 22 20 19

(12)
331 75 73 68 66 57 55 51 49 40 39 36 35 30 29 27 26

387 103 100 95 92 82 79 75 72 56 54 52 50 44 42 41 39
(154)

438 137 132 128 123 113 108 105 100 74 72 69 67 61 59 57 55
(174)

489 175 168 165 158 149 142 140 133 95 91 89 85 81 77 76 72
(1%)

540 217 208 206 197 188 179 178 169 119 113 113 107 103 97 98 92
(21$)

591 265 252 253 240 233 220 222 209 145 138 138 131 127 120 122 115
C=$)

635 303 290 290 277 269 256 257 244 166 159 159 152 147 140 141 134
(25)

686 359 342 345 328 322 305 309 292 197 187 189 179 176 166 170 160
(27)

737 419 398 404 383 379 358 366 345 230 218 222 210 208 196 201 189
(2%

787 483 459 467 443 440 416 426 402 265 252 256 243 241 228 234 221
(31)

838 553 524 536 507 508 479 492 463 304 288 295 279 279 263 271 255
(33)

889 627 593 609 575 519 545 563 529 345 326 335 316 318 299 320 291
(35)

940 706 667 687 648 655 616 638 599 388 366 377 355 360 338 351 329
(37)

991 786 742 766 722 732 688 714 670 432 408 421 397 402 378 393 369
(39
1067 920 867 898 845 862 809 842 789 506 477 494 465 474 445 464 435
(42)
1143 1064 1001 1041 978 1002 939 981 918 586 551 573 538 552 517 541 506
(45)
1219 1218 1144 1193 1119 1152 1078 1129 1055 671 630 657 616 634 593 623 582
(48)
1295 1383 1298 1356 1271 1313 1228 1289 1204 762 715 747 700 723 676 711 664
(51)
1372 1556 1461 1530 1433 1484 1387 1458 1361 859 805 844 790 818 764 805 751
(54)
1448 1744 1633 1714 1603 1665 1554 1639 1528 962 900 946 884 918 856 905 843
(57)
1524 1940 1815 1909 1784 1857 1732 1829 1704 1070 1001 1053 984 1024 955 1010 941
(6�3

aTube counts given for tube diameters, pitches, number of passes, and nozzle: shell diameters shown. Internal impingement
fitted except for 0.0, which refers to vapor belt or ex.ternal  impingement. Refer to Sec. E. Expanded ends.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.5 Thermal Design 4.2523

Table 2.c  Tube counts for split-backing-ring floating-head
exchangers� (Continued)

31.75-mm  (1$-m)  OD X 39.69-mm  (l$-in) pitch A
Shell
ID, 1 pass 2 pass 4 pass 6 pass
mm
(in) 0.0 0.33 0.0 0.33 0.0 0.33 0.0 0.33

203 13 13 10 10 - - - -

(8)
254 27 23 20 20 14 14 - -

(10)
305 37 36 33 32 27 26 23 22

(12)
337 47 45 43 41 36 34 32 30

(139)
387 65 63 60 58 52 50 47 45

(154)
438 86 83 80 77 71 68 66 63

(174)
489 110 106 104 100 93 89 88 84

(1%)
540 137 131 130 124 119 113 112 106

(21$)
591 167 159 159 151 147 139 140 132

(23$)
635 192 183 184 175 170 161 163 154

(25)
686 227 216 218 207 203 192 195 184

(27)
137 265 252 255 242 240 227 231 218

(2%
787 307 291 297 281 280 264 271 255

(31)
838 351 332 340 321 322 303 312 293

(33)
889 398 376 386 364 367 345 357 335

(35)
940 448 423 436 411 415 390 405 380

(37)
991 499 471 486 458 465 437 453 425

(39)
1 067 585 551 571 537 548 514 536 502

(42)
1 143 676 636 661 621 636 596 623 583

(45)
1 219 775 728 759 712 733 686 719 672

(48)
1 295 880 826 863 809 835 781 820 766

(5 1)
1 372 992 930 974 912 944 882 929 867

(54)
1448 1110 1040 1091 1021 1060 990 1043 973

(57)
1524 1236 1156 1216 1136 1183 1103 1165 1085

W-3)

aTube counts given for tube diameters, pitches, number of passes,
and nozzle: shell diameters shown. Internal impingement fitted
except for 0.0, which refers to vapor belt or external impingement.
Refer to Sec. E. Expanded ends.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION 4.2.6-l

4.2.6
Features relating to mechanical

design and fabrication

E. A. D. Saunders

A. Barrels

The shell barrel must be straight and have no out-of-
roundness, as a tightly fitting tube bundle must be
inserted into it. Most shell and head barrels greater than
about 450 mm in inside diameter are rolled from plate,
as shown in Fig. 1, and a complete shell barrel may
comprise several smaller barrels, or strakes, welded
together end to end. If there is any out-of-roundness,
individual strakes are rerolled after welding the longi-
tudinal seams. The longitudinal seams of adjoining
strakes are always staggered. The inside diameter of a
rolled shell should not exceed the design inside diameter
by more than 3.2 mm (i in) as determined by circum-
ferential measurement. All internal welds must be made
flush.

When welding large nozzles to the shell, �sinkage�
may occur at the nozzle/shell junction and effective
measures, such as the use of temporary stiffening, must
be taken to avoid it. Sinkage reduces the shell diameter
at the nozzle/shell junction so that the baffle diameter
must be reduced accordingly. The increased clearance
between baffle and shell may result in reduced thermal
performance.

Standard pipe less than 450 mm in diameter is
usually available, and this will be used for the shell
and head barrels instead of rolled plate. Depending on
the fabricator�s roll capacity, at thicknesses of the
order of 80 mm and greater, or large thickness/diameter
ratios, it may be necessary to use forged instead of rolled
barrels.

When an expensive barrel metal is required for cor-
rosion resistance purposes only, the barrel is formed

from the selected metal if its thickness is less than about
15 mm. Above this the use of clad metal should be inves-
tigated, as it may provide a cost saving. The clad metal
will usually comprise a steel plate, having a thickness
suitable for the pressure and temperature conditions,
with a layer of the required corrosion-resistant metal,
about 3 mm thick, bonded to it. The cladding may be
applied by explosive, roll bonding, or weld deposition
methods.

TEMA specifies minimum shell and head barrel
thicknesses, which depend on barrel diameter, metal,
and TEMA class. Class R minimum thicknesses are as
follows:

Carbon and
Shell diameter low alloy Alloy

330-737 mm (13 to 29 in) 9.5 mm (8 in) 4.8 mm (A in)
762-991 mm (30 to 39 in) 11.1 mm (�  in)16 6.4 mm (�  in)

1 016-2 032 mm (40 to 80 in) 12.7 mm (f in) 7.9 mm (i in)
2 057-2 540 mm (81 to 100 in) 12.7 mm (4 in) 9.5 mm (4 in)

B. Heads

Bonnet-type heads are made from dished ends of semi-
ellipsoidal, torispherical, and hemispherical forms, the
latter being used chiefly for high pressures where its
shape provides a smaller wall thickness as the other ends.
The minimum thickness of bonnets is usually the same
as that for barrels.

Floating-head covers are dished to spherical shape
and must be positioned such that the crossover area

0 1983 Hemisphere Publishing Corporation
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.6 Mechanical Design and Fabrication

Figure 1 Rolling a shell barrel. Courtesy of Whessoe Heavy Engineering Ltd., Darlington, England.

between successive passes for a multitube pass TEMA

class R exchanger is at least 1.3 times the flow area
through� the tubes of one pass. For the other classes this
factor is reduced to 1 .O. For a single tube pass the depth
at the nozzle center line must not be less than one-third
of the nozzle diameter.

Although most bobbin, bonnet, and floating heads
are fabricated from plate, cast heads are sometimes used,
these being restricted to low-pressure, nonlethal service,
particularly cooling water. Castings in iron, steel, and
aluminum bronze are typical choices.

Where an expensive metal is required for corrosion
resistance, the use of clad metal should be investigated
as described in Sec. A. In addition, the use of carbon
steel heads having nonmetallic linings, such as synthetic
rubber, epoxy resin, or phenolic resin, should be investi-
gated in order to reduce cost.

C. Nozzles

Most nozzles comprise a length of standard pipe, welded
to the shell or head barrel at one end, and to a slip-on
nozzle flange, as shown in Fig. 2, or a weld neck nozzle
flange, as shown in Fig. 3, at the other. For moderate
service, reinforcement of the nozzle opening, if required,
is usually provided by a reinforcing pad as shown in
Fig. 3. For high-integrity services, where it is desirable

to minimize the number of welds and eliminate reinforc-
ing pads, forged self-reinforced long weld neck nozzles
may be used, as shown in Fig. 4, most of the required
reinforcement being in the nozzle barrel itself. As a
further refinement, �swept� forged nozzles, as shown in
Fig. 5, may be used. Reinforcement is contained within
the wall of the fitting, which is contoured at the base
to butt weld directly into the barrel, thus allowing the
nozzle/shell weld to be inspected.

In the case of clad barrels, the nozzle barrel and
flange may be supplied in carbon or alloy steel with the
flange gasket face and inside of the nozzle barrel weld
deposited with the corrosion-resistant metal. Alterna-

Figure 2 Slip-on nozzle flange.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.6 Mechanical Design and Fabrication 4.2.6-3

Figure 3 Weld neck nozzle flange.

tively, a thin machined liner in the corrosion-resistant
metal may be inserted inside the nozzle barrel as shown
in Fig. 6.

At high pressures the nozzle flange is often omitted
altogether. A stub end, as shown in Fig. 4.2.4(3), is pro-
vided for direct welding to the piping.

D. Flanges

(a) Girth flanges

Ring-type flanges, as shown in Fig. 7, are used for
moderate services and may be cut from plate or pur-
chased as rolled or forged rings. As diameter, pressure,
and temperature increase, the weld neck flange, as
shown in Fig. 8, is used because this type requires less
welding, which can be readily carried out by automatic
means, and the fit-up is simpler. Weld neck flanges are
purchased as rolled or forged rings, and some fabricators
may elect to use this type at all times.

When clad barrels are involved, the gasket face and
bore of the flange are weld deposited with the corrosion-
resistant cladding metal as shown in Fig. 9.

When using an expensive metal that cannot be weld
deposited to carbon, or low-alloy steel, lap-type flanges
as shown in Fig. 10 are used. The barrel and lap are
made in the expensive metal, but the loose backing

-

-

t

Figure 4 Self-reinforced long weld neck nozzle.
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F i r e  5 Swept forged nozzle.

flange is made in carbon or low-alloy steel, which avoids
having to provide a complete flange in expensive metal.

(b) Floating head

Floating-head flanges and backing rings are also pur-
chased as rolled or forged rings. At diameters below
about 450 mm, a �hoggedout� floating head is often
provided as a cheaper alternative to the conventional
flange and welded-on dished floating-head cover. Instead
of a separate flange and dished cover, an integral flange
and flat cover are machined from a plate or forged disk.

(c) Gaskets

In all TEMA classes, metal-jacketed asbestos or solid-
metal gaskets are mandatory for all floating-head joints,
irrespective of pressure, and all external joints for
pressures greater than 2 MN/m�.  For pressures below
2 MN/m�,  gaskets for class R exchangers must be
metal-jacketed asbestos or solid metal if the contained
fluid is a hydrocarbon; otherwise gaskets in other mate-
rials such as asbestos composition or rubber are per-
missible in all classes. Spiral-wound gaskets may be used
under all conditions. Gaskets made in more than one

Weld deposit 7

cladding liner deposit

Figure 6 Nozzle with liner.
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4.2.6-4 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.6 Mechanical Design and Fabrication

Figure 7 Rig-type flange.

piece should be avoided if possible. If solid-metal gaskets
are obtained in more than one piece, the welded joints
in the gasket must be smooth and heat treated, and the
hardness checked before use.

The minimum width of the gasket peripheral ring
is 9.5 mm for diameters less than 580 mm and 12.5 mm
for larger diameters. The width of the pass partition bars
may be 3 mm less in both cases.

(d) Bolting

Care must be exercised in tightening bolts of small
diameter or having low yield values in order to avoid
overstressing both bolts and flange. Sometimes when
low-yield bolts, such as stainless steel, are involved, tem-
porary low-alloy bolts are used for intermediate hydro-
static tests and the low-yield service bolts are not used
until the final joint is made. When bolts larger than
about 50 mm are involved, it becomes difficult to obtain
the required bolt load by hand wrenching and special
hydraulic bolt tensioners or electrical heating methods
are required.

A bolt tensioner comprises a hydraulic cylinder at-
tached to a frame that straddles the bolt and grips it
above the nut. The bolts must therefore be extended by
a length of about one diameter and the bolt spacing
must be wide enough to accommodate the frame. The
bolt is stretched when pressure is applied to the cylinder
and the nut is run down to its seating by hand. The
equipment is calibrated so that the bolt can be stretched
by any predetermined amount. Additional equipment
can be installed so that a number of bolts can be ten-
sioned simultaneously.

Figure 8 Weld neck flange.

I I

Makeup weld’
Integral cladding

/

Figure 9 Clad flange.

In electrical heating, a central hole is drilled down
the entire length of each bolt to accommodate an
electrical heating element. Heating expands the bolt
and upon reaching the predetermined amount the nut
is run down to its seating by hand. To compensate for
the loss of metal due to the central hole, the bolts must
be made larger in diameter to provide the required bolt
cross-sectional area. The whole operation is not fast,
because of the heating-up and cooling-down periods
required.

The combination of temperatures and thermal ex-
pansion coefficients of the flanges and bolts during ser-
vice may provide a leaking joint as a result of the bolts
loosening. Conditions at startup, shutdown, cleaning-
out, and so on, in addition to steady operation, should
be checked, and if leakage is likely to occur bolt exten-
sion sleeves, as shown in Figs. 11 and 13, or spring
washers, as shown in Fig. 12, may be necessary.

Special attention should be given to stationary
tubesheet joints of A- and B-type headers where the
tubesheet is held between through-bolted shell and head
flanges [Fig. 4.2.3(3)].  If the flanges, tubesheet, and
bolting have different expansion coefficients and/or op-
erate at different temperatures, both peripheral joint and
interpass leakage may occur. One solution is to weld
the tubesheet to both shell and head barrels, but to
enable the bundle to be removed, flanges are provided
in the shell about 300 mm from the tubesheet, as shown
in the upper bundle of Fig. 4.2.3(13). The problem of
achieving a tight joint is greatly reduced, as the shell

t---t

Figure 10 Lap-type flange.

o 1983 Hemisphere Publishing Corporation



4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.6 Mechanical Design and Fabrication 4.2.6-5

Sleeve

9

n I

Figure 11 Bolt extension sleeve.

flanges have similar metals and temperatures so no ex-
ternal leakage can occur at the tubesheet.

The flanged shell skirt, tubesheet, and stationary
head form an integral unit that is removed with the
bundle after breaking the shell flanges.

If there is more than one tube-side pass, it may be
necessary to box in the passes, as shown in Fig. 4.2.4(3)
and described in Sec. 4.2.5B(d),  to eliminate interpass
leakage.

E. Tubesheets

Depending on the service, and metal required, tubesheets
less than about 100 mm thick are made from plate, but
at greater thicknesses or for high-integrity services, they
are made from forged disks. When tubesheets in other
than carbon or low-alloy steels are required, the use
of clad plate should be considered. This may provide

F i r e  1 2 Bolt with spring washers.

a cost saving, particularly at the larger diameters and
thicknesses.

A clad tubesheet will consist of a carbon or low-
alloy steel backing plate, having a thickness suitable
for the design temperature and pressure, with a layer
of the required tubesheet metal bonded to it. The
cladding will be about 9.5 and 3 mm thick for multi- and
single tube-side passes, respectively. Although the clad
metal may be applied by weld deposition, explosion-clad
tubesheets are widely used because the process provides
a high-integrity bond with no contamination of the
cladding from the backing metal. In addition, the
explosion-clad process provides a much greater combi-

13 U-tube exchanger with bolt compensating sleeves at stationary tubesheet joints. Courtesy of Whessc
:ering  Ltd., Darlington, England.

be Heavy
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4.2.6-6 4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.6 Mechanical Design and Fabrication

Fire 14 Drilling tubesheet on tape-controlled drilling ma-
chine. Courtesy of Whessoe  Heavy Engineering Ltd., Darlington,
England.

nation of cladding/backing metals than the weld deposi-
tion process.

The use of clad tubesheets becomes essential when a
single metal that is corrosion resistant to both shell-
and tube-side fluids is not available or is too costly.

I

TEMA specifies tolerances for tube hole diame-
ter, ligament width, and drill drift. Hole diameter
tolerances provide for �standard fit� and �special close
fit�  of the tubes, the latter fit being recommended for
tubes that are susceptible to work hardening. Holes are
drilled, reamed, and the edges chamfered slightly to
prevent damage during bundle assembly. Each pair of
tubesheets of double tubesheet exchangers should be
drilled together, or one jig drilled from the other, and
held together as a matching pair throughout all stages of
manufacture.

Minimum tubesheet thicknesses are provided by
TEMA, and for class R the total thickness less corrosion
allowance should not be less than the tube outside
diameter. Some fabricators may standardize on greater
minimum thicknesses in order to reduce distortion dur-
ing tube end attachment (see Fig. 14).

Typical shell/tubesheet  joints are shown in Fig. 15.

F. Tube end attachment

(a) Roller expansion

The most common form of tube end attachment is roller
expansion, where the force produced by an expanding
tool deforms the tube radially outward to make a me-
chanical seal between tube and hole (see Fig. 16). The
reamed finish provides about the optimum surface for
this type of joint. At pressures greater than 2 MN/m2
and/or temperatures greater than 180°C,  it is mandatory
for all TEMA classes to provide at least two expansion
grooves 3.2 mm wide X 0.4 mm deep (i in X &in). At
lower temperatures and pressures, grooves are not man-
datory for class C, but some fabricators may elect to
provide them for all roller expanded ends. The grooves

-

�-_

--.

Figure 15 Typical shell/tubesheet joints.
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Figure 16 Roller expanding tube ends. Courtesy of Whessoe
Heavy Engineering Ltd., Darlington, England.

provide axial strength and seal off any continuous
irregularities on the tube surface.

Typical details for single and bimetal tubes are
shown in Figs. 17 and 18, respectively.

The expanding operation is not covered by design
and construction codes, but is left to the fabricator. Al-
though each fabricator has individualized techniques and
criteria, it is considered that an expansion that will thin

G r o o v e s :  3 . 2  m m  w i d e  x  0 . 4  m m  deeD

Figure 17 Standard roller expansion.

the tube wall by 3 to 7% produces a sound joint. How-
ever, special tubeltubesheet  combinations may require
a test block to determine optimum expansion before
production expansion begins. Underexpansion produces
a joint that will leak on test, and the only remedy is to
reexpand it lightly until it holds the pressure. Over-
expansion is more serious in that it cold works the tube
excessively, leaving it prone to corrosion, and may
distort the tube hole and ligament.

It is essential that expansion not extend further
than 3 mm from the inner face of the tubesheet in order
to avoid bulging the tube.

(b) Explosive expansion

In explosive expansion an explosive charge is placed
inside the tube within the tubesheet thickness. Upon
detonation the force produced deforms the tube radially

cladding - Steel tubesheet

I Grooves: 3.2 mm wide x 0.4 mm deep

Nonferrour

ferrule 120  mm long)

Figure 18 Roller expansion for bimetal.
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Figure 19 Explosive expansion.

until it fits tightly against the hole. Sound joints may be
made with tubeltubesheet  combinations, or thick-wall
tubes, which would be difficult to achieve with roller
expansion. The process is not sensitive to the condition
of the tube and hole and can cater for misshapen, over-
size, or dirty holes. For this reason existing exchangers
having roller expanded or welded tube ends, which con-
tinually leak, may be repaired by explosive means with-
out disturbing the tubes, and in some cases, without
removing the exchanger from the plant.

The principle of explosive expansion is shown in
Fig. 19. No alteration to the tube pitches specified in
Sec. 4.2.5A(c) is required, but the tube bore should not
be less than about 10 mm. Except for the reasons
above, explosive expansion is not justified where roller
expansion achieves satisfactory results, because of its
higher cost.

(c) Arc welding- “outer face ”

Depending on tube diameter, thickness, and metal, a
roller-expanded joint may withstand pressures in the
region of 25 MN/m� under hydrostatic test in the shops.
However, the condition in the shops bears no relation
to service where relaxation of the rolled joint occurs as
a  resu l t  o f  p ressure / tempera ture  f luc tua t ions  and  vibra-

Fillet Groove and fillet

tion. Tube end welding should be considered where
leakage must be avoided, particularly if the tube ends are
subject to thermal shock, thermal cycling, vibration or
a high-pressure difference, say, 6 MN/m2. Welding may
also provide the best solution for thick-wall or work-
hardening tubes.

Typical tube end weld preparations for the outer
face of the tubesheet  are shown in Fig. 20 (see also
Fig. 21). Current practice demands that no tube end
expansion should be carried out prior to welding, as
otherwise the welds are likely to be porous. In addition,
heavy expansion after welding should be avoided, in
which case expansion grooves are not required. How-
ever, light expansion, away from the weld, sufficient
to bring the tube into intimate contact with the hole,
is recommended where crevice corrosion or vibration is
likely to occur.

(d) Explosive welding

This is similar to explosive expansion described in Sec.
F(b), and the principle is shown in Fig. 22. Various com-
binations of tube and tubesheet metals, which cannot be
welded by conventional means, may be welded by ex-
plosive means. The integrity of a joint welded by ex-
plosive means is superior to conventionally welded joints

Castellated Recessed Waste heat
boiler

Figure 20 Typical tube end welds.
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Figure 21 Tungsten inert gas welding of stainless steel tubes. Courtesy of Whessoe  Heavy Engineering Ltd., 1
England.

Iarlinglton,

B e f o r e  d e t o n a t i o n

Tube  p la te

T u b e

E x p l o d i n g  c h a r g e

W e l d e d  p o r t i o n
Dur ing  exp los ion

-

Figure 22 Explosive tube end welding.
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II 1.9 mm

(Approx. dimensions for 19-mm OD tube)

Figure 23 Back-bore tube end welding.

on all counts, namely, strength, fatigue, and pressure.
If the front portion of the tube is explosively welded in
accordance with Fig. 22 and the remainder of the tube
explosively expanded in accordance with Fig. 19, the
combination represents a joint of exceptional integrity.

Explosive welding costs more than other attach-
ments, and greater ligament widths are required. These

are a function of tube wall thickness being approxi-
mately 9 mm at 1.24 mm (18 BWG) thick, 11 mm at
1.64 mm (16 BWG), and 13 mm at 2.11 mm (14 BWG).
Ligaments may be reduced by thinning and tapering
the tube wall at the welded portion.

(e) Arc welding- “inner face”

In all the tube end attachments described above there is
always a tube length of 3 to 5 mm that is not in contact
with the tube hole at the inner face of the tubesheet.
As explained in Sec. F(a), no attempt must be made to
close this gap by expansion, in which case crevice corro-
sion may occur.

Crevice corrosion may be eliminated if the tubes are
welded to the inner face of the tubesheet, the welding
being carried out down the tube hole from the front
face. This is known as �back-bore� welding and the prin-
ciples of two methods are shown in Fig. 23. The welds
may be fully inspected and in the case of thick tube-
sheets there is a significant saving in tube cost.

G. Expansion bellows

Expansion bellows may be required in the shell of fixed
tubesheet exchangers or at the floating end of single-
tube-pass floating-head exchangers of the S and T types.
There are numerous designs of expansion devices, but
three common types made by specialist manufacturers
are the �thick� wall, �thin� wall, and hot-formed
�medium� wall.

The thick-wall bellows are invariably used in the
shell of fixed tubesheet exchangers and are made from
plate having the same metal and thickness as the shell
barrel. The bellows form is shown in Fig. 24. The com-
plete bellows convolution is assembled from a number
of segments welded together longitudinally without any

Pressed in segments
7

Figure 24 Thick-wall bellows.
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4.2 SHELL-AND-TUBE EXCHANGERS: CONSTRUCTION / 4.2.6 Mechanical Design and Fabrication 4.2.6-l 1

circumferential welding in the convolution itself. Thick-
ness is usually in the range 4 to 13 mm, with a convolu-
tion depth of 100 to 150 mm, but because of its stiff-
ness the movement of one convolution is limited to
about 2 to 5 mm. Larger movements can be accommo-
dated by adding more convolutions, but the cost will
then be higher than the thin-wall type. Its chief advan-
tage is that the rugged construction allows the complete
exchanger to be handled easily without the need for
bellows protection or restraining bars.

The thin-wall bellows, shown in Fig. 25, has convo-
lutions in stainless steel or Incoloy, formed cold, either
by rolling or hydraulic forming. Convolution depth is
about 24 to 75 mm, with a single-ply thickness of 0.5
to 2 mm, although multi-ply construction is used for
higher pressures. This design of bellows offers greater
scope than the thick-wall type with regard to movement
and pressure. It has the disadvantage that it requires
careful handling at all times, and it is usual to fit protec-
tive liners both inside and outside. It is also essential to
provide external restraining bars to keep the complete
unit rigid during handling. Once installed, the restraining
bars must be released to permit axial thermal movement.

The hot-formed medium-wall bellows offers a com-
promise between the thick and thin wall types, being
more flexible than the thick wall, yet offering a more
rugged construction than the thin wall. Material is
usually a chrome-molybdenum alloy or stainless steel,
2.0 to 4.5 mm thick, with a convolution height of 50
to 63 mm.

H. Hydrostatic testing

If tube end welding is involved, the welds are given a
low-pressure air or halogen test on the shell side at about
0.07 MN/m2 before the fmal hydrostatic tests. It is

Nuts released
after installation

I 1 -Set screws

easier to make sound tube end weld repairs if the ends
have not been in contact with water. If a multipass tech-
nique has been used for the tube end welding, then each
pass must be given a low-pressure test before proceeding
to the next.

Upon completion the exchanger must be hydro-
statically tested with water to check the soundness of all
welded seams, tube end, and gasketed joints. The shell
side and tube side of the exchanger must be tested inde-
pendently to their specified code test pressures, unless
the exchanger has been designed for a differential pres-
sure, in which case both sides must be pressurized to-
gether, taking care that the differential test pressure is
not exceeded.

The fabricator prefers to test the tube ends with
pressure on the outside of the tubes, as this allows every
tube end to be checked for tightness at the outer tube-
sheet face and leakers can be positively identified. This
is acceptable if the shell-side test pressure is equal to or
greater than the tube-side test pressure. When the re-
verse is the case, the customer may insist that the tube
ends be tested with pressure on the tube side, which
means that removable bundles must be tested outside
the shell. In this event leakage is detected as drips from
the bottom of the bundle at the inner tubesheet face,
but positive identification of the actual leakers is more
difficult, particularly with the tube configurations com-
monly used. The fabricator endeavors to minimize un-
necessary rerolling of tube ends, but some may be
inevitable.

Split straight tubes and outer U tubes are removed
and replaced if practicable, but otherwise they are
plugged. Inner U tubes must be plugged. Explosive
plugging is available for high-integrity services.

Testing of fmed tubesheet exchangers is straight-
forward in that there are only two tests to carry out.
The shell side is pressurized first, with the heads or head
covers removed, to check the shell welding, tube ends,

-External cover (free at end)

- Restraining bolts

+ Restraining flange

Internal sleevet t Stub ends (in same metal
as shell barrel)

Figure 25 Thin-wall bellows.
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-Shell flange
at rear head

Observe leaks
+ Floating tubesheet

Figure 26 Test flange and gland for floating-head exchanger.

and for split tubes. Unless the exchanger has been de-
signed for a differential pressure, the shell side is
drained, the heads or head covers fitted, and the tube
side pressurized to check the head welding and all
gasketed head joints. Although this again tests the tube
ends, leaks can be revealed only as drips from bottom
shell nozzles.

In order to test S- and T-type floating-head bundles
inside the shell, with the test pressure outside the tubes,
a special test flange and gland is required at the floating
head as shown in Fig. 26. This allows tube ends to be
inspected at the outer face of the floating tubesheet.
The construction of W- and P-type floating-head ex-

Test la: Pressure in shell-Test  gaskets fitted
Purpas
(11  To check tube expansions and split tuber  (q)

Test when shellsids  test pressure > tube-side test pressure

Test 2: Prasure  in tubes-Service gaskets fitted
PWp0S.Z
I1 1 To check floatinghead  cover  welding (I)
(21 To check floatinehead  ioint It)
13) To check channei/tube  blate  ,int  (u)
(4) To check channel wldina  CA
(5) To check channel/cover joint  (WI

changers is such that they have built-in test flange and
gland facilities. It should be noted that to test T-type
floating-head bundles inside the shell, using the test
flange and gland, the bolt holes in the floating tubesheet
must be plugged temporarily. If the T type has no rear
head flanges, the test flange and gland cannot be used,
neither can it be used for T-type kettles. Sometimes a
separate test shell is made to suit these cases.

When testing any removable bundle inside the shell,
with the test pressure outside the tubes, a joint must be
made between the shell and stationary tubesheet to con-
tain the shell-side pressure. There must also be access to
the outer face of the stationary tubesheet to inspect the

Test lb: Pressure in tubes

(1) To check tube expansions and split tubes (r)

Test when tubeside  test pressure > shell-ride test pressure

Test 3: Pressure in shell--Service gsskets fitted
PWJOSe
(1l~To  check shell end shell cover welding Ixl
(2) To check shell/shell cover joint (y)
(3) To check shell/tube  plate joint  (21

Figure 27 Hydrostatic testing of split-backing-ring floating-head exchanger.
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tube ends. Bobbin-type heads satisfy these requirements,
but bonnet-type heads do not and they must be omitted
for the test. Unless the tubesheet is flanged, it is neces-
sary to replace bonnet-type heads by a special test ring
or backing flange on the tube side of the stationary tube-
sheet to hold the shell/tubesheet  joint.

For testing the bundle outside the shell, with the
pressure inside the tubes, a joint must be made between
the stationary head and stationary tubesheet to contain
the tube-side pressure. Unless the tubesheet is flanged,

or integral with the head, a similar test ring will be re-
quired on the shell side of the stationary tubesheet to
hold the tubesheet/head  joint.

The test procedure for an S-type floating-head ex-
changer is shown in Fig. 27 from which the special test
ring will be seen. A similar testing procedure is used for
other removable bundle exchangers. If any gasketed
joints have to be broken during testing, test gaskets are
used instead of the service gaskets, these being stored
until the service joints are finally made.

I
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4.3 SHELL-AND-TUBE DESIGN CODES 4.3.1-1

4.3.1
Mechanical design codes

M. Morris

A. Introduction

Pressure vessel codes, which also cover the mechanical
design of shell-and-tube exchangers, fulfill various func-
tions; in several countries a national code is legally en-
forced, and compliance with the code is mandatory for
items supplied to that country, whether built  there or
imported. Table 1 shows the status of the principal
codes covering exchanger design. Where no code is
shown for a country, the table shows the codes generally
accepted. A more complete list covering 65 countries
is given in [l] . In Sec. 4.3.2, the requirements of U.S.,
U.K., and German codes, as they affect shell-and-
tube exchangers, are listed. Section 4.3.5 gives a brief
summary of major national codes. The codes aim to
achieve safe construction and give rules for design and
fabrication, which are based on experience with con-
ventional plant. However, when the components differ
from conventional design or are outside the range
of the code rules, or when more certain assurance of
safety is required, it may be necessary to justify the
design using alternative codes or a stress analysis as
discussed in Sec. 4.1, or component testing. These
alternatives must be agreeable to the purchaser and the
inspecting authority.

Codes also provide a useful tool for the education
of junior engineers or those entering the vessel and ex-
changer field, and this aspect should not be overlooked
when new codes or rules are being formulated. As well
as giving rules for design and fabrication, most codes are
specific as to acceptable materials, but usually the range
of materials is wide enough to allow the designer a

choice. The choice can be made taking into account the
following requirements.

Requirements Source of information

Processes:
Material compatibility Operating experience
Corrosion resistance Suppliers and operating

experience
Physical properties Suppliers and test data

Materials :
Yield stress and UTS Code data
Elongation and reduction of Code data

area at fracture
Toughness Code data
Aging and embrittlement Code data
Creep strength Code and test data
Fatigue strength Code and test data

Commercial requirements:
Availability
cost
Fabrication techniques

Once the designer has made a choice of material, the
design code gives an allowable design stress that is used
to dimension the pressurized components, and the code
specifies any special fabrication requirements for that
material, such as heat treatment, for example. Although
codes do list acceptable materials, they also permit other
materials.

(a) ASME VIII

The listed materials are taken from specifications of the
ASTM. In order to use other materials for ASME-coded
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4.3.1-2 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.1 Mechanical Design Codes

Table 1 Principal pressure vessel codes

Country National code Approving organization Regulations Other acceptable codes

Belgium

Czechoslovakia

Denmark

France

F. R. Germany

Italy

Japan
Hungary
Netherlands

Norway

Poland

Spain

Sweden
United Kingdom

United States
U.S.S.R.

-

CSN Standards

-

SNCT

A. D. Merkblatter

ANCC

JIS B 8243
-

Grondslagen and
Rules for PVs

General rules for PVs

Technical Supervision
Code for Stationary
PVS

-

Swedish PV Code
BS standards

ASME
GOST standards

Ministere de L�Emploi  et
du Travail

Cesky Urad Bezpecnosti
Prace

Arbejdstilsynet
Direcktoratet

Ministry of Scientific and
Industrial Development

Tuv

ANCC

Ministry of Labor Safety
Energiagazdalkadasi Intezet
Dienst voor het

Stoomwezen
Statens Arbeidtilsyn

Urzad Dozoru
Technicznego

Ministry of Industry

dngpanneforeningen
Factory Inspectorate

Varies for each state
Gosgortekhnadzor

Police Regulations for
Dangerous Establishments

Regulations for land-based
PVS 22/12/n

Government Publication
1332

State insurance codes and
VBG17

Presidential Decree 547
2114155

Ordinance 33 30/g/72
PV Safety Regulations
-

Act of Protection of
Workers

Technical Supervision
Code for Stationary PVs

PV Regulations 1969,
amended 1972

Industrial Safety Act
Factories Act 196 1

Varies for each state
Gosgortekhnadzor

Any that satisfy legal
requirements

Subject to negotiation

BS, ASME, Merkblatter,
Swedish

-

ASME
BS, Merkblatter
-

BS

-

-
Any that meet legal

requirements
-

By negotiation

vessels, special application must be made to, and ap-
proval secured from, the ASME  Code Committee.

(b) BS5500

Materials other than those listed in the code may be used
by agreement between purchaser and manufacturer
provided that they are covered by a written specification
as comprehensive as the BS specification for the equiva-
lent material and that the design stresses are determined
in a mamrer  consistent to BS.

(c) A. D. Merkblatter

The A. D. Merkblatter W series of specifications lists ac-
ceptable materials, but others may be authorized with
the agreement of the inspecting authority. In the latter
case the W specifications give requirements that must be
satisfied.

B. ASME Boiler and Pressure Vessel Code
Section VIII, Div. 1

This code [2] gives minimum requirements for the de-
sign, fabrication, inspection, and certification of vessels
with design pressures between 1.03 bar g (15 psig) and

206 bar g (3 000 psig). Where the design needs to be
justified by a full stress analysis, Div. 2 of this code
should be used. New editions of the code are usually
issued every 3 yr, but interim revisions are made twice
yearly in the form of addenda. The ASME code refer-
ences used in Sec. 4.3 refer to the 1977 edition.

C. TEMA: Standards of Tubular Exchanger
Manufacturers Association

These standards [3] serve to supplement and define the
ASME  Pressure Vessel Code for all shell-and-tube ex-
changer applications (double-pipe exchangers are not
included). Although TEMA is linked specifically to
ASME VIII, it is a useful standard that can be used to
supplement other national codes. Recommendations for
construction are given in three classes, the class being
specified by the purchaser. The design rules for each
class are the same, the only difference being in dimen-
sions and details of construction. Class R is for the
generally severe requirements of petroleum and related
processing applications. Class C is for the generally
moderate requirements of commercial and general
process service. Class B is for chemical process service.

The numbering system is common to alI classes,
and the TEMA references used in Sec. 4.3 refer to class
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.1 Mechanical Design Codes 4.3.1-3

R, C, or B of the 1978 edition. This edition carries
\ for the first time a section entitled �Recommended

Good Practice�  relating to aspects not covered in the

main sections of the standard, particularly the require-
ments for exchangers with shell diameters from 1 524
to 2 540 mm (60 to 100 in). The numbering system
used is the same as in the three main sections of TEMA,
and an * is used throughout Sec. 4.3 to denote that
there is an additional recommended good practice.

D. BS 5500: The British Standard SDecification
for Unfired Fusion-Welded Pressure vessels

This recently introduced code [4] replaces BS 1500 and
BS 15 15 and is intended to unify the U.K. requirements
for ail pressure vessels. A major departure for this code
is that the purchaser now specifies the construction
category (BS 5500 3.4), which then defines the amount
of nondestructive testing and restricts the permitted
materials. The degree of testing is not now reflected by
the use of design stress-reduction factors. The code
references used in Sec. 4.3 refer to the third issue of
BS 5500.

E. A. D. Merkblatter: German Pressure
Vessel Regulations

These regulations [5] are in the form of data sheets
covering different aspects of vessel design and construc-
tion, and are produced by a group af associations.
Revisions are made from time to time to keep up with

advances in technical knowledge. Some aspects of.vessel
and exchanger design are not covered, and the method
is agreed upon by the purchaser, inspecting authority,
and designer. The code references used in Sec. 4.3 refer
to the 1977 edition of A. D. Merkblatter.

F. International codes

The International Standards Organisation (ISO)  has
been endeavoring for some time to write an international
code for pressure vessels. Various working groups have
written draft sections of the code, and these were -sub-
mitted in late 1973 to form a proposed draft standard
DIS 2694. This draft was considered by the subscribing
countries to ISO, but when votes were cast in 1974
many major countries voted against its acceptance. The
draft was then sent back to the organizing secretariat
and working groups with comments, but there has been
no action to date.

In Europe, the EEC has published a Council Direc-
tive of July 27, 1976, giving a general framework to
common provisions for vessels and methods of inspect-
ing them. The intention is that separate directives for
different categories of vessels will lay down the technical
requirements for design and methods of inspection, and
thus will achieve free movement of vessels within the
EEC and avoid multiple inspections.

European standards will be organized by CEN
(Cornit Europ&en  de Normalisation),  and a draft for
�simple� pressure vessels has been written. Unfired
pressure vessels are being considered by CEN working
group 54, but the EEC Directive is awaited.

Bibliography for Section 4.3.1 appears at the end of Section 4.3.5.
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4.3 SHELL-AND-TUBE DESIGN CODES 4.3.2-l

4.3.2
Index to U.S., U.K.,

and F.R.G. codes

M. Morris

n Figure 1 gives the following identification letters for
the components to be discussed in detail here.

A Cylindrical shell and channel
B Tubes
C Conical shell
D Dished head
E Flat head
F Floating-head components
G Girth flange
H Supports

I Tubesheet
J Nozzle
K Shell bellows

In the following, reference numbers are those in the rele-
vant codes of the following editions:

ASME  VIII Div. 1 1977 Edition
BS 5.500 Third issue
TEMA 1978 Edition
A. D. Merkblatter 1977 Edition

o 1983 Hemisphere Publishing Corporationr 1KD4L A



4.3.2-2 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes

Figure 1 Identification letters for exchanger components.

A. Cylindrical shell and channel

: Q

GENERAL
Internal pressure: Usually the hoop stress governs, al-

though for futed tubesheet exchangers the longi-
tudinal stress is also checked.

External pressure: Vacuum conditions are generally the
only external pressure applied to exchanger shells.

TEMA
Minimum fabricated thickness
Longitudinal stress (fured tubesheet

3.13*

exchanger), calculated from tube-
sheet conditions and takes the
place of pressure longitudinal
shell stress 7.2

Postweld heat treatment of CS channel 8.14

BS 5.500
Internal pressure thickness

e = pDi/2f - p
Vacuum check :

Calculate L/2R  and 2R/e
Find e

3.5.1.2
3.6

Calculate (Y = 1.28 Y&
Find G
Calculate y

Fig. 3.6(2)

Table 3.6(2)
3.6.1.1

S = 1 .l for austenitic steels
= 1.4 for other steels

Hence calculate K
Find A
Hence allowable external pressure

Longitudinal stress check for fmed
tubesheet design (see Sec. I)

Eq. (11)
Fig. 3.6(3)
Eq. (12)
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4.3 SHELL-AND-TUBE DESIGN CODES 4.3.3-l

4.3.3

Analytic bz code rules

M. Morris

n A study of Sec. 4.3.2, together with one of the
pressure vessel codes, will show that the rules given to
size a particular component have an analytic basis.
These rules have generally been adapted as a result of
experience over the years, and the analytic background
is sometimes hidden. The following paragraphs aim to
give more information on this background and where
possible relate to Sec. 4.1 of this handbook.

A. Cylindrical shell

For internal pressure, the shell thickness is calculated
from the hoop stress as given in Eq. 4.1.3( 1). The equa-
tion is modified so that either the internal or external
cylindrical radius can be used. For external pressure (or
vacuum) the traditional analysis is referenced in Sec.
4.1 S. A more recent method is used by BS 5500 and is
discussed in [6] .

B. Tubes

Tubes in fxed tubesheet exchangers are subjected to
end loads as well as internal and external pressure.
Longitudinal tensile stresses are treated the same way
as pressure tensile stresses, but longitudinal compres-
sive stresses may cause the tube to buckle as a column
(see Sec. 4.1 S).

C. Conical shell

For small cone angles, the thickness formula is the same
as cylindrical shells, but with a cos (Y term incorporated.
For larger angles, toroidal transitions are needed at the
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ends of the cone to absorb the discontinuity bending
stresses and a full analysis may be needed. See [ll, 121
and Sec. 4.1.3C.

D. Dished head

The analysis of hemispherical heads is straightforward,
and all code rules are based on Eq. 4.1.3(4). For ellip-
soidal and torispherical heads, the analysis is more com-
plex, and in recent years, experimental and theoretical
studies have examined the local stresses existing through-
out these heads. Although the presentation of rules
differs for the various codes, the methods are basically
the same and the theoretical background is given in
Sec. 4.1.8A.

E. Flat head

With simple edge conditions, a flat plate under pressure
is a straightforward bending component. The junction
with the cylindrical shell is either welded or flanged,
and this junction disturbs the simple stress distribution.
The effect of a welded junction is shown in Sec. 4.1.8A,
and the resultant stress-concentration factor is accom-
modated in the code rules by a factor modifying the
basic flat-plate formula. With bolted heads an edge
moment is added by the adjacent flange bolting and a
modifying factor is again used.

F. Floating-head components

The code rules referenced in Sec. 4.3.2F give formulas
for the thickness of the dished head, the flange ring, and

liahing  corporation
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4.3.3-2 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.3 Analytic Basis of Code Rules

the backing ring. However, the formulas are approximate
as they do not take into account the continuity between
the flange ring and the dished head. A more exact analy-
sis is generally permitted, and this is provided by [19]
for both shell-side and tube-side pressure.

G. Girth flange

As discussed in Sec. 4.1.7, the analysis of flanges is com-
plex and depends on the interaction of flange, adjacent
shell, bolts, and gasket. The classical paper on flange
design [20]  is based on elastic analysis, and the method
has become known as the Taylor Forge method and is
used in ASME  and BS 5500.

The shortcomings of an elastic analysis are given
in Sec. 4.1.7, and the point is made that flange design
satisfactory to code rules is dependent on the input of
practical experience. A flange can be said to have failed
if it allows leakage from the joint, which can be caused
by plastic conditions in the flange, yielding of the bolts,
or incorrect gasket specification. With small-diameter
flanges there is usually enough margin in the gasket to
absorb the resulting rotation without leakage. As the
diameter increases, however, this margin is reduced and
the correct choice and design of flange components
becomes more critical. It is suggested in Sec. 4.3.2G that
below 20 bar pressure and 1.5 m diameter, the classical
analysis should give acceptable results. Above these
criteria, further analysis may be needed. Reference [22]
discusses such an analysis, [23]  gives the results of
gasket testing, and [24]  evaluates the interaction of all
the flange components.

H. Supports

A full discussion of the analytic basis of the BS 5500
design rules is given in Sec. 4.1.2C.

I. Tubesheets

Tubesheets are the most complex exchanger component,
and 15 variables can be listed that affect the loading.
TEMA in 1941 first gave rules for the design of U and
floating-head tubesheets based on modified flat-plate
formulas. Although empirical, these formulas gave
satisfactory results, and a form of them is still used in
current TEMA rules. An analytic approach for U and
floating-head tubesheets was provided by Gardner [30]
by treating the tubesheet as a modified solid plate as
discussed in Sec. 4.1.4. This method was developed
simultaneously for fured tubesheet exchangers by
Gardner [31]  and Miller [33]  and results in equations
given in Sec. 4.1.4C. BS 1500 adopted this approach in

1958, and the 1968 edition of TEMA included rules
for f=ed tubesheets broadly based on Gardner and
Miller but with some improvements. Thinner fmed tube-
sheets for shell boilers had been obtained for several
years, as the semiempirical method split the tubesheet
into smaller areas bounded by supports, i.e., tie bars,
flue pipe, etc. This method is used by BS 2790 and
ASME  I and gives satisfactory results for flue gas boilers
when the difference in metal temperatures between
tubes and shell is small. A similar method is used in
current A. D. Merkblatter regulations for f=ed tube-
sheets, and the effect of this is discussed in Sec. 4.3.4.
In a later paper Gardner [35]  derived a fuller analysis
for U-tube and floating-head tubesheets, and this ap-
proach is now used by BS 5500. The basic formulas
are unchanged but no longer based on arbitrary con-
stants. The parameters encompassed are discussed
by Morris [37].

J. Nozzles

For nozzle design, the principal codes illustrate three
approaches. The traditional method of nozzle reinforce-
ment by area replacement is used by ASME  VIII Div. 1,
in which the cross-sectional area of the reinforcement
equals the cross-sectional area of the metal removed
from the shell. This reinforcement is added as a pad, a
thickened branch, or a thickened shell.

The design curves of BS 5500 are based on the need
to avoid incremental plastic strain during repeated pres-
sure loading of the vessel. A limited amount of plastic
deformation in local areas is. accepted during initial
operating cycles, but a residual stress distribution is
established and the subsequent behavior is completely
elastic. This �shakedown� behavior is achieved by limit-
ing the maximum stress in the nozzle. For branches in
spherical shells this maximum is set at 2.25 times the
allowable stress in the unreinforced shell. For branches
in cylindrical shells the allowable stress concentration
factor is calculated from the estimated shakedown fac-
tor for the nozzle geometry.

Limit analysis for nozzles is discussed in Sec.
4.1.8B, where the design curves of A. D. Merkblatter are
compared.

K. Shell bellows

As seen from Sec. 4.3.2K, the most comprehensive rules
are from the Italian regulations ANCC. These rules are
for square convolutions but with toroidal corners and
are thus a combination of the formulas given separately
in Sec. 4.1.6 for square convolutions and toroidal
convolutions.

Bibliography for Section 4.3.3 appears at the end of Section 4.3.5.
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes 4.3.2-3

Cladding 3.3.3
Tolerances 4.2.4.2

ASME
Minimum thickness of shell
Internal pressure thickness

t = PRI(SE  - OAP),
where E = weld joint efficiency

Vacuum check
Tolerance on �out-of-roundness�
Good practice regarding linings
Clad-shell design thickness

UG16(b)

UG27(c)
Uw12
UG28
UG80
APP-  F
UCL23

A. D. MERKBLATTER
Internal pressure: Sec. Bl

Thickness =
DilP

20K/Sv + p +c1 +cz,

where D, = OD
K = yield stress
S = safety factor
u = joint efficiency

Cr = undertolerance allowance
C, = corrosion allowance

Minimum wall thickness
Vacuum: Sec. B6
Check against elastic distortion
Check against plastic distortion

B.

5.

B0.6.
B0.7.
B0.8.
B0.9.1
B0.9.2
6.

7.2
7.3

GENERAL
As well as both internal and external pressure loading,

tubes are subjected to end loads (particularly in
the case of futed tubesheet exchangers), which
affect the tube end fxing.  In thickness calcula-
tions account should be taken of the minimum
tolerances.

TEMA
Standard length
Standard diameter and thickness
Minimum thickness before forming

U bend
Longitudinal stress (fxed tubesheet)
Tube joint loads
Tube maintenance

2.1
2.2

2.3 1
7.2314
7.25
E.4

BS 5500
Internal pressure (as cylinder) 3.5.1.2
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External pressure (as cylinder) 3.6.2.1
For f=ed tubesheet exchangers check

tube end load from tubesheet
design (see Sec. I)

ASME
Thickness for internal and external

pressure (as cylinder, Sec. A)
Tube end futing

UG31

APP. A
Maximum permissible end load de-

pends on code stress, c.s.a.,
and type and testing of ex-
panded or welded joint.

A. D. MERKBLATTER: Sec. Bl 1
Internal pressure thickness

Dap
= 2OK/Sv + p

+ c, + c* 5.

where D, = OD
K = yield stress B0.6.
S = safety factor B0.7.
u = welded tube factor B0.8.

Cr = undertolerance allowance B0.9.1
C, = corrosion allowance B0.9.2

External pressure minimum thickness 6.1

C. Conical shell

-. .-. .-

GENERAL
Commonly used for channels where nozzle diameters are

large or pressure drop is critical. Cones also used in
kettle shells. Half cone angle (Y usually limited to
30�.

TEMA
Minimum fabricated thickness
Postweld heat treatment of C.S.

channels

3.13*

8.14

BS 5500
Internal pressure thickness (Y < 70�
Internal pressure thickness cr > 70�

(N.B.: CY  is usually 30�)

3.5.3.1.2.1
3.5.3.1.2.2

lblishing  Corporation



4.3.2-4 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes

Check for large end reinforcement;
if required, calculate

Check for small end reinforcement;
if required, calculate

Vacuum check

ASME
General requirements
Minimum thickness
Internal pressure thickness, o > 30�
Reinforcement required at conical

junctions
Cones with cx > 30�
Vacuum check

A. D. MERKBLATTER: Sec. B2
Knuckle thickness
Distance from knuckle at knuckle

thickness
Thickness away from knuckle
Cone without knuckle (o > 30�)
Check thickness if a! > 70�
Minimum thickness
Vacuum check

3.5.3.1.3
3.5.3.1.3.112
3.5.3.1.4
3.5.3.1.4.1/2
3.6.2.6

UG36(e)
UG16(b)
UG=k)

UA5
UAS(e)
UG33Q-J

8.2.1.1

8.2.1.3
8.3.1
8.2.2
8.4
9.
8.5

D. Dished head

GENERAL
Dished head channels are cheaper than those with bolted

flat heads. However, channel nozzle piping must
be detached to permit removal of channel for
tubesheet inspection.

TEMA
Minimum fabricated thickness
Bonnet inside depth for multipass

channels
Postweld heat treatment of C.S.

channels

3.13*

8.12

8.14

BS 5500
Shape limitations 3.5.2.2
Unpierced end 3.5.2.3

Calculate overall depth h,; from p/f
and he/D,  calculate e Fig. 3.5.2.3

0 1983 Hemisphere I

Pierced end
Vacuum check
Tolerances

Note for torispherical heads

3.5.2.4
3.5.2.3/4/S
4.2.4.1

!$3?4$-o.5)  (!%+  ,.,-3

D = head OD
R, = crown outer radius
r. = knuckle outer radius

ASME
Minimum thickness UG16(b)
Internal pressure thickness of half-

spherical, 2: 1 ellipsoidal, and 6%
torispherical UG32

Internal pressure thickness of other
ellipsoidal and torispherical heads UA4

Tolerance on shape UG8 1

Attachment welds to cylinder UW13
Vacuum check UG33

A. D. MERKBLATTER: Sec. B3
Shape requirements for hemispherical

and the following torispherical
heads (D, = OD) 1.&2.

Klopper Korbbogen
Crown internal radius = D, =  0 . 8 0 ,
Knuckle internal radius = O.lD, = 0.1540,

Internal pressure thickness of crown 8.1
Internal pressure thickness of knuckle 8.2
Thickness head with opening 6 .
Minimum thickness 9.
Vacuum check 4.3

E. Flat head

GENERAL
Flat heads are commonly bolted to give access to tube-

sheets without disturbing piping. Welded flat heads
are sometimes used for low-pressure channels as an
alternative to dished heads.

.blishing  Corporation
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes 4.3.2-S

TEMA
Partition groove considered as corro-

sion allowance 1.514
Bolted channel cover thickness 8.21

This formula is different from the
code formula, and the greater
thickness should be used.

Depth of partition groove 8.22

3. The backing ring-usually split to allow with-
drawal of the tube bundle

In a kettle exchanger the floating head withdraws
with the tube bundle and the tubesheet is ex-
tended to bolt onto the floating-head flange.

TEMA

BS 5500
Typical types of flat head Fig. 3.5.5
Thickness e = CD m 3.5.5.2.1

Bolted head, C from Fig.
3 *5. W)k)

Welded head, C from Fig. 3.5.5(l)
Compensation of opening 3.5.5.2.1

If opening is greater than one-half
of shell diameter, calculate as
flange (see Sec. G)

ASME
Acceptable types of flat heads Fig. UG34
Flat head thickness UG34(c)(2)

Calculated for both operating and
gasket seating conditions. De-
pendent on edge f=ing, pres-
sure, and adjacent flange
details

Minimum inside depth of floating-head
covers 5.11

Postweld heat treatment of CS floating-
head covers 5.12

Materials and corrosion allowance 5.13
Tube bundle support plate at floating

end 5.14

BS 5500
Dished head thickness, internal pressure 3.5.6.2.1
Dished head thickness, external pressure 3.5.6.3
Flange ring bolting and gasket 3.5.6.2.2

Flange ring thickness 3.5.6.2.3
Formula basis as ASME

Thickness at edge gasket groove
Reinforcement of opening

A. D. MERKBLATTER: Sec. B5
Flat heads with openings
Thickness welded flat heads
Thickness flanged flat heads

F. Floating head

UG34(d)
UG39

4.1
6.1.1
6.3

ASME
Dished head thickness, internal pressure UA6 and

UG32
Dished head thickness, external pressure UG33
Flange ring thickness UA6
Split-backing-ring thickness UA53
The ASME  formulas for dished head

and flange ring are only approxi-
mate and do not take into ac-
count the interaction between
head and ring.

A. D. MERKBLATTER
Dished head (in preparation) B4
Split-backing-ring thickness B8.6.11

G. Flange

GENERAL
The floating head is composed of three components:

1. The floating head cover-a dished or flat head
2. The floating head flange-attached to the cover

L O O S E  F L A N G E  T Y P E
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4.3.26 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes

GENERAL
The successful operation of flanges depends on the cor-

rect choice of three elements: the gasket, the bolt-
ing, and the flange shape.

Flanges are of two main types, those with full face gas-
kets, or more commonly those with narrow face
gaskets within the bolt circle. The below details
are limited to the latter type. Weld neck integral
flanges are used for high-integrity flanges, whereas
loose or welded ring flanges are used for lower
pressures and temperatures.

TEMA
Type and materials of gaskets
Recommendations for two gaskets

with common bolting.
Gasket facing tolerance
Minimum bolt size
Maximum and minimum bolt spacing
Nut/wrench clearances
Large diameter, low-pressure flanges
Bolting, assembly, and maintenance
Recommended bolt-tightening pro-

cedure

6.

6.2
6.32
10.1
10.2
10.3
10.5*
10.6*

E2.5

BS 5500
Method as ASME 3.8

ASME
Selection of type of flange
Select gasket type, dimensions, and

thus m, y, and G
Calculate gasket operating bolt load

W

UA48

Table UA49.1

Calculatz  kasket seating bolt load W,,
Calculate bolt area required
Select number, size, and pitch circle of

bolting

UA49(b)(  1)
UA49(b)(2)
UA49(c)

TEMAlO
Calculate operating flange moment

Mo=MD+MT+MG
Calculate gasket seating moment M,
For integral flanges select hub shape

Select gi (initially, say, 1.5g,)
Check nut clearances (on tubesheet as

well)

UA47
UA50

Select h to give factor f (= 1.25, say)
Find flange shape factors

TEMAlO
Fig. UA5 1.6
Figs. UA5 1.1

to .5
Calculate flange stresses for both

operating and gasket seating
conditions

Check allowable flange stresses
General requirements for studs
For large-diameter, high-pressure, high-

temperature, etc., flanges read

UA5 1
UA52
UG12

APP-  S

Generally the ASME method gives ac-
ceptable results when pressure <
20 bar and diameter < 1.5 m

For flanges at trapped tubesheets with
common bolting, gaskets with
similar compression characteristics
should be used and the bolting
loads should be transferred

ForPr >Pz
1. Design flange 1 first
2. Design flange 2 using W from

flange 1
3. For consistency, on flange 2 take

HG = W,, (flange 1) - H(flange 2)

A. D. MERKBLATTER: Sec. B8
These rules are a simplification of DIN

2505, �Calculation of Flanged
Connections,� and as difficulty
can be found in selecting a hub
shape to B8, it is recommended
that design be carried out to DIN
2505.

Calculate �pipe� force PR
Calculate annular force PF

Hence pressure force PI
Select gasket
Calculate gasket seating force PDV
Calculate gasket pressure force PDB
Thus bolt force PSO
Check bolt area to A. D. Merkblatter,

Sec. B7
However, the safety factors are low

and overstressed bolts can re-
sult. Consideration can be given
to using ASME/BS  5500 bolt
stresses.

Calculate bolting moment M,
Calculate operating moment Ml
Calculate flange resistance W for weld-

neck flanges at Sets. AA, BB, CC
For loose flanges
For slip-on flanges

Check strength conditions satisfied
Note for weld-neck flanges at Sec. BB

Flel + Fzez + F3e3
e =

F1 + Fz + F3

el = 0.5hF

e2 = 0.333(2h8 + hA)

e3 = 0.5(hF + hA)

F1 = 005(dA  - di - 2dL)

4.1
4.2
4.3
Table 1
4.4.1
4.4.2
4.5

5.1
5.1

5.2.1 .l
5.2.1.2
5.2.1.4
5.3
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes 4.3.2-7

F2 = 0.5(hA - hF)(SF - S,)

F3  = SK@, - hi)

H. Supports

I

i

GENERAL
Supports for heat exchangers are usually of two types:

1. Saddle supports for horizontal units, one f=ed
and one sliding, with support angle usually > 120�

2. Support feet for vertical units

BS 5500 provides a comprehensive design check.

BS 5500
Saddle Supports G.3.3.2
Calculate longitudinal bending moment

at midspan G.3.3.2.1
Check longitudinal bending stress at

midspan G.3.3.2.2
Calculate longitudinal bending moment

at saddle G.3.3.2.1
Check longitudinal bending stress at

saddle G.3.3.2.3
Check shear stress G.3.3.2.4
Check circumferential stress G.3.3.2.5
Design saddle, width > ID X shell

thickness G.3.3.2.8

i

Wear plate, thickness > shell thickness-unless
thick shell

overlap > 6� above saddle
width > 15 X shell thickness )

Bracket Support
1. Longitudinal moment G.2.3.2

Bracket size = C, (= 6C,)  by 2Ca Fig. G.2(2  1)
Check if shape limitations are

satisfied G.2.3
Calculate opposing loads W G.2.3.2

Find 64r c, ’
0L r

Fig. G.2(4)

Calculate stresses
2. Circumferential moment

Bracket size = Co (= 6Ce) by 2C,

G.2.3.3(a)
G.2.3.1
Fig. G-2(20)

o 1983 Hemisphere I lblishiig  Corporation

Check if shape limitations are
satisfied

Calculate opposing loads W

Find64r cx 2
0L r

Calculate stresses
3. Radial load

Bracket size = 2Ce X 2C,
Check if shape limitations are

satisfied

Find 64r cx ’
0L r

Calculate stresses

ASME
Good practice regarding supports
Material for supports
Loads to be considered
Fitment of supports

TEMA
No particular requirements

A. D. MERKBLATTER
No particular requirements

I. Tubesheets

r
6

b

G.2.3
G.2.3.1

Fig. G.2(4)

G.2.3.3(b)
G.2.2
Fig. G.2(  1)

G.2.2

Fig. G.2(4)

G.2.2.1.2

APP.  G
UGHb)
UG22
UG82

TEMA-GENERAL REQUIREMENTS
Effective thickness of tubesheet 7.12
Clad tubesheets-7.122 and 7.9
Tubehole clearances 7.4
Expanded tube joints 7.5
Welded tube joints 7.6

TEMA-U TUBESHEETS

T,FE p
2 J 7 + corrosion + groove 7.132

^_. ,.--... - *. . -. - .--..._- - .., -- _..I ._ .- . ---~~ . . -



4.3.2-8 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes

F = 1.25 for gasketed tubesheet; 7.142
for integral tubesheet see 7.151

G = gasket diameter or shell ID
P = maximum differential pressure
S = code design stress (ASME)
IfP > approximately O.lS,  check shear 7.133

TEMA-FLOATING-HEAD TUBESHEETS

T,E p
2 J

s + corrosion + groove 7.132

F = 1 .O for gasketed tubesheets
G = gasket diameter

7.141

P = maximum differential pressure
S = code design stress (ASME)

If P > approximately O.O7S,  check
shear 7.133

Make both tubesheets same thickness.

GENERAL
Tubesheets have the greatest number of design variables

and thus the most complex design rules.

ASME
For tubesheet extended for edge bolting,

the thickness at the periphery can
be checked as for the outer edge
of a flat plate, Fig. (i) UG34(d)

Attachment weld between shell and
tubesheet UW13(e)

Tube end fxing, the maximum end
load is dependent on code stress,

TEMA

7.193
7.194
7.141
Fig. 7.151

7.191
7.192
7.192

PBt

pBs

T

7.191

7.193
7.194
7.191
7.193
7.194
7.132
7.133

p�,
6
pd
P

P
T

c.s.a., and type and testing of ex-
panded or welded joint APP.  A

BS 5500-GENERAL  REQUIREMENTS
Basis of rules 3.9
Tubesheet-to-shell weld Figs. E2(39)

to (44)
Tube-to-tubesheet weld detail E2.10

BS 5500-U TUBESHEET

+ corrosion + groove 3.9.3.1

C = design factor = C, -I- AC
D, = diameter of outer tube limit

p = maximum differential pressure
a = stress factor = 2
~ = ligament efficiency
f = code design stress

Table 3.9

3.9.2.3
3.9.2.1

If p > approximately O.OSf,  check shear 3.9.3.1

BS 5500-FLQATINGHEAD  TUBESHEETS

e=CD, J P
- + corrosion + groove
aPf

3.9.3.1

C = design factor = C, + C Fig. 3.9(2)
D, = diameter of outer tube limit

p = maximum differential pressure
fl = stress factor = 2
p = ligament efficiency
f = code design stress

If p > approximately O.OSf, check shear 3.9.3.1

FIXED TUBESHEETS
Both TEMA and BS 5500 are basically the same.
Without bellows: J = 1 .O
Calculate shell-side pressure factor f,
Calculate tube-side pressure factor ft
Shell-side support factor F

Tube-side support factor F>
F = 0.5 (F tube-side + F shell-side)
Calculate strain factor K
Calculate effective bolting pressure
Calculate effective bolting pressure

Assume thickness
Calculate F,
Hence (1 + JKF,)
Calculate effective shell pressure
Calculate effective tube-side pressure
Calculate differential expansion pressure
Hence effective shell-side pressure
and effective tube-side pressure
Check bending thickness against assumed (to within 51.5%)
If pressure is high, check shear

BS 5500

3.9.4.3.1
3.9.4.3.2
3.9.4.2
Fig. 3.9( 1)
3.9.4.2
3.9.4.2

PBl 3.9.4.3.5
PB2 3.9.4.3.5

e

3.9.4.2

,
PS 3.9.4.3.1
P; 3.9.4.3.2
w 3.9.4.3.3
Pi 3.9.4.3.1
Pk 3.9.4.3.2
e 3.9.4.2

3.9.4.2
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes 4.3.2-9

7.22*

7.23*

TEMA FIXED TUBESHEETS BS 5500

With  bellows: If spring rate is known, check if light-gauge
bellows, i.e., J = 0 (if rate not known, assume J = 0) and
use simplified

7.194 P pressure formula Pi 3.9.4.3
7.132 T Hence thickness e 3.9.4.2
7.191 If heavy-gauge bellows, calculate J and proceed as above for

case without bellows, but using actual value of J instead
ofJ= 1.0. 3.9.1

Shell longitudinal stress
If greater than design stress, then bellows are required
Tube longitudinal stress
Check maximum allowable buckling stress
Check maximum allowable tube joint load to ASME  VIII

3.9.4.4

3.9.4.4
3.9.5

App. A.
Hanged extension: See ASME  UG.34(d).

A. D. MERKBLATTER: Sec. B5

Basic thickness formula s = CD

where C = loading constant
D = diameter
p = highest design stress
K = tubesheet yield stress B0.6.
S = safety factor B0.7.
v = joint (ligament) efficiency Eq. (17)  (18)

Fixed tubesheets 6.7.1
c = 0.40
D = largest inscribed diameter (d,)
Notev= 1.0

Fig. 10

This formula is for pressure loading
only, differential thermal loading
check is by agreement

Expanded tube end load check 6.7.1.2
Welded tube joint check 6.7.1.3
Tube buckling check 6.7.1.5
U tubesheet 6.7.2
1. Fully tubed C from Table 1

or Fig. 5
D shell diameter from Table 1

2. Partially tubed C from Fig. 14
D shell diameter from Table 1

Floating-head tubesheets 6.7.4
C from Fig. 16
D shell or floating-head diameter Fig. 15

Fixed-tubesheet exchanger with shell

bellows 6.7.5
C from Fig. 16
D shell diameter
p from Eq. (26)

Tube end load and joint check 6.7.5.213
Flanged tubesheet extension 6.7.7

0 1983 Hemisphere 1 iblishing  Corporation
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GENERAL

L
J

Code pressure rules for nozzles are of two types. Either
the area replacement method, such as ASME,
where the area removed from the nozzle cut out is
replaced as an external pad, etc., or the method
where design curves enable thickened shell or
nozzle to be calculated to limit the S.C.F. BS 5500
is the only code giving design rules for external
loads on nozzles.

TEMA
General requirements 9.
Vent and drain connections 9.31
Pressure and temperature connections 9.3213
Split flange design 9.5
Nozzle loadings 9.6*

A. D. MERKBLATTER: Sec. B9
Shape limitations
Area replacement method

1.1
4.1

._ .-* -....c .I.. -. _-_.�
----.  �.
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4.3.2-10 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes

Shell weakening method
Assume total shell thickness sA
Assume total nozzle thickness ss
Calculate weakening factor VA Fig. 7. or 8.
For increased shell thickness 4.2
For pad reinforcement 4.3
For increased nozzle thickness 4.4
Multiply material strength value

K by VA and calculate shell
thickness to B1 , B2, or B3, etc.
If different from assumed value,
iterate to solution

Multiple openings 4.6

ASME
General requirements UG36
Maximum nozzle diameter in cylinder

using compensation rules is one-
half of shell diameter up to 1 524
mm (nozzle not to exceed 508
mm) and one-third of shell diame-
ter over 1 524 mm (nozzle not to
exceed 1 016 mm). UG36(b)(l)

Maximum nozzle diameter in heads is
one-half of shell diameter UG36(b)(2)

Recommendations for large nozzles UA7
Large nozzles require proof test UGlOl
Reinforcement area required UG37(b)
Limits of reinforcement UG40
Reinforcement of multiple openings

(i.e., pitch < 2 X average diameter) UG42
Minimum nozzle neck thickness UG45
Requirements for inspection openings UG46
Openings and or near welds UW14
Nozzle attachment welds UW16
Fitment of reinforcement pads UG82
Worked example UA280
Good practice regarding piping reactions App. G

BS 5500
Calculate branch pressure thickness

(see Sec. 4.3.2A)
Check minimum thickness
Choose branch reinforced thick = t,
Basic shell thickness = T
Check value of C
Choose shell reinforced thick = T,.

Calculate 5 $-
J-r

Find t,/T,.  from appropriate
Check against assumed t,
Iterate to acceptable t,.
Width of reinforced sections

3.5.4.7(b)

3.5.4.3.1

Fig. 3.5.4

3.5.4.3.4

Permissible conditions for reinforcing

pad 3.5.4.5
Area replacement method, which is ac-

ceptable up to d/D = 5 APP. F
See code case 5500/2

Weld details E2.6/7/8
External loads
1. Cylindrical shells G2.3

Use procedure given in Sec. 4.3.2H
for long, circumferential moments
and radial loads with C, = C�,  =
nozzle outer radius. Note method is
applicable for d/D < $ if shell
radius/thickness < 50. For thinner
shell check Fig. G2(0)
Calculated total stresses are cate-
gorized as primary, local, or secon-
dary stresses depending on external
load, see APP.  A

2. Spherical shells
Two methods are given G2.5 and
G2.6. The latter is based on shake-
down criteria and is more accurate.
If the former method is used, assess
the calculated stresses to A3.3(t-)

K. Shell Bellows

D

b

GENERAL
For fixed tubesheet exchangers when the difference be-

tween shell and tube metal temperatures becomes
large 0 approximately 50°C for carbon steel), the
tubesheet thickness and tube end loads become ex-
cessive. Shell bellows absorb the expansion and are
of two types.

1. Thin-wall bellows of stainless steel or high-alloy mate-
rial (see Sec. I for definition).

2. Thick-wall bellows of the same material as the shell
and approximately the same thickness.

0 1983 Hemisphere Publishing Corporation



4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.2 Index to U.S., U.K., and F.R.G. Codes 4.3.2-l 1

If thin-wall bellows are used, they should be protected
against damage during fabrication, erection, and
operation, with a shroud.

If more than two convolutions are used, consideration
should be given to methods of equalizing the axial
deflection.

Thick-wall bellows are often of welded construction; it is
recommended that the straight portion a > 2s.

A. D. Merkblatter and the Italian Code ANCC give rules
that are summarized below. ANCC is generally
more conservative.

ANCC VSRlP
Maximum of three convolutions
For carbon and low-alloy steels:

Maximum thickness = shell
thickness, minimum thickness =
4 mm, and r > 3.5s.

For austenitic steels:
Minimum thickness = 2mm and
I > 4.5s

Thickness is greater of:

19.2.1
1 P.2.1

2.P.2

1 .P.3.2

P r(D + d)

‘=mf  (2.3r+D-d)

Permitted expansion per convolution 1 .P.3.3

,=KfD2
E s

E = Young�s modulus of bellows

X .T2+$, ln$
[

2II
x2

d
andy=i

Vents and drains are permitted within
the cylindrical portion of the
bellows 19.4.3

A. D. MERKBLATTER: Sec. B13
General requirements
Thickness is greater of

Thickness for bending
Thickness for circumferential load

2.

4.1.2
4.1.3

Bibliography for Section 4.3.2 appears at the end of Section 4.3.5.
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4.3 SHELL-AND-TUBE DESIGN CODES 4.3.4-l

4.3.4

Cornparison~ncipal  codes

M. Morris

A. Stresses

For historical reasons, design stresses in the various
codes are different for similar materials. The logic of
the safety factors applied to the mechanical properties
is similar and is discussed in Sec. 4.1.1, but the values
of the safety factors are different.

Table 1 shows the current safety factors that are
used to obtain the basic design stress for carbon and low-
alloy steels in the principal codes. The use of different
design stresses will thus result in different component
thicknesses even if the design rules are similar. In some
cases, the rules are different and these themselves will
result in different component thicknesses. As seen in
Sec. 4.3.1A, the designer very rarely has a choice in the
design code to be used, but it is nevertheless instructive
to compare the different design rules. The major differ-
ences are found in the components discussed below.

B. Cylinders: External pressure

The most widely used expression for predicting buckling
pressure in cylinders was derived by von Mises and later

Table 1

corrected by Windenburg and Trilling. Forms of this
expression are used by the major vessel codes, and any
differences in the calculated allowable external pressure
for simple cylinders will be due to the different safety
factors and the different permitted tolerances. The
deviation from a true circular shape can have a major
effect: As a rough guide, if the deviation is equal to the
cylinder thickness, then the critical buckling pressure
will be about half that for the true cylinder; and if the
deviation is one-tenth the thickness, the reduction will
be about a quarter. The permitted deviations vary with
the codes:

ASME: Depending on the ratios of length/diameter
and diameter/thickness, the deviation can be between
30 and 100% of the thickness.

BS: The shell must be circular to within 0.5% on the
radius, measured on the true circle.

Merkblatter: The rules permit a shell circular to
0.75% on the radius measured on the true circle. A
formula is given to enable the calculation of external
pressure if the deviation is different from 0.75%.

UTS at room Yield stress at
temperature design temperature

Creep rupture stress at
design temperature
in 100 000 ha

Creep strain 0.01%
in 1000 h

A. D. Merkblatter - 1.5 1.5 -

ASME 4 1.6 1.5 (on average stress) 1.0
BS 5500 2.35 1.5 1.3 -

=Note:  BS 5500 considers other design lifetimes.
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4.3.4-2 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.4 Comparison of Principal Codes

The most comprehensive rules for stiffeners are
given in BS 5500. Two types of stiffeners are consid-
ered-heavy stiffeners capable of retaining shell circular-
ity and light stiffeners that cover all other types. The
ASME  rules for stiffeners are based on the assumption
that the rings should be strong enough to resist collapse
even after the shell between the stiffeners has buckled.
ASME  assumes that the shell contributes to the stiffness
of the ring and includes it in the effective moment of
inertia, whereas Merkblatter considers only the inertia
of the stiffener.

C. Tubesheets

As discussed in Sec. 4.3.31, tubesheets may have up to
15 parameters affecting design, which makes a compari-
son between cases difficult. These parameters and their
inclusion in the various codes are discussed by Morris
[37]. The easiest comparison can be made by using
TEMA, with the more classical approach, as a common
basis.

(a) U tubesheets

Both Merkblatter and TEMA equations are similar and
are based on the modified flat-plate formula as discussed
in Sec. 4.3.31. TEMA has a single modifying factor for
ligament efficiency and edge fixing, whereas Merkblatter
includes ligament efficiency in the formula and has a
factor for edge fixing. For the same pressure, diameter,
and design stress, this results in a Merkblatter tubesheet
30% thicker than TEMA for 19-mm tubes on 25.4-mm
pitch and 42% thicker for 19-mm tubes on 23.8-mm
pitch. BS 5.500 also includes ligament efficiency in the
formula, and the modifying factor C is dependent on
R, the ratio of the shell diameter to the outer tube limit.
For the first time a design stress factor, fi, is introduced.
This has a value of 2 and multiplies the basic design
stress. It is thus recognized that the calculated average
surface bending stress across the ligament can have a
higher allowable value. The comparison of thicknesses
calculated to TEMA and BS 5500 is shown in Fig. 1
for an example of 19-mm tubes on 25.4-mm  pitch.

(b) Floating tubesheets

The Merkblatter and TEMA equations are again similar
with the basis as discussed for U tubesheets above. For
the same pressure, diameter, and design stress, the
equations give the same thicknesses for 19-mm tubes
on 25.4-mm  pitch, whereas Merkblatter is 12% thicker
for 19-mm tubes on 23.8-mm  pitch. BS 5500 includes
more parameters in the equation and, as well as the
factors mentioned above for U tubesheets, tube length,
Young�s moduli, and flexural efficiency are now con-

T H I C K N E S S
R A T I O

t
2 .0

1.6

1.6

1.4

1.2

1.0

0.E

0.6

0.1

R A T I O S  P L O T T E D  F O R
Z - P A S S  E X C H A N G E R  W I T H
19.mm  T U B E S  O N  25-mm  A
488Dn-m  L O N G  I N  8OOmm
I D  S H E L L

---_
U T U B E  85 5 5 0 0  I  T E M A

1.0 1.1 1.2 1.3

S H E L L  D I A M E T E R

O U T E R  S H E L L  L I M I T  -

Figure 1 Tubesheet thickness ratios.

sidered.  This makes a comparison between BS 5500
and TEMA difficult, but Fig. I illustrates an example
of a typical exchanger.

(c) Fixed tubesheets

The rules for TEMA and BS 5500 are now basically
the same and incorporate loading factors from both
pressure and thermal differences between shell and
tubes. Merkblatter adopts a different philosophy and
generally obtains thinner tubesheets. The method cal-
culates the flat-plate thickness for the largest circular
area that can be drawn in the unpierced part of the
tubesheet. Codes dealing with flue gas boilers such as
BS 2790 and ASME  I have used this method for some
years and have given satisfactory results. In these
boilers, however, the difference in metal temperatures
between shell and tubes is usually less than lO�C,  and
the method should be used with caution for larger
temperature differences.

D. Flanges

As stated in Sec. 4.3.2G, A. D. Merkblatter recommends
that flanges should be calculated according to
DIN 2505 and so a comparison is made between this
standard and the ASME  method (i.e., also BS 5500).
The methods of calculating the applied moments are
similar, but a difference is found in the gasket loading
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.4 Comparison of Principal Codes 4.3.4-3

factors. The difference in the operating condition load
factor is a secondary effect, as this load is generally
smaller than the pressure-end loads to which it is
added. However, the bolting-up condition loads result
solely from gasket loads and hence the difference can
be large. DIN 2505 gives two cases, one for liquids and
a higher gasket loading for gases. The DIN loadings are
much higher for compressed asbestos fiber and for
jacketed asbestos gaskets, whereas for spiral-wound
gaskets the DIN loadings are much lower for liquids
but higher for gases.

As mentioned in Sec. 4.3.2G, the bolt stresses are
different for the codes, and this will result in different
bolt areas. A. D. Merkblatter has much higher design
stresses, and there is the danger of overstressing the
bolts due to overtightening or thermal effects.

The method of analyzing the flange shape under
the action of the applied moments is different for
ASME  and Merkblatter. The former has graphs for the
flange shape factors based on the original Taylor Forge
work and from these, stresses are calculated for the
following sections.

Section Stress Allowable value

Hub (both ends) Longitudinal bending 1.5 X design stress
Flange ring Radial Design stress
Flange ring Hoop Design stress

The higher allowable stress for the hub recognizes that
the stress is a surface bending stress. DIN 2505 uses a
moment-of-area method to calculate longitudinal bend-
ing stresses in the hub, and these are compared to
normal design stresses.

E. Nozzles

The shape limitations of the codes have already been
listed in Sec. 4.3.25  and will not be discussed further.
A comparison of the reinforcement required by the
codes is illustrated in Fig. 2, which shows the nozzle
thicknesses, where the reinforcement is wholly in the
nozzle, plotted against the nondimensional parameter
dffl:

ASME:  The area replacement method is easily
calculated and is simple in approach. However, the
peak stress level varies with geometry, and no consis-
tent margin is provided for shakedown or fatigue. No
compensation is required for 75 NB or 50 NB nozzles
(depending on shell thickness), but proportionally large
reinforcement is required for small openings as seen in
Fig. 2, and this overstiffening could cause failure if
associated with abnormalities. It can be seen from the

graph that at large values of d/m the compensation
is similar to other codes.

BS 5500: These rules are based on stress concen-
tration factors and give calculations for all diameter
ratios. Design charts are drawn so that the maximum
SCF is limited to allow the structure to shakedown to
elastic action. It is seen from Fig. 2 that two lines are
drawn for BS 5500 and that extra reinforcement has to
be provided when the d/D ratio is greater than 0.2.

A. D. Merkblatter: In this code, weakening factors
are calculated and limited to allow the structure to
�shake down� to elastic action. The weakening factors
are calculated from the geometry and are made com-
patible with the membrane stress in the cylinder. The
intention is to limit the permanent strain at the nozzle
junction to 0.2%. In the last edition of the code the
reinforcement requirements have been increased and
are now consistent with other codes for large d/m

ratios.

The designer is given the choice of thickening either
the nozzle or the shell for reinforcement, and at small
d/D ratios the choice can be an economic one. At large
d/D ratios, experimental data (admittedly scarce)
would recommend thickening both to give approxi-
mately the same nozzle and shell thicknesses.

I
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Figure 2 Nozzle reinforcement.
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4.3.4-4 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.4 Comparison of Principal Codes

F. Flat heads I leakage between the passes. The TEMA formula for
bolted flat head thickness should be considered, as the

Where flanged flat heads are fitted to multipass channels
the position plates are generally gasketed  against the flat
head. Distortion caused by pressure loads can cause

formula limits the displacement of the flat head rather
than the resulting stresses.

Bibliography for Section 4.3.4 appears at the end of Section 4.3.5.
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice 4.3.5-l 1

27. Krupka, V., Analysis for Lug or Saddle Supported Cylindrical Pressure Vessels, 1st Int. Conf. Pressure Vessel Technol, Paper l-40,
Delft, ASME, 1969.

28. Wilson, J. D., and Tooth, A. S., Support of Unstiffened Cylindrical Vessels, 2d Int. Conf. Pressure Vessel Technol., San Antonio,
ASME Paper l-6, 1973.

29. Moody, G. B., How to Design Saddle Supports for Horizontal Vessels, Hydrocarbon Processing, p. 1.57, November 1972.

I. Tubesheets

30. Gardner, K. A., Heat Exchanger Tubesheet Design, J. Appl. Me&, vol 15, p. 377, December 1948.
31. Gardner, K. A., Heat Exchanger Tubesheet Design-2 Fixed Tubesheets, J. Appl. Me&., vol. 19, p, 159, June 1952.
32. Gardner, K. A., Heat Exchanger Tubesheet Design-3 Fixed U-Tube and Bayonet Tubesheets, J. Appl. Me&., vol 27, p. 25, March

1960.
33. Miller, K. A. G., The Design of Tubeplates in Heat Exchangers, Proc.  hr. Mech. Eng. London, vol 1, series B, p. 215, 1952.
34. Boon, G. B., and Walsh, R. A., Fixed Tubesheet Heat Exchanger, J. Appl. Me&,  vol 31, p. 175, 1964.
35. Gardner, K. A., Tubesheet Design: A Basis for Standardisation,  1st Int. Conf. Pressure Vessel Technol., Delft, ASME Paper l-49,

1969.
36. O�Donnell, W. J., and Langer, B. F., Design of Perforated Plates, Trans. ASME,  vol. 84, series B, p. 307, 1962.
37. Morris, M., BS 5500 Fills the Holes in Tubesheet Design, Process Eng., p. 78, April 1976.
38. Gardner, K. A., Heat Exchanger Tubesheet Temperatures, Refiner Nat. GasMan.,  p. 71, March 1942.
39. Sterr, G., Estimation of Tubesheets in Pressure Vessel Construction (in German), Springer-Verlag, Berlin, 1968.

J. N o z z l e s

See references in Sec. 4.1.

K. Shell bellows

40. Wolf, L. J., and Mains, R. M., Heat Exchanger Expansion Joints-Failure Modes, Analysis and Design Criteria, ASME Paper 74 for
PVP 7 meeting, 241611974.

41. Rubin, F. L., Choose Heat Exchanger Expansion Joints Carefully, Oil Gas J., vol. 73, no. 4, p. 59, November 1975.
42. Dahl, N. C., Toroidal Shell Expansion Joints, J. Appl. Me&, vol. 20, no. 4, p. 497, December 1953.
43. Murphy, G., Analysis of Stresses and Displacements in Heat Exchangers Expansion Joints, Trans. ASME,  p. 397, 1952.
44. Takezono, S., Inoue, K., Ogasawara, H., and Kato, Y., Stress Analysis of Expansion Joints in Pressure Vessels under Internal Pres-

sure, Bull. JSME,  vol. 14, p. 753, August 1971.
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4.3 SHELL-AND-TUBE DESIGN CODES 4 . 3 5 1

4.3.5

Guides to national practice

M. Morris

n In this section guides to national practice are given
for the following countries:

A U.S. F Italian
B British G Japanese
C German (F.R.G.)
D Dutch
E French

The guides are in the form of �index diagrams� to
codes and standards. Reference numbers throughout
this section refer to clauses in those codes or stan-
dards.

Guides are included for those countries already
discussed in detail in Sec. 4.3.2. Some readers may
find the guides sufficiently detailed for their purposes,
and more convenient to use.

0 1983 Hemisphere Publishing Cmporation

K



4.3.5-2 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice

A. Guide to American vessel code-ASME  VIII Div I

IRTH F L A N G E  - UGL L. UAL5 TO UA52,APCS

L I N I N G  - U G 2 6 .  P A R T  UCL.*pP.F

~MPENSATION  -LlG36  lOI&

C Y L I N D E R  - UGl6.UG27.UG26,  UGBO

CASED F L A T  H E A D  - UG34.  UC39

C O R R O S I O N  A L L O W A N C E  - U G 2 5

D E S I G N  P R E S S U R E  - U G  19,UGZl

T E M P E R A T U R E  - UG 19.UG20

H E A T  T R E A T M E N T  - UG65.UWlO.UWLO,UCS  56.UCS79tdl.

UCSBS.  U N F 5 6 .  UHA32,  UHAlOS.UCLSL

I N S P E C T I O N  - UG90 T O  U G 9 7

J O I N T  E F F I C I E N C Y  - u w  1 2

L E T H A L  S E R V I C E  - UW2,UCI2,UC02

M A T E R I A L S  - U G 5  T O  UGI5,UG77,UW5,UCL  II

MAX. ALL&‘.  WORKING PRESSURE - UG98

N.CT-RADIOGRAPHIC - UWII.UWSI,  UW52.UCS57

UHA33, U C L 3 5

ULTRASONIC - UA90l T O  VA904

MAC P A R T  - UA70  T O  UA73

LIO.  P E N E T R A N T  - U A  9 1  70 U A 9 5

P R E S S U R E  T E S T I N G  - UG99,UCI  99,UCL  5 2

P R O O F  T E S T  - UG 1 0 1

R E P A I R S  - U G 7 . 9 ,  UW38,UWLOtdl

W E L D I N G  P R O C E D U R E S  - UW28,NOTE  I

W E L D E R  A P P R O V A L  - U W  2 9 , N O T E  I

I S E E  A L S O  ASME  S E C T I O N  L X  F O R  W E L D ,  W E L D E R

OUALIFICATION, T E S T  P L A T E S  E T C .

GUIDE PREPARED BY M.MORRIS- BP CHEMICALS  LTD.

ASME  P R E S S U R E  V E S S E L  C O D E  I S  P U B L I S H E D  B Y  ASME,UNITED  E N G I N E E R I N G  CENT?E  3L5E,L7TH S T .  N E W  Y O R K  N Y  10017  U S A
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice

B. Guide to British vessel code-BS 5500

G I R T H  F L A N G E  - 3 .6 B E L L O W S  - N O T E  I

N O Z Z L E  W A L L  -

IBE  E N D  F I X I N G -  E.2.I
W E L D  S E A M 5  -

3.10.2

PHERICAL HEAD-

3.5.6

F L A N G E D  F L A T  H E A D  - 3.5 .5 .2 .1

IC O R R O S I O N  A L L O W A N C E  -

DESIGN PRESSURE -

T E M P E R A T U R E  -

1iEAT  T R E A T M E N T  -

I NSPECTION STAGES-

J OINT E F F I C I E N C Y  -

LIATERIALS  S E L E C T I O N  -

D E S I G N  V A L U E S  -

.2

3 . 2  ,J

3.2.4

L .I$

5.8.lQ

N O T  A P P L I C A B L E ’

2 . 2

2 .3

NDT- 5 6  A N D  5 . 7

P R E S S U R E  T E S T I N G  - 5.Q

P R O O F  T E S T  - 5.8.6

R E P A I R S  - 5.7

W E L D I N G  P R O C E D U R E S  - 5.2

W E L D E R  A P P R O V A L  - 5.3

E D G E  P R E P A R A T I O N  - 4,3.3

T E S T  P L A T E S  - 5 . 4  A N D  5 5

c(OTES
I I N  C O U R S E  O F  P R E P A R A T I O N

2‘. BS 5 5 0 0  D O E S  N O T  U S E  T H E  C O N C E P T  O F

‘WELD JOINT  EFF IC IENCY FACTOR’

I ‘ A I R  RECEIVERS’AND  S T E A M  E Q U I P M E N T  I S

A D D I T I O N A L L Y  S U B J E C T  T O  T H E  REOUIREMENTS  OF THE

FACTORIES ACT OF 1961 I A L S O  R E F E R  T O  T H E  HEALTM

A N D  S A F E T Y  A T  W O R K  A C T  1 9 7 4 )

GUIDE PREPARED  BY M.MORRlS-BP CHEMICALS  LTD. LONDON

B’S 5 5 0 0  I s  PUBLlsHED  B Y  T H E  B R I T I S H  S T A N D A R D S  I N S T I T U T I O N  2  P A R K  ST.,LONDON  W I A  285
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R T H  F L A N G E  - 88 B E L L O W S  - 813
I

L I N I N G  - 80.9.2.1 YLINDER  --BI  ,B6

R E I N F O R C E M E N T  P A D  - 89

1

!
I II 2

TL-

Tl-

T I
1 I I

!!

I I
m----

D I S H E D  H E A D -  83

I

‘U’ T U B E S H E E T -  85

1 FL A N G E D  F L A T  H E AD -

L I M I T  O N  M A X  O P E N I N G - B9

65

S P L I T  R I N G  -B8

K N U C K L E  R A D I U S -  B3

S O C K E T  W E L D E D  O R  - 07,HPl
SCREWED CONNECTION

F L O A T I N G  T U B E S H E E T  - B5

C ORROSION  ALLOWANCE - 6 0 . 9

0 ESIGN P R E S S U R E  - 60.4

T E M P E R A T U R E  - 80.5

H E A T  TREATMENT- H P  711. 712. 713

IEISPECTION  - BPo,BPl,BP2*

JlD I N T  E F F I C I E N C Y  - 80.8

hiATERIALS - WO T O  W 1 3

N.D.T. -

PRESSURE TESTING -

P R O O F  T E S T  -

REPAIRS -

W E L D I N G  - P R O C E D U R E S  -

WELDER APPROVAL -

EDGE PREPARATION -

T E S T  P L A T E S  -

HP513,  H P L

HP20

HPZQ

H P 0 . 6

HP211

H P 3

liPSI!

HP512

4.3.5-4 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice

C. Guide to German vessel code-A. D. Merkblatter

*6 IN  COURSE OF PREPARATION

GlIIDE PREPARED BY H. STEFFEN-VEREINIGUNG DER TECHISCHEN UBERWACHUNGS-
VE.REINE e. V.

A .  D. M E R K B L A T T E R  C O D E  I S  P U B L I S H E D  B Y  C A R L  H E Y M A N N S  V E R L A G  K G ,  G E R E O N  S T R A S S E  18-32, D - 5 0 0 0  5  K O L N ,
F E D E R A L  R E P U B L I C  O F  G E R M A N Y .
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice 4.3.5-5

D. Guide to Dutch vessel code-Stoomwezen

G I R T H  F L A N G E  - B E L L O W S - A P P L Y  T O  D I E N S T  “ODR  HE1  S T O O M W E Z E N

T U B E  E N D  FIXING-DOIOI

TUQES  - A B G  2 1

8

‘u’ TUBESHEET-00L03 S U P P O R T -  ( 0110~~BRll~)

I I

( S O C KE T WELDEO  0R - wo301
SCREWED CONNECTION

I L I M I T  O N  M A X  O P E N I N G  - __ S P L I T  R I N G  - DO701 F L O A T I N G  T U B E S H E E T  - DOL05

F L A N G E D  F L A T  H E A D  - DOLOI-~

CLASSIF  ICAT I O N  - GO102

CORROSION ALLOWANCE - DO101

DANGER CATEGORIES - GO701

D E S I G N  P R E S S U R E  - G O 2 0 3  ~1l.00103

T E M P E R A T U R E  - G O 2 0 3  (1 J.DO103

G E N E R A L  PROCEDURE- GO301.  LO1

HEAT TREATMENT - M 0 1 1 0 .  201.301.601.  701. wo701

INSPECTION - G O 2 0 3  l60LG0402.10101

J O I N T  EFFICENCY  - D0201.3.5.LO1.2  DOL03.L .5

M A T E R I A L S  r M0102.110.201.301,601.  7 0 1 .  801.  8 0 2

TO27O’lGR  Sl-MA1,ABG25,AKVLL.  BRl6*

N.D.T - TO101

ND1  RADIOGRAPHY - 10110,111.201

N.D.T  U L T R A S O N I C S  - 7 0 1 1 0 . 2 0 2

ND1 M A G  P A R T I C L E ,  D Y E  D E N . - TO101

PRESSURE TESTING - G0203(12.13.14~

P R O O F  TEST - 1 0 1 0 1 .  240,AKV  23

R E P A I R S  - G O 2 0 3  l59l,TOllO

WELDING PROCEDURES - TO21 0

A P P R O V A L  - 10101.w0301

EDGE PREPARATION - wo301

T E S T  P L A T E S  - 10101.120.70220.221

W E L D E R  A P P R O V A L  - 1 0 2 1 5

NOTES

I IN  COURSE OF PREPARATION

2 TEMPORARY

I GUIDE PREPARED BY M.VOOiJS,  DIENST VOOR HET STOOMWEZEN

D I E N S T  V D O R  H E T  S T O O M W E Z E N  I S  P U B L I S H E D  B Y  G O V E R N M E N T  P U B L I S H I N G  OFFICE,CHRISTOFTEL  PLANTIJNSTRAAT,  THE HAGUE NETHERLANDS
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice

E. Guide to French vessel code-SNC�I�

Il.l@t E N L ’  FIXING-  -

F L A N G E D  F L A T  H E A D  - C 3 1 2 3

S N C T  I S  I S S U E D  B Y  T H E  F R E N C H  M I N I S T R Y OF S C I E N T I F I C  A N D  I N D U S T R I A L  D E V E L O P M E N T

o 1983 Hemisphere Publishing Corporatim

CORROSION ALLOWANCE - Cl8  A N D  N C  133-14 M A T E R I A L S  - C133-1 A N D  C l 6 1

D E S I G N  P R E S S U R E  - Cl5 ND1 - N C  133-11

T E M P E R A T U R E  - Cl5 P R E S S U R E  T E S T I N G  - C16C

JOINT  EFFICIENCY- C l 7  A N D  N C 1 7

T H E  F R E N C H  C O D E  SNCi  I S  O N L Y  A  C O D E  F O R  C A L C U L A T I O N  P U R P O S E S

GUIDE PREPARED BY R. MATTERA-DELAS WEIR.



4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice 4.3.5-7

Guide to Italian vessel code-ANCC

L I N I N G  - -) ;YLINDER  - VSR.I.D,

C O N E  - V S R  I F R E I N F O R C E M E N T  P A D  - V S  R I K

W E L D E D  F L A T  H E A D -  -

F I X E D  T U B E S H E E T  -VSR I.N

\
I

W E L D  S E A M S  -

v s  RI.1

jj,,,/SPHERICAL HEAD-

D I S H E D  HEAD-VSl7.I.E

K N U C K L E  RADIUSYSR.1.E

‘U’ T U B E S H E E T - V S R  I  N SUPPORT- V S R  I.V S O C K E T  W E L D E D  O R  -
SCREWED CONNECTION

j L I M I T  O N  M A X  O P E N I N G -  - S P L I T  R I N G  - ~ j 1 F L O A T I N G  T U B E S H E E T  - VSR1.N-____

F L A N G E D  F L A T  H E A D  - VSR.1.L

CORROSION ALLOWANCE -

D E S I G N  P R E S S U R E  -

TEMPERATURE -

HEAT TREATMENT -

J O I N T  E F F I C I E N C Y  -

VSR.1.A

VSR.1.A

” SR.1.A

58

VSR.1.Q

MATERIALS -

N.D.  1 -

P R E S S U R E  T E S T I N G  -

M 2  T O M 11
s9

E O

SECTIONS

V S R - P R E S S U R E  V E S S E L  S T A B I L I T Y  C O N T R O L
M - U S E  O F  M A T E R I A L S  I N  M A N U F A C T U R I N G  P R E S S U R E  V E S S E L S

S  - U S E  OF WELDING,MANUFACTURlNG  A N D  R E P A I R I N G  P R E S S U R E  V E S S E L S
E - P R E S S U R E  V E S S E L  O P E R A T I O N

GUIDE PREPARED BY L.SANGALLI-  INGECO ALTECH GROW!

ANCC.  I S  P U B L I S H E D  B Y  C A S A  EDITRICE LUIGI D L G .  P I R O L A ,  V I A  COMELICO IPO B O X  36801.  M I L A N O ,  I T A L Y  (2L688)
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4.3.5-8 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice

Gl. Guide to Japanese standard vessel construction-JIS-B8243

GlRTH F, ANC,E  - APPENDIX 2

2.3.1

RECLOWS - 6.1 TO 6.6

C Y L I N D E R  - L.1 (1)
I

CONE  - R E I N F O R C E M E N T  P A D  -

E END FIXING

‘U’ TUBE5HEET  - 5.12

L I M I T  O N  M A X  OPENING- 0 . 1 3

F L A N G E D  F L A T  H E A D  - 5 . 9 . 2

CORROSION ALLOWANCE - 3.3 NOT - 12.8

D E S I G N  P R E S S U R E  - 1.313)AND  1.3141 PRESSURE TESTING - 1 4 . 1  T O  1L.L

TEMPERATURE - 1 . 3 1 5 1 PROOF TEST - 1 1 . 5

HEAT TREATMENT - 12.6 R E P A I R S  - 12.7.7  AND  12.70___-

JOINT EFFICIENCY - 12.2.1 WELDING PROCEDURES - 12 311)

M A T E R I A L S  - 2 . 1  T O 2 3 APPROVAL - 12.311 1

E D G E  P R E P  - 12.2 .4 .3  AND 12 .5 .2

T E S T  P L A T E S  - 12.7

lOTE

,IS- Et.213  IS A P P L I C A B L E  F O R  U N F I R E D  EOUIPMENT  U N D E R  P R E S S U R E

GUIDE PREPARED BY TEND0 (KOBE  STEELJAPAN)

J I S  -882L3  I S  P U B L I S H E D  B Y  J A P A N  S T A N D A R D S  A S S O C I A T I O N ,  L-I-2L  AKASAKA,MINATO  -KU,TOKYO
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice 4.3.5-9

G2. Guide to Japanese high-pressure gas control law

;IRTH F L A N G E  - ~___ - _ ____~~

r
JBE E N D  F I X I N G -  2 9

F L A N G E D  F L A T  H E A D - 1 2 - 9

‘CORROSION  ALLOWANCE -

DESIGN PRESSURE -

TEMPERATURE -

H E A T  T R E A T M E N T  -

INSPECTION -

J O I N T  EFFICIENCY-

MATERIALS -

12

2

2

L3

5  A N D  6 9

20

9 A N D  lx

NRT-

PRESSURE TESTING -

REPAIRS -

WELDING PROCEDURES -

APPROVAL -

E D G E  P R E P A R A T I O N  -

T E S T  P L A T E S  -

10 AND 51  TO 57

6L

5Q

3L

LL

1. JIS--882L3 IS  A  REFERENCE CODE

2 .  H I G H  P R E S S U R E  G A S  C O N T R O L  L A W  I S  A P P L I C A B L E  F O R  G A S E S  A N D  LIOUIDS A B O V E  1OKGlCMfG

GUIDE PREPARED BY T END0 (KOBE STEEL JAPAN)

H I G H  P R E S S U R E  G A S  C O N T R O L  L A W  I5 I S S U E D  B Y  MINlSlRY  F O R  INlERNATIONAL  7RADE
AND  I N D U S T R Y  A N D  P U B L I S H E D  B Y  INST.FOR S A F E T Y  O F  H I G H  P R E S S U R E  G A S  E N G I N E E R I N G

32-NISHIKUBOTOMOE-CHU,MINATO-KU.TOKVO
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4.3.5-10 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.5 Guides to National Practice

BIBLIOGRAPHY FOR SECTIONS 4.3.1-4.3.5

General
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4.3 SHELL-AND-TUBE DESIGN CODES 4.3.6-l

4.3.6

Design examFloating=head
heat exchanger, TEMA type AJS

D. Harris

A. Introduction

This design example is for the mechanical design of a
shell-and-tube heat exchanger having a floating tube-
sheet. The design conforms with the Standards of Tubu-

lar Exchanger Manufacturers Association, 6th ed., 1978,
and the ASME  Boiler and Pressure Vessel Code, Section
VIII, Division 1, 1977 edition. The calculations are in
SI units.

(a) Specifications

Exchanger type TEMA AJS

TEMA class R
Design pressure shell side 2 000 kPa
Design pressure tube side 500 kPa
Design temperature shell side 100°C
Design temperature tube side 15°C
Corrosion allowance shell side 3mm
Corrosion allowance tube side 3mm
Shell inside diameter 635 mm
Channel inside diameter 635 mm
Shell inlet nozzle nominal pipe size 203 mm
Shell outlet nozzles (2 off) nominal pipe

size 152 mm
Tube-side inlet nozzle nominal pipe size 305 mm
Tube-side outlet nozzle nominal pipe size 305 mm
Number of tubes 468
Tube outside diameter 19.05 mm
Tube wall thickness (14 BWG) 2.1 I mm
Tube length 4 060 mm
Tube pitch 23.812 mm

0 1983 Hemisphere 1
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Tube pattern (as defined by TEMA R-2.4) 30�
Number of tube passes 4
Number of baffles-segmental 9
Baffle spacing 380 mm
Baffle cut 25%
Impingement protection None
Weld examination spot

(b) Material specifications

Carbon steel is used throughout, except for the bolts,
which are of low-alloy steel.

Component

Shell
Channel
Channel cover
Shell cover cylinder
Shell cover formed

end
Shell flanges
Channel flanges
Shell cover flange
Floating-head cover

flange and formed
end

Pass partition plates
Tubesheets
Tubes
Shell-side nozzles
Tube-side nozzles
Bolts

Form

Plate
Plate
Plate
Plate

Plate
Forging
Plate
Plate

Plate
Plate
Plate
Seamless tube
Pipe
Pipe
Bar

Specification

SA-5 15-70
SA-5 15-70
SA-515-70
SA-515-70

SA-515-70
SA-105
SA-515-70
SA-5 15-70

SA-5 15-70
SA-5 15-70
SA-515-70
SA-2 1 O-Al
SA-106-B
SA-106-B
SA-193-B7

lblishing  Corporation

HA
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(c) Order of calculation

For a heat exchanger with a floating tubesheet, assuming
that the tube layout is known, it is advisable to design
the floating-head cover first. This will confirm if there
is sufficient space within the shell and outer tube limit
circle diameter to fit the required gasket. The shell,
channel, and shell cover cylinder thicknesses may then
be calculated. The remaining components may then be
designed at random. For this design, the selected tube
wall thickness is checked, followed by the design of the
flanges and end enclosures. The tubesheets and nozzles
calculations complete the calculations for components
subjected to pressure. Finally, the dimensions of the
nonpressure components are determined.

The units used for pressure are kPa, and for material
stresses are MPa as specified in the ASME  nomenclature
(1 Pascal = 1 newton per square meter).

B. Floating-head cover

(a) Flange and dish

The floating-head cover is a spherically dished cover
designed to ASME  UA-6 (4)(b), ASME  Fig. UAd(d);
see also Sec. 4.3.2F.  The minimum dish thickness is the
greater of the tube-side or shell-side requirements.

C,, = tube-side corrosion allowance = 3 mm

C, = shell-side corrosion allowance = 3 mm

For internal pressure (tube side),

where P = P, = 500 kPa,  L is the dish corroded inside
radius (mm), and S is the maximum allowable stress =
121 MPa.

Assuming that the shell-to-floating tubesheet,
radial clearance is 5 mm and assuming a gasket width
of 13 mm (TEMA minimum = 12.7 mm), then the
flange corroded inside diameter

B = 635 - 2(5 + 13) = 599 mm

The flange uncorroded inside diameter is

B-2&=599-6=593mm

Assume that the dish uncorroded inside radius is 0.75 X
593 = 445 mm; then

L = 445 + C,, = 445 + 3 = 448 m m

Therefore

5 X 500 X 448tfhd = 1o-3 =

6X 121
1 .54 mm

For external pressure (shell side), the rules in ASME
UG-33 apply. A thickness is assumed, and the procedure
appropriate to the shape of the formed end is followed.
From TEMA R-3.13, the minimum allowable corroded
plate thickness is 6.35 mm. Assume that tfhd = 7 mm
and confirm this, using the procedure in ASME
UG-33(c).

0.125 0.125
factorA,h  =-=-=

Lltfhd 44817  1�95  �  1o-3 (2)

P,, = maximum allowable design pressure

B ch
=-

L/rfhd
(3)

From ASME  materials chart, Fig. UCS-28.2,

faCtOrBch = 14 500 lbf/in � = 14 500 X 6.895

= 99 978 kPa

Therefore

p
a

= 99 978-= 1562kPa
44817

This is less than the shell-side design pressure (2 000
kpa), therefore assume that ffid = 9 mm and repeat the
calculation.

factor A ch =o.I25=25X  lo- 3

44819  �

factor Bch = 15 200 lbf/in2 = 15 200 X 6.895

= 104 804 kPa

Therefore

p = 104 804
a -=2  105 kPa

44819

This is greater than the shell-side design pressure; there-
fore a corroded dish thickness of 9 mm is satisfactory.

Tfhd = dish uncorroded thickness

=tfhd+Ca,+C,=9+3+3=  15mm

Ld = dish uncorroded inside radius

=L-Cat=448-3=445mm

(b) Flange design

The flange design thickness is the greatest thickness of
that required for gasket seating, tube-side pressure, and
shell-side pressure, or from geometric considerations to
allow for sufficient crossover flow area. The positioning
of the dish relative to the flange centroid is an important
part of the design calculations; there are numerous
methods of approach. For this example the procedure
used is as follows.
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS 4.3.6-3

1. Calculate the flange thickness required for gasket
seating.

2.  Ca lcu la te  the  f lange  th ickness  requi red  for  the

crossover flow area.
3. Use the greater thickness of (1) or (2) and

pos i t ion  the  outer  edge  of  the  d ish  a t  the  back  of  the

flange.
4. Calculate the loads and moments exerted on the

flange by the tube-side and shell-side pressures.
5. If the flange is overstressed, hold the dish posi-

tion (thereby keeping the moments constant) and add
equal increments to both sides of the flange until an
acceptable thickness has been obtained.

The general equation for the flange thickness is
given in ASME  UA-6, where

t=F+G (4)

F= (PX 10-3pdm

8S(A - B ) (5)

J =
MoX 103A+B

S B A - B (6)

a n d

M,=M,+M, +M,-M, (for internal pressure)

Mo=MD+MT-M, (for external pressure)

Mo=Ma=WhG (for gasket seating)

The flange bolt loads and moments are given in Table 1.
Note: Mr is the product of H,. and h,. The dish should
be positioned such that M,. is always negative; that is,
the dish and tubesheet should always be on the opposite
sides of the flange centroid; the absolute value of M,

is used to determine the flange thickness.
For gasket seating,

P=O

Therefore

F = O  a n d t=fi

Table 1 Floating-head cover bolting and flange moments calculations

Design conditions

Tube-side design pressure Pr = 500 kPa
Shell-side design pressure Ps = 2 000 kPa
Design temperature = 100°C
Flange and dish material = SA-5 15-70
Bo!ting  material = SA-193-B7
Tube-side corrosion allowance = 3.0 mm
Shell-side corrosion allowance = 3.0 mm

Flange

Bolting

Allowable stresses, MPa

Design temperature Sfo
Atmospheric temperature Sfa
Design temperature Sb
Atmospheric temperature S,

121
121
172
172

Gasket and bolting calculations

Gasket-soft steel jacket asbestos filled
625 mm OD X 599 ID X 3, with pass partition webs 10 mm wide
N=13mm b, = 6.5 mm b = 6.425 mm m = 3.75 y = 52.4 MPa
G = gasket OD - 2b = 625 - 2 X 6.425 = 612.15 mm

Wm2 = baGy = 647 459 N A,,, = greater of Wml/Sa  or W,,,, /Sb = 3 764 mm�
HP = 21rbGmPt x lo-� = 46 335 N Use 24 M20 bolts
H = 0.785G2P, x lo-�  = 147 081 N Ab = 24 X 214.89 = 5 157 mm*
W,,,r =Hp+H=193416N W = 0.5(A,  + A&S, = 767 206 N
He = 0.785G�P,  = 588 322 N PI = arcsin  [H/(2L  + tfid)]  = 0.661 9 = 4 1.44�
Gasket width check: N > TEMA minimum = 12.7 mm, or Nmfn 1 or N,m 2, where Nmtn t = A$,/2myG = 4.4 mm
and Nmin 2 = H,/2nyG = 2.9 mm
B = 599 mm BCD = 660 mm A = 702 mm

Condition

Tube-side operating

Load, N

HD = 0.785B*P,  X lo-�  = 140 829

HG = Wm, -H=Hp=46335

Lever arm, mm

HT=H--HD=~  252
H,.= HD cot 0, = 159 515

hD = O.S(BCD  --B) = 30.5
hi = O.S(BCD  -G) = 23.95
hT = 0.5(hD + hi) = 27.225
h, = 20.0

Shell-side operating HD = 0.785B�Ps  X lo-�  = 563 317 hD -hG = 6.55
HT=H,-H~=25005 hT--hG=  3.275
H, = HD cot p, = 638 059 h, = 20.00

Gasket seating HG= W= 767 206 hG = 23.95

Moment, N m

MD=4  295
h�fG  = 1 110
MT= 170
IV,=--3  190
M,, = 2 385
MD=  3 690
MT=  82
IV,=-12 761
MO  = -8 989
Ma= 18 374
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MO= 18374Nm and S=Sfa = 121 MPa

18 374 X lo3 702 + 599t=
=121 X 599 702 - 5 9 9 566 mm

For crossover flow area, from TEMA R-8.12 the actual
crossover flow area is to be at least 1.3 times the flow
area through one tube pass. There are 468 tubes,
19.05 mm OD X 2.11 mm wall thickness, arranged in
four tube passes.

Flow area/tube pass = Ft (19.05 - 2 X 2.1 1)2

=20210mm2

The total required crossover area is

1.3X20210=26273mm2

The segmental area of the dish = 46 012 mm�.
If the effect of the pass partition plates is neglected,

the area available under the dish for crossover flow per
pass is

46 012 X 0.5 = 23 006 mm2

If the dish is excluded, the depth of flange required
for crossover flow area per pass is

26273-23006=l102mm
593 x 0.5 *

Obviously, even allowing for the dish, the gasket seat-
ing will require a greater thickness than that for cross-
over flow area.

Assume a corroded flange thickness of 57 mm and
position the dish at the back of the flange; check the
thickness for internal and external pressures.

For internal pressure (tube side):

P=P,=500kPa M,=2385Nm

S=S,,= 121 MPa t=F+G

where

F 500 X 1O-3 X 59944 X 4482 - 5992= =
8 X 121(702 - 599)

2 o. mm

+2385X  lo3 702+599
121 X 599 702 - 599

= 415.64 mm2

t=2.00+d2.002  +415.64=22.48mm

For external pressure (shell side):

P=P,=2000kPa M,=8989Nm

S = S,, = 121 MPa t=F+G

where

F = 2 000 X 1O-3  X 59944 X 4482  -5992  = 8 o. mm
8 X 121(702  - 599)

J=8989X  lo3 702+599 =
121 X 599 702

1 566.62 mm2
- 599

t = 8.00 + d8.002 + 1 566.62 = 48.38 mm

Therefore, with the dish positioned at the back of
the flange, a corroded flange thickness of 57 mm is
satisfactory. The cover will have a pass partition plate
13 mm thick, tapered at one end to 10 mm to suit the
gasket web; see TEMA R-8.13. The flange will be re-
cessed to confine the gasket. The cover dimensions
are given in Fig. 1, and a summary of the flange dimen-
sions is given in Table 11 (flange no. 6).

(c) Floating-head backing device

The backing device clamps the floating-head cover to
the tubesheet. There are various types; for this design
a single split ring is used, designed to ASME  UG-53(a).
The split ring is designed as if it were a solid flange
(without splits) using 200% of the greater of Ma or
MO  calculated in the mating flange design. From Table 1,
Ma is greater than M, for either the tube-side or shell-
side operating conditions.

The effective thickness,

(7)

Shape constant,

~~4~702~ 1172
B 599 *

Hence

Y = 12.31 from ASME  Fig. UA-5 1 .I

MO= 18374Nm from Table 1

S=S,,=  121 MPa B = 599 m m

12.31 X 18 374 X 2tfhb = =

121 x 599 x 1o-3

79 * o mm

There will be a recess (5 mm) deep to locate the spit
ring on the tubesheet. The dimensions of the backing
ring are given in Table 11 (flange no. 7) and in Fig. 1.

C. Cylindrical shells

The minimum allowable wall thickness for cylindrical
shells is the greater of the ASME  or TEMA require-
ments; see also Sec. 4.3.2A.

The minimum thickness, t, exclusive of corrosion
allowance will be the greater thickness from the for-
mulas in ASME  UG-27.

For circumferential stress (longitudinal joints):
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24-HOLES 24 DIA

-I-

t=PX  10-s
RV

SE-0.6PX  1O-3

e 26 HOLES 24 DIA

Figure 1 Floating-head cover and backing device.

For longitudinal stress (circumferential joints):

t=px 1o-3
RV

2SE+O.4PX  1O-3
(9)

For this example the weld examination is �spot�
throughout, thus the joint efficiency E = 0.85 for all
welded joints (see ASME  UW-12); Eq. (9) can therefore
be neglected. The calculations of cylinder thickness are
summarized in Table 2.

In practice, the selected plate thickness is not
necessarily the minimum allowable thickness rounded
up to the nearest millimeter. The availability of material
may be the deciding factor, or the designer may select
a thicker wall to increase the area available for reinforce-
ment at the nozzle locations. The channel will have pass
partition plates, of the same material, 13 mm thick,
tapered at both ends to 10 mm thick to suit the webs of
the gaskets.

D. Tubes

The minimum allowable wall thickness is determined
from ASME  UG-31; see also Sec. 4.3.2B.  The tube
dimensions are specified by the thermal designer. The
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wall thickness is usually the preferred gauge from TEMA
Table R, C, or B, -2.21. The tube length plays an im-
portant part in the thermal performance of the ex-
changer, so the length should not be altered without
the agreement of the thermal designer.

d, = tube outside diameter = 19.05 mm

tube wall thickness = 2.11 mm

P, = tube-side (internal) pressure = 500 kPa

Ps = shell-side (external) pressure = 2 000 kPa

S = maximum allowable stress = 121 MPa

E = joint efficiency = 1 .OO

Rv = tube inside radius = 0.5(19.05  - 2 X 2.11)

= 7.415 mm

For internal pressure the minimum allowable thick-
ness is calculated using Eq. (8):

t=P,X  10-3- Rv - -
SE-0.6P,X  1o-3

= 5 0 0 x 10-s

X 7.415
~- = 0.031 mm

121 X 1.00 -0.6 X 500 X 1O-3

For external pressure the rules in ASME  UG-28 are
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Table 2 Summary of cylinder thickness calculations

Channel Shell
Shell
cover

P = design pressure, kPa
R v = corroded inside radius,

mm
S = maximum allowable stress,

MPa
E = joint efficiency
t= minimum design thickness,

mm
Corrosion allowance, mm
1 + corrosion allowance, mm
TEMA minimum thickness, mm
Selected plate thickness, mm

500

320.5 320.5 363

121 121 121 p
a2

= 2 X 206 X lo3
0.85 0.85 0.85 9.03

1.56 6.31 7.12
3 3 3
4.56 9.31 10.12
9.52 9.52 9.52

10 10 11

2 000 2 000

applied; for this design the procedure when do/t < 10 is
followed.

Step 1. Lt = approximate length of tubes between
the tubesheets = 3 960 mm (assuming that the thickness
of both tubesheets = 50 mm). Assume that t = tube wall
thickness = 2.11 mm, L,/d, = 3 690/19.05 = 208.4,
and Do/t  = 19.05/2.11  = 9.03.

Step 2. Enter ASME Fig. UGO-28 in App. V, at the
calculated value of Lr/do, or 50, whichever is smaller.

Step 3. Move horizontally to the line for the value
of do/t. From this point of intersection determine the
value of factor A eh.

Step 4. Enter the applicable ASME  materials
chart (for this example, Fig. UCS-28.2) using the value

of Ach and move vertically to the intersection with the
materials/temperature line.

Step 5. From this intersection determine the value
of factor &h. Using the above procedure,

&, = 0 .014 and &h = 17 200 lbf/in2

Step 6. Calculate the values of pressures PaI and
Pa2, the lower of which is the maximum allowable
external working pressure for a tube.

pa1 = (
2.167

X 6.895do/t - 0.083 3 Bch

= > 17 200 X 6.895

= 18 610 Wa (10)

p -i(SX 103)
a2 -

dolt

where S is the lesser of two times the maximum allow-
able stress value (103 MPa)  or 0.9 times the material

yield strength (255 MPa):

S = the lesser of 2 X 103 = 206 MPa

or

0.9 X 255 = 229.5 MPa

therefore S = 206 MPa.

The maximum allowable external pressure for the
tube wall is therefore 18 610 kPa. Hence a tube wall
thickness of 2.11 mm will be satisfactory for both the
tube-side and shell-side design pressures.

The tubes will project 3 mm beyond both tube-
sheets. A maximum projection of one-half tube diame-
ter is permissible for horizontal exchangers when the
tubes are expanded to the tubesheets (TEMA R-7.53).

E.
The flanges are designed to ASME  App. II, Part A, and
TEMA requirements; see also Sec. 4.3.2G. There are
three types of flanges, namely, loose, integral, or op-
tional. The type of flanges to be used may depend on
the availability of material, design conditions, the
process fluids, or manufacturing costs. For example,
a carbon steel loose-type flange having a lap joint could
be used with a stainless steel shell. Various flange types
have been selected at random for this design example;
in practice all the flanges may be of the same type. The
bolting stress areas were calculated from the minor
diameters in British Standard BS 3643: Part 2: 1966,
Table 4, medium fit.

The calculations for the flanges are given in the
following tables in typical format.

Table 3-Channel cover mating flange-lap type
Table 4-Channel flange-loose type
Table 5-Shell  flange-stationary end-integral hub

type
Table 6-Shell flange-rear end-integral hub type
Table 7-Shell cover flange-integral welded type.

The basic gasket seating width, b,, was calculated
using ASME  Table UA49.2, Column II. For all the
flanges of this example, b. = N/2. The hub stress cor-
rection factor f should be between 1.00 and 1.25. If
it is found to be less than 1, substitute 1 arbitrarily.

From ASME  UA-52, for materials other than cast
iron, the following rule applies to integral-type flanges
with the hub welded to the vessel wall, and to optional-
type flanges designed as integral type.

The longitudinal hub stress may not be greater than
the smaller of 1.5 times the maximum allowable flange
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Table 3 Channel cover mating flange calculations

Lap-type flange design

Design pressure P

Design temperature

Flange material

Bolting material

Corrosion allowance

Allowable
bolt stress at 1

Design temp. Sb
Atm. temp. S,,

Allowable

1

Design temp. Sfo
flange stress at Atm. temp. Sfc

All dimensions are shown in mm

500 kPa

15°C

SA-515-70

SA-193-B7

3 m m

172 MPa
172 MPa

121 MPa
121 MPa

Gasket details: If b, d 6.35 mm N 22 mm
compressed asbestos

728 OD X 684 ID X 3 b = b, bo 11 mm

Facing details: If b, > 6.35 mm b 8.36 mm
Type: flat lap
728 OD X 655 ID x 10 1 b=2.52,/&  y 11 MPa

Wmz = 3.14bGy = 203 861 N m 2.0

HP = 6.28bGmP x lo-�  = 37 065 N
H = 0.785G�P  x 10-s = 195 636 N H,+H=232701N

or
Hp+H
-= 1353 mm*A,,, = greater of F

a sb

Ab = 28 X 214.89 = 6 017 mm�
W = 0.5(A,  + A&, = 633 804 N
W,,,, =Hp+H=232701N

Gasket width check Nmin =
AbXSa
--= 21.2 mm
6.28yG

Operating condition

Load, N Lever arm, mm Moment, N m

HD = 0.785B�P  X 10-a = 170 973 hD = 0.5(C--B) = 51.0 H&ID X 10e3 = 8 720
HG = %n, -H= 37  065 hi = 0.5(C  - G) = 28.0 HChG x 10-a = 1 038
HT=H-H~=24663 hT= 0.5(C  - G) = 28.0 H+TX IO-� = 690

MO = 10 448

Bolting-up condition

HG = W = 633 804 hG = 0.5(C  - G) = 28.0 Ma = HGh.G  X lo-�  = 17 746

Apply factor CF when cF�,,z�l

B = 6609 ’

C=762@  �
- w

A = 8 0 4 9
-

D = 6559

G* = midpoint of contact between flange and lap

Lap material SA-5 15-70
Allowable shear stress for lap = 0.8 X 121 = 96.8 MPa

Actual shear stress =
bolt load

rD(tL - C,,,

633 804
= rr655(10  - 3)

= 44.0 MPa

K=$=z= 1.218,therefore

Y = 9.96 (ASME Fig. UA-5 1.1)

t = the greater of
YMoCF

Sf$ x 10-a

but Ma > M,, and Sfc = Sfo

therefore t 9.96 X 17 746 X 1.0= = 47.0

121 x 660 x 10-a

The selected number of bolts was based on a practice commonly
used in the heat exchanger industry of one bolt per 25 mm of
shell diameter, rounded up to a multiple of 4; hence the reason for
the large difference between A, and A,.

where the bolt load is the greater of W or W,,
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4.3.6-8 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS

Table 4 Channel flange (shell mating) calculations

Loose-type flange design

Design pressure P

Design temperature

Flange material

Bolting material

Corrosion allowance

Allowable
bolt stress at {

Design temp. Sb
Atm. temp. S,

Allowable

1

Design temp. Sf,,
flange stress at Atm. temp. Sfc

All dimensions are shown in mm

500 kPa

15°C

SA-5 15-70

SA-193-B7

3 m m

172 MPa
172 MPa

121 MPa
121 MPa

Gasket details: If b, Q 6.35 mm N 22 mm
compressed asbestos

695 OD x 651 ID x 3 b = b, bo 11 mm

Facing details:

1

I f b, > 6.35 mm b 8.36 mm
Type: recess
698 diameter X 5 b=2.52& y 11 MPa

W  =  3.14bGy =  1 9 5,,,* 856 N m 2.0

HP = 6.28bCmP  x 10-s = 35 610 N
H = 0.785G�P  X 10-a = 180 575 N HP + H= 216 185 N

A,,, = greater of F or
Hp+H
-= 1257 mma

a Sb

Ab = 28 X 214.89 = 6 017 mmZu
W = 0.5(A,  + Ab)& = 949 870 N�
W,,,, = 864 741 Na

Gasket width check Nmin =
AbXSa
- = 22.0 mm
6.28yG

Operating condition

Load, N

HD = 0.785B�P  X 10e3  = 170 973
HG= W,,,,a-H=  684 166
HT=H--HD=  9 602

Lever arm, mm

hD = 0.5(C -B) = 34.00
hG = 0.5(C - G) = 24.86
hT= 0.5(hD  + hG) = 29.43

Bolting-up condition

Moment, N m

H&D  X 10d3  = 5 813
HGhG  X 1O-3 = 17 008
H~~Tx lo-� = 283
M, = 23 104

HG= W=949870 hG = O.S(C- G) = 24.86 Ma =HGhG  X IO-� = 23 614

Apply factor CF when cF=
bolt spacing

2(bolt diam.) + 1

> 1

**G = 678.28@
28--M20  bolts

Y = 12.71 (ASME Fig. UA-51.1)

t = the greater of

**G = gasket OD-2%

�Controlled by mating flange.
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material stress, or 1.5 times the maximum allowable
vessel wall material stress.

F. Shell cover: Dished head

The minimum allowable wall thickness is the greater
of the ASME  or TEMA requirements; see also Sec.
4.3.2D.  The shell cover formed head for this design is
a seamless 2:l ellipsoidal head. From ASME  W-32,
the minimum required thickness at the thinnest point
after forming shall be the greater of the thicknesses
calculated by (1) the formula for ellipsoidal heads, or
(2) the formula for hemispherical heads divided by the
joint efficiency of the head-to-shell joint.

1. Ellipsoidal head formula:

t=px 1o-3
D

2SE-0.2PX  1O-3
(12)

whereP=P,=20OOkPa
D = shell cover cylinder diameter + 2 X corrosion

allowance = 7 18 + 2 X 3.0 = 724 mm

S = 121 X 0.85 = 102.85 MPa,  [see ASME  UW-

1 Xb)l
E = 1 .O (seamless head)
t = 2 000 X 1O-3  X 724/(2 X 102.85 X 1.0 -

0.2 X 2 000 X 10m3)  = 7.05 mm
2. Hemispherical head formula:

t=PX10-3
JL?

2SE-0.2PXlO~

where P and S are as above,

D 724
&=~=~=362rnrn

E = 0.85 (head to shell welded joint)

(13)

Table 5 Shell flange (stationary end) calculations

Integral-type flange design

Design pressure P 2 000 kPa Gasket details: If b, < 6.35 mm N 22 mm
compressed asbestos

Design temperature 100°C 695ODx651IDX3 b = b, bo l l m m

Flange material SA-105 Facing details: If b, > 6.35 mm b 8.36 mm
Type: recess

Bolting material SA-193-B7 698 diameter x 5 b=2.52& y 11 MPa

Corrosion allowance 3 m m W,,,* = 3.14bGy  = 195 856 N m 2.0

Allowable Design temp. Sb 172 MPa HP = 6.28bGmP  x 10-s = 142 441 N
bolt stress at Atm. temp. S, 172 MPa H = 0.785G�P  x lo-�  = 722 300 N Hp+H=864741N

W
Allowable Design temp. SfO 121 MPa A, = greater of 7 or

Hp+H
---=5027mm2

flange stress at Atm. temp. Sfe 121 MPa a Sb

Ab = 28 X 214.89 = 6 017 mm2c
W = 0.5(A,  + A& = 949 870 Na

All dimensions are shown in the corroded condition, mm W,,,, =Hp+H=864741Na

Gasket width check Nmin =
Ab XSa
- = 22.0 mm
6.28yG

Operating condition

Load, N Lever arm, mm

HD = 0.785B�P  X 10m3 = 645 083 hD =R + 0.5&r,  = 37.00

HG = wm, - H =  1 4 2 4 4 1 hG = 0.5(C- G) = 24.86
HT=H-HD=  77 217 hy = O.S(R + g, + hG) = 34.18

Moment, N m

HD~D X lo-�  = 23 868
H&G  X 10-s  = 3 541
Hfir~  10m3 = 2 639
MO = 30 048

Bolting-up condition

HG= W=949870 hG = 0.5(C- G) = 24.86 Ma =HGhG X lo-�  = 23 614

�Transferred to mating flange.
-
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4 . 3 6 1 0 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS

Table 5 Shell flange (stationary end) calculations (Continued)

Allowable
stress Stress calculation-operating conditions (use 42,  ) Shape constants ASME UA-51.1

l.SSf,

$
fo

Allowable
stress

Long. hub, SH = jM,  1%:
Radial fig., SR = &If, JAt�
Tang. flg., ST = (M, Y/t�) - ZSR
Greater of O.s(SH  + SR) or 0.5(SH  + ST)

Stress calculation-gasket seating (use M, )

Long. hub, SH = jMz 1%:
Radial fig., SB = pM, lht�
Tang. flg., ST = (M, Y/t�)  - ZSR
Greater of O.s(SH  + SR) or O.s(SH  + ST)

159.0
15.0
83.0

121.0

125.0
11.0
65.2
95.1

28-M20 bolts

K=AfB= 1.201 h/ho = 0.493
T= 1.84 F= 0.831
Z= 5.52 V = 0.240
Y = 10.70 f= 1.110
U= 11.76 e = F/h, = 0.012
g,/g, = 1.857
h,=&=66.985 d=;h&;= 160831

Other stress formula factors

t (assumed)
(Y=t,+1
Lm? + 1

6 = t�/d
h=-f+ti
M, = (M,/B)lO�
M1 = (Ma/B)103

55
1.66
1.88
0.902
1.034
1.936

46 877
36839

If bolt spacing exceeds 2db + t, multiply Ma and MO
in above equations by

1 bolt spacing

G = gasket OD - 26

�Transferred to mating flange.

t = 2 000 x 10-s

X 362

2 X 102.85 X 0.85 - 0 . 2 X 2000 X 1O-3

= 4.15 mm

Divide this thickness by E to comply with ASME  rule
UG-32(b):

4 15
t - 0.85
-�--4.88mm

Therefore, assuming a thinning allowance of 12.5%,
the minimum required thickness (including corrosion
allowance) to ASME rules is

7.05 + 0.125 X 7.05 + 3.00 = 10.93 mm

From TEMA R-3.2, the minimum required thickness =
9.53 mm. A plate thickness of 11 mm will be used;

this is the same thickness as the mating shell cover
cylinder.

The head dimensions in millimeters are

Thickness = 11

Inside diameter = 7 18

Outside diameter = 740

Inside depth (excluding skirt) = 179.5

Skirt length = 49.5

Overall length = 240

G. Channel cover

The channel cover is a flat plate, bolted to the channel.
The effective thickness is the greater of the ASME  or
TEMA requirements; see also Sec. 4.3.2E.
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS 4.3.6-l 1

I is the effective channel cover thickness, mm

C, is a factor, dimensionless = 0.3

where W, W,, , hc, db, G, and A, have been previously
determined from the calculations for the flange that
mates with the channel cover; see Table 3.

P is the design pressure = 500 kPa

S is the material maximum allowable stress = 12 1 MPa

From ASME UG-34, Fig. UC-34(j), Eq. (2): For
operating conditions:

E is the joint efficiency = 1 .OO

W is the bolt load, gasket seating = 633 804 N

C,(PX  10-3)  + 1.9W,,hc
S E SEG3

W,, is the bolt load, operating conditions = 232 701 N (

hG is the radial distance from the gasket load reaction

to the bolt circle = 28.0 mm

db is the nominal bolt diameter = 20.0 mm

+19X232701X28.0  =276mm
121 X 1.00X 7063 ) .

For gasket seating,P = 0, therefore

(14)

G is the diameter at location of the gasket load reaction

= 706 mm
t = G  ~

J

1.9 WhG

SEG3

Ab is the actual total cross-sectional area of the bolts

= 6 017 mm�
=706jx= 19.9mm  ( 1 5 )

Table 6 Shell flange (rear end) calculations

Integral-type flange design

Design pressure P

Design temperature

2 000 kPa

100°C

Gasket details:
compressed asbestos

776 OD X 730 ID x 3

If b, =Z 6.35 mm

b=b,

N 23 mm

bo 11.5 mm

Flange material SA-105 Facing details: If b, > 6.35 mm b 8.55 mm
Type: recess

Bolting material SA-193-B7 779 diameter X 5 b=2.52,&  y 11 MPa

Corrosion allowance 3 m m Wm2 = 3.14bGy  = 224 116 N m 2.0

Allowable

{

Design temp. Sb 172 MPa HP = 6.28bGmP x lo-�  = 162 993 N
bolt stress at Atm. temp. S, 172 MPa H = 0.785G�P  X 1O-3  = 904 209 N Hp+H=1061202N

Allowable

1

Design temp. Sfo 121 MPa A, = greater of F or
HP + H
-=6205mm�

flange stress at Atm. temp. Sfa 121 MPa a Sb

Ab = 32 X 214.89 = 6 877 mm2
h�=0.5@tm+.4&i,=l  1 2 5 0 5 2 N

All dimensions are shown in the corroded condition (mm) W,, = HP + H = 1 067 202 N

Gasket width check N � -
AbXSa
- = 22.5 mm

m�*  - 6.28yG

Load, N

HD = 0.785B�P  X lo-�  = 645 083
HG = Wm,  -H= 162  993
&=H--HD=  259  126

.-_--.-
Operating condition

- - - - -

Lever arm, mm Moment, N m

hD = R + O.Sg, = 78.00 H&D X lo-�  = 50 316
hi = O.S(C - G) = 25.55 HGhG x 1O-3 = 4 164
hT = O.S(R + g, + hG) = 55.02 HThTX lo�� = 14 257

MO = 68 737
- - -

Bolting-up condition

HG = W = 1 125 052 hG = 0.5(C- G) = 25.55 Ma = HGhG x 1O-3  = 28 745
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4 . 3 6 1 2 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS

Table 6 Shell flange (rear end) calculations (Continued)

Allowable
stress Stress calculation-operating conditions (use M, ) Shape constants ASME UA-5 1.1

l.SSf,

Sfo
Sfo
Sfo

Long. hub, SH = jM,  /Agf 138.4
Radial fig., S, = /3M, /At� 8.2
Tang. fig., ST = (ikf,  /t� ) - ZSR 103.5
Greater Of 0.5(s, + sR)O'0.5(sH + ST) 120.9

Allowable
stress Stress calculation-gasket seating (use M,)

l.SSf,

Sfa
sfa
sfa

Long. hub, SH = fiW, /MT 57.9
Radial fig., SR = &M2 /At� 3.4
Tang.flg.,ST=@f,I�/t=l-ZSR 43.4
Greater of 0.5(SH + SR) 010.5(S~  + ST) 50.6

-r
h =33

go = 7
C

B =  6416
-

C=8104~-

I I 1. I

t

. .

5 --hT HT

G = 758.9@

32-M20 bolts

K = A/B = 1.329
T= 1.78
Z= 3.61
Y= 6.98
U= 7.67
g,/g, = 1.857
ho = &= 66.985

h/h, = 0.493
F= 0.831
V = 0.240
f = 1.110
e = F/h, = 0.012

d = ; hd:, = 104 896

Other stress formula factors

t (assumed) 75
ff=t,+l 1.900
p = 4/3t,  + 1 2.200
y = a/T 1.067
6 = P/d 4.022
h=y+S 5.089
M, = (M,/B)lOs 107 234
M2 = (M,/B)103 44 844

If bolt spacing exceeds 2db + t, multiply Ma and MO
in above equations by

II bolt spacing2d,+t
G = gasket OD - 2b

From TEMA R-8.2 1

(16)

In the above TEMA formula, the constants 5.7 and 2
have units of in/lbf and l/6, respectively. For calcu-
lations in SI units, appropriate conversion factors must
be used. The conversion factor for constant 5.7 depends
on the units being used for the design pressure, for
example, bar, kPa, N/m2 ; the conversion factor for con-
stant 2 is l/m = 0.198 mm-�2.

+2X0.198X28.0X6017 706

m (-)I l/3
=

100
52.6 mm

The gasket has a compression factor, m = 2.0. T h e
thickness obtained by the TEMA formula may be re-
duced by 20% because m is less than 3.0. Therefore,

r = 0.8 X 52.6 = 42.1 m m

The thickness calculated by the TEMA formula is greater
than the thicknesses calculated by the ASME formula,
so the effective thickness is 42.1 mm. The gasket will be
confined by a recess 5 mm deep. The cover overall thick-
ness = 42.1 + 5 = 47.1 mm, rounded up to the nearest
mm = 48 mm.

The cover dimensions in millimeters are

Outside diameter = 804

Overall thickness = 48

Recess = 732 OD X 632 ID X 5

Pass partition grooves = 13 mm wide X 5 mm deep
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS 4.3.6-l 3

Bolt holes = 28 holes, 24 mm diameter

Bolt circle diameter = 762

Details of the cover are given in Fig. 2.

H. Tubesheets

For this example both tubesheets are gasketed  without
edge bolting. The effective thickness is determined from
TEMA R-7; see also Sec. 4.3.21.

(a) Stationary tubesheet

The effective thickness t is the greater of that required
for bending or shear.

For bending (TEMA R-7.132):

*,Fs P X  1O-3
2 s

For shear (TEMA R-7.133):

Table 7 Shell cover flange calculations

where P = the greater of the tube-side or shell-side
design pressures = 2 000 kPa

G = the mean diameter of the gasket at the sta-
tionary tubesheet = 678.28 mm (from
Table 4

F = a constant = 1 .O
S= 121 MPa

do = 19.05 m m
p = 23.81 mm

Shear will not be the controlling factor when

2

PX 10-s 2 000 x 1o-3
= =s 121 0.016 5

and

Integral-type flange design

Design pressure P

Design temperature

Flange material

Bolting material

2 000 kPa

100°C

SA-5 15-70

SA-193-B7

Corrosion allowance

Allowable

1

Design temp. Sb
bolt stress at Atm. temp. S,

Allowable Design temp. Sfo
flange stress at Atm. temp. Sfa

3 m m

172 MPa
172 MPa

121 MPa
121 MPa

All dimensions are shown in the corroded condition (mm)

Gasket details:
compressed asbestos

776 OD x 730 ID x 3

If b, G 6.35 mm

b = b,

N 23 mm

bo 11.5 mm

Facing details:
Type: raised face
727 diameter X 5 i

If b, > 6.35 mm b 8.55 mm

b=2.52,/& y 11 MPa

W,,,2 = 3.14bGy  = 224 116 N m 2.0

HP = 6.28bGmP x lO-3 = 162 993 N
H = 0.785G�P  X 1O-3  = 904 209 N Hp+H=1067202N

A,,, = greater of F or
Hp+H
----6205mm�

a Sb

A, = 32 X 214.89 = 6 877 mm�
W = O.S(A, + A& = 1 125 052 N
Wm, = HP + H= 1 067 202 N

Gasket width check Nmin =
Ab X %
~ = 22.5 mm
6.28yG

Operating condition

Load, N Lever arm, mm Moment, N m

HD = 0.785B�P  X 10.�  = 822 956
HG = wrn, -H= 162  993
HT=H-HD=  81 253

-

hD = R + 0.5g,  = 39.00 HDhD X lO-3 = 32 095
hG = O.S(C - G) = 25.55 HGhc X lO-3 = 4 164
hy= O.S(R + g, + hG) = 34.28 HThT  X lo-� = 2 785

MO = 39 044

Bolting-up condition

HG=W=I  125052 hG = 0.5(C- G) = 25.55 M. = HGhG X 10-j = 28 745
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4 . 3 6 1 4 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS

Table 7 Shell cover flange calculations (Continued)

Allowable
stress Stress calculation-operating conditions (use M, ) Shape constants ASME UA-51.1

l.SSf,

Sfo
Sfo
Sfo

Long. hub, S,q = flM, /Ag: 154.76
Radial fig., SR = &?, /At� 3.53
Tang. flg., ST = (M, Y/P ) - ZSR 79.27
Greater of O.S(S, + SR) or O.S(S, + ST) 117.01

Allowable
stress Stress calculation-gasket seating (use M2)

l.SSf,

sfa

Long. hub, SH = flM, /Qi
Radial flg., SR = PM, /AT�
Tang. flg., ST = (M2 Y/t�  ) - ZSR
Greater of 0.5(SH + SR) or 0.5(SH + ST)

113.93
2.59

58.36
86.14

t=80

L

bv A = 8529

32-M20 bolts

: 7249

:810&

758.9@

K=A/B= 1.177 h/ho = 0.0
T= 1.85 F = 0.909
Z = 6.19 v = 0.550
Y = 12.00 f = 1.00
U= 13.18 e = F/h, = 0.012
g, Igo = 1.00
ho = & = 76.105 d=;h&= 116720

Other stress formula factors

t (assumed) 80
a=&+1 1.960
p = 4/3t,  + 1 2.280
y = Q/T 1.059
6 = P/d 4.386
h=y+6 5.445
M, = (M,/B)lO� 53 930
M2 = (Ma/B) 10� 39 703

If bolt spacing exceeds 2dg + t, multiply Ma and MO
in above equations by

Note: See ASME Fig. UA48(7) for definition of g,

aThe  length h does not enter into the calculation for this type of flange. It is given for information only.

Therefore for this design, only bending need be con-
sidered.

For bending,

1.0 X 678.28 2 000 X 10-j
t=

=
2 121

43 6 mm

The stationary tubesheet will have a raised face 5 mm
thick. on both sides for confining the flange gaskets.
These will be considered to be available for the cor-
rosion allowances. The minimum overall thickness =
43.6 + 2 X 5 = 53.6 mm, rounded up = 54 mm.

(b) Floating tubesheet

The effective thickness for the floating tubesheet will
be the same as the stationary tubesheet, because P, S, F,
and G have the same values. From TEMA R-7.141, G
is the mean diameter of the gasket at the stationary end.

The floating tubesheet will have a raised face, 5 mm
thick on the tube side only, for confining the floating-
head cover gasket; this is considered to be available for
the tube-side corrosion allowance. The overall thickness
will be equal to the stationary tubesheet thickness; this
will provide adequate material for the shell-side corro-
sion allowance. The details of the tubesheets are given in
Figs. 3 and 4, and in Table 8.
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Figure 2 Channel cover.
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Figure 3 Stationary tubesheet.
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2nd PASS 1st PAsS

468 TUBE HOLES
19.05 DIA
23,812 PITCH
x, .18 v,=1e

OUTER TUBE
CIRCLE DIA 561

OUTER TUBE
LIMIT DIA 580

3rd

3 CORROSION
ALLOWANCE
(BOTH SIDES),

ith PASS

Figure 4 Floating tubesheet.

I. Nozzles and nozzle reinforcements
applicable part of Subsection C of ASME  VIII, Division
1, where

(a) i%zzies

The nozzle wall thicknesses are calculated to ASME
requirements; see also Sec. 4.3.2J and TEMA R-9.

The nozzles will be of seamless pipe. Assuming that
there are no external loads, from ASME  UG45, the wall
thicknesses of the nozzles may not be, less than the
smaller of the following.

1. The required thickness t (assuming that E = 1)
of the shell or head to which the nozzle is attached,
plus corrosion allowance provided in the shell (or head)
adjacent to the nozzle, but in no case less than the
minimum thickness specified for the material in the

Table 8 Summary of tubesheet dimensionsa

t = P X  10-3
R

SE-0.6PX  1O-3

2. The minimum thickness of standard wall pipe
plus corrosion allowance on the nozzle. The minimum
thickness for all materials is the nominal wall thickness
listed in Table 2 of ANSI B36.10-1970,  less 12.5%. The
length of the nozzles should be kept to a minimum to
reduce the effect of external loads. Sufficient length
should be specified to allow for the welding of the
nozzle, the flange and reinforcement (if any). Adequate
length should also be provided for the removal of the
stud bolts, taking into account the thickness of the
thermal insulation, if fitted.

Tubesheet Stationary Floating

Outside diameter
Tube raised face
Shell-side raised face

P a s s  p a r t i t i o n  ( t u b e  s i d e )groove
Tube-side corrosion allowance
Shell-side corrosion allowance
Overall thickness

695
632 diameter X 5
632 diameter X 5

13 wide X 5 deep
3
3

54

625
590 diameter X 5
-

13 wide X 5 deep
3
3

54

=A11 dimensions are in millimeters.
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Flanges for the nozzles may be of any type in the
ANSI Standard, suitable for the design conditions. The
flange bores are machined to suit the mating nozzle
pipe schedule. A summary of the wall thickness calcu-
lations is given in Table 9.

(b) Nozzle reinforcements

When a hole has been cut in a shell or head to accom-
modate a nozzle, reinforcement may be required to
compensate for the metal that has been removed. The
reinforcement may be in the form of a forged neck
nozzle [see ASME Fig. UG40, (d)-(i)] or a reinforcing
plate. This design will deal only with the latter type. The
limits of reinforcement are given in Fig. 5, where

t,=PX 1o-3
R

SE-0.6PX  1O-3

and

Rrltm=PX  1o-3
S,E-O.Ci?'X  1O-3

Note: If S,, < S, multiply AZ, A3, and A4 (at nozzle)
by &Is.

A summary of the reinforcement calculations is
given in Table 10. For these calculations fmin is the
smaller of 19 mm or the thickness less corrosion allow-
ance of the thinner of the parts joined by a fiiet, single-
bevel, or single-J weld, mm [ASME  UW-16(b)], and
tC is not less than the smaller of 6.35 mm or 0.7tmin.

TEMA R-9 does not permit shell nozzles to pro-
trude beyond the inside contour of the shell. It is per-
missible for channel nozzles to protrude beyond the
inside contour of the channel, provided that vent and
drain connections are flush with the inside contour of

Table 9 Summary of nozzle wall thickness calculations
-

the channel, For this design, all nozzles will be flush
with the inside contour of the mating vessel, so in all
cases A3 = 0.

J. Nonpressure parts

(a) Transverse baffles

The type, number, spacing, and segmental cut of baffles
is specified by the thermal designer. The baffle cut is
defined in TEMA R-4.1  as the segmental opening height
expressed as a percentage of the shell inside diameter.
The maximum baffle-to-shell clearances are defmed in
TEMA R-4.3. The baffle-to-shell radial clearance is
2.225 mm. The minimum baffle diameter = 635 - 2 X
2.225 = 630.55 mm. The minimum baffle thickness =
4.76 mm (TEMA R-4.41). Therefore there will be nine
baffles, 631 mm diameter X 5 mm thick, with a 25%
baffle cut.

(b) Longitudinal baffles

Longitudinal baffles are required when there are two or
more shell-side passes. TEMA R-4.42 specifies the mini-
mum thickness as 6.35 mm.

(c) Support plates

Support plates are used to reduce the effect of the com-
bined weights of the floating-head cover and tubesheet,
on the tubes in horizontally mounted exchangers. The
plate is normally located inside the shell, close to the
floating-head end. The support plates have the same
diameter and thickness as the transverse baffles (TEMA
R-4.3 and R-4.4). The designer can select any suitable

Tube side Shell side

Number of nozzles
Nozzle label
Inlet/outlet
Nozzle nominal size, mm
P = design pressure, kPa
R = corroded inside radius of mating shell or head, mm
S = maximum allowable stress, MPa
E = joint efficiency (assumed)
c = corrosion allowance, mm
t + corrosion allowance, mm
Standard wall thickness, mm
Standard wall thickness X 0.875 + corrosion allowance, mm
Minimum allowable thickness, mm
tan = pipe nominal thickness, mm
Pipe schedule
Nozzle outside diameter, mm

1 1 1 2
Tl T2 Sl S2 and S3
Inlet Outlet Inlet Outlet
305 305 203 152
500 500 2 000 2 000
320.5 320.5 320.5 320.5
121 121 121 121

1.0 1.0 1.0 1.0
3 3 3 3
4.33 4.33 8.31 8.31
9.53 9.53 8.18 7.11

11.34 11.34 10.15 9.22
4.33 4.33 8.31 8.31
6.35 6.35 10.31 10.97

20 20 60 80
323.85 323.85 219.07 168.27
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4.3.6-18 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type  AJS

SEE
FOR
REIN

ASME  UG- 40
LIMITS OF
FORCEMENT

I-= d or l?,*t,  l t dor t?,,*tn*t
1

USE LARGER VALUE USE LARGER VALUE

(a)

NOZZLE

SHELL OR FILLET WELD
CHANNEL

GROOVE WELD

(b)

Figure 5 Nozzles-boundary limits of reinforcement. (a) With reinforcing element. A, A,, A,, A,, same as without rein-
forcing element. With a reinforcing element, 2.5t, is measured from the top surface of the reinforcing element. A, be-
comes the smaller of (tn - r,)5r or (tn - t&(2.5?, + t,)2. Area of reinforcing element = (Dn - d - 2t,)t, = A,. If
A, + A, + A, + A, + A, > A opening is adequately reinforced. If S, < S, multiply A,, A,, and A, (at nozzle) by Sri/S.
Without reinforcing element:

q =A =dtrF

= (E, t - Ftr)(d - R,)2  = (E, t - Ft,)d

or

Area of reinforcement required.

t

Larger value is area of shell
available for reinforcement.

= (E, t - Ft,)(Rn + t, + t -R,)2 = (E, t - Ft,)(t,  + t)2

RI= )

= (tn - trn)2.St  x 2 = (tn -t&St Smaller value is area of

A* or nozzle wall available for

= (tn - t,)2.5r,  x 2 = (tn - t,,)5t, reinforcement.

= A , = (tn - c)h X 2 = (tn  - c)2h [The nozzle projection will
not corrode back of any attaching fillet, hence the term
(tn -c) is slightly conservative.]

A =A, = area of welds

If A, + A, + A, + A, > A, opening is adequately reinforced. If A, + A, + A, + A, <A, the difference must be sup-
plied by reinforcing element or otherwise. (From ASME Boiler and Pressure Vessel Code.)

(b) View of acceptable type of welded nozzle without reinforcing element.
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4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS

Table 10 Summary of nozzle reinforcement calculations

Tube side Shell side

4.3.6-19

Number of nozzles
Nozzle label
Inlet/outlet
P = design pressure, kPa
R = mating vessel inside radius, mm
S = vessel allowable stress, MPa
E, E, , F (dimensionless)
tr = thickness of a seamless vessel, mm
t = nominal thickness of vessel wall, mm
R, = nozzle inside radius, mm
S, = nozzle allowable stress, MPa
t,.,, = thickness of a seamless nozzle, mm
tn = nominal thickness of nozzle wall, mm
Nozzle to vessel, weld:
tmin = weld dimension, mm
t, = fillet throat, mm
Fillet leg = QO.707 1, mm
Nozzle to reinforcing element, weld:
t, = fillet throat = 0.7tmin,  mm
Fillet leg = t,/0.707  1, mm
Reinforcing element to vessel, weld:
Fillet throat = O.St,in,  mm
Fillet leg = fillet throat/O.707  1, mm
d = nozzle inside diameter, mm
A = required reinforcement area, mm*
A, = available shell reinforcement, mm�
A, = available nozzle reinforcement, mm2
A, = available nozzle protrusion reinforcement, mm2
A, = area of welds, mm*
Reinforcing element required?
Dp = element outside diameter, mm
Element inside diameter, mm
te = element thickness, mm
A, = element area, mm�
Total reinforcement area (A, + A, + A, + AS),  mm2

1 1 1 2
Tl T2 Sl S2 and S3
Inlet Outlet Inlet Outlet

500 500 2 000 2 000
320.5 320.5 320.5 320.5
121 121 121 121

1.0 1.0 1.0 1.0
1.33 1.33 5.36 5.36
7 7 7 7

159.36 159.36 103.51 77.53
103 103 103 103

0.78 0.78 2.03 1.52
2.56 2.56 6.02 6.6

2.56 2.56
1.79 1.79
2.53 2.53

- -

318.73 318.73
423.91 423.91

1 807.20 1 807.20
19.39 19.39

0.0 0.0
5.45 5.45

No No
- -

-
-
1 832

-
-

-
1 832

-
-
-
tmin  = 6.02

4.21
6

tmin = 7
3.5
5 5

207.03 155.07
1109.68 831.19

339.53 254.3 1
118.88 151.35

0.0 0.0
55.64 61.29

Yes Yes
320 270
222 171

10 10
1 009.3 1017.3
1 523 1484

-

-
tmin = 6.6

4.62
6.53

tmin = 7
3.5

contour. The maximum unsupported tube length is
defined in TEMA R4.52. There will be one support
plate 631 mm diameter X 5 mm thick for this ex-
ample.

(d) Tie rods and spacers

Tie rods and spacers are used to retain all the transverse
baffles and support plates in position. One end of the
rods screws into the tubesheet and a nut is tightened
against the last baffle or support plate at the other end.
Spacers are dummy tubes that fit over the tie rods be-
tween the baffles to retain the required baffle spacing.
TEMA R-4.71  gives suggested tie rod count and diame-
ter; the minimum is four tie rods X 9.5 mm diameter.
For this example, six tie rods, screwed Ml0 X 3 840 mm
long, will be used.

(e) Sealing strips

The thermal designer may specify sealing strips to pre-
vent excessive fluid bypassing around the outside of the
tube bundle. There are no design constraints placed on
these by TEMA, but the material should be compatible
with the shell-side fluid.

(f) Impingement baffles and erosion
protection

Impingement plates are sometimes necessary to avoid
erosion of the tubes at the shell inlet. The impingement
plates may be tack-welded in position; they should have
a minimum diameter equal to the inlet nozzle outside
diameter. The rules for impingement plates are given in
TEMA R-4.6.
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4.3620 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS

Table 11 Summary of flange dimension@

Flange no. (see Fig. 6) 1 2 3 4 5 6 7

Outside diameter 804 110 110 852 852 708 708
Inside diameter 660 660 635 635 718 593 599
Hub length None None 33 33 None None None
Effective thickness 41 62 55 15 80 57 19
Recess or raised face diameter 728 698 698 779 727 628 628
Recess or raised face depth 10 5 5 5 5 5 5
Flange length 5-l 67 93 113 85 65 84
Hub maximum thickness None None 16 16 None None None
Gasket OD 128 695 695 716 116 625 None
Gasket ID 684 651 651 730 130 599 None
Bolt BCD 762 728 128 810 810 660 660
Number of bolt holes 28 28 28 32 32 24 24
Bolt hole diameter 24 24 24 24 24 24 24

aAll  dimensions are in millimeters. Poisson�s ratio = 0.30 for all flanges.

(g) Saddle supports

Neither ASME or TEMA gives a design method for
saddle supports. See Sec. 4.3.2H.

K. Engineering drawings

Before the manufacture of a heat exchanger may com-
mence, the purchaser is given a preliminary arrangement

Table 12 Summary of main dimensions�

drawing for approval. When agreement has been reached
between the purchaser and supplier, a set of detail
drawings (for both fabrication and machining) are com-
pleted. A final general arrangement drawing is also re-
quired, giving the position of the nozzles and the overall
dimensions.

The main dimensions required for the drawings are
given in Tables 11 and 12. A sectional view of the heat
exchanger is given in Fig. 6.

Component Inside diameter Outside diameter Thickness Length

Front head cover
Front head barrel
Shell barrel
Shell cover skirt
Shell cover dish
Tubes, 468 off
Shell  nozzle S 1
Shell nozzle S2
Shell nozzle S3
Channel nozzle T 1
Channel nozzle T2
Stationary tubesheet
Floating tubesheet
Baffles, 9 off
Support plate, 1 off
Tie rods, 6 off
Cover bolts

Front, 28 off
Shell bolts

Front, 28 off
Rear, 32 off

Floating-head bolts, 24 off

635.0
635.0
718.0
718.0

16.9
198.5
146.3
146.3
311.1
311.1

804.0
655.0
655.0
740.0
740.0

19.0
219.1
168.3
168.3
323.8
323.8
695
625
631
631

Ml0

M20 150

M20 175
M20 210
M20 240

48.0
10.0
10.0
11.0
11.0

2.1
10.3
11.0
11.0
6.4
6.4

54.0
54.0

5.0
5.0

640
3625

235
240

4 0 6 0
180
180
180
180
180

3 840

�rAll  dimensions are in millimeters. All bolts are metric thread.

0 1983 Hemisphere 1

cc

lblishing  Corporation

kl



4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS 4.3.6-21

f
600

t
600

\ Tl
450

+!I?
NOZZLE ORIENTATION

VIEWED FROM STATIONARY END

51 4s"

J

N U M B E R S  S H O W N  T H U S 0 A R E  F L A N G E

T2 t I D E N T I F I C A T I O N  N U M B E R S

s2 S E E  T A B L E  4-3-6(11)  F O R  D E T A I L S  O F  F L A N G E S

Figure 6 Sectional view of heat exchanger.

NOMENCLATURE FOR SECTION 4.3.6

The nomenclature is in two parts. Part 1 is for all sec-
tions except for nozzles (thickness) and reinforcements
and Part 2 is for nozzles (thickness) and reinforcements
only.

Part 1

A outside diameter of flange. For the floating-head
cover flange, the corroded outside diameter, mm

Ab actual total cross-sectional area of bolts at root
of thread, mm2

A ch factor A from ASME  materials charts for com-
ponents subjected to external pressure

&I total required cross-sectional area of bolts, taken
as the greater of A,,, 1 and Am2,  mm2

A ml total cross-sectional area of bolts at root of
thread, required for operating conditions
(= wml/sb)7mm2

A m2 total cross-sectional area of bolts at root of
thread, required for gasket seating (= Wma/&),
mm2

B inside diameter of flange, corroded, mm
B ch factor B from ASME materials charts for com-

ponents subjected to external pressure, Wa
b effective gasket seating width, mm

bo basic gasket seating width, mm

0 1983 Hemisphere Publishing Corporation
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4.3.6-22 4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS

C
GV
cat
cc

D

DL
d

db
do
E

Eb

e
F

f
G
go
g1

H

HD

Ht?

HG

HP

4

HT
h

b

hG

h o

4
hT

J

K
L

Ld

L,

Lt

M

bolt-circle diameter, mm
corrosion allowance, shell side, mm
corrosion allowance, tube side, mm
a factor used in the calculation of the channel
cover
Taylor-Forge bolt spacing correction factor, ap-
plied only when CF > 1
inside diameter, mm
equivalent diameter of outer tube circle, mm
a flange shape constant, mm3
bolt diameter, mm
tube outside diameter, mm
weld joint efficiency
radial distance from bolt axis to flange outer
edge, mm
a flange shape constant, mm-�
a flange factor, or dimension required for calcula-
tion of floating-head cover flange, mm; or factor
required for calculation of tubesheet thickness,
as defined in the text
hub stress correction factor
diameter at location of gasket reaction, mm
thickness of hub at small end (corroded), mm
thickness of hub at back of flange (corroded),
mm
total hydrostatic end force, N
hydrostatic end force on area inside of flange, N
total hydrostatic end force due to external pres-
sure, N
gasket load, N
total joint-contact compression load, N
radial component of the load at the intersection
of the flange ring with the center line of the
dished cover thickness, N
difference between H and Ho, N
hub length, mm
radial distance from the bolt circle to the circle
on which HD acts, mm
radial distance from gasket load reaction to the
bolt circle, mm
a factor (= a), mm
lever arm in floating-head dished end, mm
radial distance from the bolt circle to the circle
on which HT acts, mm
component required for the calculation of
floating-head cover flange thickness, mm2
flange shape constant (= A/B)
floating-head internal radius (corroded), mm
floating-head internal radius (uncorroded), mm
one-half of the ellipsoidal inside diameter (cor-
roded), mm
approximate length of tubes between tubesheets,

&y/B) X IO3 or (MO/B) X lo3 in flange calcula-
tions, N

Mfl

MD

MG

Mo

4

MT
m

N
Nmin
P
pil

PS
pt
P
R

Rv

S

Sb

Sfo

&I
SR

ST
T

Tfhd

t

tFb

‘Fd

tr.

u

V
W
Wml

Wm2

xt
Y

Y
Yf
Z

;

Y

flange moment for gasket seating, N m
flange moment (= HDhD),  N m
flange moment (= HchG),  N m
flange moment for operating conditions, N m
flange moment (= H,.h,), N m
flange moment  (= HThT),  N m
gasket compression factor
gasket width, used to determine b,, mm
minimum gasket width (calculated), mm
design pressure, kPa
allowable pressure for vessels subjected to ex-
ternal pressure, kPa
shell-side design pressure, kPa
tube-side design pressure, kPa
tube pitch, mm
radial distance from bolt circle to point of inter-
section of hub and back of flange, mm
inside radius of vessel (corroded) or tubes uncor-
roded, mm
allowable material stress at design temperature,
MPa
allowable bolt stress at atmospheric temperature,
MPa
allowable bolt stress at operating temperature,
MPa
allowable stress in the flange material at atmo-
spheric temperature, MPa
allowable stress in the flange material at operat-
ing temperature, MPa
calculated longitudinal stress in the flange, MPa
calculated radial stress in the flange, MPa
calculated tangential stress in the flange, MPa
a flange factor
thickness of floating-head cover dish (uncor-
roded), mm
effective thickness, mm
effective thickness of floating-head backing de-
vice, mm
thickness of floating-head cover dish (corroded),
mm
lap thickness, mm
a flange factor
a flange factor
flange design bolt load for gasket seating, N
minimum required bolt load for operating con-
ditions, N
minimum required bolt load for gasket seating, N
horizontal coordinate of innermost tube, mm
a flange factor
gasket minimum design seating stress, MPa
vertical coordinate of innermost tube, mm
a flange factor
function of flange factors
function of flange factors
function of flange factors

0 1983 Hemisphere Publisbing Corporation



4.3 SHELL-AND-TUBE DESIGN CODES / 4.3.6 TEMA Type AJS 4.3 x-i-23

6 function of flange factors

;I
function of flange factors
angle formed by the tangent at the intersection
of the floating-head cover flange and dish, deg

Part 2

A

AI

A2

-43

-44

A5

;
dP

E

El

total cross-sectional area of reinforcement re-
quired, mm2
area of reinforcement available in the shell or
channel wall, mm2
area of reinforcement available in the nozzle
wall, mm2
area available for reinforcement when the nozzle
wall extends inside the vessel wall, mm2
cross-sectional area of welds available for rem-
forcement, mm2
cross-sectional area of material added as rein-
forcement, mm2
corrosion allowance, mm
outside diameter of reinforcing element, mm
diameter of the opening (in the shell or channel)
in its corroded condition, mm
weld joint efficiency
efficiency dependent on type of weld joint (if
any) through which the nozzle passes

F

h

P
R

&
S

t

tc
te
tmin

42

tr
trn
tw

a correction factor that compensates for the vari-
ations in pressure stresses on different planes
with respect to the axis of a vessel
distance nozzle projects beyond the inner or
outer surface of the vessel wall, before corrosion
allowance is added, mm
design pressure, Wa
inside radius of shell or channel (corroded condi-
tion), mm
inside radius of nozzle (corroded condition), mm
allowable stress value of vessel under considera-
tion , MPa
allowable stress value of nozzle under considera-
tion , MPa
nominal thickness of vessel wall (corroded condi-
tion), mm
nominal thickness of nozzle wall uncorroded,
mm
weld dimension (see Fig. 5), mm
thickness or height of reinforcing element, mm
weld dimension, mm
nominal thickness of nozzle wall (corroded con-
dition), mm
required thickness of a seamless shell, mm
required thickness of a seamless nozzle wall, mm
fillet throat, mm
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4.4 MECHANICAL DESIGN 4.4.1-1

4.4.1
Mechanical design of air-cooled

heat exchangers

K. V. Shipes

A. Introduction

Air-cooled heat exchangers represent a growing segment
of equipment being applied in the heat transfer field.
It is quite common, these days, for air-cooled heat
exchangers to handle more than half the heat dissipa-
tion load in a refinery or petrochemical plant. This
rapid growth has occurred because of certain advantages
inherent in air-cooled heat exchangers as compared to
shell-and-tube or other types of heat exchangers. Some
of the advantages are the following:

1. The heat exchangers can be located at any point
within a refinery, thus eliminating long pipe runs for
either the process fluid or the cooling water.

2. Scale buildup on the cooling water side of a
shell-and-tube heat exchanger is eliminated, as well as
the related shutdowns for cleaning.

3. Cooling tower water treatment and disposal of
resulting waste water is eliminated.

4. The overall cost of dissipating heat by this
means is generally less than by other methods for fluid
streams above 66°C (150OF).

B. Types of air-cooled heat exchangers

The primary distinction in classifying this type of
equipment is based on whether the fan is upstream from
the finned-tube bundle (forced draft) or downstream
(induced draft).

One could also classify air coolers regarding the
position of the finned-tube bundles. Although most
bundles are in the horizontal plane, or nearly so, there

are some large installations in which the bundles are
in the vertical plane. Also, there are some large installa-
tions in which the bundles are sloped 30-45�  from ver-
tical. These are usually called A frame or V frame,
depending on their orientation.

A further distinction may be made regarding the
means by which air is caused to flow through the tube
bundles. Although axial flow fans are used in the
majority of cases, other means used are centrifugal
blowers and natural draft towers. One must have a fairly
large amount of heat to be dissipated to justify the large
and tall towers used in this latter case. Therefore, one
rarely sees such a tower except at an electrical power
station, where they are applied to both exposed water
cooling as well as condensing steam within finned tubes
or cooling water within tinned tubes.

Another distinction may be made regarding the ex-
tent of accessories for purposes of freeze protection or
temperature control. Following are accessories or
related equipment that are commonly used:

1. Variable-pitch fans. These may be used not only
to vary the airflow, but also to reverse the direction of
air flow if required.

2. Air recirculation ducts. Enclosing walls and
louvers are used to cause any desired fraction of the air
flowing through the bundle to return to its original
path and pass through the bundle again. Thus, with
proper mixing, one can control the air temperature to
the bundle, regardless of how cold the inlet air tempera-
ture may be. This is especially important on highly
viscous fluids as well as easily frozen fluids.

3. Louvers. These may be used to control the air
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4.4.1-2 4.4 MECHANICAL DESIGN / 4.4.1 Air-Cooled Heat Exchangers

flow through the tube bundle as well as to close off air-
flow completely for shutdown or start-up.

4. Temperature sensors, controllers, and related
control elements. There are several important tempera-
tures that may be measured and that may play a part
in controlling the components of an air-cooled heat
exchanger. For instance, one will usually measure the
exit fluid temperature. Also, the air temperature to the
bundle may be measured, as well as the ambient tem-
perature. Occasionally, it is desirable to measure the
tube wall temperature at certain points within the
bundle.

There are cases in which a more rapid response to
changing conditions can be realized by sensing the fluid
pressure at some point along the flow path, rather than
the temperature.

5. Two-speed motors. There are certain situations
that permit the use of two-speed motors to achieve sys-
tem temperature control. Since the airflow (and heat
removal) are varied in discrete steps, the system must
be able to tolerate the outlet temperature variations
that result. Also, when multiple bays are involved, one
must be sure that no harmful effects are caused by one
bay discharging fluid that is cooler than the average,
while another bay discharges fluid that is hotter than
the average.

C. Nomenclature

The most widely used specification in this field is API
661, Air Cooled Heat Exchangers for General Refinery
Service [l] , which has become available in a second
edition (January 1978). The following figures are from
this second edition:

Figure 1 shows the major components of an air-
cooled heat exchanger, whether forced draft or induced
draft. Figure 2 shows a typical plug header, which
header type accounts for more than 85% of all headers
built for air-cooled heat exchangers. Figure 3 shows
both removable-cover-plate headers and removable-
bonnet headers. These headers are used when a particu-
larly troublesome fluid is being cooled, so that one can
obtain better access to the tubes and the interior of
the header. Highly viscous fluids and highly corrosive
fluids are two cases that often call for such headers.
Comparing the use of these two types, one rarely sees
the removable-bonnet type header, whereas the
removable-cover-plate header is used far more often.
The reason for this is that the former requires discon-
necting from the piping before removal, whereas the
latter does not.

Figure 4 shows some typical bay arrangements.
The width of a bay is equal to or slightly greater than
one fan diameter. A single bay will normally have two

byy?f--+Q

(a) Forced draft

0

0

(b) Induced draft

1. Tube bundle 6. Fan
2. Header 7. Fan ring
3. Nozzle 8. Fan deck
4. Supporting column 9. Drive assembly
5. Plenum

Figure 1 Typical components of an air-cooled heat exchanger.

fans, but occasionally will have only one, and very rarely
will have three. Also, a single bay will usually have either
one or two bundles, but may have four or more. Bays
having only one bundle have recently become more
common, as equipment capable of handling large loads
has become more available. Figure 5 shows some typical
drive arrangements. As the proportion of air-cooled heat
exchangers has increased, compared with other types,
it is quite common to see a row of 10 or 15 of these
units placed on a pipe rack, lo-15 m (33-49 ft) above
grade. This type of installation favors the suspended
drives (E and F), which are by far the most popular
design at present. One sees comparatively few of the
drive systems nowadays, which require a separate base
or foundation for the motor, fan, and drive components.

D. Components

(a) Finned tubes

The principle of cooling various fluid streams with air
would not be economically practical if it were not for
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4.4 MECHANICAL DESIGN / 4.4.1 Air-Cooled Heat Exchangers 4.4.1-3

View “A-A”

1. Tubesheet 9. Nozzle
2. Plug sheet 10. Side frame
3. Top and bottom plates 11. Tube spacer
4. End plates 12. Tube support cross member
5. Tube 13. Tube keeper
6. Pass partition 14. Vent
7. Stiffener 15. Drain
8. Plug 16. Instrument connection

Figure 2 Typical construction of a tube bundle with plug headers.

the finned tube. The majority of finned tubes are com-
posed of tubes ranging from 19 mm (0.75 in) in diame-
ter to 51 mm (2.0 in) in diameter. The fins usually range
from 300 to 450 fins/m (7 to 11 fins/in). The fin heights
range from 6.0 to 19 mm (0.25 to 0.75 in). Approxi-
mately 80% of the finned tubes produced are 25.4 mm
(1 in) in diameter and have 350-450 fins/m of 16-mm
fin height (9-l 1 fins/in of 0.625~in  fin height). There
are a variety of factors that have led to this result.
One important factor is the ratio of external surface
to bare tube surface for a given tube.

Consider the following table, which shows the ratio
of external surface to bare tube surface for tube diame-
ters from 19 to 51 mm (0.75 to 2.00 in). These figures

are based on L-base fins, 400 fins/m, 16-mm fin height,
and 0.46-mm  fin stock (10 fins/in, 0.625-in  fin height,
and 0.018-in  fin stock). One can readily see that the
smaller tubes have higher fin ratios.

Tube diameter, mm (in) AdAb

19.0 (0.75) 23.591
25.4 (1.00) 20.976
31.8 (1.25) 19.408
38.1 (1.50) 18.363
50.8 (2.00) 17.058

One could, of course, simply increase fin height or fins

(a) Removable-cover-plate header (b) Removable-bonnet header

1. Tubesheet 8. Side frame 1. Tubesheet 8. Side frame
2. Removable cover plate 9. Tube spacer 2. Removable bonnet 9. Tube spacer
3. Top and bottom plate 10. Tube support cross member 3. Top and bottom plates 10. Tube support cross member
4. Tube 11. Tube keeper 4. Tube 11. Tube keeper
5. Pass partition 12. Vent 5. Pass partition 12. Vent
6. Gasket 13. Drain 6. Gasket 13. Drain
7. Nozzle 14. Instrument connection 7. Nozzle 14. Instrument connection

Figure  3 (a) Typical construction of tube bundles with removable-cover-plate headers. (b) Typical construction of tube
bundles with removable-bonnet headers.
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4.4.1-4 4.4 MECHANICAL DESIGN / 4.4.1 Air-Cooled Heat Exchangers

Tube bundle

‘\

One-bay unit Two-bay unit

Figure 4 Typical bay arrangements.

(a) Direct right-angle gear drive

006 5

(b) V-belt drive

1. Fan
2. Gear
3. Coupling
4. Bearing
5. Sheave

6. V belts
7. Motor
8. Fan ring
9. Base plate

10. Fan support

per meter to achieve any desired fin ratio. However,
such changes are not necessarily cost-effective because
of decreased fin efficiency and susceptibility to being
clogged with dirt.

Fins may be made from any of several materials.
Desirable materials should have high thermal conduc-
tivity, should be readily available at reasonable cost,
and must be able to withstand the stress and strain
involved in applying the material to a tube as a fin.
The most common material used is aluminum, which
accounts for more than 90% of the total used. Other
materials used are copper, steel, stainless steel, and
galvanized steel.

Finned tubes are manufactured in several ways. One
of the most widely used methods involves winding a
strip of fin stock spirally around a tube so that a fin
about 16 mm (0.625 in) high results. When such a fin
has an L shape to create a foot that encloses the tube
OD, it is called an L-base fin. A similar fm having two
layers of aluminum in the foot is called an overlapped
L-based fin. Another fin having no foot, but being
gripped in a groove in the tube OD, is called an em-
bedded fin. Fins are also made by making a multitude
of flat plates having one or more holes in them and

3

I I
I IL ----- J

(c) Direct motor drive

(d) Right-angle gear drive with fan support

1. Fan 5. Motor
2. Gear 6. Fan ring
3. Coupling 7. Base plate
4. Bearing 8. Fan support

(e) Suspended V-belt drive, motor shaft down

(f) Suspended V-belt drive, motor shaft up

1. Fan 5. Motor
2. Bearing 6. Fan ring
3. Sheave 7. Fan support
4. V belts

Figure 5 Typical drive arrangements.

o 1983 Hemisphere FWiahing Corporation

Mi



4.4 MECHANICAL DESIGN / 4.4.1 Air-Cooled Heat Exchangers 4.4.1-5

sliding them on the tubes. The tube may then be ex-
panded to cause tube-to-fin contact pressure. In one
case, such a fin is made of steel, slid on a tube, and is
then attached by zinc coating both fin and tube. Fins
are also made by sliding an aluminum sleeve over the
tube to be finned, and then forming fins from the sleeve
by passing the tube with sleeve through a series of form-
ing disks. Such a finned tube has a continuous sheath
of aluminum surrounding the tube to prevent entry of
moisture between fins.

Fins made of steel or stainless steel have a much
lower thermal conductivity than aluminum, but can
withstand much higher temperatures. Therefore, fins
made of steel or stainless steel are normally not used
unless tube wall temperatures in excess of 260°C
(500°F) are expected. Such fins are usually made of
thicker material (0.635-l .OO mm), and fewer fins per
meter are used. Also, they are usually attached to the
tube by resistance welding.

(b) Tube bundles

A tube bundle normally consists of a quantity of finned
(or bare) tubes attached to headers at each end. Several
types of headers are shown in Figs. 2 and 3. The tubes
are normally located on a triangular pitch that is equi-
lateral or isosceles. An in-line pitch gives a much lower
heat transfer rate, and is rarely used. The tubes are
supported by means of pitch spacers at intervals of
1.83 m (6 ft) or less along the tube length. Both headers
and tubes are held within a closely fured position by the
tube-bundle side frames, tube supports, header supports,
tube keepers, and tube-pitch spacers.

The headers serve to distribute the flow evenly,
and provide for the proper number of passes required
of the fluid flow. Also, thermal expansion may be ac-
commodated by placing multiple headers on one or both
ends. The variations of construction methods for build-
ing headers are almost infinite. There are low-pressure
cases where the supply duct serves as a header and the
tubesheet is part of the duct wall. Also, in high-pressure
cases, forged billets have been drilled longitudinally
and then cross-drilled at each tube and plug, to serve
as a header.

The number of rows of tubes in the direction of
airflow usually ranges from 3 to 6 rows for finned
tubes, but may range from 6 to 20 rows for bare tubes.

The optimum number of rows for a given case is
a function of a large number of variables, such as over-
all heat transfer rate, power costs (to move tir), in-
stalled cost of air-cooled heat exchanger surface, plot
plan limitations, and log mean temperature difference
(LMTD) for that case.

Several methods are used to attach tubes to headers.

The most common method is to roll the tube into holes
in the tubesheet. These holes usually have two grooves
3.18 mm (0.125 in) wide and 0.4 mm (0.016 in) deep,
which aid in resisting axial forces on the tube. Thermal
expansion and contraction are the primary cause of
these axial forces, although pressure and piping loads
may also be contributors. The severity of thermally
induced forces are commonly underestimated. Let us
assume that one tube in a row becomes plugged or
frozen up, while the adjacent tubes remain hot [at
93°C (200°F) tube wall temperature]. Assuming a tube
of carbon steel of 2.1-mm  (0.083-in)  wall, 25.4-mm
(1.00~in)  diameter, and an air temperature of 4°C
(39°F) to the row in question, this tube experiences a
tensile stress of 215 MPa (31 180 psi) due to thermal
forces. The tube end joints experience an axial force
of 3 384 kg (7 460 lb). Such a condition would prob-
ably cause this tube to begin leaking if it had rolled
joints. Tubes are also attached to the tubesheet by
welding. This welding may or may not be in conjunc-
tion with the tube rolling mentioned previously.

The finned tubes are held in position with respect
to each other by means of a variety of methods. The
supporting pieces or methods used are called �pitch
spacers� or �pitch-spacing methods.� The tubes nor-
mally are supported along their length at intervals not
exceeding 1.83 m (6 ft), and the pitch spacers are
located at these support points. One method used is
to attach an aluminum band around the fin OD so that
the fin tips are held apart by two thicknesses of the
band used. These bands range from 12.7 to 19.0 mm
wide (0.5 to 0.75 in). A second method is to attach two
halves of a square box shape around the finned tube so
that the sides of the box go between the fins and rest
on (and fit the curve of) the tube OD. An advantage
of this method is that the sides of the box carry the
load, instead of the fins. Another method is to cast a
metal ring around the tube so that this ring encloses
both tube and fin, and has an OD larger than the fin OD,
and is 12.7-19.0 mm wide (0.05-0.75 in). Thus, adja-
cent cast rings rest on each other, and all loads are trans-
mitted through these cast rings to the tube wall. Zinc
is most commonly used for these rings.

Another method is to form a strip of metal into an
S shape so that the top of the fins on a given row of
tubes fits into the concave surfaces on the lower side
of the metal strip, and the bottom of the fins on the
next higher row of tubes fits into the concave surfaces
on the upper side of the metal strip.

(c) Air-handling system

The vast majority of air-cooled heat exchangers rely
on axial-flow fans for air movement. There are some
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4.4.1-6 4.4 MECHANICAL DESIGN / 4.4.1 Air-Cooled Heat Exchangers

centrifugal blowers used on small units or where high
pressure drop across the finned tubes is required, but
these are rare exceptions. Also, natural draft towers are
used in a few large installations. However, the remarks
that follow pertain primarily to axial-flow fans and
related equipment. It is desirable to have at least two
fans serving each bay, so that if one fan fails, there is
still appreciable heat removal from the fluid stream
involved.

Fans normally range from 1.8 to 4.1 m in diame-
ter (7 to 16 ft) and may have from 3 to 10 blades.
However, four to six blades are more common. Fan
blades are made of cast aluminum, extruded aluminum,
aluminum sheet, fiberglass-reinforced plastic, and mild
steel. The range of pressure drops normally encountered
are from 7 to 15 mm (0.28 to 0.60 in) of water. Fan
tip speeds of 61 m/s (200 ft/s) have been accepted as a
safe upper limit, and the majority of fans were operated
at this speed until noise limits caused tip speed de-
creases. Thus, over the past 8-10 yr, an increasing num-
ber of units have been sold with slower fan speeds.
At this writing, the average speed probably falls between
46 and 51 m/s (151 and 167 ft/s), with occasional cases
as low as 25 m/s (82 ft/s). The emphasis on noise has
also led to fan blades of wider design, in order to achieve
a reasonable level of air flow at these low fan speeds.
Fan drive systems are primarily V belts, with gear
reducers accounting for less than 5% of the total. Elec-
tric motors account for more than 95% of the drivers
used, with the remainder composed of hydraulic motors
and steam turbines. It is desirable to have ready access
to the motor and V belts as well as lubrication points
for fan shaft bearings and motor bearings. V-belt ten-
sion should be checked at least four times per year.

Fan efficiency is influenced not only by the fan
blade shape, but by tip clearance, fan ring entry, and
exit contours (curves or angles), a sealed disk over the
center area of the fan, and proper application of the fan
to the particular task. API 661 [l] requires a tip clear-
ance no greater than 0.5% of the fan diameter, with
upper and lower limits of 19 mm (0.75 in) and 9.5 mm
(0.375 in).

When vibration problems occur on air-cooled heat
exchangers, one should not automatically assume that
the problem is due to fan imbalance, and can be cor-
rected by balancing the fan. Only if the fan is 1.83 m
(6 ft) in diameter or less is this likely. Usually, one is
dealing with fans from 3 m (10 ft) in diameter to 4.9 m
(16 ft) in diameter and fan speeds from 220 to 380 rpm.
More than 95% of these cases will be vibrating not at
fan rpm but at blade-pass frequency (fan rpm X number
of blades). Usually, vibration problems on these large
fans require some additional structural rigidity (sup-
porting the fan shaft bearings) or changing the frequency
of input forces (increasing rpm or number of blades).

(d) Structure

Air-cooled heat exchangers depend on an adequate
supply of unused (unheated) ambient air in order to
operate most effectively. Further, the usual installation
consists not of a single bay, but of anywhere from 5 to
50 bays, in a variety of sizes and located at several
different areas. Therefore, any given bay may be subject
to recirculating some fraction of air that has already
been heated by itself or by adjacent units. Therefore,
it is desirable to plan the location of the units to mini-
mize this risk.

The most important factor in accomplishing this
is to elevate all units so that natural air movement can
occur beneath the units. Many plants make use of pipe
racks as a base on which to place the an-cooled heat
exchangers, thus achieving 9-12 m (30-40 ft) of addi-
tional elevation of the equipment.

The structural components must be adequate to
support the tube bundle, plenum, fan ring, and air-
handling package under a variety of conditions. These
conditions will be discussed more fully in a later section.

(e) Accessories

There are many items that can be added to an air-cooled
heat exchanger to modify its operation or increase its
ability to perform under extreme conditions. Louvers
are a very common item, and are often used to control
the air quantity passing through the unit. Variable-pitch
fans are used for the same purpose, and also are used in
some cases to reverse the direction of airflow. Recircula-
tion ducts, composed of added panels and louvers, are
often used to permit units to operate in colder weather
than could otherwise be permitted. Temperature sensors
are used to measure fluid temperature, air temperature,
and even tube wall temperature. Controllers and various
logic components are used to control the function
of all the items named above to achieve specific goals.
Steam coils may be used to ensure that equipment is
heated above a certain temperature while the equipment
is shut down, or they may be used to elevate the tem-
perature of equipment to a safe level before introducing
a fluid stream.

Normally, the goals are to enable heat removal to
continue over a wide range of ambient temperature,
and to do so without interrupting the fluid flow or
freezing up the equipment. Further, it is often neces-
sary to cool fluids with high pour points, which requires
that the inlet air temperature be maintained within
narrow limits.

E. Structural design factors

The governing specification for the design, fabrication,
and erection of this type of equipment is the AISC
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4.4 MECHANICAL DESIGN / 4.4.1 Air-Cooled Heat Exchangers 4.4.1-7

Code of Standard Practice for Steel Buildings and
Bridges [2]. The forces that must be considered are
as follows:

1. Dead loads. This includes the basic unit plus
fluid plus fireproofing.

2. Live loads. This includes both people and equip-
ment. Floor plates must be capable of supporting 4.79
kPa (100 lb/ft2). Ladders and treads must be capable
of supporting a moving concentrated load of 227 kg
(500 lb).

3. Thermal forces. These include thermal expansion
and contraction of the tube bundle parts as well as all
connecting piping.

4. Wind loads.
5. Earthquake forces. This normally requires that

the equipment be designed according to the Uniform
Building Code [3],  or ANSI A58.1.1972, Building Code
Requirements for Minimum Design Loads in Buildings
and Other Structures [4].

6. Dynamic forces, such as are caused by mounting
equipment on a moving base, such as a ship.

7. Loading combinations. There are several areas
where minimum metal thicknesses have been specified
by API 661 [l] . For instance, plenum panels must be
at least 1.9 mm (0.075 in) (flat) and 1.5 mm (0.060 in)
(ribbed). Also, fan decks must be at least 2.7 mm
(0.106 in). Floor plates must have a raised pattern and
a minimum thickness of 6.4 mm (0.250 in).

F. Designs for cold climates and viscous fluids

Air-cooled heat exchangers are designed to perform at
ambient temperatures ranging from 54 to -51°C (129

to -60°F). There are several areas where the ambient
temperature ranges from a high of 32�C  (90�F)  to a
low of -51°C  (-60°F). The negative aspect of high
ambient temperature is an increase in cost to cool a
given fluid stream. However, low ambient tempera-
tures cause freezing of some fluids, which leads to
ruptures, shutdowns, and similar equipment failures.

There are several methods used to prevent these
problems from happening. One method used quite
extensively is to provide a return path for approxi-
mately 50% of the exit (heated) air and to mix this
heated air with incoming cold air to achieve a safe and
controlled inlet air temperature. It is impractical to
apply this method to induced draft units, since the unit
must have plenums both above and below the coil,
plus louver control of both exit air and bypass air.

Another method is to cause one fan of each bay
to pump air in an opposite direction from normal, and
cause the intake air on at least one side of the tube
bundle to be heated to some degree. A third method,
applied only to multipass units, is to cause all fans to
pump air in an opposite direction from normal, which
gives cocurrent  operation. There are also cases where
simply controlling the air flow is adequate.

The condensation of steam at pressures below at-
mosphere is done on a large scale at many power plants
using air-cooled steam condensers. Depending on the
particular conditions of a given case, several of the
previously mentioned methods are used to prevent
freezing. Also, there are several proprietary methods,
which reduce or avoid the extensive recirculation of
hot air.

REFERENCES FOR SECTION 4.4.1

1. API Standard 661, Air Cooled Heat Exchangers for General Refinery Services, 2nd ed., American Petroleum Institute, Washington,
D.C., January 1978.

2. Code of Standard Practice for Steel Buildings and Bridges, adopted effective October 1, 1972, American Institute of Steel Construc-
tion, Inc., Chicago, IL.

3. International Conferences of Building Officials, Uniform Building Code, 1976 edition.
4. ANSI A58.1.1972,  Building Code Requirements for Minimum Design Loads in Buildings and Other Structures, American National

Standards Institute, New York, N.Y.
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4.4 MECHANICAL DESIGN 4.4.2-l

4.4.2
Mechanical design of plate

heat exchangers

J. Dennis Usher

A. General description

A plate heat exchanger (PHE) consists of a pack of
rectangular pressed plates, suspended vertically, and
clamped together in a frame by tie bars or screws.
The plates are corrugated to increase strength and to
improve heat transfer, and are fitted with peripheral
sealing gaskets. Four corner ports, which communi-
cate with appropriate connections mounted on the
frame, are arranged so that the two liquids flow through
alternate passages between adjacent plates, usually in
countercurrent flow, with heat transfer taking place
across the plate surfaces.

Because the pressings are exceedingly complex,
expensive tools are required for their production. Un-
like shell-and-tube units, plates are produced in a limited
number of standard sizes and are never custom made
to individual requirements. However, the flexibility of
their arrangement enables any particularly duty to be
easily handled by the correct selection of standard
components.

B. Plate construction features

Plates that are normally pressed in light-gauge corrosion-
resistant materials (varying in thickness from 0.6 to
1.0 mm) generally embody the following features, as
shown in Fig. 1:

The permission of the Alfa-Lava1 Co. Ltd. to reproduce
Figs. 2 and 8, and of the APV Co. Ltd. to reproduce Figs. 3 and
9 is gratefully acknowledged.

Figure 1 Diagram of heat exchanger plate.

1. Two flow ports P,, which provide the inlet and
outlet for one process liquid to one interplate passage,
and two transfer ports P,, which introduce the other
process liquid to the adjacent passage
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4.4.2-2 4.4 MECHANICAL DESIGN / 4.4.2 Plate Heat Exchangers

2. A rectangular corrugated area H, over which the
main heat transfer takes place

3. End heat transfer zones D, approximately tri-
angular in shape, which distribute the liquid from the
ports PF to the area H

4. Port leakage areas L, between the transfer port
P, and the area H, which are vented to atmosphere
through grooves V so that direct leakage cannot take
place between the two process liquids

5. End guides E, which suspend and locate the
plates in the frame

6. A gasket G, normally elastomeric, which is
cemented into a suitably shaped groove, and which seals
both peripherally and around the transfer ports

The ports may be arranged in two ways. Vertical
flow takes place between ports located on the same side
of the plate (Fig. 2). This means that only one form of
plate is required, as the inversion of alternate plates
reverses the flow and transfer ports and gives the re-
quired flow pattern, thus simplifying manufacturing
and stocking problems. Diagonal flow between opposite
comers (Fig. 3) gives a different flow distribution
pattern down the heat transfer surface, but when in-
verted the plate has exactly the same port arrangement.
To avoid this, two different forms of plate are required,
a �left hand� and a �right hand,� in which one is the

Figure 2 Vertical flow plate with chevron troughs.

Figure 3 Diagonal flow plate with intermating troughs.

mirror image of the other, and this involves additional
tooling. In the interests of cost and standardization,
most modem plates will be found to be of the vertical
flow type.

C. Plate arrangements

Plates are assembled in the appropriate number and
arrangement to conform to the required duty. Figure 4
shows the flow pattern of a two-pass system with two
passages for each liquid in each pass. This indicates how
the pass size and change of flow direction at the end of
each pass is governed by leaving the appropriate plate
port Q unblanked. If there are N active plates, there
will be N + 1 total flow passages, with an additional
plate at each end to contain the outer flow passages.

When multiple duties are required in a single ma-
chine, a number of individual heating or cooling sec-
tions can be provided by the use of connector plates,
as shown in Fig. 5. These consist of a grid fitted with
four corner bosses B, by which service fluids can be
connected to the plate pack at intermediate points.
By this means complex duties such as those involving
recuperation, heating, and cooling can be incorporated
in one frame.
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Figure 4 Two-pass/two-pass plate arrangement.

D. Plate design features

(a) Corrugations

Apart from the problems of thermal performance, PHEs
may have to withstand pressures of 2 000 kN/m2  or
more which, besides involving gasket sealing problems,
can result in a considerable differential load across the
plate if applied to one liquid only. Therefore the cor-
rugations, whose section is determined largely by the
required thermal characteristics, must also be designed
so that the correct flow gap is maintained between the
plates under conditions of maximum differential pres-
sure. The strength of the corrugations depends on the
following:

The load at the contact points between the corruga-
tions of two adjacent plates

The stress and deflection in the corrugations them-
selves

The properties of the materials from which the plate
is to be pressed, including the effect of temperature on
strength, where relevant

ILLOWER CONNEl

The thickness of the plate blanks, which is an im-
portant factor in cost

The two basic types of corrugations are as follows:

1. Chevron or herringbone, which are pressed
obliquely across the plate to the same depth as the plate
spacing as shown in Fig. 2. The angle of obliquity fi is
reversed on adjacent plates so that when assembled,
the corrugations cross and provide a large number of
contact points X, which maintain the plate spacing
(see Fig. Q) and give both rigid support and mechani-
cal strength. This enables high operating pressures to
be obtained in relatively light gauges so that this type
is particularly suitable for production in expensive
materials. The comparatively shallow depth facilitates
pressing, and these points together with its adaptability
to thermal mixing (see Sec. 3.6.11) makes the chevron
trough the most common type in current use.

2. The intermating or washboard type shown in
Fig. 3 has transverse corrugations deeper than the plate
spacing. These corrugations align with those on the
adjacent plate, the plate spacing being maintained by
dimples D pressed into the crests and troughs of the

DR PLATE

Figure 5 Use of a connector plate for multisection duties.

HEAD
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4.4 MECHANICAL DESIGN / 4.4.2 Plate Heat Exchangers

(b)

Figure 6 Chevron and intermating troughs.

corrugations to provide contact with those on adjacent
plates (see Fig. 6b). With fewer contact points and
greater depth than the chevron design, the intermating
plate calls for heavier gauges and has lower operating
pressures, although it is slightly less prone to blockage
by large solid particles.

The thermal and hydraulic characteristics of these
corrugations are discussed in Part 3 of this handbook.

(b) Pressure sealing and plate support

Apart from the corrugations, it is important that no
unsupported areas in other parts of the plate be large
enough to suffer serious deflection as a result of differ-
ential pressure. Particular attention must be paid to
gasket support, where any local deflection of the plate
will reduce the gasket load and therefore its sealing
properties. The most sensitive areas, as shown in Fig. 1,
are the two lengths of gasket A in the port leakage
area, as they are completely unsupported by the port
entry grooves B of the adjacent plate. Sometimes sup-
port is provided by welding reinforcing castellations C
in the grooves themselves, as shown in the transverse
section illustrated in Fig. 7a, but it is more usual to
press convolutions F in the adjacent areas and around
the port periphery as shown in Fig. 2. These are stag-
gered on adjacent plates so that when the plates are
compressed together they contact one another and
thereby withstand the gasket load. Figure 7b shows a

0 1983 Hemisphere F

typical section through three plates across the gasket
groove in this area, and it indicates how the convolutions
F support the flow space B and at the same time main-
tain the sealing load on the gasket A. Staggered convolu-
tions are also normally pressed along the outside edge of
the plate to support the peripheral gasket groove (see
Fig. 2).

Frames and connector plates that withstand the
plate load must likewise give adequate support in any
areas of mutual contact.

(c) &blanked  ports

In a plate pack, the majority of plates have all four
comer ports removed by a blanking operation, thus
providing open ports for through flow. However, the
end of a pass is marked by not removing the comer
port, and such unblanked ports are thus subject to a
differential pressure of twice the pressure drop down
the pass. Above a certain port diameter some form of
strengthening is required, which can take the form of
pressed ribs or on larger plates separate disks of in-
creased thickness welded to the port blank.

E. Gasket design and properties

(a) Gasket sections

The gasket section must give a good fit in the gasket
groove and normally possesses a peaked profile. It
is designed to give approximately 20-30%  deforma-
tion of its uncompressed thickness, and this is sufficient
to ensure a unit load high enough to overcome the
internal leakage pressure without leading to local plate
distortion.

‘A

(b)

X  i n d i c a t e s  d i r e c t i o n  o f  f l o w

Figure 7 Methods of plate support.
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4.4 MECHANICAL DESIGN / 4.4.2 Plate Heat Exchangers 4.4.2-S

Table 1 Compression set for typi-

cal rubbers at 142°C
F. Pressability and materials

Medium nitrile:

Fluorocarbon:

10% after 24 h
40% after 15 d
3-5% after 24 h
8-10% after 15 d

(b) Mechanical properties

Mechanical properties are adversely affected by tem-
perature, and in all cases the magnitude of the change
attributable to thermal deterioration, as a function of
time, must be minimal. The important considerations
are the following:

Any plate must be designed to be pressed in the en-
tire range of materials and thicknesses considered
necessary for  i ts  market  potent ial ,  and all profiles
and sections (e.g., corrugations, support convolutions,
gasket grooves) must avoid undue strain. Corruga-
tions in the heat transfer area are normally based on
ratios of developed/projected areas varying from 1.3
in the thicker gauges (i.e., 1 .O mm) down to 1 .I5 in the
lighter gauges (i.e., 0.6 mm), whereas the pitch/depth
ratios of chevron troughs normally lie between 3 and 4.

1. Compression set, defined as the permanent de-
formation assumed by the gasket, expressed as a per-
centage of the applied compressive deflection under
which it has been maintained for a fured period of time
at an elevated temperature. Typical values are shown in
Table 1.

2. Thermal aging, which must produce minimal
changes in the mechanical properties, such as tensile
strength and hardness (typically specified at 75-80
IRHD).

(c) Gasket formulations

The polymer types commonly used for gaskets are
given in Table 2, but it is the actual formulation of
these polymers into rubber compounds that governs
the attainment of optimum mechanical and physical
properties.

Because of the virtual absence of welding and the
low cost involved in pressing, PHEs  are particularly
economic in the more expensive corrosion-resistant
materials. Austenitic stainless steel presents few press-
ing problems, as it has good work-hardening proper-
ties that minimize localized thinning as it is stretched.
This does not apply to titanium, which is much less
ductile and sometimes requires special lubricants for
satisfactory pressing. Recent work on cold forming is
providing data that are making pressability more pre-
dictable [l-3],  and a number of commonly pressed
alloys together with their typical mechanical proper-
ties are given in Table 3. Carbon steel is not included,
as it is virtually unused because of practical and eco-
nomic reasons.

G. Frame construction

A plate heat exchanger frame is based on the following
units, as shown in Figs. 8 and 9:

Table 2 Gasket material applications�
-

Rubber type and max. temp. Suitable for Unsuitable for

Styrene-butadiene (SBR) 87°C

Acrylonitrile-butadiene (nitrile) 137°C

Isobutylene-isoprene copolymer (butyl)
152°C

Ethylene-propylene rubber (EPDM)
152°C

Fluorocarbon (Vito&  177°C

Silicone

General-purpose rubber for a wide
range of aqueous solutions, dilute
acids, etc.

Aqueous liquids, dilute acids, fats, and
mineral oils

Organic liquids, such as aldehydes,
ketones, inorganic acids, and organic
acids

Similar chemical resistance to butyl but
frequently superior

A wide range of organic liquids; fats and
oils (at high temperatures) and some
mineral acids

Specific chemical duties and low-
temperature applications

Strong acids and many organic liquids

Strong oxidizing solutions, strong acids,
polar organic solvents

Fats, oils, aromatic hydrocarbons, and
concentrated mineral acids

Fats, oils, aromatic hydrocarbons, and
concentrated mineral acids

Esters, ketones

Many organic liquids

aIn addition, gaskets of compressed asbestos fiber are available that are suitable for organic solvents that attack all available grades
of rubber (e.g., esters, benzene, and low-molecular-weight chlorinated hydrocarbons). Maximum temperatures up to 250°C but
stronger frames are required because of higher compressive loads.

bViton: registered trademark of duPont  Co. Ltd.
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4.4.2-6 4.4 MECHANICAL DESIGN / 4.4.2 Plate Heat Exchangers

Table 3 Typical material properties for plate pressing

0.1% Proof, Total UTS,
Material MN/m� elongation, % MN/m�

Stainless steel 3 16 215 55 600
Commercially pure

titanium 200 40 350
Incoloy 825� 250 40 650
Hastelloy C21bb 390 55 820

aRegistered trademark of the International Nickel Co., Inc.
bRegistered trademark of The Cabot Corp.

1. Two vertical members, an end support E and a
fmed member (or head) H, which carries four liquid
connections or nozzles C

2. Top and bottom bars BB, carried between these
vertical members, which support and guide the plate
pack P

3. A moving member (or follower) F, which com-
presses the plates against the fvted member H, and
which can also carry additional liquid connections

4. A means of clamping the plates between the
fmed and moving members H and F

This clamping is normally done one of two ways:

1. The fmed and moving members are compressed
together by a number of tie bars T, which thereby
leave the end support and top and bottom bars un-

Figure 8 Industrial frame with tie bar tightening.

Figure 9 Stainless steel-clad hygienic frame with screw closure.

stressed, except for the effect of the weight of the
plates and their contents (see Fig. 8).

2. The compressive load is applied to the moving
member by one or two tightening screws S carried by
the end support, which is therefore itself stressed to-
gether with the top and bottom bars (see Fig. 9). This
is a more expensive and less stable construction because
the tightening screws are in compression, but it makes
opening and closing of the frame easier and this can be
further facilitated by some means of power tightening,
electric or hydraulic.

In the food industry the use of chemical in-place
cleaning methods has reduced the need for frequent
opening, and most modern frames use the construction
based on tie bars operating in tension. Liquid connec-
tions can be cast or fabricated and are fitted with ap-
propriate flanges or screwed fittings; rubber-lined bushes
are also available. Stainless steel-clad frames can be pro-
vided for hygienic duties, as shown in Fig. 9.

H. Frame loading analysis

Strain as well as stress is important in frame design
because excessive deflection will relieve the compres-
sive load on the gaskets and allow leakage to occur.
This will become more significant as the size of the plate
pack is reduced and the effect on individual gaskets
increased.
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4.4 MECHANICAL DESIGN / 4.4.2 Plate Heat Exchangers 4.4.2-7

The main load considerations in frame design are
therefore as follows:

1. Stress and deflection in the head, follower, and
end support due to the hydraulic and tightening load

2. The resulting tensile stress in the tie bars or
compressive stress in the tightening screws

3. Stiffness of the top carrying bar, which has to
take the weight of the plates and their liquid contents
to keep them clear of the bottom guide bar

4. Lateral strength of the top and bottom bar to
ensure stability of the plate pack in a sideways direction.

Special conditions are laid down when frames have
to conform to recognized codes such as ASME  Section
III, Subsection ND, or when they are subject to marine
installation or earthquake loading.

The disruptive load on the frame consists of three
components:

1. The hydraulic load PH, which is a function of
the operating pressure and the projected plate area
within the gasket

2. The gasket load R, which acts as a low-rate
spring

3. The metal to metal contact load M between the
plates, which acts as a high-rate spring during the last
stages of tightening

The application of the hydraulic load PH causes
some deflection of the frame members and tightening
mechanism and thus relieves the loads R and H, so that
the total load under pressure is less than PH + R + M.
A simplified force system is shown in Fig. 10, based on
assumed linear moduli of compression for gaskets and
plates.

COMPRESSION -
- EXTENSION

Figwe 10 Frame loading diagram.

1. Initial gasket compression x with modulus (Y
is represented by line AB.

2. After compression x, the combined gasket and
metal to metal compression starts at B where metal
contact first takes place, so that the line BCis followed
with modulus 6.

3. Equilibrium is reached at point C after further
compression y to the correct plate pitch, where the
frame and tightening system with modulus X have ex-
tended by z.

4. The application of the hydraulic load PH  extends
the tightening system and reduces the plate compression
by z� giving a point of equilibrium at D, so that the total
load is given by

PT=DE+EF+FG=PH+y-z’)+(w: (1)

The maximum frame loading occurs under fully
balanced hydraulic pressure, which implies that both
process streams are pressurized equally to the maximum
value, thereby resulting in zero differential pressure
across�the plates. Fully unbalanced pressure with maxi-
mum pressure on one side of the plates and zero on the
other gives a slightly lower frame loading than the bal-
anced arrangement. The plates, however, are subject
to full differential loading, resulting in maximum stress
and deflection and less favorable sealing conditions.

Pressure differential can also affect multisection
machines; if one section is at a much higher pressure
than another, the low-pressure plates will tend to com-
press under the unbalanced load and reduce the sealing
ability of the high-pressure section. The larger the low-
pressure section compared to the high-pressure section,
the more pronounced the effect can be, but well-
designed, adequately supported plates will normally
avoid trouble of this nature.

PHEs  are normally designed for test pressures up
to 50% higher than the maximum working pressure.
Some manufacturers make a point of designing their
plates to withstand the quoted pressure under fully
unbalanced conditions, whereas others qualify their
specification by giving a maximum pressure that applies
to the frame only and a lower figure for an unbalanced
pressure applied to the plates.

I. General summary

Table 4 gives the basic data relating to the mechanical
details of PHEs, although it must be appreciated that
these figures are only representative of PHEs in general
rather than of any particular specification, and not
all the factors quoted can be combined in a single
design. The main features of PHEs can be summarized as
follows:
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Table 4 Typical PHE data

Individual plate heat transfer area
Maximum heat transfer area per frame
Maximum working pressure
Maximum working temperature

Synthetic rubber gaskets
Compressed asbestos fiber

Maximum port size
Maximum flow rateb
Plate thickness
Plate flow gapa
Compressed plate pitch

0.03-2.5  m�
1 500 ml
2 000 kN/m�

177°C
250°C
400 mm
0.7 m�/s
0.6-l .O mm
1.5-5 mm

2-6 mm

=The flow gap represents the theoretical size of the largest
particle that will flow down the plate passage.

bBy feeding through ports at the opposite ends of the ma-
chine, the maximum flow rate can be doubled.

Accessibility
Compactness and low volumetric capacity
Flexibility and ease of modification
High thermal performance giving over 90% recupera-

tive efficiency
Multiple duties in a single machine
Low cost in expensive corrosion-resistant materials

NOMENCLATURE FOR SECTION 4.4.2

M metal-to-metal plate load on frame z tie bar extension

PH hydraulic load on frame 2� tie bar extension

PT total load on frame modulus of compression
R gasket load on frame ; angle of obliquity of chevron troughs
x platage compression s modulus of compression

Y platage compression x modulus of extension

REFERENCES FOR SECTION 4.4.2

1. Pearce, R., Designing with Sheet Metal, Design Eng., pp. 35-38, August 1975.
2, Painter, M. J., and Pearce, R., Formability of High Strength Low Alloy Steels,Mer. Technol., vol. 2, pp. 62-65, 1975.
3. Pearce, R., A User�s Guide to Forming Limit Diagrams, SheetMet. Ind., vol. 48, pp. 943-949, 1971.
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4.4 MECHANICAL DESIGN 4.4.3-l

4.4.3
Plate fin heat exchangers

R. L. Webb

W The plate fin heat exchanger is similar to the plate-
type exchanger (Sec. 4.4.2), except that extended
surface is used between the two separating sheets as
shown in Fig. 1. A unique feature of plate iin heat
exchangers is their high heat transfer surface area per
unit volume. Heat transfer surface area of 1 300 m2/m3
of volume is not uncommon. For this reason they are
commonly called �compact heat exchangers,� although
sometimes in the United Kingdom the term �matrix heat
exchanger� is used.

There are two important subclasses of plate fin
heat exchangers, the plate fm-plate  fin construction and
the plate fin-tube construction. The plate fin-plate fm
construction, which consists of a number of laminations
of the elements in Fig. 1, is normally used for gas-to-
gas applications. The plate fin-tube construction, which
has tubes normal to the plate structure, is used for gas-
to-liquid or gas-change of phase applications; the liquid

or two-phase mixture flows through the tubes. The
passenger car radiator is an example of this construction.

In this section we describe first the construction
of plate fin-plate fin exchangers, and then, in Sec. D,
the construction of plate fin-tube exchangers. A de-
tailed description of the extended surface and addi-
tional descriptive information is provided in Part 3 of
this handbook.

A. Plate fin-plate fii construction

The most common construction materials are aluminum
and steel. The aluminum design employs an all-brazed
construction and the steel type may use a combination
of brazing and welding. Figure 1 shows the basic com-
ponents of a brazed aluminum plate fm exchanger.
This consists of the corrugated plate fin (1) bonded to

Figure 1 Basic components of plate fm stack. Courtesy of the Trane Co.
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4.4.3-2 4.4 MECHANICAL DESIGN / 4.4.3 Plate Fin Heat Exchangers

Figure 2 Typical plate fin surface geometries used in brazed aluminum heat exchangers. Courtesy of the Trane Co.

the separating sheet (2) and sealed with extruded side
channels (3). Typical plate fin geometries are illustrated
in Fig. 2. The heat exchanger core assembly is formed
by stacking multiple layers of the plate fin and separat-
ing sheets. Figure 3 shows a cross-flow gas-to-gas design,
and Fig. 4 shows a core designed for cryogenic service
with four fluids. Figure 5 shows the final heat exchanger
assembly of the core illustrated in Fig. 4. The fluid inlet
and exit manifolds are welded to the core after the
brazing operation. Such a heat exchanger assembly may
be as large as 1 X 1 X 13 m in size. By connecting a
multiple of basic core assemblies in a parallel and series
network, a large heat exchanger battery may be assem-
bled. Figure 6 illustrates part of a multicore battery.

Figure 7 shows a counter-flow core assembly in
a stainless steel exchanger used as a gas turbine recup-
erator [l] . The core assembly differs substantially from
the previously described brazed aluminum design. In
the recuperator, a combination of brazing and seam
welding is employed, whereas no welding is used in the
aluminum core assembly of Figs. 3 and 4.

The internal design of the recuperator core is shown
in Fig. 8. The high-pressure inlet air enters the circular
manifolds and passes through the small core passages.
The turbine exhaust gases pass in counter flow through
the larger passages of the core matrix. High-performance
offset strip fins are used for both the air and gas flows.
The subassembly formed in the brazing operation is

0 1983 Hemisphere. F

Figure 3 Brazed aluminum core for cross-flow gas-to-gas service.
Courtesy of Modine Manufacturing Co.
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4.4 MECHANICAL DESIGN / 4.4.3 Plate Fin Heat Exchangers 4.4.3-3

Figure4 Core assembly of four-fluid brazed aluminum design
for cryogenic service.. Courtesy of the Trane Co.

denoted in Fig. 8 and shown in Fig. 9. Two U-shaped
rings are edge welded to alternate tubesheets to form the
gas closure around the gas manifolds, as shown in Fig. 9.
The gas and air closures are made by welding, after
brazing of the subassembly. The core assembly of Fig. 7
is made by stacking the completed subassemblies of
Fig. 9. Additional edge welding, around the circumfer-
ence of the air manifold holes, is performed during the
subassembly stacking operation. A complete recuper-
ator, consisting of two core assemblies, is shown in
Fig. 10. A recuperator designed for 45.4 kg/s and
83% effectiveness is 3.0 m wide, 3.8 m high, and 5.5 m
long.

Plate fin exchangers may be made in a variety of
sizes and shapes. The designs discussed here are intended
to illustrate basic construction methods only.

B. Flow distributors

Special flow distributors are not required for cross-flow
designs as illustrated by Fig. 3. However, when fluids
enter the exchanger via a pipe or manifold, specially
oriented fins are required to distribute the flow evenly
across the width of the finned passages. Figure 11
illustrates a popular flow distributor concept used in
the brazed aluminum design. A similar type of flow
distributor fin is used for the manifold recuperator
inlet air, Fig. 7. Here, plain fins distribute the air from
the air tubes across the core width. Part of the fins in
the distributor section are not for flow distribution,
but provide structural integrity. A different type of flow
distributor is evident at the end of the core stack in
Fig. 4. Here, perforated fins are oriented 90� to the inlet
fluid. The high pressure drop, in the flow direction,
forces the fluid to distribute itself across the width of
the fin passage.

C. Brazing

Two basic brazing methods are employed in construc-
tion: salt bath and furnace brazing. Several methods
may be used to introduce the brazing alloy.

In the brazed aluminum design, the separating
sheets are clad with a brazing alloy. This specially clad
separating sheet may consist of an aluminum base
metal, with a very thin clad layer containing the braze
alloy. A typical clad alloy may be 92.5% aluminum and
7.5% silicone [2] . The silicon reduces the melting point
of the cladding approximately 50°C below the melting
point of the bas aluminum alloy. When the assembled
core is submerged in the molten flux bath, the brazing
alloy melts and bonds the separate components into

Figure 5 Final heat exchanger assembly of Fig. 4. Courtesy of the Trane Co.
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4.4.3-4 4.4 MECHANICAL DESIGN / 4.4.3 Plate Fin Heat Exchaneers

Figure 6 A typical brazed aluminum multicore battery. Cour-
tesy of the Trane Co.

an integral structure. Strong fillet-brazed joints are
formed between adjoining components.

The salt bath brazing method requires a number of
process steps for successful completion. Prior to core
assembly, all parts must be cleaned to remove surface
oxides and grease films. After preparatory cleaning,
all parts are run through a series of liquid immersions
for degreasing and finally flushed with clean water.
Once brazing is complete, the cores are steam cleaned,

Air

repeatedly immersed in a dichromate  solution to remove
the brazing flux, and then flushed with clean water.
The maximum core size is limited by the physical di-
mensions of the salt brazing bath.

The stainless steel recuperator of Figs. 7 through
11 does not use brazed clad separating sheets. Rather,
the braze alloy is added as a powder or as a film tape.
The high-pressure air-side fins, which are under ten-
sion, are brazed with a nickel alloy. The low-pressure
compression-loaded gas fins are copper brazed.

Some manufacturers are turning to furnace vacuum
brazing as an alternative to the salt bath brazing method.
Vacuum brazing requires fewer processing steps, does
not use a flux, and the vacuum environment provides
excellent control over surface oxide removal. Problems
associated with the postbrazing flux removal do not
exist with a vacuum brazing method. This is an impor-
tant advantage, since flux retained in the core may
cause future corrosion problems as well as allow block-
age of the fin passages.

Ultrasonic soldering is employed on some all alumi-
num designs used in the air conditioning industry.
The ultrasonic soldering process is performed in an
immersion bath and does not require the use of flux
for oxide removal.

D. Plate fin-tube construction

This exchanger type transfers heat between a gas and a
liquid or a two-phase fluid. Typical applications are
automotive radiators, air conditioning evaporators,

Air
Inlet
Port

Figure 7 Basic core assembly for a stainless steel gas turbine rezperator.  Courtesy of the Harrison Radiator Division.
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4.4 MECHANICAL DESIGN / 4.4.3 Plate Fin Heat Exchangers

Figure 8 Internal details of recuperator core assembly. Courtesy
of the Harrison Radiator Division.

and condensers and liquid or oil coolers. All aluminum
designs use assembly and brazing methods similar to
those of the previously discussed gas-to-gas designs.
The distinguishing feature of the plate fin-tube design
is the construction of the liquid or two-phase heat
transfer flow passages.

GAS IN

GAS CLOSURE AIR  CLOSURE

Figure 9 Recuperator subassembly formed in brazing operation.
Courtesy of the Harrison Radiator Division.

Figures 12 and 13 show two all-aluminum design
types used for air coolers. In Fig. 12, the tube-side
passages consist of flattened aluminum tube extrusions
[3]. �Turbulator�  fins are installed and brazed to the
inner surface of the flattened tube. Figure 13 shows
the �drawn cup� oil cooler construction [4] . The oil
side contains turbulator strips to provide high heat
transfer coefficients on the oil side. The turbulator
strips consist of offset strip fins whose fin passages are
oriented 90� to the flow direction. The surfaces of the

I N T E R N A L  C A S I N G  E N C L O S I N G
C O R E  I N C L U D E S  G A S  F L A N G E S

\
\
1. *

klNSPECTION

J

COVERS

Figure 10 Completed recuperator, consisting of two core assemblies. Courtesy of the Harrison Radiator Division.
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4.4.3-6 4.4 MECHANICAL DESIGN / 4.4.3 Plate Fin Heat Exchangers

Figure 11 Core assembly showing distributor fins. Courtesy of the Trane Co.

drawn cups are clad with braze ahoy, and the entire
assembly is either salt bath or furnace brazed.

Figure 14 shows a �radiator� construction typical
of that used in passenger cars. In this design, O.O!%mm
brass tubes are soldered to 0.06-mm  copper fins.

Figures 1.5 and 16 show brazed aluminum designs
used in air conditioning equipment. Figure 15 is an
evaporator used in an automotive air conditioner. It
uses the �drawn cup� construction of Fig. 13. Figure 16

Figure 12 Section of brazed aluminum oil cooler. Courtesy of
Modine Manufacturing Co.

0 1983 Hemisphere 1 lblishing  Corporation

is a partial section of the condenser used in automotive
or residential air conditioning systems. The flattened
tubes are aluminum extrusions, which provide extended
area internal surface. Note the �webbed� full-height fins,
which are used for strength requirements.

Figure 17 shows a quite different type of plate
fin-tube construction. This figure, taken from a U.S.
patent by O�Connor and Pastemak [5] shows a flattened
tube having integral aluminum fins. The finned tube is
made from an all-aluminum extrusion and the fins are
machined into the extrusion. Fin formation is accom-
plished using a modified high-speed punch press, which
slits the extrusion at a small angle and lifts a �chip�
to form the fin without creating any scrap metal. The

Figure 13 Drawn cup oil cooler. Courtesy of the Harrison
Radiator Division.



4.4 MECHANICAL DESIGN / 4.4.3 Plate Fin Heat Exchangers 4.4.3-7

Figure 14 Section of �radiator� used in automotive applica-
tions. Courtesy of Modine Manufacturing Co.

extruded tube is formed with a number of internal
webs, which provide structural strength and permit
relatively high tube-side design pressures, e.g., 2 000
kN/m2. A wide variety of preformed extrusions are
possible, which permit various numbers and shapes of
internal passages, and various shapes and sizes of internal

Figure 15 Drawn cup automotive air conditioning evaporator.
Courtesy of the Harrison Radiator Division.

and external fin geometry. The extrusion can be made
in any length, which permits direct formation of a heat
exchanger geometry similar to that shown in Fig. 16.
Note that brazing would not be required using this
method.

E. Materials

Primary construction materials are aluminum, carbon
steel, and stainless steel. The choice of construction

Figure 16 Partial section of refrigerant condenser showing use of extruded aluminum tubes. Courtesy of Modine Manufac-
turing Co.
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Figure 17 Multiport extruded plate fin-tube. Courtesy of
Curtis-Wright Corp.

material is dictated by the pressure and temperature
design limits, and the corrosion potential. In the absence
of corrosive fluids, the high thermal conductivity of
aluminum will provide the lowest-cost heat exchanger.
Aluminum is well suited for temperature ranges from
cryogenic levels up to 25O�C.  Carbon steel and stainless
steels are used from 250°C up to 650°C. Carbon steel
is limited to 48O�C.  High-temperature and corrosion-
free operation favor stainless steels at high temperatures.
Copper is suitable for brazed construction and offers
ideal thermal properties. However, its use is limited to
corrosive environments, where aluminum is unsuitable.
Many automotive �radiators� use copper or copper
alloys.

For very high temperatures, above 650°C,  compact
heat exchangers may be made from ceramic or carbon
materials. These are made by special casting techniques
and will not be discussed further in this section.

Brazed aluminum plate fin-plate fin designs are nor-
mally limited to design pressures below 2 000 kN/m2.
However, the use of special fin designs may allow
moderately higher design pressures. Tube-side design
pressures for plate fin-tube type construction are also
normally limited to about 2 000 kN/m�.  Special multi-
port extruded tube designs may allow moderately higher
design pressures. Higher design pressures are possible
with stainless steel construction. As a general rule,
brazed plate fin exchangers are limited to lower design
than is possible with circular tubes and circular pres-
sure vessels typical of shell-and-tube heat exchanger
designs.

F. Design for mechanical strength

The basic approach to mechanical design will be illus-
trated for brazed aluminum designed to meet ASME
code requirements. Critical areas of the design are

0 1983 Hemisphere I

strength of the brazed core stack, and where noncircular
manifolds are welded to the core assembly. Normal
design calculations are semiempirical, and justified by
burst test (at five times design pressure).

After brazing, the aluminum is fully annealed, so
allowable stress must be based on the yield strength
of the alloy in its fully annealed state.

The separating sheets are under tension, and the
required thickness depends on their separation spacing
and the design pressure. For tension-loaded fins, the
required fin thickness depends on the fin spacing and
design pressure. For futed fin spacing, thicker fins are
required to accommodate increasing design pressure.

The range of fin thickness commonly used is 0.25-
0.66 mm. The use of thicker fins will cause increased
gas-side pressure loss for the commonly used offset
strip tin. In reality, the required fin thickness will be
greater than that based on a tension-load calculation.
This is because the fin will fail at its foot, where the
material is thinned during formation of the corrugated
fin array.

High differential pressures must recognize the pos-
sibility of failure of the low-pressure side fins due to
compression loading.

The second critical design condition occurs where a
semicircular manifold pipe is welded to the core struc-
ture. It may be necessary to weld on reinforcing plates
to meet the design pressure.

After completing the above design calculations,
small sample sections of the core assembly and welded
manifolds are built and their burst pressure determined.
The design is then modified, based on the observed
failure. Equipment designers have.developed proprietary
factors to account for inaccuracies of the simplified
procedure described here.

G. Service limitations

Service limitations imposed by design pressure, tem-
perature, and corrosion potential were discussed in
the previous section. Normally brazed aluminum is
limited to the use of clean, noncorrosive fluids. Foul-
ing consideration impose an important service limita-
tion. Large brazed aluminum exchangers, which use
high-performance fin geometries and distributor fins,
are virtually uncleanable. Cross-flow designs of shallow
depth may be cleaned by any of several washing meth-
ods, including steam cleaning, detergent washing, and
solvent soaking. Chemical cleaning may be viewed as a
possibility, most probably limited to steel designs.

H. State of the art

Two recently published survey articles provide an ex-
cellent description of brazed plate fin design tech-
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4.4 MECHANICAL DESIGN / 4.4.3 Plate Fin Heat Exchangers 4.4.3-9

nology. Butt [6] discusses mechanical design of brazed
aluminum plate fin exchangers. Parker and Coombs
[7] described a variety of special plate fm heat ex-

changer designs, thus illustrating the breadth of the tech-
nology. The designs include stainless steel, aluminum,
and ceramic plate fin materials.
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4.4 MECHANICAL DESIGN 4.4.4-l

4.4.4

Other types of heat exchangers

I. Murray

A. Introduction

Although the shell-and-tube, the air cooler, and the
plate-type heat exchangers are the three most commonly
used exchangers in the chemical and process industries,
there is still considerable scope for other types of ex-
changers. Once the thermal duty of a heat exchange
process has been determined, the designer must decide
which type of exchanger should be used to achieve the
required duty. The selection, which must obviously be
capable of the required thermal performance, will be
influenced by factors such as the capital investment
available for the equipment, the space available to install
the equipment, the compatibility of construction mate-
rials with the process fluid, the quality and quantity of
service fluid available, requirements and facilities for
cleaning and servicing the equipment, and whether or
not the process fluid is temperature sensitive or requires
particular treatment. Further consideration must also
be given to the environmental effects of the plant both

\ INNER TUBE T SHELL

in the vicinity of the equipment and in the surrounding
districts, where the presence of discharge emissions and
high noise levels could be unacceptable.

In this section a number of alternative heat ex-
changer types are described, some of which are limited
in their applications and others of which are extremely
flexible and suitable for a variety of applications. Most
can be designed mechanically using appropriate national
standards such as these quoted in [l] and [2] .

B. Double pipe

As the name suggests, the double-pipe type of heat
exchanger (Fig. 1) consists principally of two concen-
tric pipes, with one fluid flowing along the inner pipe
and the other fluid flowing in the annulus formed by
the two pipes. Other parts that make up the exchanger
are return bends, return head, and fluid inlet connec-
tions. These exchangers are normally constructed in
standard sections made from standard pipe sizes. They

Figure 1 Double-pipe heat exchanger. Courtesy of R. M. Armstrong.
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4.4.4-2 4.4 MECHANICAL DESIGN / 4.4.4 Other Types of Heat Exchangers

can be constructed in carbon steel, most high- and low-
chrome alloys, austenitic stainless steel, Monel, and in
fact nearly all other weldable materials. Mechanical
design methods for pressure vessels laid down in na-
tional standards apply to this type of heat exchanger.

In certain applications, corrosion or heat resistance
requirements may vary considerably from one end of
the exchanger to the other; in such cases, it is possible
to construct one section of the exchanger from an
expensive resistant material and other sections from
less expensive materials. In cases where the heat transfer
coefficient of the annular flowing fluid is low, the inner
tube can be finned on the outer surface as shown in
Fig. 1.

For some applications double-pipe exchangers with
multiple inner tubes, with or without finning, can be
used. Where necessary, the inner tube, or tubes, are
supported by packing glands to/prevent  sagging, which
would result in uneven flow distribution in the annulus,
thus reducing the performance of the exchanger.

The principal advantages of these exchangers are
that they are easily constructed from standard pipe sizes
and the duty for which they are used can readily be in-
creased by arranging multiple units in banks connected
either in series or in parallel. These are a relatively inex-
pensive means of providing heat transfer surface [3]
where one of the fluids is at high pressure, thus requir-
ing a more expensive unit in the conventional shell-and-
tube exchanger construction. When bolted connections
are used, the exchanger can be easily dismantled for
cleaning purposes.

Figure. 2 Finned-tube immersion coil. Courtesy of Siirtrec.

C. Tubular and panel immersion

Tubular immersion exchangers are generally used for
heating or cooling process fluids in tanks or reaction
vessels, although there is no reason why the primary
or process fluid should not be passed through the tube
coil if pressure drop and fouling conditions permit.
The simplest form of this type of exchanger is a length
of pipe bent into a coil or serpentine pattern. In some
cases the pipe may be finned, and the coil designed in
the form of a bank of tubes with inlet and outlet mani-
folds. This form of construction is ideally suited for
application in tanks with central agitators. Equally,
however, the tube coil could be in the form of a hori-
zontally mounted bank of tubes making use of natural
convection circulation (Fig. 2). Immersion coil heating
is used extensively in chemical reaction vessels where a
large amount of heat transfer surface is required to
ensure a high degree of temperature uniformity during
the reaction. For this application, the tube coil pattern
can be quite complex (Fig. 3).

The coils can be manufactured from any suitable
Figure 3 Immersion coil for feedwater preheater. Courtesy of
ASME Vessels Ltd.
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tube material that can be formed into the required
pattern. In recent years a multiple-tube immersion
coil made from Teflon tubing [4] has been successfully
used in applications where a high degree of corrosion
resistance is required (Fig. 4).

Not all immersion heaters are of the coiled tube
construction, and in many cases of tank heating, im-
mersion panels are used (Fig. 5). The panels are con-
structed by combining two embossed panels so that the
embossed pattern forms the channels through which the
heating or cooling fluid flows. Quite complex flow
patterns can be obtained in this manner, provided that
effective seals can be achieved between flow channels.

Materials of construction with immersion panels
are limited to relatively thin plates which can be pressed
to the required pattern and then combined by welding
or brazing. In some applications graphite panel immer-
sion heat exchangers have been used where corrosion
resistance has been important and process temperatures
are within the limits imposed by the impregnant used
in manufacturing the exchanger.

The principal advantages of immersion heaters are
in applications such as tank or vat heaters, in chemical
reaction vessels, and as waste heat recuperators. The
shape of the immersion coil is dependent on the physical
characteristics of the process tank or vessel rather than
on the thermal duty required. Although relatively simple
to construct and install, these make cleaning of both the

Figure5 Panel immersion heaters. Courtesy of Dean Products
Ltd.

vessel and the exchanger difficult and are best employed
in low-fouling applications, or specially designed to sim-
plify the cleaning operation.

Figure4 Model of Teflon tube immersion coils. Courtesy of
Du Pont (U.K.) Ltd.

Limitations of operating pressures and temperatures
are generally specified by the manufacturers. However,
the normal design principles used for pipes can be
applied to the tubular immersion� coils, and flat panels
are also usually covered by national standards.

D. Jacketed

Jacket-type heat exchangers can be in two forms, either
attached to the outside of an existing vessel or tank to
provide heating or cooling, or integral with the wall of
the vessel. Some typical applications are shown in Fig. 6.
The externally fitted type can be in the form of em-
bossed panels or embossed strips that can be clamped
onto the vessel. A principal advantage is that this type
need not be made in expensive corrosion-resistant
materials. Furthermore, they can be designed to suit
specific requirements and also located in particular spots
or areas where supplementary heating is required to
prevent settling or separation, or for cooling around
furnace or oven doors to protect operators.

The jacket exchanger that is integral with the
vessel wall is not quite so flexible in application as
the clamp-on type, as it must be sized more accurately
for the required duty. There are also limitations in
the choice of materials of construction, because one
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Figure 6 Clamp-on jacket heat exchangers. Courtesy of Elliott Turbomachinery Ltd.

panel of the jacket will be in contact with both process
and service fluids and could be subject to corrosion-
resistance requirements. The principal advantage of
this type, however, is that the thermal resistance be-
tween the two fluids is reduced by eliminating the
contact resistance between the jacket and the vessel
wall. A variety of shapes and applications of this type
of heat exchanger is possible, as shown in Fig. 7. Design
procedures are detailed in national standards.

E. Block type

Specially treated graphite blocks have been used very
successfully in the inorganic chemical field where the
principal uses are for hydrochloric, sulfuric, hydro-
fluoric, phosphoric, and sulfonic acids. Other uses in-
clude preheating fresh liquor for electrolytic cells and
cooling sodium hypochlorite [S] . These units are also
found in the organic chemical, pharmaceutical, and bio-
chemical industries.

A typical graphite block heat exchanger is shown
in Fig. 8. Basically the exchanger comprises a number
of graphite blocks with flow channels drilled through
them to form the service and process fluid paths. The
graphite blocks are made of polycrystalline graphite,
which is formed by heating blocks of amorphous carbon
to temperatures in the range 2 500-2 700°C. A mixture
of coke and plastic hydrocarbon is shaped to the re-
quired form and then heated to 1 100°C to remove any

noncarbonaceous products and form the amorphous
carbon. The finished graphite block, which is neither
ductile nor malleable and cannot be cast or welded,
has high compressive strength but low tensile and
flexural strengths. The principal advantages of graphite
as a material for heat exchangers are high thermal
conductivity, good chemical and thermal stability, and
the fact that it can be easily machined to fine limits.

Figure 8 shows that the process and service fluids
flow in cross flow and the peripheral service fluid
chambers ensure mixing and help to eliminate any
temperature gradient across the flow stream. The modu-
lar construction of the exchanger readily permits exten-
sion. The blocks are assembled with polytetrafluor-
ethylene (F�TFE)  gaskets because the use of cement has
inherent disadvantages as its thermal expansion charac-
teristics are different from those of graphite and the
effectiveness of cemented joints is limited to the period
during which they retain their elasticity.

The design methods used with this construction
are very much company oriented and dependent on the
composition of the block and distribution of the flow
channels through the block.

F. Spiral plate

The spiral plate heat exchanger (Fig. 9) is essentially
an extension of the basic plate heat exchanger [6].
It comprises two flat plates welded together along
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4.4 MECHANICAL DESIGN / 4.4.4 Other Types of Heat Exchangers 4.4.4-5

their long edges and then bent into a spiral coil, thus
forming two separate channels through which the
service and process fluids flow in true counter flow.
Connections are made at the center of the coil to each
channel to act as inlet in one case and outlet in the
other. Similar connections are made at the outer end
of each channel. The spiral exchanger can be enclosed
in a pressure vessel, or the outer panel can be incor-
porated to form the outside of the unit. The exchanger
is closed top and bottom with covers bolted to the outer
shell of the exchanger. A modification of the basic
design can be made so that the process and service fluids
can be in mutually perpendicular flow. This flow ar-
rangement is aimed specifically at condensing duties.

The basic plate heat exchanger uses elastomer-type
gaskets, which restrict operating temperatures and pres-
sures. In the spiral plate exchanger, compressed asbestos
fiber gaskets can be used, thus permitting much higher
operating temperatures, typically up to 4OO�C.  Because
of the construction, pressure limitations are also higher,
and most exchangers can be operated safely at pressures
up to 10 atm. Higher pressures yet can be achieved, but
these conditions are generally limited to smaller units.
The thermal performance of the exchanger is enhanced
by the curved flow channels, which assist the promotion
of turbulence, but the smooth heat transfer surface
results in lower heat transfer coefficients than would
be achieved with patterned plates. By virtue of the
removable top and bottom covers, this exchanger is

easily cleaned and is therefore ideal for applications
involving a high degree of fouling. Indeed, it is widely
used for the heating and cooling of slurries. A wide

variety of materials can be used for construction, rang
ing from mild steel to titanium, or in fact any weld-
able material that can be cold formed. Here again
the manufacturer normally specifies the operating
limits of temperature and pressure, but the rules for
cylindrical vessels subject to external pressure would
appear applicable.

G. Scraped surface and screw type

During the processing of waste wash liquors and in
processing certain foodstuffs, the process fluid is subject
to a concentrating effect, with the result that a deposit
can form on the heat transfer surface. This situation
also arises in the pharmaceutical industry. The scraped
surface heat exchanger has been developed for these
applications. Basically it consists of a jacketed vessel
through which the service fluid is circulated, and rotat-
ing paddles or scrapers that continually remove product
from the exchanger�s inner surface. The basic construc-
tion details and flow paths are shown in Fig. 10. The
heat transfer process is aided by the continous  agitation
of the scrapers, which also reduce the film thickness
to a minimum.

Because of the inherent rigidity of the inner cylin-

-

,-

Figure 7 Integral jacket heat exchangers. Courtesy of Dean Products Inc.
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P R O C E S S  FLUID

S T E E L  H E A D E R  P L A T E

H E A D E R  B L O C K ,
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D E T A I L  O F  T H E  J OI NT

S T E E L  S H E L L

Figure 8 Graphite block heat exchanger. Courtesy of Robert Jenkins and Co. Ltd.

der, the wall can be quite thin, thus reducing thermal
resistance. The rotor can be driven by an electric motor
or by hydraulic drive, thereby allowing the speed of
rotation to be varied according to product compati-
bility; however, the inner surface must have a high
degree of polish because of the action of the scrapers.

Another type of exchanger, which can be likened to
the scraped surface exchanger, is the screw type. This
consists of a cylindrical shell in which two contrarotat-
ing hollow screws are mounted. The service fluid is
pumped through the hollow screws and the process
fluid, which is in counter flow, enters at one end of the
cylinder and is passed to the other end by the action
of the intermeshing screws. The screws are driven by a
variable-speed electric motor. This design of exchanger
is particularly suitable for pasty, viscous, or sticky pro-
ducts. Materials of construction can be mild steel or
stainless and acid-resistant steel. The design rules for
jacketed exchangers apply in this case.

k Direct contact

Direct contact heat exchangers reduce the resistance to
heat flow by eliminating the dividing wall that keeps
the process and service fluids separate [7]. Application
of this principle is suitable only when the two fluids
are compatible.

Examples of successful application of the direct
contact principle are in condensers, tank heating, evap-
orating, and drying, although the most common appli-
cation is in cooling towers. A further example is in
gas-to-gas heat transfer when an intermediate medium
is used to carry the heat from one stream to the other.

(a) Condensation

Direct contact condensers [8], shown in Fig. 11, are

referred to as spray or jet condensers and are widely
I
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4.4 MECHANICAL DESIGN / 4.4.4 Other Types of Heat Exchangers 4.4.4-7

charged. Here again the detailed construction depends
largely on the application. During operation, intense
turbulence occurs at the end of the dip tube where the
combustion gases enter the process fluid and form a
large number of small bubbles. Heat and mass transfer
rates are high because of the continuous, rapid surface
renewal and the high degree of turbulence existing in
the annular space between the dip tube and the shroud.

Hot air is widely used as a heat transfer fluid, par-
ticularly in drying solids. The wet solid is distributed in
the hot air stream for a controlled time until dry and
then conveyed to the next stage of the process. The
product is protected from overheating, because under
atmospheric pressure the temperature cannot rise above
1OO�C  as long as there is water present on the surface.

Figure 9 Spiral plate flow principle. Courtesy of Alfa-Lava1  Co.
Ltd.

used with vacuum equipment. The unit comprises a
condensing chamber which is connected to a vacuum
pump. Coolant is injected into the chamber through
spray nozzles, thereby providing a large amount of
surface area on which the vapor condenses. The con-
densing chamber is sealed at the bottom by a well of
condensate and coolant, and the vapor enters the top
of the chamber. The unit is constructed to withstand
vacuum operation, but construction detail depends
greatly on the specific installation and the fluids used.

When suitable, a very effective method of tank
heating is to inject steam into the tank at the base. This
has the added advantage of creating turbulence and
promoting good mixing of the tank fluid. This can also
be applied to pipelines, in which case specialized injec-
tors are used. Generally with this type of heating, there
is no recovery of condensate, the cost of which has
two components: heat content and treated water con-
tent. The construction of these units is relatively simple,
with the principal considerations being given to the
design of the nozzles so that maximum dispersion
is obtained throughout the bulk fluid.

(b) Evaporation

Evaporators and driers [9] frequently use direct contact
heat transfer. The technique of submerged combustion
[IO] , shown in Fig. 12, is used primarily for the concen-
tration and crystallization of corrosive and scaling salt
solutions. Fuel and air are supplied under pressure to
the combustion chamber and the combustion gases
bubble through the process fluid before being dis-
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Figure 10 Scraped surface heat exchanger. Courtesy of Alfa-
Lava1 Co. Ltd.
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Figure 11 Direct contact condenser.

(c) Cooling

The construction of cooling towers is very much com-
pany oriented, particularly with regard to the water
distribution system and the packing, both of which have
considerable effect on the performance. Materials of
construction vary from mild steel with protective coat-
ing to �plastic panels and molded plastic packing. The
packing is designed to provide a frequently changing
surface for cooling. This equipment is normally de-

signed as a complete package unit, including fans to
produce the airflow and circulating pumps for the
water side.

I. Hampson coils

Large-scale refrigeration exchangers, particularly for
the Liquefaction of gases, make use of a design first
introduced by W. Hampson [l l] about the beginning

-

B A S I C  P R I N C I P L E  O F  S U B M E R G E D  C O M B U S T I O N

Figure 12 Basic principle of submerged combustion.
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of this century. Hampson�s design basically comprises
a number of tubes wound around a central core so that
the tubes follow a helical path from their starting point
in one tubesheet inward, or outward, and back again to
the other tubesheet (Fig. 13).

In the modem exchanger [12], this principle has
been developed so that the tube windings form layers,
which are wound in opposite directions and separated
by spacers. In general, tubes of the same length are
used for each successive layer, which makes the wind-
ings less compact as the layers are built up on the
central core. This construction is ideal for single pass
on the tube side in order to produce uniform flow
distribution. For multipass units, it may be desirable
to increase the tube length in successive layers for
thermal performance reasons. Alternatively, as the
diameter of the exchanger coil increases, the number
of tubes in successive layers can be increased to main-
tain a uniform grid pattern throughout the tube bundle.

During manufacture, the central core is rotated
and the layers of tubes wound into position and secured
in the tubesheets. Interlayer spacers are then placed on
top of the windings and the next layer is wound into
position in the opposite direction. This process is re-
peated until the required heat transfer surface area has
been obtained. The coil is then placed in a shell and
suitable connections provided for the process and

service fluids. Any stressing of the tubes due to differ-
ential expansion caused by temperature differences
between the two fluids is absorbed by the natural spring
of the coiled tubes. There are few practical limitations
to the materials of construction, so that most materials
compatible with the process fluids and conditions can
be used. The design requirements for shell-and-tube
exchangers also apply to those exchangers and are de-
scribed in Sec. 4.4.3.

J. Heat pipe

The heat pipe concept was first described by Gaugler
[13] in a patent application in 1942. However, the
first use of the name heat pipe appears in Grover�s
patent application [14] in 1963. Basically the heat
pipe [15,  161 comprises the container, the wick, and the
working fluid (Fig. 14). In operation, heat is absorbed
at one end of the container, the evaporator. Some of
the working fluid is vaporized and the vapor passes
along the central core of the wick to the other end
of the container, the condenser, where it condenses
releasing its latent heat. The liquid then returns to the
evaporating section through the wick by capillary
action. The vapor-phase driving force results from the
difference in vapor pressure between the evaporator and

Figure 13 Hampson-type coil for refrigeration plant. Courtesy of Air Products Ltd.
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HEAT IN WICK CONTAINER HEAT OUT

EVAPORATOR
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Figure 14 Basic heat pipe.

1
CONDENSER

SECTION

condenser. On the liquid side, the capillary driving
force is caused by the difference in radius of curvature
of the menisci in the evaporator and condenser sections.

There are three basic shapes of heat pipe (Fig. 15).
The first, and probably the most common, is the closed
cylinder. This is made from pipe, or longitudinally

I

(b)

F O R C E D - A I R  COOLlNG(EITHER  D I R E C T I O N )

Cc)

Figure 15 Typical heat pipe configurations. (a) Closed cylinder
type. Courtesy of Dynatherm Corp. (b) Flat plate type. Courtesy
of Miran Products Ltd. (c) Annular type. Courtesy of RCA Ltd.

drilled rod, into which the cylindrical wick is inserted
and held in close contact with the pipe wall. The second
shape is a flat plate heat pipe, which can be either circu-
lar or rectangular. This is made by welding two flat
plates a fured distance apart, inserting a wick of suitable
shape in the space between, and sealing the construction
with side walls. The third construction is in the form of
an aimulus in which two concentric cylinders are joined.
A wick is placed in the gap between, and the assembly
is sealed.

A wide range of wick geometries can be used in
the heat pipe. The principal design constraint is that the
wick structure should be capable of supporting the
capillary driving force to return the liquid from the con-
denser to the evaporator. A good contact between the
wick and the container inner wall is also essential. This
can be achieved by making the wick with a natural radial
spring or by holding it against the wall using an inner
spring or mandrel. A variety of wick designs have been
developed, which fall broadly into homogeneous struc-
tures and arterial wicks. The homogeneous wicks are
made from meshes, foams, felts, fibers, and sinters.
These are normally metallic, but they have also been
made from glass fiber and ceramic materials. Arterial
wicks are wicks containing channels that provide low-
resistance paths for the liquid returning to the evapora-
tor, and are particularly useful if boiling is likely to
occur within the wick during the return of the liquid
to the evaporator.

The choice of fluid is governed by the heat pipe
operating temperature and the fluid�s compatibility
with the container and wick. Refer to Part 3 of this
handbook for more detailed information.

The principal factors to be considered during
design and manufacture of a heat pipe are the com-
patibility of each component, corrosion, gas generation,
and operating conditions. Some fairly sophisticated
designs have been constructed, notably the constant-
temperature heat pipe with integral inert gas reservoir
and also the thermal switch. In the first case the reser-
voir is located close to the condenser and as the tempera-
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ture rises, the gas expands, blanketing the condenser
and  switching the device off. The thermal switch oper-

ates by adjusting the vapor flow rate according to an

external sensor. When the device is to be used in gas
f lows,  extended surfaces  can be  f i t ted  to  enhance heat
transfer rates.
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4.5 MATERIALS OF CONSTRUCTION AND CORROSION 4.5.1-1

4.5.1
Introduction

J. F. Lancaster

H The selection of materials of construction for heat
exchangers is in many instances influenced by the design
of the equipment. Less often the properties of the re-
quired material dictate the type of design that can be
used. The need for economy in material on the one
hand, and for efficient heat transfer on the other, re-
quires that when metals are used the heat exchange
takes place across relatively thin sections, and this in
turn means that the selected material must have suffi-
cient corrosion resistance to operate for a reasonable
time without perforation.

The fact that in almost every case heat interchange
implies fluid flow means that the metal may also be
exposed to erosion-corrosion or impingement, which
increases the severity of any corrosive effect that may
be present. On the other hand, there are cases where
the corrosivity is too severe or the temperature too
high for metals to be suitable. For highly corrosive

conditions it may be necessary to use a brittle mate-
rial such as glass or carbon, and the need to minimize
exposure to stress is an important factor in determin-
ing the design. For high-temperature applications,
refractory material may be required and the brittleness
of refractories is a factor in the design of, for example,
recuperators.

In the space available it will not be practicable
to deal with materials for all the various types of inter-
changers. Moreover, there is some mention of materials
in the chapters on special exchangers, and the elastic
properties of heat exchanger materials are discussed
in detail in Sets. 5.4.5 and 5.4.8. Therefore, the present
survey will be concerned mainly with shell-and-tube
exchangers and air coolers. The available materials
will be considered first, after which the various modes
of deterioration that heat exchangers may suffer in ser-
vice will be reviewed.
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4.5 MATERIALS OF CONSTRUCTION AND CORROSION 4.5.2-l

4.52
Materialsof construction

J. F. Lancaster

n The design codes and standards discussed in Sec.
4.3 list materials that may be used in heat exchangers.
Other materials may be used subject to agreement
between purchaser, inspecting authority, and the manu-
facturer; in general, design codes and standards specify
minimum qualities of materials.

Materials and the corresponding design stresses to be
used in conjunction with the TEMA heat exchanger stan-
dards are given in the ASME Boiler and Pressure Vessel
Code, Section 8, Division 1. (Codes are mandatory;
standards are recommended practice.)

In the case of the United Kingdom, the design stress
values of recommended materials for heat exchangers
are given in BS 5500.

In the F.R. Germany, the TUV (Technische tiber-
wachungs Verein) is the general approving body for heat
exchangers (and many other products). Design methods
for pressure vessels (including heat exchangers) are given
in the A. D. Merkblatter, while the yield stress values for
insertion in the A. D. Merkblatt formulas are obtained
from the relevant DIN (Deutsche Normenanschuss)
standard.

Before discussing the different metallic and non-
metallic materials for heat exchangers, it will be useful
to consider the product forms used for various shell-
and-tube exchanger parts.

A. Product forms

(a) Tubes

The tubes themselves may be solid drawn, electric
resistance welded (ERW), or fusion welded and re-
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drawn. It is common practice to prefer solid-drawn
tube to ERW tube for high-pressure duties. However,
it is not uncommon for solid-drawn tube to contain
longitudinal cracklike discontinuities, which can propa-
gate when the tube is pressurized, and it would be diffi-
cult to say whether the risk of failure is greater with
seamless or ERW. Fusion-welded and redrawn tube is
an economic choice for austenitic chromium-nickel
tube. In the as-welded condition the weld may have a
lower corrosion resistance than the parent material,
but this effect is removed by redrawing followed by
solution treatment at 1 000-l 050°C.

(b) Tubesheets

Tubesheets are normally forged, and preferably upset
forged, that-is,_forged  from a relatively tall cylinder
rather than from a flat slab. The use of plate for tube-
sheets is not normally acceptable because of the risk
of lamination or of laminar weakness where the tube-
sheet is welded to the shell. Tubesheets may be clad
with austenitic chromium-nickel steel either by fusion
welding or by an explosive technique [l] . Where ex-
plosive cladding is used, it may be advisable to take pre-
cautions against brittle failure by, for example, using
impact-tested plate, ensuring that machined grooves
are well radiused, or preheating before welding.

(c) Shells, channels, covers, and bonnets

Shells, channels, channel covers, and bonnets are nor-
mally fabricated from plate, although in the case of
high-pressure exchangers they may be forgings. Cast-

blishing Corporation

. ^.I ~-I . ..* ._. -. . -
.. T�-�  -- _ r---T--
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ings are used to a limited extent: Cast iron has been
used for the channels of small condensers, and cast
bronze or brass for floating-head covers. The plates of
plate heat exchangers are made of sheet metal, which
may be formed in various ways for mutual support and
to improve heat transfer, Formability is therefore an
important property for the material used in certain
types of plate heat exchanger. Weldability is also, in
most types of exchanger, a necessary requirement.
This is an important property for tube-to-tubesheet
welds. In spite of advances in welding technology, this
type of joint is still prone to failure in service.

B. Materials for noncorrosive service

Typical materials of construction for various tempera-
ture ranges in noncorrosive service are listed in Table 1.
Austenitic chromium-nickel steel is the most generally
useful metal for shell-and-tube exchangers at the lowest
operating temperatures. However, a great many cold
exchangers (for example, in ethylene or liquid oxygen
plants) are of the core type, where alternate layers of
flat and corrugated aluminum sheet are brazed together.
Such exchangers give the maximum surface for any
given volume, and are advantageous in saving space
where the process equipment is all enclosed in a �cold
box� [2] .

For less severe low-temperature conditions a con-
ventional design may be more economic, and 3iNi or
impact-tested carbon steel may be employed in shell-
and-tube exchangers. The temperature breakpoint be-
tween impact tested and nonimpact-tested steel is
indicated in the table to be O�C,  but in some of the
codes applicable to heat exchangers this temperature
varies with the thickness of the material. In practice,
it is usually better to establish a single impact-testing
temperature for all parts of the exchanger that are ex-
posed to the cold fluid.

It may also be desirable to apply impact testing
to plate or forgings of thick section when the operating
temperature is above 0°C. Apblett and Brundige re-
corded the brittle failure of a high-pressure feedwater

Table 1 Materials of construction for noncorrosive
service

Temperature
range, �C

Type of heat
exchanger Material

Below -100 Any Austenitic chromium-nickel
steel, aluminum

-100 to -45 Any 3$Ni  steel
-45 to 0 Any Impact-tested carbon steel
0 to 500 Any Carbon steel
Above 500 Shell and tube Refractory-lined steel
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heater, which was ascribed in part to the poor notch
ductility of a forging [3]. Karinen [4] described a simi-
lar failure of a synthesis gas exchanger in an ammonia
plant. The failure was initiated by a preexisting crack,
but once again an important factor was the poor notch
ductility of the forged channel, which had a transition
temperature of about +lOO�C.  Heavy forgings may be
prone to brittle failure because of the relatively small
amount of mechanical working of the original cast ingot,
resulting in a coarse grain size, and because it may be
difficult to achieve adequate cooling rates during heat
treatment. Karinen recommended the following for
heavy steel sections:

1. Carbon content less than 0.15% for weldability.
2. Vanadium content should be 0.10%.
3. Heat treatment should ensure adequate tough-

ness in thick sections. The postweld heat treatment
temperature for carbon-manganese steel should be over
6OO�C  and for vanadium-bearing steel 650°C or higher.

4. The strength of the material should not be more
than 550 MN/m*.

At the higher end of the temperature range it may
be necessary to use carbon or low-alloy steel protected
by a refractory lining. Typical of such applications are
the inlets to waste heat boilers immediately downstream
of ethylene pyrolysis furnaces and steam-methane re-
former furnaces. The object of the lining is to act as a
thermal barrier, so enabling the carbon or low-alloy
steel to operate at an acceptable temperature. It is
therefore necessary to prevent the hot gas penetrating
through cracks, and this is done by providing a liner or
shroud of austenitic 18Cr-1ONi  or 25Cr-20Ni  steel. The
refractory itself may be attached to the shell or bonnet
by means of studs or by hexagonal steel mesh [5,6] .

C. Materials for corrosive service

Materials of construction for corrosive service are shown
in Table 2. This list is not intended to be exhaustive,
but rather to indicate the application of some common
materials in heat exchangers.

(a) Carbon steel

Carbon steel is used for a number of mildly corrosive
duties. For example, it is common practice in the hydro-
carbon processing industry to employ carbon steel tubes
for contact with cooling water in coolers and con-
densers. There are other more corrosive media in which
carbon steel will perform surprisingly well. One example
is the overhead condenser for a crude atmospheric dis-
tillation tower. The condensate is a mixture of water
and hydrocarbon, whereas the gaseous phase may con-
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Table 2 Materials of construction for corrosive service

Material Typical service use

Carbon steel Mildly corrosive fluids; tempered
cooling water

Ferritic carbon-molyb- Elevated-temperature hydrogen
denum and chromium- service; sulfur-bearing oils
molybdenum alloys above 300°C

Ferritic chromium steel Tubes for moderately corrosive
service; cladding for shells or
channels in contact with cor-
rosive sulfur-bearing oil

Austenitic chromium-nickel General corrosion-resistant duties
steel

Aluminum Infrequently used for mildly
corrosive service

Copper alloys: admiralty, Fresh-water cooling in surface
aluminum brass, cupro- condensers; brackish and sea-
nickel water cooling generally

High nickel-chromium- Resistance to mineral acids and
molybdenum alloys Clcontaining  acids

Titanium Seawater coolers and condensers
(including plate heat ex-
changers)

Glass Air preheaters for large furnaces
Carbon Severely corrosive duties
Linings:

Lead and rubber Channels for seawater coolers
Austenitic chromium- General corrosion resistance

nickel steel
Coatings:

Aluminum, epoxy resin Exposure to sea and brackish
water

tain H2S, ammonia, or chlorides. For shell-and-tube
condensers the standard materials are brass (admiralty
or aluminum brass) for the tube bundle and carbon steel
for the shell.

Where air coolers are used for crude overhead con-
densers, carbon steel tubes and headers will normally
give good service, in spite of the fact that the droplets
that condense first are aqueous and contain dissolved
H2S and ammonia. Likewise, carbon steel tubes have
been used in overhead condensers of stripper towers
in COz removal units, where the condensate is carbonic
acid. Normal practice is now to employ austenitic
chromium-nickel tubes for this duty, but carbon steel
may give a reasonable life. In such applications it is
necessary to weigh the higher capital cost of alloy mate-
rial against the cost of unscheduled shutdowns, and with
the increasing scale of process plant there is an increased
incentive to use alloy instead of carbon steel.

Erosion-corrosion effects may play an impor-
tant part in determining the life of carbon steel ex-
changers, and for this reason condensers, where the
tubes may suffer droplet impingement, and reboilers,
where velocities may be locally increased by two-phase
flow, are particularly at risk.

For elevated temperature service, the use of carbon
steel may be limited by, for example, hydrogen attack
[7] or by corrosion due to mixtures of hydrogen and
H2S [8]. The permissible temperature limits are ob-
tained from charts [7, 81, and it is normally acceptable
to use the operating fluid temperature on the hot side
as the governing figure to apply to the relevant chart.
The use of a design rather than an operating tempera-
ture is conservative, but may generate an uneconomic
and sometimes a less suitable material selection.

In general, it is better to avoid the use of alloy
material where carbon steel is a viable alternative: The
choice of low-alloy steel may increase fabrication prob-
lems, whereas austenitic chromium-nickel steel is subject
to the risk of stress corrosion cracking due to accidental
contamination, either of the equipment or of the process
stream, by aqueous chloride solutions.

(b) Low-alloy steels

Carbon-molybdenum and chromium-molybdenum steels
are used in shell-and-tube heat exchangers for corrosion
resistance, for example, against attack by mercaptan
sulfur in hydrocarbons or for strength at elevated tem-
perature. There have been cases where exchangers made
from low-alloy steel have cracked during service. The
cracking has been mainly at nozzle connections, and
particularly with heavy sections and closely spaced
joints. Such problems may be avoided by not using
low-alloy steel except where necessary, by spacing
nozzles as widely as may be practicable, and by using
integrally reinforced nozzles rather than compensating
plates.

(c) Ferritic chromium stainless steels

Ferritic chromium stainless steels of the 12Cr and 17Cr
types are used for resistance to mercaptan sulfur, to ele-
vated temperature hydrogen/HzS  attack, and to mildly
acidic conditions such as those due to solutions of CO*
in water. 12Cr-clad  steel may be required for shells or
channels exposed to hot sulfur-bearing hydrocarbons as
an alternative to SCr-;Mo steel. 12Cr or (more fre-
quently) 17Cr tubes may be specified for coolers or
waste heat boilers with water on the shell side and gas
that produces a corrosive condensate on the tube side.
With this configuration there is a risk of stress corrosion
cracking if austenitic chromium-nickel steel tubes are
used: Water is evaporated in the space between the tube
and tubesheet and even high-purity boiler feedwater
may produce a deposit sufficiently high in chloride to
cause stress corrosion. Figure 1 illustrates this and other
forms of tube-end attack.

The ferritic chromium steels are not affected in
this way, although if deposits form on the water side
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(a)

(b)

Liquid
flW )

r

Austenitic Cr-NI  Steel

Cd) +- Corrosive condensate

Figure 1 Tube end problems. (a) Inlet turbulence causing
pitting or general attack. Remedy: control velocity, inhibitor,
ferrules. (b) Excessive inlet gas temperature causes evaporation
of water between tube and tubesheet and hence stress corrosion
cracking of austenitic chromium-nickel steel. Remedy: reduce
inlet gas temperature, use ferritic or ferritic/austenitic  material
or Monel. (c) Steam oxidation due to excessive heat transfer and
film boiling. Remedy: improve confiiation of joint (see Sec.
4.5.3, Fig. 2), ferrules, Inconel tube ends. (6) Corrosive conden-
sate forms at inlet (or other part of tube). Remedy: use more
corrosion-resistant tube material.

they are likely to be pitted. Where corrosive conditions
on the tube side are too severe for 17Cr  steel, it may be
necessary to utilize one of the proprietary ferritic or
ferritic/austenitic stainless steels of the 18Cr-l+Mo  or
26Cr-6Ni-l;Mo  types. The ferritic and ferritic/austenitic
stainless steels are subject to temper embrittlement and
must not be operated at temperatures above 4OO�C.
Welds in this type of steel are also brittle, and should
be avoided for pressure parts.

(d) Austenitic chromium-nickel steels

Except where there is a known risk of stress corrosion
cracking (as in the case mentioned above), austenitic
chromium-nickel steels are used for a wide range of
corrosive conditions, including organic and inorganic
acids, phenol, hydrogen/H*S  mixtures at elevated tem-
perature, and plants where it is required to maintain a
high standard of product purity [9, lo]. Austenitic
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stainless steel is used for coolers with corrosive condi-
tions on the shell side and water on the tube side. In
such applications it is necessary to maintain control of
the chloride content of the cooling water: A maximum
value of 100 ppm chloride has been specified for coolers
in the carbamate circuit of urea plants, but 350 ppm
chloride would be considered reasonable for most plants,
and coolers with stainless steel tubes have been known
to operate satisfactorily with up to 1 000 ppm chloride.
The grade of stainless steel commonly used for mildly
corrosive conditions is AISI type 304, whereas type 316
is specified for more severe environments. Solution
treatment of U bends at 1 050°C after forming is some-
times specified, and where this is the case a stabilized
(types 321 and 347) or extra-low-carbon grade (304L
and 316L) must be used. There is a limited number of
applications where nickel-base or cobalt-base tubes are
necessary, for example, hydrochloric acid, formic and
acetic acids, ferric and cupric chloride, and hot phos-
phoric or sulfuric acid [ 1 l] .

Where the shell-side fluid is noncorrosive and pro-
vided that there are no problems due to differential
thermal expansion or galvanic corrosion, it is not un-
usual to make all parts other than tubes, including
baffles and tie rods, from carbon steel. The tubesheet in
such cases will be carbon steel clad with stainless steel
on the tube side only.

(e) Copper-base alloys

In U.S. practice, inhibited admiralty brass (approxi-
mately 7OCu-30Zn  with small additions of arsenic or
antimony) is a standard material for condensers cooled
by sea or brackish water, with naval rolled brass (6OCu-
40Zn) tubesheets. In the United Kingdom and Europe,
aluminum brass is often preferred because of a better
resistance to velocity effects. Brass has a useful re-
sistance to the COz-containing condensate in steam
turbine vacuum condensers and (as seen earlier) to
HzS-containing condensate. It may, however, be at-
tacked by solutions of ammonia, and where either the
condensate or cooling water may contain ammonia,
brass is not normally acceptable.

The other copper-base material that finds substan-
tial use for heat exchanger tubes is cupronickel. Typical
compositions are 9OCu-lONi,  8OCu-20Ni,  and 7OCu-
30Ni,  all of which may also contain additions of iron
for increased resistance to erosion-corrosion. The 70:30
grade is resistant to seawater under most circumstances
but may be attacked by polluted seawater. It has also
been used for overhead condensers and stripper reboilers
in CO2 removal systems. In stripper reboilers, cupro-
nickel will survive provided that the environment is
free from oxygen and sulfur. Aluminum bronze (95Cu-
5Al) has also been specified for seawater coolers and
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condensers, particularly when the cooling water tem-
perature is higher than normal. In all applications where
copper-base alloys are used, care must be taken to
avoid galvanic couples. For example, where a carbon
steel channel is in contact with a brass tubesheet in
seawater service, the carbon steel should be clad with
austenitic chromium-nickel steel weld deposit over the
area of contact, or should be electrically insulated in
some way, as illustrated in Fig. 2.

(f) Nickel-base alloys

The use of nickel-base alloys for severely corrosive
service has been mentioned above. In addition, the
Ni3OCu  alloy Monel has been used for a number of
duties such as seawater and brackish water coolers and
boiler feedwater heaters where the water is on the
shell side, and where advantage is taken of its resistance
to stress corrosion cracking and other forms of corrosion
due to chlorides. Monel metal has a useful degree of
resistance to corrosion by fluorides, and has, for exam-
ple, been used for reboilers and condensers in alkylation
units that employ HF as a catalyst [12] . However, in
modem plants where it is possible to maintain water-
free conditions throughout, carbon steel is adequate for
all heat exchange equipment [13]. Monel is also used
for exposure to hot caustic soda and to hot potassium
carbonate solutions.

Brass Tubesheet

Brass Tubes

Surface  in contact
with Tubesheet  clad
with Austenitic  Cr.Ni
steel weld deposit.

(g) Titanium

Titanium is used for shell-and-tube heat exchangers
that are cooled by seawater, particularly where the
process-side fluid is incompatible with brass or other
alternative metals. To reduce costs, tubes are 20 or
22 BWG, and with such a thin material it may be neces-
sary to increase the number of tube supports to avoid
fatigue failure. The tubesheet may be solid titanium or
carbon steel explosion clad with titanium, and it is
usual practice to seal weld the tubes to the tubesheet.
Titanium is a standard material of construction for plate
heat exchangers where the cooling medium is salt,
brackish, or corrosive water.

(h) Coatings

Organic coatings may be used to protect any part of
shell-and-tube or double-pipe exchangers, mainly against
aggressive water, but to a lesser extent against corrosive
process streams. Solvent-free, high-build epoxide resin
paint is applied to channels and sometimes tubesheets
of coolers and condensers operating with sea or brackish
water. For the same application, channels may be rubber
lined. Tubes may be coated internally or externally by a
baked phenolic or epoxyphenolic resin. The resin is
applied in a number of coats and baked between each
coat; when the required thickness and continuity has

Figure 2 Typical scheme for protection of channel and tube ends of a cooler or condenser with a brass tube bundle. Sea
or brackish water service.
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been achieved, it is given a final bake at a higher tem-
perature (about 2OO�C).  The most suitable application
for such a coating is the inside of a tube bundle. The
outside of U-tube bundles may also be coated, but the
inherent discontinuities between tubes and baffles are
such that the performance would be difficult to guaran-
tee. There are similar uncertainties about coating the
shell of a U-tube exchanger, although these may be
overcome to some extent by providing stainless steel
rails on which the bundle can slide. Coated parts must
be designed so as to avoid sharp comers and reentrants.
Guidance as to suitable design details is contained in a
directive of Verein Deutscher Ingenieure, VDI 2532.

Chemically and thermally cured organic linings have
a wide use in industry generally and in heat exchangers
are especially useful for seawater condensers, where the
lack of fouling more than compensates for any increased
thermal resistance due to the film. Air-cured, high-build
epoxides may be used up to 7O�C,  and baked phenolics
up to 80°C wet and 12O�C  dry. Adequate quality con-
trol of surface preparation, application, and stoving is

essential, and final acceptance tests must include a test
for continuity [ 141  .

(i) Nonmetallic materials

Impervious graphite is employed in special designs of
heat exchanger for especially severe conditions such as
contact with aqueous hydrofluoric acid or wet chlorine.
Glass is used for tubes in air preheaters for large furnaces
and power boilers. In this type of unit heat is exchanged
between incoming cold air and out-flowing flue gas.
Concentrated sulfuric acid condenses on the tube sur-
face due to the presence of SOs  in the flue gas, and
metals are rapidly corroded. The glass tubes are con-
tained in a cast iron duct lined with polytetrafluor-
ethylene (PTFE) sheet. There is a mechanical seal be-
tween the tubes and the cast iron, so arranged that the
PTFE membrane is continuous. Shell-and-tube ex-
changers with a glass shell and either stainless steel or
tantalum tubes may also be obtained, tantalum being
used for boiling sulfuric acid [15].

References for Section 4.5.2  appear at the end of Section 4.5.3.
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4.5.3
Corrosion and other types

of damage

J. F. Lancaster

n Heat exchangers may be subject to various modes of
deterioration associated with flow such as erosion-
corrosion, fretting, and fatigue, and they may suffer
stress corrosion cracking (SCC) due to preexisting or
imposed stress. These mechanically induced problems
will be discussed first, and then some of the fluids that
give rise to corrosion in exchangers will be considered.

A. Mechanically induced damage

There are three main types of wastage directly associated
with liquid flow, as illustrated in Fig. 1: cavitation,
impingement, and erosion-corrosion.

(a) Cavitation

Cavitation occurs when the combination of flow and
static head is such as to generate tensile forces within
the liquid. Bubbles are formed that later collapse at or
near the metal surface, setting up alternating tensile
and compressive stresses in the metal. This cyclic stress
may result in fatigue damage, which in turn causes
jagged pits to appear even when the liquid is noncor-
rosive [ 161.  In heat exchangers this purely mechanical
form of damage is exceptional, but a low effective head
may develop in the upper tubes of air coolers, resulting
in bubble formation, damage to the protective film on
the metal surface, and pitting corrosion.

(b) Impingement damage

Impingement of liquid drops on a metal surface may
cause damage by the same mechanism as that described

for cavitation. Again, the fluid velocity in a heat ex-
changer is not high enough for purely mechanical dam-
age, but if the drops are corrosive, rapid wastage can
occur due to the removal of protective films. The most
severe effect is at the first stage of condensation when
the aqueous phase is dispersed as small droplets. A typi-
cal case is recorded by Hines and Neufeld [ 171, in which
water drops condensing in a CO*-containing  gas im-
pinged on the tubesheet of a carbon steel exchanger and
corroded it at the rate of about 10 mm/yr.

(c) Erosion-corrosion and tube end attack

Erosion-corrosion may occur at any point where the
linear fluid velocity is high or where there is turbulence.
On the shell side there may be a combination of im-
pingement and erosioncorrosion due to a condensing
phase, and it is normal practice to install a baffle plate
across the inlet nozzle to deflect the flow laterally.
Additionally, or alternatively, the outer one or two rows
of tubes may be replaced with solid bar of the same
diameter.

Erosion-corrosion may be found inside the tubes
if the velocity is too high, for example, because some
of the tubes have been blocked by debris. This prob-
lem most frequently affects coolers and condensers,
particularly with once-through salt or brackish water
cooling. Design changes in the cooling water circuit or
the circulation of polluted water may also cause failures
[18] . Because the flow is turbulent at the tube inlet,
corrosionerosion is most likely to occur at this point
(�tube end attack�). The corrosion usually takes the
form of pitting, but there may be areas of more general

o 1983 Hemisphere Publishing Corporation

--. . - - - .- __ . . --r-  ^-. - T----“-r-
. I,. . .-.



4.5.3-2 4.5 MATERIALS OF CONSTRUCTION AND CORROSION / 4.5.3 Corrosion and Other Damage
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Figure 1 Wastage due to stress. (a) Cavitation: collapse of bubbles at metal surface sets up a stress oscillation transverse to
the surface, causing localized fatigue failure. (b) Impingement: a sbnilat  effect produced by liquid drops impinging on a
surface. (c) Erosion-corrosion: transverse stress due to fluid flow causes rupture or thinning of protective film.

wastage, Tube ends may be vulnerable in other ways
[Fig. 4.5.2(l)].  For example, in a waste heat boiler
with a high inlet gas temperature, it is possible for film
boiling to occur on the outside of the tubes near the
tubesheet, resulting in wastage by steam oxidation.
Figure 2 illustrates designs to avoid overheating the tube
ends. In nitric acid condensers a concentrated acid solu-
tion forms at the tube inlet, and this corrodes the
17Cr  material that is often specified for this service.

(d) Avoidance of erosion-corrosion

Corrosion-erosion in tubes is avoided in the first place
by placing an upper limit on the fluid temperature
and velocity; Table 1 shows typical velocity and tem-
perature limits for various materials. A minimum veloc-
ity limit and a maximum water temperature are also
imposed in order to prevent the formation of deposits,
under which pitting corrosion (�shielded attack�) would
take place. Even with a correct design, corrosion may
occur due to the type of circumstance discussed earlier,
and if the attack is confined to the tube ends, it may be
possible to overcome this by inserting ferrules. These
are short lengths of tube that are flanged at one end and
tapered at the other to provide a smooth transition to
the tube proper. If the inlet temperature is low (e.g.,
in coolers), a plastic ferrule may be used, but there are
also corrosion-resistant metallic ferrules and thermally
insulated metallic ferrules to minimize heat transfer at
the tube inlet. Ferrules are not an entirely satisfactory
sLotion to tube end attack for various reasons: They
may become displaced, they may interfere with clean-
ing, and they may generate some turbulence resulting
in corrosion at the end of the ferrules. An alternative
solution is to retube with a more corrosion-resistant

material, for example, replacing aluminum brass by
70:30 cupronickel. Tube end attack and corrosion-
erosion of brass tubes is also inhibited to a substantial
degree by the presence of dissolved iron in the seawater.
For this reason, soft iron anodes may be mounted on
the channel cover or on the tubesheet itself. Injection
of ferrous sulfate is another way of providing the dis-
solved iron and has proved effective in arresting cor-
rosion where it caused troublesome failures [18,  191.
Zinc anodes have been used to protect channels and tube
ends in seawater coolers, but they polarize rapidly and
there are doubts about their effectiveness [ 181 .

(e) Fretting corrosion

Fretting corrosion has been observed in bayonet boilers.
These are waste heat boilers with double tubes; the
water passes down the central tube and up the annular
space between the inner and outer tubes. Stud-welded
rod is used to maintain this annular space, and there
may be sufficient relative movement between the rod
and outer tube to cause fretting and eventual perfora-
tion. Fretting corrosion may also occur at the points
of contact in adjacent plates of plate heat exchangers,
and between tubes and baffles in shell-and-tube ex-
changers (Fig. 3).

(f) Fatigue failure

Heat exchangers are subject to cyclic loading in the same
way as other pressure vessels by periodic start-up and
shutdown of the plant or by periodic loading and un-
loading of the exchanger itself. They are also subject
to pressure fluctuations if there is a reciprocating com-
pressor in the unit. In either case, design techniques to
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(b)

Figure 2 Design of tube/tubesheet joints to avoid overheating
tube ends. (Q) Joint typically  susceptible to overheating. (b) Im-
provement of design at minimum cost. (c) Changes on tube hole
improves gas flow and provides access for welding. (d) Needs spe-
cial welding equipment and machining of back side of tubesheet.
Costly but effective when welded under controlled conditions.

avoid fatigue failure are readily available [20]  . Fatigue
failure of tubing due to transverse flow of the fluid on
the shell side is not uncommon. Tube vibration may
be induced if the distance between baffles is relatively
large and the fluid velocity too high. The critical velocity
that induces vibration is inversely proportional to the
square of the unsupported tube length, and there is a
formula enabling critical velocities to be calculated [21]  .
Failures occur at baffle plates or tubesheets and affect
the outer rows of tubes preferentially. Vibration may
be eliminated by reducing the unsupported length of
tube in some way [22], but is best avoided by correct
initial design.

Baffle plates across the shell-side inlet nozzle, as
well as minimizing the risk of impingement corrosion

Table 1 Temperature and velocity limits for shelland-

tube heat exchangers�

Maximum allowable Permissible
temperature on velocity range in

Material process side, �C tubes, m/s

Baked phenolic,
resin-coated steel 140 1 .O-2.5

Admiralty metal 200 1.0-2.0
Aluminum brass 200 1 .o-2.5
Aluminum bronze 250 1.0-3.0
70:30  cupronickel 425 1 .o-3 .o
Monel 475 1 .o-3.5
Carbon steel 525 1 .O-2.5
17Cr steel 400 2.0-3.5
lSCr-1ONi  steel 800 2.0-3.5

UMaximum return temperature of water: (1) seawater: 45°C
(above this temperature, corrosion and salt deposition may oc-
cur); (2) cooling tower water: 50°C  (above this temperature,
calcium sulfate deposits may form).

(as discussed earlier), also serve to distribute the flow
and make the velocity of the fluid as uniform as pos-
sible, thereby reducing the risk of local high velocity.

B . Specific failure modes

(a) Tube baffle damage

Localized damage of tubes where they pass through
the baffles may also be due to fretting, to corrosion
(possibly galvanic corrosion if the tube and baffle
materials are different), or to thermal distortion. Such
distortion can occur in U-tube exchangers having a
longitudinal baffle, where one leg of the U is hotter
than the other.

It is possible for a standing wave to be set up due
to gas flow through the channel section, and any parts
of the associated pipework that resonate to the result-
ing vibration may fail rapidly by fatigue. The remedy in
such a case is to redesign the channel so as to remove
features that generate noise.

Figure 3 Typical locations that may be subject to fretting
corrosion under vibratory conditions.
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4.5.3-J 4.5 MATERIALS OF CONSTRUCTION AND CORROSION / 4.5.3 Corrosion and Other Damage

(6) Vapor blanketing

Vertical shell-and-tube exchangers in which hot gas
enters the tubes at the top may be subject to gas
blanketing under the top tubesheet if provision is not
made for proper venting (Fig. 4). Blanketing may in
turn cause the underside of the tubesheet to be sub-
ject to alternately wet and dry conditions, resulting
in accelerated corrosion [lo]  . It may also generate a
cyclic thermal stress and cause thermal fatigue and
cracking of the tubesheet. Apart from venting, this type
of problem may be avoided by insulation of the tube-
sheet, by introducing the hot gas at the bottom instead
of the top, or (where film boiling causes damage of the
tubes at the bottom tubesheet) by welding the tubes
to the back side of the tubesheet. Steam blanketing is
also possible in horizontal waste heat boilers, and this
may result in differential thermal expansion and bending
of the shell.

(c) Waste heat boilers

The problem of stress corrosion cracking of austenitic
chromium-nickel steel has been mentioned briefly in
Sec. 4.5.2. In waste heat boilers and in certain types of
cooler, it is preferable to have water on the shell side,
whereas if the hot fluid is corrosive, stainless steel will
be required for the tubes and tubesheet. If the inlet

fluid temperature is high enough to evaporate the water
in the space between the tube and tubesheet, then aus-

tenitic chromium-nickel steel is likely to crack (Fig. 1).
The temperature of evaporation is about equal to the
saturation temperature of steam at the operating pres-
sure, and therefore austenitic stainless steel may be used
provided that the hot gas inlet temperature is below the
saturation temperature by a reasonable safety margin,
say, 30°C. If this is not the case, a ferritic or ferritic/
austenitic bundle may be specified. However, the use of
a ferritic or ferritic/austenitic steel may give rise to
problems if the tubesheet is welded to the shell because
of brittleness in the weld heat-affected zone. There re-
mains the more costly alternative of selecting a higher
nickel alloy that is compatible with the process-side
conditions. Welding the tubes to the back of the tube-
sheet is a possible solution to the problem provided
that the water is of good quality; if, on the other hand,
the water treatment is unreliable, deposits may form on
the outside of the tubes, causing pitting and possibly
stress corrosion cracking.

Waste heat boilers are subject to many of the corro-
sion problems associated with large water-tube boilers,
particularly with high-pressure (1 500 psi and above)
steam systems. Corrosion may result from excess caustic
soda that is concentrated during the boiling process to
a level where it dissolves the protective magnetite film
on the metal surface, resulting in rapid failure of the

Venting vertical heat exchanger

Tubesheet,

Bad
, 1 m Trapped vapor

Flow in - area of increased
corrosion because
of alternate wet-
dry conditions

Heat exchanger

Tubes / vessel shell
Vapor trapped in vertical
heat exchanger

Tubesheet

--c Vapor bleed

Flow in ---w

Correct

Tubes/ Vapor released in vertical
heat exchanger

Figure 4 Avoiding vapor blanketing of the top tubesheet of a vertical heat exchanger by venting [ 91.
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4.5 MATERIALS OF CONSTRUCTION AND CORROSION / 4.5.3 Corrosion and Other Damage 4.5.3-5

tube [23]  . Likewise, if there is excess acid in the boiler
feed water resulting from cleaning operations, the tubes
may fail by hydrogen attack [23]. If the water treat-
ment is ineffective, deposits will form, and if they col-
lect at the inlet-gas end of the boiler, may cause failure
by overheating. An unusual case of scaling and over-
heating failure due to deposits formed by colloidal
clay in the makeup water has been described by Ford
and Watson [24]. Another somewhat unusual mecha-
nism for deposits forming on the gas side of waste heat
boiler tubes has been observed in steam-hydrocarbon
reforming plants. At the high operating temperature of
the reformer, silica, which may be present in refrac-
tories, dissolves in the process steam. When the silica-
bearing gas contacts the relatively cool surface of waste
heat boiler tubes, the silica is precipitated and deposits
build up. Such deposits are avoided by specifying low-
silica refractories for contact with high-temperature
steam [25].

(d) Reboilers

Reboilers are potentially more vulnerable than the
average shell-and-tube exchanger for two reasons:
First, the formation of a gaseous phase may increase
velocities and promote erosion-corrosion; and second,
the liquid may decompose upon heating and form a
corrosive compound. For example, when mercaptans
are heated in contact with a carbon steel surface, they
partially decompose, forming H2S. This may happen
in refinery distillation units handling a light sulfur-
bearing hydrocarbon. The light mercaptans break down
relatively easily, and reboiler tubes corrode more rapidly
than, say, piping exposed to fluid at the same tempera-
ture. There are other, often quite complex, mechanisms
that result in more rapid corrosion of a surface through
which there is a heat flux.

(e) Problems due to phase separation

Heat exchangers may be exposed to any of the cor-
rodents found in process or power plants. There may,
however, be special problems due to phase separations
during cooling or heating. One case has already been
mentioned: the formation and impingement of water
droplets in a COz-containing gas. A similar problem
may arise where the gas contains a substantial propor-
tion of H2S,  which is the case in the overhead system
of towers in a number of petroleum refining processes,
and in such cases it is necessary to consider the use
of austenitic stainless steel for the tubes [lo]  . In cer-
tain processes, small amounts of organic acids such
as formic, acetic, and butyric acid may form in synthesis
reactors, and these may condense preferentially in
downstream coolers and again in the overhead system of

distillation towers. Downstream of the point of initial
condensation the acids become progressively more dilute
and less corrosive. In addition to the bulk components
of process streams, it often happens that small amounts
of aggressive compounds are formed in reactors, and
these may increase corrosion rates. One example is
hydrogen cyanide, which forms in fluid catalytic crack-
ing reactors. On the other hand, contamination due to
carryover from distillation towers may be beneficial.
It was recorded earlier that carbon steel can give good
service in the overhead condenser of a CO2 stripper,
in spite of the fact that there is a high concentration of
CO*  in the gaseous phase. This is partly because there
is carryover of the potassium carbonate or amine solu-
tion from which the CO2  is stripped, which significantly
reduces the acidity of the condensate, Oxygen has the
effect of promoting a number of corrosion processes,
notably sulfidation  by H2S and corrosion by COZ,
and accidental contamination by oxygen (for example,
by leakage in vacuum systems) may have an important
effect on the rate of attack.

(f) Fouling

Fouling, that is, the formation of nonmetallic deposits
on the heat exchange surfaces, is a problem in many
applications. Such deposits may increase the thermal
resistance of the surface, cause shielded attack, and even
block tubes. Deposits may come from foreign matter
such as sand or clay present in cooling water, may be
scale generated by a corrosion mechanism or other
chemical reaction, or may be high-molecular-weight
process stream components.

Cooling water is the most important source of
fouling, which may result from either deposition of
carbonates from a hard water or corrosion due to the
presence of contaminants. The object of water treat-
ment is to minimize these risks, and such treatment,
in the case of circulating systems, could include the
injection of a corrosion inhibitor plus a water condi-
tioner. The conditioner has the effect of causing car-
bonate or sulfate to form as a soft nonadherent precipi-
tate rather than as a hard scale. There are cases where
such treatment is unsuccessful or uneconomical, and
where it is necessary to consider the use of alternative
materials, for example, replacing admiralty brass by
70:30 cupronickel [1X!],  or replacing plain carbon
steel with baked phenolic-coated material [26] .

(g) Welds

Where welds in contact with high-temperature boiler
feed water are cracked, or contain cracklike defects,
the defects are likely to propagate in service. One
example of this type of failure was a 1 500-psi  waste
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4.5.3-6 4.5 MATERIALS OF CONSTRUCTION AND CORROSION / 4.5.3 Corrosion and Other Damage

heat boiler, which was a f%ed tubesheet exchanger with
tubes welded to the tubesheets. Because of a defective
weld procedure, subsurface hydrogen cracks formed in
the tube-to-tubesheet welds. After the boilers were
placed in service, these cracks extended to the face of
the tubesheet in a few days.

(h) Gas/vapor-phase corrosion

Corrosion by the gaseous phase sometimes occurs in
heat exchangers. The possibility of steam oxidation
on the water side of boilers has already been men-
tioned. This may be found at the inlet tubesheet if
the gas temperature is high and there is steam blanket-
ing or film boiling. Corrosion by hydrogen is possible,
due either to the formation of hydrogen at the metal
surface by an aqueous corrosion mechanism, or by the
presence of high-temperature hydrogen in the process
stream (as mentioned in Sec. 45.1).  In both cases
hydrogen diffuses into the steel and combines with
carbon to form methane. The methane is precipitated at
grain boundaries, causing intergranular fissures and
eventually lamination and blistering. Hydrogen corro-
sion by process gas is avoided by specifying alloy mate-
rial where this is indicated by the Nelson chart [7].
Mixtures of HZ and H2S will also cause rapid corrosion
of carbon and low-alloy steel when there is a significant
amount of H2S present and when the temperature
exceeds about 3OO�C.  These conditions are found in
catalytic desulfurization plants, and corrosion is avoided
by specifying austenitic chromium-nickel for the process
side of exchangers where this is indicated by the ap-
propriate charts (e.g., those given in [S]). 12Cr  steel is

also used for high-temperature Hs/HsS attack, but its
resistance is only marginally better than that of carbon
steel [27].

�Metal dusting� is a relatively rare form of de-
terioration that occurs in gas mixtures containing
CO and (usually) hydrogen at temperatures between
425 and 1 000°C. The metal is penetrated rapidly in
the form of pits, the corrosion product being a powder
consisting of a mixture of graphite, metal carbides, and
oxides. Corrosion is due to rapid carburization, which
starts at isolated points and progresses outward over a
hemispherical front, eventually converting the metal
completely into a carbide dust. Metal dusting is inhibited
by traces of sulfur or by steam [28]. Usually (but not
in every case) the resistance to metal dusting decreases
as the nickel content of the alloy increases, so that,
for example, an 18Cr-1ONi  steel may be resistant
when a 25Cr-20Ni  alloy is not. The alloys most fre-
quently subject to metal dusting are the austenitic
chromium-nickel steels, but low-alloy steels may also be
affected [27].

It will be evident from the material presented here
that the selection of materials for heat exchangers is a
complex task that requires skilled and experienced per-
sonnel if it is to be done effectively. So far as the more
general question of assuring reliability is concerned, this
is as much a design problem as it is a metallurgical
problem, and close liaison between the disciplines
concerned is essential to success. In any organization
that designs heat exchangers, it is most desirable to
build up a multidisciplinary team capable of anticipating
materials problems and that has the knowledge and
ability to specify materials and design so as to assure
optimum reliability in service.
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4.6 FLOW-INDUCED VIBRATION 4.6.1-1

4.6.1
Introduction

J. M. Chenoweth

I In recent years tube vibration has joined heat trans-
fer and pressure drop as primary factors controlling
the design of shell-and-tube heat exchangers. Tubes
vibrate at their natural frequencies as a result of the
shell-side fluid flowing past them. When the flow ve-
locity becomes sufficiently large that the vibrating tubes
impact with baffles, with the exchanger shell, or with
one another, leaks can occur in the tubes or tube joints.
The result is that the exchanger must be taken out of
service for repair and modification. Section 4.6 presents
an overview of the problems, the methods for predict-
ing their occurrence, comparisons of predictions with
field experience, and some procedures for preventing
them.

There has been a trend toward larger exchangers
with increased shell-side flow velocities to improve
heat transfer and to reduce fouling, Scale-ups of ex-
changer designs have often been made without any
consideration of the effect that geometry and flow
conditions have in flow-induced vibration.

Although there have been many heat exchangers
with reported vibration problems, the understanding
of the problems leaves much to be desired. Few investi-
gators have considered the specific problems associated
with industrial shell-and-tube heat exchangers. Experi-
mental vibration data have usually been obtained under
controlled conditions using single tubes or ideal tube
banks exposed to either uniform parallel flow or uni-
form cross flow. Application of the results of the ideal-
ized tests to predict conditions in an actual exchanger
may be seriously questioned due to differences in
geometry, in the way the flow is coupled to the motion
of the tubes, and in the nonuniformity of flow direc-

tion. Consequently, the prediction of flow-induced
vibration and the probability of vibration damage must
be considered somewhat uncertain.

Tubes are usually the most flexible part of an ex-
changer and therefore the most susceptible to vibration.
The vibration is a natural consequence of fluids flow-
ing in and past the tubes. In most exchangers the in-
tensity of vibration is so low that it does not create a
problem. Vibration becomes a problem when the in-
tensity increases to the point that it causes some part
of an exchanger to fail mechanically, it upsets the pro-
cess conditions, or it creates a condition that endangers
those who must work in the area.

Tubes vibrate at discrete frequencies depending
primarily on their geometry, means of support, and
material of construction. The lowest frequency at which
tubes vibrate is called their fundamental natural fre-
quency. The intensity of this vibration is evidenced by
the amount of periodic movement of the tube, with
the largest movement usually at midspan between
supports. The extent of this peak-to-peak movement
about the at-rest centerline is termed the amplitude of
vibration. Energy must be fed to the tubes to excite
them into vibration. This energy is provided by flow
parallel to or across the tubes. Internal and external
damping dissipate the energy. Prolonged tube vibration
with large amplitudes leads to the mechanical failure
of tubes, which then permits leakage between the shell-
side and tube-side fluids. Mechanical failure usually
occurs by one or more of the following:

Collision damage. If the amplitude of vibration is
sufficiently large, adjacent tubes impact with one
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4.6.1-2 4.6 FLOW-INDUCED VIBRATION / 4.6.1 Introduction

another or against the shell and emit a loud noise.
The tube walls can be worn thin with time and even-
tually split open. Tube impact produces characteristic
diamond-shaped wear patterns at the midspans of the
tubes,

Baffle damage. Baffle holes are made larger than
tubes to facilitate exchanger bundle assembly, and thus
the tubes are free to move at the baffles. The walls of
vibrating tubes can be cut by the baffle, especially when
the baffles are thin and made from a harder material
than the tubes. The cutting action reduces the tube wall
until leakage occurs.

Fatigue. Repeated bending of the tubes can lead
to a breakdown of the tube material if the stresses are
high enough and the vibration continues for a suffi-
ciently long time. Fatigue failure can be accelerated by

corrosion and erosion. This type of failure results in
cracks or in pieces of the tube wall actually breaking off.

Tube joint leakage. The joint between the tube and
tubesheet can fail due to vibration whether welded or
expanded.

In addition, vibration failure results from the
I cutting action of the edge of the tube holes against the

tube wall where the tubes emerge from the tubesheet.
Although tube vibration failures have been re-

ported in different parts of an exchanger, regions of long
spans and high local velocities are particularly suscep-
tible. The largest number of reported tube failures
occurs in tubes that are within two or three tube rows of
the tips of baffles, where the flow velocity is usually
very high.
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4.6.2
Tube bundlevibration

characteristics

J. M. Chenoweth

m Every component of a shell-and-tube heat exchanger
vibrates at its own unique natural frequency. Tubes are
the most flexible and thus the most easily excited. Tubes
can and do vibrate at different frequencies. The lowest
natural frequency is called the fundamental or first
mode. The higher natural frequencies are referred to as
the second mode, third mode, and so on. For conserva-
tive design purposes the fundamental frequency will
be emphasized and will be called simply the natural
frequency of the tubes.

The natural frequency of tubes like that of a simple
beam depends on the way the ends are futed (clamped
or simply supported), the type of intermediate supports
(simply supported, pinned, or clamped), the tube cross-
sectional geometry, the number of spans, the materials
of construction, and the length of spans. Although the
natural frequency of the tubes can be measured experi-
mentally, predictive methods are used to give approxi-
mate values of the natural frequency.

Tubes are rigidly fastened to the tubesheets and
supported at intermediate points along their length
by baffles or support plates. Some tubes in the center
of a bundle may be supported by every baffle, whereas
tubes that pass through baffle windows may be sup-
ported only by every second or third baffle. Further-
more, end baffle spacings are often longer than central
baffle spacings to accommodate the nozzles and the
shell flanges. Thus, the lengths of the spans are seldom
uniform along the length of a tube, and not all tubes
in a bundle are supported by the same number of
baffles. This results in tubes with different natural
frequencies in the same exchanger.

A. Straight-tube natural frequencies

Several different approaches can be used to predict
the natural frequency of straight tubes. Most start
with the assumption of a uniform beam clamped at
least at one end with intermediate supports along its
length. The rigorous approach is fairly complicated,
with a good presentation of the method given by
Gorman [ 11. This method considers spans of unequal
length between supports by writing the governing
differential equation of motion for each span separ-
ately. The solution is obtained through the use of the
boundary conditions at the ends of the tube and by
relating the deflections and slopes at each intermediate
support. This yields a set of linear homogeneous equa-
tions in the constants. The determinant of the coeffi-
cients is set equal to zero to yield the characteristic or
frequency equation from which the natural frequency
can be derived. Moretti and Lowery [2] have presented
coefficients and graphic solutions for determining the
natural frequency of tubes with various combinations
of spans with two different lengths. They also give
computer-plotted graphs for the shape of the various
span configurations of maximum deflection. Computer
programs such as NASTRAN [3],  using the finite ele-
ment approach, can provide accurate determination of
the natural frequencies and mode shapes for tubes
with unequal spans and varying degrees of intermediate
restraint. Figure 1 is an example of the results from such
a detailed analysis.

A somewhat less accurate, but normally adequate
approach, by MacDuff and Felgar [4] , assumes that all
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Figure 1 Natural frequencies and mode shapes for a tube with
uneven span length and different rotational stiffness at supports.

spans are of equal length L. The natural frequency f,,
is given by the equation

(1)

where E is the modulus of elasticity of tube material,
I is the area moment of inertia, and M, is the effective
mass per unit length. Me is made up of three parts-
the mass per unit length of the tube, the mass of the
fluid inside the tube, and the virtual mass per unit
length of tube for the shell-side fluid displaced by the
tube. Figure 2 shows that the virtual mass is greater
than that of the displaced shell-side fluid.

The frequency constant C,, depends on the way
the ends of the tube are fastened, the number of spans,
and the type of intermediate supports. Values of C,
for tubes clamped at the ends with simple intermediate
supports are listed in Table 1. In addition to the values
for the fundamental natural frequency (mode l), the
values for the higher natural frequencies (modes 2, 3,
4, etc.) are shown. Notice that with more than four
spans the difference in C, between successively higher
modes becomes small. Further, the separation between
the fundamental and the several higher-mode natural
frequencies becomes small once the number of spans
exceeds eight. Thus, for the design of most exchangers,

Staggered Tube field Layouts -

In-line  Tube field  Layouts

1.6
t

M, = kps(d4)Do2 TEMA Standard
6th Ed. [ 51

1.41 I I I
1.2 1.3 1.4 1.5

Tube Pitch / Tube Dieter

Figure 2 Added mass coefficient.

I
1.6

only the lowest natural frequency of the tubes needs
to be considered.

The number of spans depends on the baffle arrange-
ments and location of the tubes in the bundle. Most
heat exchangers have their longest unsupported spans
passing through the baffle windows and/or in the end
zones. Segmental and double-segmental baffle arrange-
ments result in window spans supported by every other
baffle, whereas triple-segmental baffle arrangements are
supported by every third baffle. Cross-flow exchangers
and no-tubes-in-window exchangers provide  support
at each baffle and support plate. In the same bundle
the number of spans may differ by one or two and the
associated longest span lengths will vary. Since the
natural frequency depends on both the length of span
and the number of spans (see Tgble l), all combinations
in the bundle should be checked to determine the one
that produces the lowest natural frequency.

Table 1 Frequency constant C,, in Eq. (1) for uniform
beams of equal span length simply supported with ex-
treme ends clamped

o f
spans

1 12.36 198.34 388 .75  642 .63 959.98
2 49.59 12.36 160 .66  198 .34 335.20
3 40.52 59.56 72 .36  143 .98 178.25
4 37.02 49.59 63.99 72.36 137.30
5 34.99 44.19 55.29 66.72 72.36
6 34.32 40.52 49.59 59.56 67.65
7 33.67 38.40 45.70 53.63 62.20
8 33.02 37.02 42.70 49.59 56.98
9 33.02 35.66 40.52 46.46 52.81

10 33.02 34.99 39.10 44.19 49.59
11 32.37 34.32 37.70 41.97 47.23
12 32.37 34.32 37.02 40.52 44.94

Mode

1 2 3 4 5
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(a) Tube-to-baffle hole clearance effect
on natural frequencies

Normal tube-to-baffle hole manufacturing clearances
result in the baffles acting like simple supports. Kissel
[6] found experimentally that the clearance had to be
reduced to nearly a pressed fit before there was any
appreciable change in the natural frequency. At about
one-tenth the TEMA allowable clearance, the frequency
was about 7% higher than that predicted for simple
supports. For most exchangers, the tube-to-baffle hole
clearance is not a significant parameter for controlling
the natural frequency, but it may be important in
determining damping and tube wear.

(6) Axial stress eflect on natural frequencies

The tubes in a heat exchanger bundle may be under a
tension or compression axial loading due to manufac-
turing procedures and/or to operating temperatures and
pressures. Assuming that the axial force P, is known,
the following equation can be used to adjust the natural
frequency:

(2)

The sign for axial force P, is minus when it is compres-
sive and plus when it is tensile. Thus, tension increases
the natural frequency, whereas compression decreases
it. Kissel [6] found a variation in natural frequency
due to axial loading in a typical heat exchanger of as
much as ?40%. Not knowing or considering the axial
loading can lead to serious inaccuracy of natural fre-
quency predictions.

(c) Finned-tube natural frequencies

To calculate the natural frequency of finned tubes,
the area moment of inertia must be calculated using
an effective diameter for the outside diameter. Limited
tests [7] on low-finned tubes typically used in shell-
and-tube exchangers suggest that a value of about 8%
thicker wall for the finned section should be used along
with the actual inside diameter under the finned section
to calculate the area moment of inertia. The mass of the
tube per unit length term in the effective mass M,
should be the actual mass for the finned section. The
fins on tubes should not alter the assumed simple sup-
port constraint at the baffles.

(d) Span lengths

Of the variables that affect the natural frequencies,
none is as influential as the length of the unsupported

o 1983 Hemisphere I blishing Corporation

spans. The natural frequency varies as the reciprocal of
the span length squared. Early in the 1940s the TEMA
Standards somewhat arbitrarily placed maximum allow-
able unsupported spans for different tube sizes and
tube materials. Figure 3 is a plot of these maximum
lengths. By coincidence, these lengths have prevented
many serious tube vibration problems. However, the
current trends toward higher velocities to improve heat
transfer and minimize fouling make the TEMA maxi-
mum spans marginal for many exchangers. The current
trend is to limit maximum spans to 80% of the TEMA
values, which increases the natural frequency by more
than 50%.

B. Natural frequencies of U-bend tubes

The vibration characteristics of a U tube are more diffi-
cult to predict than those of a straight tube. A detailed
method is described by Lee [8] that requires a large
number of inputs not generally available. As a result, a
simplified approach is often used. This approach con-
siders the straight portions and the bend separately.
The straight portion is handled the same as straight
tubes. The bend portion uses a method proposed by
Kissel [9] and included in the TEMA Standards [5].
Assuming simple supports for the first-mode U-tube
out-of-plane, natural frequency can be calculated by the
following:

f,, = 59.55 5j (g)“.’
e

(3)

where C,, is the first-mode U-tube constant as shown
in Fig. 4, and R is the tube bend radius. This simpli-
fied approach does not consider intermediate supports
around the bend for U tubes that materially increase
the natural frequencies by stiffening the overhung sec-

5 1 I II,, I I I

4
TEMA Standard 6th Ed. [5] //

E 3

$

d
2

4

j

g 1.0

Fined Tubes

0.61 I I I,,, I I I
0.3 0.4 0.6 0.8 1.0 2 3 4 5

TEMA Maximum Unsupported Span, m

Figure 3 TEMA maximum unsupported span lengths for plain
tubes and finned tubes (finned tube outside diameter is for plain
end).
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Figure 4 U-tube natural frequency constant for first-mode
out-of-plane vibration adapted from TEMA Standards [5].

tion of the bundle. However, this complicates the pre-
diction of the natural frequencies as the extent of their
effectiveness is uncertain.

C. Amplitude of tube vibration

The natural frequencies are characteristics of the tubes
themselves and are independent of the way they are
excited or the amplitude of vibration. On the other
hand, the amplitude depends on the natural frequency
of the tubes, the mode shape, the frequency and the
strength of the exciting mechanism, and the internal
and external system damping.

The tubes in many shell-and-tube heat exchangers
vibrate, but the amplitude is so small that the vibration
is not a problem. For the amplitude to become appre-
ciable the system damping must be small and the energy
input large. For forced vibration of lightly damped struc-
tures when the ratio of the forcing frequency to the

natural frequency approaches unity, resonance occurs
with an attendant amplification of the amplitude. See
[lo] for further discussion. Thus, if the forcing fre-
quency can be kept appreciably below the natural fre-
quency, the amplitude of vibration will be small.

Amplitudes as large as half the gap distance be-
tween adjacent tubes lead to impact collisions. Lesser
amplitudes can cause tube cutting by the baffles or
failure of the tube joints.

4
D. System damping

System damping has a strong influence on the amplitude
of vibration. In any real system, once the energy exciting
the vibration ceases, the amplitude of vibration decays
with time. The rate at which the vibration dampens out
is often exponential. The logarithm of the difference in
successive amplitude peaks is called the log decrement
6,, and is an indication of the damping. The higher the
value of the log decrement, the more heavily damped
the system is. Most tubes in heat exchangers are very
lightly damped structures with low values of the log
decrement.

Damping depends on the mechanical properties of
the tube material, the geometry of the intermediate
supports, and the physical properties of the shell-side
fluid. Tight tube-to-baffle clearances and thick baffles
increase damping, as does a very viscous shell-side fluid.
Coit et al. [I l] measured log decrements for copper-
nickel finned tubes of 0.032 in still air. No method is
available for predicting the log decrement, although the
range of values most probably lies between 0.01 and
0.17 for tubes in heat exchanger bundles.

In the flow-induced vibration situation, if the
energy input cannot be. dissipated through damping,
the amplitude of vibration will increase with time
leading to a �runaway� condition. If there is a balance,
the amplitude remains constant. If the damping exceeds
the energy input, the amplitude diminishes with time.

Nomenclature and References for Section 4.6.2 appear at the end of Section 4.6.6.
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4.6.3
Shell-side velocities

in shell-and-tube exchangers

J. M. Chenoweth

l All predictive methods for flow-induced vibration
contain a velocity term. The stream analysis method
[ 121 provides a procedure for determining the frac-
tion of the total that flows in each of five shell-side
streams. These streams are the main cross flow, the
bundle-to-shell leakage, the baffle-to-shell leakage, the
tube-to-baffle leakage, and the bypass stream in any
lane due to tube-pass partitions parallel to the cross-
flow velocity. In most industrial heat exchangers the
main cross flow is considerably less than the total flow.
Further, as the shell-side fluid flows through a bundle
of tubes, the velocity is constantly changing in magni-
tube and direction.

A. Cross-flow velocities

The definition for cross-flow velocity used by most
investigators of flow-induced vibration is based on the
minimum flow area through a tube row perpendicular
to the primary direction of flow. For an ideal tube
bank the selected velocity is well defined. However,
for a shell-and-tube exchanger it is somewhat ambiguous,
as the number of tubes in each row varies from baffle
tip to baffle tip. In order to be consistent, the cross-
flow velocity for shell-and-tube exchanger vibration pre-
diction will be based on an integrated average area
between the maximum and minimum number of tubes
in the rows between baffle tips, on the gaps between
adjacent tubes in a tube row, and on the cross-flow
fraction of the total flow.
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B . Parallel-flow velocities

The flow components parallel to the tubes include
baffle-to-shell leakage streams, tube-to-baffle hole
leakage streams, and most important, the flow through
the baffle windows. The parallel-flow velocity is usually
assumed to be the total cross flow plus the bundle-to-
shell leakage stream flowing through the net window
area. The parallel-flow velocities for multisegmental
baffle exchangers are particularly difficult to define.

C. Leakage and bypass stream velocities

The leakage and bypass streams in a shell-and-tube
heat exchanger are often disregarded, as they can be
predicted only by a technique such as a stream analy-
sis method. These streams can have velocities as much
as 10 times higher than the main cross-flow velocity.
Many of the tubes that have failed were in the prox-
imity of one of these secondary flow streams. Heavy
fouling can block the leakage through the tube-to-baffle
clearances.

D. Entrance and escape velocities

The fluid entering the shell through the inlet nozzle
impinges directly on the first row of tubes under the
nozzle unless some type of impingement device is
present. This device can be a row of dummy tubes, a
solid plate, a perforated plate, or some type of bar
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grid. With an impingement device the bundle entrance
velocity should be limited. This may require the removal
of several rows of tubes to provide sufficient area be-
tween the bottom of the nozzle and the impingement
device. The TEMA Standards [s] specifies that the
bundle entrance pu2 should not exceed 6 000 kg/m s2.
With impingement plates a region of high velocities may
be found near the first rows of tubes below the impinge-
ment plate in the bundle-to-shell clearance areas. The
flow in the end zone between the inlet and the fast
baffle window is very difficult to analyze because of
the large number of possible flow paths. There can be
areas where the flow is anything from highly turbulent
to nearly stagnant.

At the exit of the exchanger a sufficient escape
area must be provided to prevent velocities from

being high enough to initiate vibration in this region.
These potentially troublesome areas are not easily
analyzed and are often overlooked in a check for vibra-
tion problems.

E. Turnaround velocities

It is important to understand the flows in the baffle
window turnaround regions, as most of the tubes that
fail pass through them. Here the flow makes a reversal
of direction between each cross pass. Velocity is con-
tinually changing in both magnitude and direction, Even
though the flow at any point can be separated into its
cross-flow and parallel-flow components, it is uncertain
how to use these in the various predictive methods.

Nomenclature and References for Section 4.6.3 appear at the end of Section 4.6.6.
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4.6.4
Flow-induced vibration

phenomena

J. M. Chenoweth

n There are several recognized phenomena that are
associated with flow-induced vibration. These include
vortex shedding, fluid elastic instability, turbulent
buffeting, parallel-flow eddy formation, and acoustic
vibration. Since any one of these can produce a flow-
induced vibration problem, each must be considered in
any comprehensive vibration analysis of a shell-and-tube
heat exchanger.

A. Vortex shedding

Flow across a tube produces a series of vortices in the
downstream wake formed as the flow separates alter-
nately from the opposite sides of the tube as shown in
Fig. 1. This shedding of vortices produces alternating
forces, which occur more frequently as the velocity of
flow increases. For a single cylinder the tube diameter,
the flow velocity, and the frequency of vortex shedding
fvs can be described by the dimensionless Strouhal
number Sr.

(1)

D,, Tube

Vortices in Wake

Velocity \

Figure 1 Sketch of vortex shedding resulting from flou across a
tube.

6 1983 Hemisphere 1 ,blishing  Corporation

For single cylinders the vortex shedding Strouhal
number is a constant with a value of about 0.2. Vortex
shedding occurs for the range of Reynolds number
100 < Re < 5 X 10�  and >2 X 106,  whereas it dies
out in between. The gap is due to a shift of the flow-
separation point in vortices in the intermediate trans-
critical Reynolds number range.

Vortex shedding has also been observed for flow
across ideal tube banks. The Strouhal number is no
longer a constant, but varies with the arrangement and
spacing of the tubes. Vortex shedding is fluid mechanical
in nature and does not depend on any movement of the
tubes. For a given arrangement and tube size, the fre-
quency of the vortex shedding for nonvibrating tubes
increases as the velocity increases. The vortex shedding
can excite tube vibration when it matches the natural
frequency of the tubes. The vortex shedding frequency
can become �locked in� to the natural frequency of a
vibrating tube even when the flow velocity is increased.
The movement of the tube �organizes� the separation
of the vortexes leaving the vibrating tube.

The values of the Strouhal number for ideal tube
banks are nearly constant for a wide range of Reynolds
numbers, but vary considerably with longitudinal and
transverse tube spacing. Some investigators [13, 141
question if vortex shedding can exist deep within the
bundle of a typical shell-and-tube exchanger. The argu-
ment is that there are so many changes of direction that
an established cross-flow velocity is never realized.

Chen [15]  organized experimental data into plots
that relate the dimensionless Strouhal number to the
geometry of staggered and in-line tube banks. It should
be noted that there were few data points in range of the
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industrially significant pitch ratios, typically from 1.25 empirical predictions equation is based only on tests
to 1.75. using gases as the shell-side fluid.

Usually the shell-and-tube exchanger tube fields
are laid out with equilateral pitches in either square or
triangular arrangements. It is therefore convenient to
transform the plots by Chen into the one shown in
Fig. 2. The Strouhal number is plotted versus the pitch
ratio (equilateral tube pitch divided by tube diameter)
for lines of constant tube field layout angle.

C. Fluid elastic whirling

Fluid elastic whirling is evidenced by tubes vibrating in
an orbital motion. This motion is produced by flow
across the tubes causing a combination of lift and drag
displacements of the tubes at their natural frequencies.
Typically, once fluid elastic whirling commences, it can
lead to a runaway condition if the energy fed to the
tubes exceeds that which can be dissipated by damping.
Connors [19]  developed a method for predicting the
critical cross-flow velocity U&r above which fluid
elastic whirling can develop:

B. Turbulent buffeting

Extremely turbulent flow of the shell-side fluid contains
a wide spectrum of frequencies distributed around a
central dominant frequency, which increases as the
cross-flow velocity increases. This turbulence buffets
the tubes, which selectively extract energy from the
turbulence at their natural frequency from the spectrum
of frequencies present. This is an extremely complex
form of excitation. As the result of investigations with
gas flowing across an ideal tube bank, Owen [17]  pro-
posed an empirical equation to predict the dominant
frequency for turbulent buffeting ftb :

(2)

About the central dominant frequency for turbulent
buffeting there is a band of frequencies of lesser energy
content. Brothman et al. [18]  suggest that the turbulent
energy spectrum can be represented by a square band
bounded by frequencies +9 Hz about the central fre-
quency. When the dominant frequency for turbulent
buffeting nearly matches the natural frequency, a con-
siderable transfer of energy is possible leading to signifi-
cant vibration amplitudes.

Equation (2) is not recommended when the shell-
side fluid is a liquid. This is not to say that turbulent
buffeting cannot occur for liquids, but rather that the

1.25 1.50 1.75 2.00

Figure 2 Strouhal numbers for equilateral tube layouts [ 161.
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where 0 is the fluid elastic instability threshold constant
and 6. is the log decrement for the tube bundle in the
shell-side fluid under static (no-flow) conditions.

Connors used air as the cross-flow fluid and con-
trolled the amount of damping by mounting his �tubes�
on different sets of springs. In his experimental setup
he could easily determine the log decrement by striking
a tube in still air and observing the decay of the vibra-
tion amplitude with time. At this time there is no
method for predicting the log decrement. Reported mea-
sured values of log decrement vary widely, from 0.01
to 0.17. One value often quoted is 0.036, suggested by
Coit et al. [20] for copper-nickel tubes in a large steam
surface condenser. The log decrement depends on the
mechanical properties of the tube material, the geometry
of the bundle, and the viscosity of the shell-side fluid.

Shin and Wambsganss [21] assembled experimental
data for the instability threshold constant 0. Figure 3
indicates that fl is a function of the tube field layout.
Hartlen [22] determined the effect of both tube field
layout angle and tube pitch-to-tube diameter ratio on
/3 for banks of tubes shown in Fig. 4. These preliminary
results also suggest that as the pitch-to-diameter ratio
decreases, the value of p decreases.

For the Connors critical velocity method to be
fully effective, it is necessary to predict the log decre-
ment and the variation of fl with tube type, layout angle,
and tube pitch.

D, Parallel-flow eddy formation

Vibration due to axial or parallel flow results from the
development of eddies along the tube. Nuclear reactors,
and occasionally their associated heat exchangers, have
experienced this type of vibration. Typically, they had
long, unsupported tube spans, relatively narrow shell-

blisbing Corporation
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0.3

MS
Damping Parameter, =

p Do’

Figure 3 Stability diagram for tube arrays. Adapted from Shin and Wambsganss [21].

side flow passages, and very high axial velocities. The
method of Chen and Weber [23]  predicts the turbulent
eddy frequency initiated by flow parallel to the tubes,
which can excite the tubes into vibration at their natural
frequency. The method uses an experimentally deter-
mined critical velocity to predict the midspan  amplitude
of vibration. In most industrial shell-and-tube heat ex-
changers, axial-flow-induced vibration is not a prob-
lem, as the axial flow in baffled exchangers is consider-
ably below the critical velocity.

E. Acoustic vibration

Acoustic vibration occurs only when the shell-side fluid
is a vapor or a gas. This type of vibration is related to

12
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Figure 4 lnstability threshold constants [22].

sound generated in an organ pipe. The characteristic
frequency of the acoustic vibration in a heat exchanger
depends on some length, usually the shell diameter d,
and the velocity of sound in the shell-side fluid &,,,nd.
The acoustic frequency f, can be predicted by the fol-
lowing equation:

mUsound
fa = --jj--

where m is the mode number, which is a dimension-
less integer. The lowest acoustic frequency is achieved
when m = 1 and the characteristic length is the shell
diameter. This is called the fundamental tone, and the

higher overtones vibrate at acoustic frequencies two,
three, or four times the fundamental (m = 2, 3, or 4).
The first two overtones are illustrated in Fig. 5. Reports

First Overtone

(m= I)

Exchanger Shell

Figure 5 Most probable location of standing acoustic waves for
fundamental and first two higher overtones.
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of third, fourth, or higher overtones in heat exchangers
are rare.

The acoustic frequencies of an exchanger can be
excited by either vortex shedding or turbulent buffeting.
Barrington [24]  indicated that so long as the exciting
frequencies are within 20% of an acoustic frequency,
a loud noise may be produced. This acoustic vibration
becomes destructive when it is in resonance with some
component of the exchanger. Good designs ensure that
the natural frequencies of the tubes differ from the
acoustic frequencies of the exchanger shell. The acoustic
frequencies of the shell can be changed by inserting a
detuning plate parallel to the direction of cross flow to
alter the characteristic length. This does not materially
alter either the heat transfer or the pressure drop.

Nomenclature and References for Section 4.6.4 appear at the end of Section 4.6.6.

F . Combined phenomena

The question arises as to which of the phenomena are
significant in predicting a vibration problem given the
geometry and the process conditions. Once they are
known, do they act independently or together to am-
plify or dampen the vibration? If they operate in phase,
then amplification should be expected. If they operate
out of phase, a canceling or damping should be ex-
pected. Answers to these questions are unknown at this
time. To complicate the picture, most of the flow in an
exchanger is flowing neither parallel to nor perpendicu-
larly across the tubes. So, although parallel and cross
velocities that can excite vibration in ideal tube banks
are known, appropriate values to use for predictions of
the same phenomena in a shell-and-tube heat exchanger
remain uncertain.
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4.6.5
Procedure for vibration

predictions

J. M. Chenoweth

A. Primary check

A four-step primary check is suggested for shell-and-tube
heat exchanger designs to minimize the probability of
flow-induced vibration problems. The steps can be taken
in any order and should be repeated for the inlet,
central, and outlet regions. For a high probability of not
having vibration, vibration must not be predicted at any
step. The following are the four steps in the primary
check procedure:

Step 1. For a gas or vapor as the shell-side fluid,
compare the vortex shedding or turbulent buffeting
frequency based on the cross-flow velocity to the
acoustic frequency. If within 20%,  acoustic vibration
is probable.

Step 2. For either gas or liquid as the shell-side
fluid, compare the cross-flow velocity U, to the critical
velocity to initiate fluid elastic instability #tit. Vibra-
tion and damage are probable when u, is greater than

%Tit~
Step 3. For either gas or liquid as the shell-side

fluid, compare the vortex shedding frequency to the
lowest natural frequency of the tubes. Because of the
number of uncertainties, vibration (not necessarily dam-
age) is possible when the ratiof,/f, is greater than some
value less than 1, often 0.5.

Step 4. For gas or vapor as the shell-side fluid, com-
pare the turbulent buffeting frequency to the lowest
natural frequency of the tubes. Because of the number
of uncertainties, vibration (not necessarily damage)
is possible when the ratio of f&,/f, is greater than
some value less than 1, often 0.5.
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Notice that the primary check procedure predicts
the probability of vibration and not damage. Certainly,
preventing vibration from occurring precludes damage
from vibration. On the other hand, the presence of
vibration does not automatically infer damage.

B. Secondary checks

The primary check procedure examines only the most
obvious causes of tube vibration. There are additional
secondary checks that can be made. These include the
velocities in the region of the inlet and outlet nozzles,
high values of the cross flow pu2 , and the parallel-flow
and cross-flow amplitudes. The leakage and bypass
streams can be checked to see if they are high and may
lead to local vibration problems. A check can be made
to ensure that the acoustic frequency and tube natural
frequencies are not in resonance.

C. Vibration damage relationship

Vibration cannot be equated to tube damage. Many
exchangers vibrate but do not experience tube failure.
Damage is known to result from fatigue, tube-to-tube
collision, and baffle-to-tube cutting. Fatigue is better
understood than the other two mechanisms. Tests that
simulate the motion, forces, tube materials, and support
materials, etc., found in real exchangers are needed to
answer questions about low-amplitude (low-stress)
vibration for a very large number of cycles.
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D. Comparison of predictions with
experimental data

Reliable experimental data on flow-induced vibration
and tube damage from operating full-scale shell-and-tube
exchangers are very scarce. This is not because there
are not exchangers that vibrate and sustain damage;
rather, it is because obtaining the data to make a mean-
ingful vibration analysis is extremely difficult. Under-
standably, plant operating personnel are more interested
in eliminating vibration problems than obtaining experi-
mental data.

Several vibration tube banks [25-271  have been
assembled containing cases where exchangers had ex-
perienced flow-induced vibration problems and cases
where similar exchangers had no reported vibration

problems. There are more cases with reported vibra-
tion than cases with no reported vibration, so the
data banks are biased. There are cases where the shell-
side fluid was liquid, gas, or vapor. Of all the cases
having vibration, more than half reported damage at the
baffles. Other cases indicated collision damage, tube-
to-tubesheet joint failure, noise, and failure in the
U-bend region. As is typical of field data, there are
cases with incomplete information. In many cases the
missing data are essential to make a meaningful analysis.

The primary check procedure was followed for the
cases in two vibration data banks [27] for the inlet,
central, and outlet baffle spacing regions of the ex-
changer. Correct predictions were made for 48 of the
67 cases, or 72% correct. Of the cases with no vibration
reported, only about 5% were predicted correctly.
The evaluation is thought to be reasonably typical.

Nomenclature and References for Section 4.6.5 appear at the end of Section 4.6.6.
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4.6.6
Design considerations

J. M. Chenoweth

l At the design phase there are a number of changes
that can be made to reduce the vibration problem. Most
require a compromise to satisfy all of the requirements
with added cost a likely result. When an exchanger al-
ready in service has a serious problem, there are still
some improvements that can be made in the field.

A. Possible design changes to correct
anticipated vibration problems

If, as the result of a vibration analysis it is found that
vibration is probable, design elements can be recon-
sidered from the standpoint of vibration. Assuming
that the process conditions cannot be changed, the
following changes should be considered:

Reduce the shell-side velocities. If the flow rate
of the shell-side fluid is fured, velocities can be reduced
by increasing the tube pitch or using TEMA X or J
shell styles. This is particularly attractive when the
design is pressure drop limiting, but may result in a
larger shell.

Increase the tube natural frequency. The most ef-
fective way to increase the tube natural frequency is
to reduce the longest unsupported span length. Reduc-
ing the span length by 8% increases the natural fre-
quency by more than 5%. Secondary effects can be
produced by changing tube materials and increasing tube
wall thickness, but neither of these will greatly increase
the natural frequency within industrially acceptable
limits. The natural frequency can be increased by lacing
or by driving wedges between tubes to prevent move-
ment. This technique has been particularly effective in
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controlling vibration in the bend region of U-tube
bundles.

Reduce nozzle velocities. The nozzle sizes can be
increased to reduce nozzle velocities. If an impingement
plate is provided to prevent erosion, be sure that the
velocities leaving the edges of the impingement plate
are not excessively high. A support plate at the center-
line of the nozzles gives added tube support near the
midspan at the end zone. Annular distributors and vapor
belts are effective ways of reducing the velocity of the
shell-side fluid entering the bundle.

Change baffle type. The no-tubes-in-window type
bundle can have its baffles widely spaced, as every tube
is supported by every baffle. Further, the no-tubes-in-
window construction permits intermediate support
plates between each baffle without materially affecting
the heat transfer or pressure drop performance. A
change to a multisegmental baffle will reduce the veloc-
ity. Although not common practice, the rod baffle-
type bundle [29] has been used in low-pressure-drop
exchangers.

Add detuning baffles. Acoustic vibration problems
can easily be corrected in the design phase by the use
of detuning baffles to reduce the characteristic length
(see Barrington [22] ).

Reduce wear at baffles. Although the use of tighter
tube-to-baffle clearance and thicker baffles do not
materially change the tube natural frequency, they do
reduce damage due to cutting and increase the system
damping. A change of baffle material can sometimes
reduce tube damage if originally the material was con-
siderably harder than the tube material.
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4.6.6-2 4.6 FLOW-INDUCED VIBRATION / 4.6.6 Design Considerations

B. Possible solutions for observed vibration
problems

Once an operating heat exchanger is found to have a
vibration problem, it should be determined if the vibra-
tion is transmitted to the exchanger from some external
source. If it is ascertained that the vibration is flow
induced, there are a number of possible solutions to be
considered:

Plug leaking tubes. A temporary fix for leaking
tubes, whatever the cause, is to drive plugs into the
tube ends to seal off the leaking tube. Replacing a tube
in the field is generally not practical.

Reduce shell-side jlow rate. Flow-induced vibration
often can be stopped by lowering the shell-side flow
rate. This will be acceptable only if it can be tolerated
within the operating requirements of the plant.
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frequency constant, dimensionless [see Table
4.6.2(l)]
first-mode U-tube frequency constant, dimen-
sionless [see Fig. 4.6.2(4)]
characteristic length for acoustic vibration;
usually shell diameter for heat exchangers, m
tube inside diameter, m
tube outside diameter, m
modulus of elasticity of tube material, N/m2
acoustic frequency, Hz
natural frequency, Hz
stressed frequency, Hz
natural frequency, out-of-plane U-bend, Hz
dominant turbulent buffeting frequency, Hz
vortex shedding frequency, Hz
area moment of inertia [= ~(0: - D4)/64]  , m4
added mass coefficient, dimensionless [see Fig.
4.6.2(2)]
longitudinal  tube pitch between successive tube
rows, m
unsupported span length, m
mode number, dimensionless integer
molecular mass, g/m01
effective mass per unit length (= M, + M, +
MS),  kg/m

Insert bars, lacing, or wedges to stiffen the bundle.
The natural frequencies of existing exchangers can be
increased by inserting lacing or driving wedges between
the tubes to restrict movement. This can result in altered
thermal and pressure drop performance. One region
where lacing and wedging is often used is in the U bend.

Remove tubes to create bypass lanes. This pro-
cedure can reduce the cross-flow velocities enough so
that vibration can be controlled. However, this must
be done with care, as it can significantly reduce the over-
all heat transfer and pressure drop performance.

Replace the tube bundle. As a last resort, redesign
and install a new bundle that circumvents the vibration
problem.

Vibration problems are best prevented rather than
corrected. A careful analysis at the design stage can
greatly reduce future vibration problems.

NOMENCLATURE FOR SECTIONS 4.6.1-4.6.6

M??l mass of tube per unit length, kg/m

MS virtual mass per unit length of tube for the shell-
side fluid displaced by the tube [= kp,(lr/4)Dz] ,

kg/m
Mt mass per unit length of tube for the tube-side

fluid, kg/m
pa axial load, - compressive or + tensile, N

ii
U-tube bend radius, m
gas constant, 8.314 kg m2/s2 (mol) K

Sr Strouhal number, dimensionless
t transverse tube pitch in a tube row, m
T absolute temperature, K
UC cross-flow velocity in the gaps in a tube row, m/s

%it critical velocity for fluid elastic instability, m/s
%ound velocity of sound in shell-side fluid [= (.ZyRT/

M)0.51,m/s
Z compressibility factor, dimensionless
P instability threshold constant, dimensionless
Y specific heat ratio C&, dimensionless (r = 1.4

for many fluids)
60 log decrement of the tube bundle in the shell-side

fluid under no-flow conditions, dimensionless

PS shell-side fluid density, kg/m3
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4.7 TESTING AND INSPECTION 4.7.1-1

4.7.1
Objectives ofinspection,  testing,

and drawing approval

A. Illingworth

n Heat exchangers are complex, highly sophisti-
cated pressure vessels, and never more so than when
designed with the precision and thoroughness of
computer-aided programs. In these circumstances,
with the final design approaching nearer and nearer
to the theoretical ideal, it is essential that they be
fabricated to the required tolerances and to a high
standard of workmanship. Thus inspection can no
longer be regarded as a desirable appendage but must
be an essential, built-in feature of the fabrication pro-
cess. There are two inspection functions, the manu-
facturer�s own in-house quality control, and third-
party inspection by approved authorities who are
empowered to issue certificates acceptable to most
international inspection authorities. The functions
of the two inspection organizations are separate and
independent, but complementary in requiring the
same end result-a soundly constructed and safe heat
exchanger.

Third-party inspection must, by virtue of its re-
sponsibilities to government legislation, be more com-
prehensive than in-house inspection, and commences
with design assessment of the pressure-containing
parts. Practice varies from country to country; in the
United Kingdom normally triplicate copies of the
construction drawings should be forwarded to the
relevant inspection organization who, when satisfied
with the design, will confirm their approval in writing
or, if necessary, by stamping the drawings-returning
one copy to the manufacturer, forwarding a second
to their inspector, and retaining the third copy. Manu-
facturers should not proceed with construction be-
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fore drawings have been approved, and a similar arrange-
ment should be followed with drawing revisions. It
is generally necessary in the case of orders for export
contracts that the drawings for approval and any re-
visions be forwarded in ample time to the appropriate
inspection or certification authority of the country
where the plant will eventually operate. The draw-
ings should be translated into the language of the im-
porting country, dimensions should be in the correct
units, and the design should be strictly in accordance
with the requirements and regulations applicable within
the importing country. The recipient authorities will
often delegate inspection to a recognized inspection
authority in the manufacturing country or confirm
the particular inspection arrangements. Once the draw-
ings have been approved, the third-party inspection
organization will carry out the required stage inspec-
tions to ensure that the completed vessel is constructed
in accordance with the specification and the approved
drawings. An important aspect of inspection is the
scrutiny of radiograph fnms and ultrasonic reports
and witnessing dye penetrant, magnetic particle, hy-
draulic, pneumatic test, etc., as required. Upon satis-
factory completion of manufacture and testing, the
vessel nameplate is branded with the inspection author-
ity�s mark, and a certificate is issued.

It is normally necessary and indeed good prac-
tice for the manufacturer to produce a dossier con-
taining copies of the approved drawings, material
certificates, nondestructive testing results, welding
certificates, and the inspection authority�s certificate.
For certain countries details may have to be recorded
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4.7.1-2 4.7 TESTING AND INSPECTION / 4.7.1 Objectives of Inspection, Testing, and Drawing Approval

in prescribed forms and, of course, there are usually
additional requirements to be met; for example, some
countries require by law that the copper rivet heads
attaching the vessel nameplate be marked with the
inspection authority�s stamp.

Close liaison between the manufacturer and the
inspection authority is essential to ensure that the con-
struction documentation is in order and acceptable to
the overseas authority.
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4.7 TESTING AND INSPECTION 4.7.2-l

4.7.2
Materials

A. Illingworth

n A wide variety and combination of materials are
used in the construction of heat exchangers, as discussed
in Sec. 4.5. Generally the material of construction
should comply with the requirements of the design
code, but other materials may be used subject to agree-
ment between purchaser, inspecting authority, and
manufacturer.

In the case of heat exchangers that are exported,
the design, testing of materials, inspection, and certifi-
cation must comply with the requirements of the regu-

lating authority of the recipient country. It is therefore
essential that the manufacturer be fully aware of these
requirements at the outset, and such items as valves
and fittings should not be excluded when considering
these requirements. Nonpressure parts, such as sup-
ports, lugs, and baffles, should be of weldable quality
and suitable in all respects for the intended purposes.

Ail material should have identification marks and
be supported by certificates giving the physical and
chemical properties.
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4.7 TESTING AND INSPECTION 4.7.3-l

4.7.3
Welding

A. Illingworth

n The manufacturer must have well-maintained weld-
ing equipment and experienced welding supervisors. No
production welding should be carried out until the weld-
ing procedures have been approved and the welding
operators qualified. The standards generally used for
weld procedure and welder qualification in various coun-
tries are summarized in the Guides to National Practice
in Sec. 4.3. The manufacturer is responsible for the
documentation and records of weld procedures and

welder approvals, which must be available to the inspec-
tion authorities. Weld certificates accepted by a recog-
nized inspection authority should be accepted by other
inspecting authorities subject to the certificates being
current, correct, and suitable for the welding under con-
sideration. This �acceptance� should also be applicable
to ultrasonic testing procedures and ultrasonic operators�
certificates.
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4.7 TESTING AND INSPECTION 4.7.4-l

4.7.4
Stages of inspection

A. Illingwort  h

n Inspection by an outside body in no way relieves
the manufacturer of responsibility to the purchaser. The
inspection stages should be varied to suit the design and
materials of the heat exchanger, but the following are
the main inspection stages (see also particular design and
construction code for specific and mandatory require-
ments, which wilI of course have to be complied with):

1. Identification of material against material
ccrtiiicates.

2. Checking that the weld procedures and welder
approvals have been authenticated by an acceptable
inspection body or qualify as necessary. This is also
applicable to nondestructive testing procedures and
approvals.

3. Examination of part when cut to size and shaped
with edges prepared for welding. At this examination
attention should be given to the plate edges to ensure
that they are free from flaws, cracks, laminations, and
slag inclusions.

4. Examination during welding to ensure that the
correct procedures are being used and that the parts are
within the tolerance specified in the design code.

5. Check to ensure that heat treatments have been
carried out as required.

6. Examination of completed welding and witness-
ing the nondestructive testing where applicable.

7. Examination of tube plates with tube holes
drilled. At this stage consideration should be given to
the nondestructive testing of the tube plates to ensure
that they are free from any unacceptable laminations.

8. Examination of tube bundle assembled in tube
plate(s).

9. Witnessing pressure tests and leak tests where
applicable.

10. Final examination and checking of exchanger
dimensionally against the drawing.

11. Checking marking and stamping of the ex-
changer and examination of final documentation.
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4.7 TESTING AND INSPECTION 4.7.5-l

4.7.5
Construction

A. Illingworth

n In the United Kingdom the Health and Safety at
Work Act 1974 has brought to the attention of both
users and manufacturers of shell-and-tube heat ex-
changers, and indeed of all pressure plant, the vital
need for efficient lines of communication.

The act firmly defines the duty of any person who
designs, manufactures, imports, or supplies any item of
plant and invests in that person the need to design and
construct in such a way that plant is safe and without
risk to health when it is properly used.

The act states that where published standards
exist, designers and users of plant should pay heed
to them and warns that, although standards may have
no legal status in the United Kingdom, industry should
realize that it may have to explain its reasons for diverg-
ing from them should an incident jeopardizing health
and safety occur. Some other countries also have quite
specific legislation and requirements with respect to
imported plant, and it is essential that such informa-
tion be obtained and considered. The foregoing prin-
ciples either are or are likely to be introduced in many

countries and form a sound basic principle for future
designs.

In Sec. 4.3, established codes of practice are dis-
cussed that provide in the majority of cases regulations
governing the design of acceptable vessels.Many branches
of industry are users of shell-and-tube heat exchangers
for heating, cooling, evaporating, and chemical reaction
duties, and the purpose of the standards is to specify the
essential requirements and to give constructional guid-
ance. Some standards do not deal with any thermal de-
sign considerations and rely on fullest operating informa-
tion being passed between purchaser and manufacturer.

If steam is used on one side of a heat exchanger in
the United Kingdom, suitable fittings to comply with
the Factories Acts must be provided. Items in this cate-
gory together with their fittings are by statute required
to be inspected periodically at prescribed intervals by a
competent person, and a report must be issued. Other in-
service regulations exist in most other countries with re-
spect to these �unfired steam� vessels, and it is prudent
for these to be considered, preferabIy at the design stage.
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4.7 TESTING AND INSPECTION 4.7.6-l

4.7.6
Nondestructive testing

A. Illingworth

A. Introduction

Depending on the severity of duty required of a heat
exchanger when in service, various methods of non-
destructive testing are available to provide that the
parent material and that the welds deposited are suf-
ficiently free from defect to satisfy the known ser-
vice conditions. During fabrication radiographic, ultra-
sonic, magnetic particle, and dye penetrant tests are
available inspection techniques. The various design
codes specify nondestructive testing in varying degree
for different vessel categories, and the choice of tech-
nique for a particular application requires careful
consideration.

There are internationahy  recognized certification
schemes to qualify personnel for radiographic, ultra-
sonic, magnetic particle, and dye penetrant testing, and
in the case of ultrasonic inspection it is particularly im-
portant that personnel are suitably qualified to under-
take work of this nature.

If there is any danger of heat treatment cracking,
nondestructive testing should be carried out after heat
treatment and the design code requirements followed
in this respect.

After acceptance of the nondestructive tests, the
integrity of the finished vessel is further established by
a pressure test, usually hydraulically applied, although
in certain circumstances with adequate safety precau-
tions a pneumatic test may be carried out. The stages
at which various forms of nondestructive testing are
employed are discussed below.

B. Plate material

Plates are tested ultrasonically for detection of laminar
imperfections in accordance with the relevant codes.
It may be necessary to make a more comprehensive
ultrasonic examination prior to welding of plate edges
adjacent to welded seams and regions around branch
openings.

C. Weld tests

Welding procedure, welder approval, and production
control test plates are usually required to be assessed
radiographically or ultrasonically.

D. Main seams

The choice of radiographic or ultrasonic testing or a
combination of both is a matter for agreement among
all parties involved. Each method has advantages and
disadvantages with regard to the detection, identifica-
tion, sizing, and disposition of flaws. Radiography is
most suited for the detection of inclusions, blowholes,
piping, porosity, and incomplete root penetration,
except in cases where the root faces are butted tightly
together. On the other hand, ultrasonic testing is par-
ticularly suited for detection of planar-type defects
such as cracks and lack of fusion and is to be preferred
for testing thick sections. The relevant codes describe
the methods and requirements for radiographic tech-

0 1983 Hemisphere Publishing Corporation

tall

- .x _.. .-. � .~.- .-

-�I  --�  �. --
� T-�---. T--  �-- �  -



4.7.6-2 4.7 TESTING AND INSPECTION / 4.7.6 Nondestructive Testing

niques, or ultrasonic examination of fusion-welded butt
joints in ferritic steels.

In some instances the choice between the two
methods is governed by the plate thickness, but often
the application of each technique is complementary
and for maximum inspection coverage in critical situa-
tions consideration should be given to specifying both
radiographic and ultrasonic examination.

Magnetic particle or dye penetrant tests are usually
specified for inspection of the back gouging of the first
side welding to ensure that the second side weld is de-
posited on sound metal. These tests may also be speci-
fled for checking the weld surface and adjacent parent
plate, particularly after heat treatment where clrcum-
stances make this necessary.

E. Branch welds

If the application of ultrasonic testing is necessary in
the case of branch welds where the geometric shape
does not allow the use of radiographic techniques,
methods for the ultrasonic examination of branch welds
are given in the relevant codes. Additional checks for
surface flaws, particularly cracking from toes of filet
welds, should be detected by magnetic particle or dye
penetrant examination.

F. Tube-to-tube plate welds

Apart from certain sophisticated attachment techniques
specifically designed for high-integrity applications
that can be examined radiographically, tube-to-tube
plate weld attachments are usually examined by mag-
netic particle or dye penetrant techniques.

G. Pressure testing (overpressure test)

The overpressure test is carried out at a pressure exceed-
ing the design pressure and is applied to the shell side

and tube side of heat exchanger vessels independently
in order to prove the mechanical strength and integrity
of fabrication and design. It is usual to carry out the
test hydraulically, and care must be taken to ensure that
the vessel is properly vented to exclude the possibility
of air pockets.

Pneumatic testing should be avoided wherever prac-
ticable, but where it becomes necessary adequate safety
precautions should be taken in view of the possibility
and consequence of explosive failure.

It is imperative yet frequently forgotten that when
draining a vessel after testing, a vent valve must be
opened before commencing the drainage operation.

H. Proof test

Where the strength of a vessel (or part) cannot be as-
sessed by calculation, a proof hydraulic test is required
in conjunction with a strain gauge or strain coating
technique in order to establish a design pressure. The
rules of the appropriate design codes should be followed
together with the detail procedures adopted in the
codes.

I. Leak testing

After completion of the overpressure test, a gas tight-
ness test may be carried out. There are techniques using
air and soapy water or search gas detection, and the
test is particularly useful in checking tube/tube plate
attachment welds.

In all cases the applicable design code rules for
pressure testing should be observed together with any
national requirements.

Upon completion of construction, the vessel should
be stamped on a prominent part such as flange edge or
nameplate to show the pressure tests, the date, whether
the vessel was stress relieved, the code of construction,
and the manufacturer�s name together with the inspec-
tion authority�s stamp and other relevant data.
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4.7 TESTING AND INSPECTION 4.7.7-l

4.7.7
Certification

A. Illingworth

w To ensure that a manufacturing record can be 5. Certificate of radiography

kept throughout the life of the vessel, the following 6. Certificate of ultrasonic testing or other non-
certificates and records should be documented where destructive test operations
an&able : 7. Record of heat treatments applied

1. Material certificates of chemical and physical
properties for each vessel item

2. Welding procedure certificates
3. Welder qualification certificates
4. Records of welding consumables used and their

8. Certificate of hydraulic tests
9. Reproduction of vessel markings and stamp-

ings
10. The vessel detail drawing together with a mate-

rials list

properties
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4.7 TESTING AND INSPECTION 4.7.8-I

4.7.8
Fittings

A. Illingworth

H It is essential that wrought and cast fittings and
valves that are normally purchased outside are subjected
to the prescribed inspection and testing requirements,
for on occasion the documentation of these components
and the relevant inspection has been overlooked with
consequent delivery difficulties.

It is of considerable assistance to the inspection

authority if the manufacturer sends copies of suborders
to facilitate such inspections. Irrespective of the arrange-
ments made for inspection, valves and fittings should
be subjected to the necessary checks before fabricating
or fitting into the heat exchanger. The degree of inspec-
tion is normally defined in the applicable construction
standard.
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4.7 TESTING AND INSPECTION 4.7.9-l

4.7.9
CleanlinEZi  storage

A. Illingworth

n Extensive damage and corrosion can be created
in heat exchangers and other plant by debris being
left within, and it is normal practice for experienced
purchasers to lay down specific requirements with re-
spect to the degree of cleanliness, protection, and preser-
vation and also storing and shipping requirements to
prevent such damage. In the absence of such require-
ments, manufacturers should, in their own interest,
take meticulous care in this important function to en-
sure that all �compartments� are in the correct condi-
tion and inspected before closing. It is recommended
that steps be taken to ensure that

1. All surfaces are free from loose scale and debris
and cleaned to a degree suitable for the process or con-
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netted  plant. Note: Care should be taken to ensure that
cleaning or testing fluids do not adversely affect or dam-
age any of the materials, e.g., stress corrosion.

2. All fluids used for testing and cleaning are
drained off and surfaces dried.

3. The surfaces (where appropriate) are suitably
coated with a removable rust preventative or alterna-
tive means that meets the purchasers requirements
and where necessary gives adequate protection in any
possible adverse environmental conditions such as in sea
transport.

4. Flanges, screwed threads, and other similar
details are protected from mechanical damage by suit-
able covers or caps, which should also be capable of
preventing the ingress of dust and debris, etc.





4.7 TESTING AND INSPECTION 4.7.1 o-l

4.7.10
Preparation and dispatch

A. Illingworth

W Before a heat exchanger is dispatched, it is wise to In transit, special precautions should be taken to
ensure that all inspection requirements by all parties ensure that no abnormal vibration, excessive loading,
concerned have been completed and that all documenta- or mechanical damage results-the latter usually being
tion with respect to materials, fabrication, heat treat- caused by loading and unloading operations or by stor-
ments, and testing (including those for valves and age in unsuitable places. It is recommended that one
fitting) are procured and made available for the pur- should consider the provisions made for insurance cover-
chaser and the inspection authority. age against such damage.
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4.7 TESTING AND INSPECTION 4.7.11-1

4.7.11
QuaGtrol

and inspection disciplines

R. S. M. Moffatt

n The previous sections deal with inspection and test-
ing during the fabrication of pressure vessels (including
heat exchangers), embracing dimensional control, radi-
ography, ultrasonics, magnetic and dye penetrant crack
detection, and final testing. It is therefore necessary for
the fabricator to have in operation an overall quality
program, run by qualified and experienced personnel,
which has been approved by an independent organiza-
tion.

In the United States the organization concerned
with the approval of companies for particular fabrica-
tions is the American Society of Mechanical Engineers
(ASME)  through its boiler and pressure code. This or-
ganization will approve fabricating companies outside
the United States as well as American companies.

The system involves the submission of a quality
control manual by the fabricator, which is reviewed,
together with an audit of the company�s facility. Regis-
tered fabricators are authorized to construct fabrications
to the appropriate code and stamp their vessels with the
code stamp.

Similar schemes are in existence in other countries;
for example, in the United Kingdom the approved
scheme is operated by the Pressure Vessel Quality As-
surance Board (PVQAB). In all cases the pressure ves-
sel fabricator is overseen by an authorized inspector,
who must be suitably qualified. Certain authorities will
only allow pressure vessels to be installed and operated
in their country if they have conformed with the above
systems.

Total quality systems are all basically similar and in
general must conform to the following requirements,
which are summarized in the company�s quality manual.

A. Organizational structure
and responsibilities

The fabricator must maintain a documented quality sys-
tem (as defined in the quality manual). The manual
must contain an organizational structure that clearly de-
fines the responsibility of all key personnel, their au-
thority, and their relationship to one another. The orga-
nizational charts should show this relationship between
engineering (design and drawing), purchasing, actual
fabrication, inspection, and quality control.

An overriding requirement is that quality control
personnel should report to a level of management such
that the pressures of production and costs do not affect
their authority and independence to make unbiased deci-
sions .

It is also necessary for the head of the organization,
normally the managing director, to sign a statement
committing the company to quality objectives and rein-
forcing the responsibility and authority of the person
assigned to the position of quality manager.

B. Design and drafting control

It is, of course, of paramount importance that the item
is designed correctly and meets the relevant design code
and the client�s requirements. These requirements must
be correctly and clearly translated onto the drawings
from which the item will be fabricated, inspected, and
tested.

Control procedures must therefore be developed
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4.7.11-2 4.7 TESTING ANB  INSPECTION / 4.7.11 Quality Control and Inspection Disciplines

and documented to ensure that these design require-
ments are met and are adequately checked by qualified
personnel.

In determining detailed design, account must be
taken of both fabrication and nondestructive examina-
tion (NDE) techniques, and it must be ensured that ade-
quate access is present for the welder or welding ma-
chine to work satisfactorily.

C. Control of production drawings,
specifications, and procedures

It is essential that when all documents have been pro-
duced and approved they are circulated to those person-
nel who are involved in performing the particular activ-
ity. The system must also be such that when any
document is revised the latest revision is formally circu-
lated and all previous issues withdrawn at the same
time. This activity should be documented to demon-
strate that only documents of current issue are in the
hands of interested parties.

D. Control of purchased items

Controls must be available to ensure that purchased
items are ordered correctly, so that they will be pro-
duced by the supplier in accordance with the purchase
order and referenced specifications and tested to ap-
proved procedures.

Controls shall include, as necessary, actual witness
inspections by the purchaser�s inspection representative
and the authorized inspectors.

Test certificates shall be produced by the supplier,
suitably authenticated by inspectorates, and these certif-
icates should be sent to the purchaser with a minimum
of delay.

Items should be purchased only from suppliers who
are on the company�s approved supplier list, compiled
by the company on the basis of either (1) a quality audit
of the company or (2) a history of satisfactory supply of
similar items in the past.

E. Material control

On receipt of purchased items into the company, a suit-
able system shall be applied which ensures that they are
correctly identified and meet the requirements of the
purchase requisition. This can be done by recording the
identity of the item and checking it against the test cer-
tificate. In addition, it should be inspected to ensure that
there is no damage. Additional tests may be carried out,

including, for instance, checking dimensions and finish.
Test certificates should also be checked against the spec-
ification and purchase order for conformity and stamped
as correct. Items should not be released for manufacture
until they have cleared this particular activity. Items
should be released for fabrication only on receipt of a
requisition from the fabrication department ordering the
specific item. It is essential that the system ensures that
only the intended material is used.

During manufacture the identity of all items should
be maintained at all times. Before cutting pieces from
larger items, a system of transfer of the identity of each
smaller piece, prior to cutting, shall be maintained. This
degree of traceability may be achieved by marking the
pieces clearly with an indelible marking, such as by
stamping or vibroetching a unique number or marking
that enables the piece to be linked to its test certificate.
The marking should be in such a location that it is visi-
ble on the finished component, whenever this is practi-
cable.

F. Inspection, including nondestructive
examination

The quality system shall ensure that all the mandatory
inspections and tests are carried out at the appropriate
times and to the approved procedures. This can be ac-
complished by adherence to a quality plan that lists in
sequential order the operations to be carried out by both
the fabricator�s inspector and the authorized inspector.
The plan will also specify the hold points at which work
must not proceed until specific inspection has been car-
ried out and accepted.

A typical quality plan format that could be used is
shown in Fig. 1. This is compiled prior to commence-
ment of the contract and lists operations in a sequential
manner from receipt of order to despatch of the fabrica-
tion, together with the degree of inspection required by
the fabricator and by other interested parties such as the
authorized inspector and the client.

It is desirable to conduct a preinspection  meeting
prior to commencement of work with all interested par-
ties to agree on all the inspection activities and their
degree of actual inspection.

The system should be such that all the fabrication
and NDE procedures required for the contract are iden-
tified, written by the relevant departments, and ap-
proved by the inspection bodies, all in a timely manner
to ensure that they are available when required. These
procedures and their updating as necessary should be
issued to the relevant personnel in accordance with the
requirements outlined in Sec. C.

To ensure that all the tests and inspections are car-
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4.7.11-4 4.7 TESTING AND INSPECTION / 4.7.11 Quality Control and Inspection Disciplines

ried out, a system should be used whereby each activity
is signed off by the appropriate inspectors to indicate
that the activity has been completed satisfactorily and
the appropriate reports produced. This can take the
form of an inspection checklist or similar follower that
accompanies the item concerned. This checklist also
serves as an instant reference to the inspection status of
the item. A reproduction of the quality plan can be uti-
lized for this purpose.

G. Correction of nonconformities

If, during fabrication, items are found not to conform to
the specification or drawing requirements, the quality
system shall be capable of ensuring that work is stopped
pending resolution of the nonconformity. This may be
done by using a hold note that explains why the item is
held, and also a label attached to the part clearly indica-
ting that the piece is on hold. Small items should be
segregated to ensure that no further work is done.

Certain nonconformities that do not infringe the ac-
tual code requirements can, in fact, sometimes be ac-
cepted from a process point of view. A system must
therefore be available to formally submit the �conces-
sion� to the client for approval. In cases of acceptance
of the concession the hold can be released from the job.

Where rectification (by welding, for instance) is
feasible, this, together with the repair procedure, must
be agreed on with the authorized inspectorate prior to
the repair by use of the same concession route.

H. Welding

The system must ensure that the electrodes are pur-
chased to the correct specification, stored under the cor-
rect conditions on delivery, given the correct drying
treatment prior to use, and issued to the welder in a
controlled manner.

Weld procedures should be drawn up and test sam-
ples welded and tested to ensure that they meet the spec-
ification and contract requirements prior to any welding
on the contract.

The welder should be given written instructions on
the welding consumables to use. Records should be
maintained on details of the welds made and the weld
consumables used.

The inspector should check that the controls laid
down are being worked to and that the welder is cor-
rectly qualified for the weld concerned. The inspector
should check periodically that the specified preheat and
other welding parameters are being maintained during
the period of welding.

I. Forming and heat treatment

Forming, and in particular hot forming and any subse-
quent heat treatment, including the postweld heat treat-
ment of completed vessels, must be properly controlled
to ensure that the material and weld metal properties are
maintained in the finished product.

This entails the drawing up of heat treatment proce-
dures for all significant operations where specific as-
pects such as heating and cooling rates, soaking times,
and appropriate temperature ranges are specified. In the
case of hot forming, temperature ranges during the op-
eration are specified. These procedures should be ap-
proved by the inspectorate before the operations take
place.

Temperature recording instrumentation producing
chart recordings of temperature against time is required
for the records and proof that the specified heat treat-
ments have been adhered to.

J. Control of measuring
and test equipment

The system should formally specify the requirement that
all measuring and test equipment be checked to ensure
that it is within the limits of calibration and that this
calibration is checked at agreed intervals. The system
should be such that all items for inspection and test are
controlled satisfactorily.

The system should list comprehensively all the
equipment involved, which will range from fine mea-
suring items such as micrometers to thread gauges,
pressure test gauges, NDE equipment such as ultrasonic
and crack detection equipment, and welding gauges-
the list sometimes appears endless.

Any instrument that is found to be out of calibration
must be withdrawn and adjusted or repaired before be-
ing issued for use again, or scrapped if not capable of
being brought up to standard.

K. Records

Quality assurance records must be available to demon-
strate effective management of the quality system.
These records should cover all activities and include
results of all inspections and tests, signed-off inspection
checklists, audits (internal and external), and reviews,
as well as records of welding and NDE procedures and
welder and NDE operator qualifications, etc.

The above records should be filed and stored in a
controlled manner so as to be readily retrievable. Stored
conditions should be arranged to safeguard them from
damage due to fire, storm, etc.

0 1986 Hemisphere Publishing Corporationr TKDIIL A
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These records .should be stored for the minimum
time specified in the specification, or in the particular
contract if this time is longer.

L.

The quality system should provide for a planned audit
of both internal and external systems to verify compli-
ance with all aspects. All audits should be formally doc-
umented, and any nonconformance detected during au-
dits must be subjected to corrective action by the
departments concerned. Follow-up audits should be
made to ensure that the specified corrective actions have
been successfully concluded.

Personnel carrying out quality audits should be
suitably trained and qualified for this activity.

M. Authorized inspectorates

In order for vessels to be operated in certain countries
the ASME authorization of fabricators requires the fab-
ricator to employ, under contract, an �authorized in-
spectorate� whose duty is to carry out certain manda-
tory inspections on contracts, thus allowing the vessel to
be formally stamped with the ASME stamp. This in-
spection organization is also responsible for monitoring
the fabricator�s quality system and is involved in the
three-yearly reassessment of the ASME authorization.

Similar schemes involving authorized inspectorates
are in operation in other countries, for example, by tbe
PVQAB in the United Kingdom.

The authorized inspectorate agency must also be
approved by the authorizing body before it can operate
as an authorized inspectorate.

N. Nondestructive examination

Nondestructive testing has become a crucial aspect in
the fabrication of pressure vessels and its application
must be taken into account from the initial design stage
in order to inspect weldment in the best possible man-
ner. It also follows that the test equipment must be ade-
quate, in good condition, with NDE personnel properly
trained and qualified in their particular activity.

Qualification schemes such as ASNT TC, for per-
sonnel carrying out radiography, ultrasonic examina-
tion, and crack detection on vessels manufactured to the
ASME code, or CSWIP (Certification Scheme for
Weldment Inspection Personnel), managed by the Weld-
ing Institute in the United Kingdom, are used in approv-
ing inspection personnel for NDE activities.

The acceptance criteria for welds in vessels and the
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basic techniques that must be followed are laid down in
the appropriate fabrication codes and it is required that
NDE personnel work to these standards without devia-
tion. Inspection reporting must be concise, and these
reports are signed by the person performing the test,
whose qualifications are listed. A brief summary of the
testing techniques available is as follows.

(a) Visual examination

Visual examination is always the first NDE examination
an inspector should carry out. Visual inspection stan-
dards are now available and a visual inspection report is
often required.

(b) Radiography

Radiography consists of transmitting X rays or gamma
rays through the item to be examined and exposing a
film that is positioned on the opposite side of the item.
This method highlights areas of the weld or material
under examination where tbe density varies from that of
the base material, and hence discontinuities such as
cracks, inclusions, voids, and the like are shown on the
radiographic film as normally darker densities. The film
is viewed on a viewing screen and appropriate interpre-
tations made by the qualified radiographer.

Because of the use of X- or gamma rays the process
is hazardous and requires strict control at all times.
Normally the operation is carried out in a vault where
the walls are sufficiently thick to reduce the harmful
rays to acceptable levels.

Radiography has its limitations in that only defects
oriented in line with the beam path are shown most ef-
fectively and the smaller the defect the less sensitive is
the test in showing its presence. The test is also only
possible when the joint geometry  is favorable.

Figure 2 shows the X-ray examination of a circum-
ferential weld seam.

(c) Ultrasonic testing-materials and welds

Ultrasonic techniques consist of transmitting sound
waves of a particular frequency through the material to
be tested by means of a vibrating transducer. These
sound waves become reflected from discontinuities in
the material and are gathered by the transducer and pre-
sented on a cathode-ray tube in the ultrasonic test equip-
ment (see Fig. 3).

The time taken by the sound waves to travel
through the material and return from the discontinuities
is capable of being measured accurately, thus enabling
the position of the discontinuity to be calculated. The
strength of the response is also measured, and by ma-
nipulation of the transducer along the material the
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length and size of the discontinuity can be determined.
An experienced operator can also deduce the type of
discontinuity and thus report cracks, inclusions, etc.

This method of test is complementary to radiogra-
phy and has the advantage of being able to test contigu-
rations that are not possible by radiography. An added
advantage of ultrasonics is that it is not hazardous like
radiography and can be used in shop areas where other
personnel are working.

Ultrasonic testing is ideal for ferritic welds, but
there are limitations when testing austenitic welds due
to very severe attenuation of the sound waves.

(d) Magnetic crack detection

As the title indicates, this testing method relies on mag-
netizing the material under test, and it is therefore appli-
cable only to materials capable of being magnetized.

The test is essentially applied to testing surfaces of
materials for discontinuities that disturb the uniform

magnetic lines of force. The system relies on coating
the item under test with a suspension of tine magnetic
material while it is magnetized. Discontinuities are
highlighted where the lines of force are concentrated at
that area, and the type and size of the defect are ob-
served. The system is ideally suited to the detection of
surface cracks.

(e) Dye penetrant testing

This system is based on the application of a colored
liquid dye (usually red) to the material under test. After
allowing time for the dye to soak into any discontinuity,
the surplus is cleaned off. A �developer� is applied on
to which dye in any discontinuity bleeds, thus outlining
the shape of the defect.

This process has the advantage over magnetic crack
detection of detecting faults in any type of material,
whether magnetizable or not.

Figure 2 X-ray examination of a circumferential weld seam. (Courtesy, Whessoe Heavy Engineering Ltd.)
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Figure 3 Ultrasonic testing. (Courtesy, Whessoe Heavy Engineering Ltd.)

(f) Pressure testing

The final nondestructive examination is normally the
proving of pressure tightness. The pressure vessel is
prepared for the test by adequately blanking off all
branches and openings, filling with water (taking care
to exclude any air), and pressure testing to the required
test pressure. This pressure is held for a predetermined
time and the vessel inspected for leaks.

To ensure that the test is carried out correctly, a
checklist is usually made available, highlighting the ac-
tivities and test criteria, which can be signed off pro-
gressively.

It is essential that pressure gauges used are cali-
brated prior to the test and that at least two are used in
any test.

If a pressure vessel is to be pneumatically tested it
should be hydraulically tested initially, due to the inher-
ent danger of the pneumatic test. Any subsequent pneu-
matic tests should be carried out at a lower pressure.

If hydrostatic testing is not possible, then prior to a
pneumatic test strict safety precautions must be taken,
including the use of blast barriers and the exclusion of
personnel from the area during the actual test.
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4.8 COSTING OF HEAT EXCHANGERS 4.8.1-l

4.8.4
Introduction

D. Chisholm

n The objective of this chapter is to provide ap-
proximate methods for estimating the cost of heat
exchangers. The greater part of the chapter is concerned
with the costing of shell-and-tube heat exchangers. This
emphasis on the shell-and-tube exchanger is appropriate
for two reasons: First, the majority of heat exchangers,
if one excludes the automobile radiator, are of this
type; second, other heat exchangers tend to be pro-
prietary, and thus it is only infrequently that the general
practicing engineer is required to estimate their cost.
Nevertheless, there are situations in which approximate

cost estimates for these proprietary units can be useful,
particularly in comparative studies.

Thus, in addition to a section concerned with ap-
proximate costing of shell-and-tube heat exchangers,

further sections deal with air coolers, plate heat ex-
changers, and compact heat exchangers.

The basic cost quoted in this chapter, unless other-
wise stated, is the cost �ex works,� including insurance
inspection at stages during manufacture, but excluding
any additional inspection required by the customer,
and excluding transportation.
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4.8 COSTING OF HEAT EXCHANGERS 4.8.2-1

4.8.2
Costing ozand-tube

heat exchangers

R. C. Cowie

A. Introduction

One of the basic problems in arriving at the cost of a
particular project is to arrive at a reasonably accurate
price for the heat exchangers involved. Quite often the
information available is sketchy and limited to the
surface area and tube length in the case of a shell-and-
tube heat exchanger. With these parameters it is pos-
sible to arrive at a reasonable first estimate of the
cost, either on the basis of cost per ton (usually used
for vessel and structural steel work) or on the basis
of cost per unit of surface area. There are other parame-
ters that can be used to arrive at a more accurate cost
estimate, as discussed below.

B. Determination of shell size

If only the surface area is given, the next step is to
arrive at the shell diameter that can be used. Table 1
lists shell diameter against the surface area per unit
length of shell (m�/m)  for 19-mm (z -in) OD tubes with
a 25.4-mm  (l-in) square pitch. Surface area per unit
length is given for four of the basic TEMA contigura-
tions (see Sec. G). Above a 508-mm  (20-in)  shell OD
there is a �breakpoint� between pipe shells and shell
rolled from plate. This breakpoint arises from manu-
facturing considerations and varies from country to
country. Table 1 also lists correction factors to the
surface area for other pitch configurations and tube
diameters.

C. Basic cost

Having determined the shell diameter as discussed above,
one can obtain the cost of the heat exchanger by using
Figs. 1 and 2, the latter figure allowing for the influence
of heat exchanger length on the cost. The basic cost is
the ex-works price, including manufacturer�s insurance-
stage inspection. The basis of the figures is a carbon steel
exchanger of AES shell type, TEMA R, using 19-mm
c -in) OD and 14 BWG (mm wall) tubes of A214 steel
on a square pitch. Corrections to obtain the cost of
other configurations and materials are discussed below.

D. Design temperature and pressure

The design temperature influences the choice of mate-
rial and hence the cost of the exchanger, With carbon
steel materials the maximum design temperature to be
used without change in stress values is 343�C,  and the
limit for nonferrous materials is from 180 to 200°C for
the purpose of the curves.

The basic cost obtained from Figs. 1 and 2 corre-
sponds to a design of 1 MN/m* for both shell side and
tube side. Correction factors for the influence of design
pressure can be obtained from Fig. 3; the correction
factor is the sum of the factors obtained for the shell
side and tube side.

E. Construction and baffle arrangement

Factors to allow for the influence of construction ar-
rangement (U tube, etc.) can be obtained from Table 2,

0 1983 Hemisphere Publishing Corporation



4.8.2-2 4.8 COSTING OF HEAT EXCHANGERS / 4.8.2 Shell-and-Tube Heat Exchangers

Table 1 Cost of shell of exchanger

MM

Factors on area for other pitches
Area/meter run of exchanger, 19.05-mm  OD tube, and tube diameters, mm

25.4-mm  square pitch, two-pass
23.8~ 25.40 31.750 31.756

AES AET BEM BEU 19.95 19.05 25.4 25.4

OD
203
254
305
356
406
457
508
ID
560
610
635
688
737
787
838
890
940
991

1 067
1 143
1 219
1 295
1 372
1524

1.67
3.1
4.54
5.6
7.89

10.64
1.5

18.2 12.4 20.2 18.2 1.3 1.0 0.83 1.13
22.2 16.6 24.0 22.0 1.3 1.0 0.83 1.13
24.26 18.2 25.8 24.0 1.3 1.0 0.84 1.13
28.0 22.22 30.42 28.2 1.3 1.0 0.845 1.14
33.1 26.0 35.6 33.1 1.3 1.0 0.83 1.16
38.23 28.0 40.34 38.25 1.3 1.0 0.83 1.16
43.5 33.1 45.9 43.27 1.3 1.0 0.84 1.16
49.5 38.24 51.84 50 1.3 1.0 0.84 1.16
55.34 43.51 58.45 56.2 1.3 1.0 0.84 1.16
62.16 49.5 65.5 62.63 1.3 1.0 0.83 1.16
72.67 62.16 76.8 73.0 1.3 1.0 0.84 1.16
84 69.22 88 84.86 1.3 1.0 0.85 1.16
96.2 80.32 101.0 97.0 1.3 1.0 0.85 1.16

107.6 92.0 113.8 110.7 1.3 1.0 0.85 1.16
120.72 98.8 127.8 124.56 1.3 1.0 0.85 1.16
149.4 113.4 158.4 154.4 1.3 1.0 0.85 1.16

-
1.67
3.1
4.54
5.6
9.56

2.03 1.43 1.3 1.0 0.75 1.14
3.58 2.63 1.2 1.0 0.82 1.13
5.26 4.06 1.3 1.0 0.84 1.09
6.7 5.38 1.28 1.0 0.85 1.14
8.84 7.65 1.3 1.0 0.85 1.14

11.7 10.5 1.3 1.0 0.84 1.13
10.5 14.6 1.28 1.0 0.84 1.13

whereas Table 3 permits the influence of the number
of baffles to be allowed for in an approximate manner.

F. Materials of construction

The basic cost obtained in Sec. C is for a carbon steel
exchanger. Table 4 gives correction factors for other
materials. This is used in conjunction with Table 5
which gives the percentage cost of the principal com-
ponents of an exchanger. Table 5 is based on an AES
shell type 6.1 m long of ah-steel construction, but can

Figure 1 Cost of shell diameter per meter length in dollars.
Type AES TEMA R all-steel A214 19.05-mm  tubes, 25.4-mm
square pitch, two-pass.

be used as an approximate guide for other conditions.
The use of these tables is illustrated in the numerical
examples in Sec. H. By far the greatest effect on price
is the cost of the tubes, and as more exotic materials
are increasingly used their proportion of cost becomes
greater. Table 6 shows the price differences of tubes for
various commonly used tube materials. The channel
itself has less effect but, where the tube plates are of
material similar to the tubes, this can affect the overall
price, and in arriving at the factors in Table 4 an attempt
has been made to allow for this effect.

1001 I I I 1

100 1 000 10 000

Figure 2 Extra cost per meter of exchanger, in dollars, for all-
steel 19.05-mm  tubes A214.
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4.8 COSTING OF HEAT EXCHANGERS / 4.8.2 Shell-and-Tube Heat Exchangers 4.8.2-3

Total pressure factor for unit
FT= F(shell side) f F(tube side)

Pressure factor F

Figure 3 Design pressure factor.

G. Influence of shell type

Before proceeding to numerical examples, some general
comments on the influence of shell type on cost are
appropriate.

(a) Split-ring floating head (TEMA type AES)

This type of unit is the most expensive to build because
of the complexity of its construction, but it does have
the great advantage of allowing the bundle to be re-
moved and replaced if necessary, and the floating tube
plate takes care of any expansion problems. It has the
greatest number of flanges (five), which all have to be
sealed, and therefore the labor cost is high, Basically
this type of construction has a high labor and material
content, making it the most expensive to manufacture.
Figure 1 is based on this construction.

Table 2 Factors for type of construction (all steel)

Type Factor  Comment

Floating-head AES 1.0
Pull-through floating-head AET 1.045
Fixed tubesheet BEM 0.9 No bellows included
U-tube BEU 0.85

Table 3 Factors for baffle pitch

Baffle ratio =
baffle pitch

shell diam.
(consistent units)

Factor

0.25 or greater of shell diam. 1 .oo
0.20 of shell diam. 1.01
0.167 of �shell diam. 1.02
0.143 of shell diam. 1.03
0.125 of shell diam. 1.04
0.111 of shell diam. 1.045
0.10 of shell diam. 1.05

Table 4 Cost factors for materials�

Shell ID

Material
560-762 More than

5 6 0 m m  m m 762 mm

Carbon steel 1.0 1.0 1.0
18/8 shell and bundle 3.4 4.0 4.5
18/8 bundle CS shell 3.0 3.5 4.0
Aluminum bundle 1.2 1.3 1.35
Killed STL bundle 1.04 1.05 1.1
All killed STL 1.25 1.4 1.5
ADM tubes RNB T/plates 1.25 1.35 1.45
Copper tubes 1.2 1.3 1.4
70/30 copper-nickel tubes 1.4 1.55 1.7
90110 copper-nickel tubes 1.4 1.5 1.65

304 T/S CS shell 2.2 2.2 2.4
321 T/S CS shell 2.3 2.3 2.5
3 16 T/S CS shell 2.4 2.5 2.6
304 tubes CS remainder 1.65 1.7 1.7
321 tubes CS remainder 1.7 1.75 1.75
316 tubes CS remainder 1.75 1.8 1.8

5 CR T/S CS shell
C-fMo  T/S CS shell
5CR S/S CS shell
C-$Mo S/S CS shell

1.21 1.25 1.31
1.2 1.25 1.3
1.4 1.5 1.8
1.4 1.5 1.8

=Based on 6.096-m-long  shell.

The floating-head design is more commonly used in
the oil refinery industries than any other type of unit.

(b) Pull-through floating head (TEMA type
AET)
This is similar in construction to the AES type except
that the floating-head cover bolts directly onto the
tube plate. The bundle may be withdrawn from the

Table 5 Percent cost of materials to total material cost
of shell, channel, and tube bundle (support plates only-
no baffles)�

Shell diam.,
mm Shell Channel Tube bundle

254 0.24 0.232
356 0.22 0.23
457 0.205 0.225
508 0.20 0.225
560 0.20 0.22
635 0.19 0.22
737 0.172 0.219
787 0.171 0.219
864 0.168 0.215
940 0.165 0.215
991 0.147 0.214

1067 0.145 0.212
1219 0.13 0.211

aBased  on AES, 6-m-long,  all-steel shell

0.31
0.35
0.38
0.395
0.41
0.43
0.45
0.46
0.475
0.48
0.50
0.51
0.54
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4.8.2-4 4.8 COSTING OF HEAT EXCHANGERS / 4.8.2 Shell-and-Tube Heat Exchangers

Table 6 Tube prices, 19.05~mm  OD

Tube Price, $/m
Tube gauge,
BWG

A214 steel 1.12 14
A 179 steel 1.43 14
Aluminum brass 3.2 16
Admiralty 3.18 16
A213/304  S/steel 2.92 16
A213/321  S/steel 3.87 16
A2 13/  3 16 S/steel 4.76 16
70130  Cu-Ni 4.38 16
90/10 Cu-Ni 3.93 16

shell, without removing the shell cover and floating-
head cover. This type of unit can reduce maintenance
costs on site but has the disadvantage that it requires a
larger shell for the same amount of surface as an AES
type, but has fewer flanges. From a cost viewpoint the
two are very similar on smaller diameters, but this type
can be more expensive over a shell diameter of about
610 mm (24 in).

(c) Fixed tubesheet unit (TEMA type BEM)

This is cheaper to construct, as the floating head has
been discarded. It is possible to design and construct the
unit to take up certain amounts of thermal movements,
but should these prove excessive a bellows expansion
joint may be required. If so, the price of bellows should
be added to the basic cost of the exchanger, as the
factors discussed do not take this into account due to
the many types of expansion joints that can be used
today.

(d) U-tube TEMA type BEU

This is the cheapest heat exchanger and consists of a
U-tube bundle that can be removed. It also has the ad-
vantage that thermal expansion can be taken up, but the
amount of surface area per shell diameter is less than
the FTS type because of the mechanical limitation
of bending the tubes into a U. The bundle can be readily
replaced and is suitable for use with high pressure on
the tube side but has the disadvantage that the tubes
cannot be cleaned other than by chemical cleaning.

H . Numerical examples

Following this brief description of what is involved in
the costing of an exchanger are two worked examples
with step-by-step explanations.
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(a) Example I

Find the cost of a 230-m2  exchanger type AES 4.87 m
long, 1.0 MN/m2 design pressure on the shell side,
2.0 MN/m2 design pressure on the tube side, and 19.05
mm OD tubes on 25.4-mm  square pitch.

1. Divide the surface area by the tube length:
23014.87 = 47.22.

2. Look down Table 1 and select the nearest larger
shell diameter corresponding to this figure: AES 19.05
mm tube, 25.4-mm  square pitch = 890.

3. Use Fig. 1 to find the cost of the shell size se-
lected: $22 500.

4. From Fig. 2 find the cost per meter length of
exchanger of the shell size selected, multiplied by the
(tube length - 1): $1 150 X (4.87 - 1) = $4 450.

5. Add steps 3 and 4 to give the total (basic) cost
of the exchanger: $26 950.

6. Use Fig. 3 to select the shell-side and tube-side
design factors:

Shell-side :

Tube-side :

1.0 MN/m2 = 0.65

2.0 MN/m2 = 0.402

Therefore total design factor = 1.052

7. Use Table 2 to check if a construction factor
should be used. As we are using an AES floating head,
the factor is 1 .O.

8. Use Table 3 to obtain the factor for the baffle
pitch. Quite often the baffle pitch is not known, in
which case the factor 1.0 should be used (this includes
tube supports as per code).

9. Use Table 4 to ascertain the cost factor for
materials. In this case, as an all-carbon steel unit is used,
the factor is 1 .O.

10. The basic cost (step 5) should now be multi-
plied by the factors obtained in steps 6, 7, 8, and 9;
thatis,$26950X  1.052X 1.0X 1.0X 1.0=$28351X
market factor (1.1). This represents the cost of an all-
steel exchanger at today�s prices (i.e., a market factor
of 1.1); all that is required is to check price increases
periodically and adjust the market factor accordingly,
as the factors involved tend to remain constant relative
to each other.

(b) Example 2

Find the cost of a 230-m2  type BEM exchanger 6.096 m
long, 1 .O MN/m2 design pressure tube side and shell side,
19.95~mm  OD copper tubes on 23%mm  ($-in) triangu-
lar pitch, baffle pitch 157 mm.

1. 230/6.096 = 37.72 divided by factor 1.3 for
triangular pitch = 37.72/l .3 = 29.

lishing  Corporation

i



4.8 COSTING OF HEAT EXCHANGERS / 4.8.2 Shell-and-Tube Heat Exchangers 4.8.2-S

2. Select the nearest shell diameter under type
BEM: 686.

3. $14 200 from Fig. 1.
4. $740 (6.096 - 1) = $3 771 from Fig. 2.
5. Addsteps3and4:$14200+$3771=$17971.
6. As the shell-side and tube-side design pressures

are 1.0 MN/m*, the factor from Fig. 3 is 0.65 + 0.35 =
1 .o.

7. The construction factor is 0.9 for a fixed tube-
sheet from Table 2.

8. Baffle factor (Table 3) = baffle pitch/shell
diam. = 157/686  = 0.22. Hence factor = 1 .Ol.

9. From Table 4, copper tubes gives a factor of
1.3, from the 560-762 mm column.

10. $17971 x 1.0 x 0.9 x 1.01 x 1.3 =
$21 236 X market factor (1 .l).
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4.8 COSTING OF HEAT EXCHANGERS 4.8.3-l

4.8.3
Costing of air coolers

C. North

n An air cooler is a combination of pressure vessel,
structure, mechanical equipment, and electric drive.
As such, cost levels vary with such diverse parameters
as the following:

1. Fin tube type
2. Tube length
3. Header type
4. Structure finish
5. Materials of construction
6. Noise limits
7. Drive type

Approximate air cooler costs are most often quoted
on the basis of dollars per square meter of outside bare
tube surface. In order to detail variations in cost at 1979
levels, let us consider a typical unit:

Drive 22 KW max; V belt
Draft Forced
Header Plug
Pressure 700 kPa
Structure finish Red lead
Walkways Header and motor access
Ladders To grade
Tube rows 6
Fin height 16mm

The cost per unit area of outside bare surface (with
no tins) for this unit is given in Table 1. The premium
for seamless tube is higher in North America than in
Europe; Table 1 is based on the European price. Table 1
is also based on a 25.4-mm  (l-in) core tube;for 38.1~mm
(1.5~in)  core tubes use the rates in Table 1, but treat as
one row more in Table 2.

Size
Core tube
Tube length
Fin pitch
Fin material
Fans

2 500 m2 bare surface As any number of tube rows can be fitted onto any
Steel-14 BWG, 25.4-mm  OD particular structure/fan arrangement, the cost per unit
9 m area of surface varies with the number of tube rows.
2.3 mm This can be represented as a multiplier on the cost for
Aluminum a six-row unit as given in Table 2.
4-bladed  60 m/s tip speed Similarly, the cost per unit area varies with tube

Table 1 Cost (U.S. dollars) per square meter bare surface�

Core tube 16 BWG 14 BWG 12 BWG 1OBWG

Welded CS tube ASTM A214 135 137 141 158
Seamless CS tube ASTM A 179 147 148 154 161
Welded SS tube TP304 231 241 - -
Seamless SS tube TP304 241 254 - -

nEx-works to ASME code standards but excluding independent inspection.
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4.8.3-2 4.8 COSTING OF HEAT EXCHANGERS / 4.8.3 Air Coolers

Table 2 Multiplier for tube rows

Multiplier

3 rows tube
4 rows tube
5 rows tube
6 rows tube
7 rows tube
8 rows tube

Carbon steel Stainless steel

1.54 1.34
1.27 1.18
1.11 1.08
1.00 1.00
0.92 0.92
0.86 0.90

length as indicated in Table 3; the longer the tube
length, the cheaper the air cooler per unit of surface
area.

Costs also vary with fin pitch, decreasing with in-
creasing tin pitch as shown in Table 4.

The influence of the type of extended surface
can be allowed for using the multipliers in Table 5.

Table 6 provides cost-correction multipliers for
whether the cooler configuration is forced draft,
induced-draft top drive, or induced-draft bottom drive.
Cost variation with draft type does not take into ac-
count higher power consumptions  associated with in-
duced draft. It should be noted that top drive includes
handrails around the top deck but no motor access
waIkway  .

The influence of design pressure and header type
is obtained from Table 7. The removable-cover and
bonnet-header types are limited to low-pressure applica-
tions. No account has been taken here of the bundle
slope or of split headers.

Noise limits require variations in tip speed of fans,

Table 3 Multiplier for tube length

Length, m Multiplier

6 1.18
9 1.00

12 0.89
15 0.85

Table 4 Multiplier for fii pitch

Pitch, mm Multiplier

2.3 1 .ooo
2.5 0.987
2.8 0.979
3.1 0.955
3.6 0.944

Table 5 Multiplier for extended surface type

Multiplier

Tension-wound L fin
Embedded G fm
Extruded aluminum
Galvanized steel tin

Carbon steel

1 .oo
1.04
1.19
1.31

Stainless steel

1.00
1.06
1.11
1.22

an affect on cost that can be allowed for using the
multipliers in Table 8. Noise varies considerably with
the fan manufacturer and the specific installation, but
the levels in Table 8 are a general indication of the
maximum levels that can be expected 1 m from the fan.

Finally, cost multipliers for the influence of the
size of the unit and the finish of the supporting struc-
ture and plenum can be obtained from Tables 9 and 10,
respectively.

These 10 tables can be used to estimate the cost of
a particular configuration as follows.

Configuration Multiplier

1. Tube, 12 BWG, A214,25.4-mm  OD $141
2. Rows, 4 1.27
3. Length, 12 m 0.89
4. Fin pitch, 2.5 mm 0.987
5. Surface, extruded aluminum C.S. 1.19
6. Cooler configuration, forced draft 1.00
7. Pressure, 4 000 kPa,  plug header 1.04
8. Fans, 60 m/s 1.00
9. Surface, 3 000 mZ 1.00

10. Structure finish, type a 1.00

Cost = 141 x 1.27 x 0.89 x 0.987 X 1.19 x 1.04 x 3 000

= $584 025

The relevance of the above costing system will
vary with market conditions. However, the effect of
such parameters as maximum tube length is not likely
to vary, and the guide gives a good indication of the
likely savings of increased maximum tube lengths within
the practical limits of transportation.

Table 6 Multiplier for cooler configuration

Configuration Multiplier

Forced draft 1.00
Induced-draft top drive 0.98
Induced-draft bottom drive 1.03
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4.8 COSTING OF HEAT EXCHANGERS / 4.8.3 Air Coolers 4.8.3-3

Table 7 Multiplier for header type and design pressure

Pressure and header

Pressure, kPa
Plug
Removable cover
Removable bonnet
Welded bonnet

750
1.00
1 .a4
1.05
0.98

1500
1.00
1.06
1.07
0.99

Multiplier

2 000 3 000 4 000 6 000 8 000 10 000
1.01 1.02 1.04 1.05 1.08 1.11
1.08 1.10

1.00 1.02 1.03 1.04 1.05

Table 8 Multiplier for fan type

Fan type
Noise at 1 m,
dBA Multiplier

60 m/s 4 blades std. 85 1.00
45 m/s 6 blades std. 81 1.021
35 m/s 6-8 blades low noise 77 1.100
30 m/s 8-12 blades low noise 75 1.139

Table 9 Multiplier for small units

Unit size, m� Multiplier

2 500+ 1.00
1 200 1.02

400 1.10
200 1.30
100 1.75

Table 10 Multiplier for structure finish

Finish Multiplier

(a) Wire brush + primer (galvanized
walkway floor)

(b) Hot dip galvanized
(c) Shot blasted + 2 coats red lead

1.00
1.04
1.03
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4.8.4
Costing of plate heat exchangers

J. Dennis Usher

A. Introduction

Plate heat exchangers are different from many other
items of chemical plant, where costs can be approxi-
mately related to size or capacity by a logarithmic law.
Published data [l] , for instance, indicate that for a fixed
head shell-and-tube heat exchanger the variation in cost
is of the order of 0.8 power of the surface area. A plate
heat exchanger cost, however, is more of a linear func-
tion and can be divided into four main categories:

1. Basic frame
2. Liquid connections
3. Plates
4. Gaskets

Of the four, the basic frame cost is affected mainly
by working pressure, as this will influence the thick-
ness of the main structural members and the tie-bar
diameter. There will also be a slight increase in cost with
platage capacity, owing to the increased length of the
top and bottom bars and tie bars, although this is a
relatively minor factor. Apart from this, the basic frame
cost is independent of any factors depending on process
conditions.

Plate costs are also influenced by working pressure,
which can affect the thickness; unlike the basic frame,
however, the liquid connections and the plates must be
compatible with the process liquid, and they are there-
fore both affected by material cost, although the cost
of the liquid connections can be minimized by the adop-
tion of rubber liners. The plates are characterized by the
fact that they are pressings, so that unlike some types
of welded heat exchangers, the labor cost is only mar-

0 1983 Hemisphere 1
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ginally affected by the metal used, and is therefore
virtually constant. Thus manufacture in the more ex-
pensive alloys will only increase the material content
of cost. Gasket costs also depend on the process require-
ments, as they may be molded in a variety of elastomers,
from medium nitrile to the more expensive fluorelas-
tomers, or may even be made of compressed asbestos
fiber. Hence the cost of a plate heat exchanger can be
expressed by the following linear function:

Cost=F+Nb+nO,+g)

=F+Nb+yA

where F = basic frame cost
b = cost of liquid connection
p = cost of plate
g = cost of gasket

N = number of liquid connections
n = number of plates

A = total heat transfer surface
y = cost per unit area of heat transfer surface

This cost may be affected by special connector plates,
which are sometimes included in the platage to provide
service connections along the plate pack in multisection
machines such as sterilizers and pasteurizers.

B. Comparison with shell-and-tube prices

To try to quantify the above relationship is an unpro-
ductive exercise, because of the variations in both
material and labor costs throughout the world. Apart
from this, and because it is selling price rather than
cost price that is of interest to the potential customer,
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4.8.4-2 4.8 COSTING OF HEAT EXCHANGERS / 4.8.4 Plate Heat Exchangers

these prices are affected by the policy of the individual
plate heat exchanger (PHE)  manufacturers. Hence any
statement on representative selling costs must be purely
general, and most investigations carried out have in-
cluded shell-and-tube prices on a comparative basis.

One such study [2],  made in 1979, compared the
cost per unit area of PHEs with stainless steel plates
with shell-and-tube units of the following construction:

All stainless steel shell and tube
Stainless steel tubes and carbon steel shells
Carbon steel tubes and shell

The results are presented in Fig. 1, which shows that on
an area basis stainless steel PHEs are cheaper than
tubular units except those of carbon steel construction.
However, the fact that PHEs  have considerably higher
heat transfer coefficients means that, considered on a
basis of similar thermal duties, the PHE is frequently
cheaper than all three types of tubular exchanger. It
goes without saying that for the more expensive mate-
rials such as titanium, where tubular fabrication costs
are higher, the cost advantage is even greater.

Another exercise [3], carried out in 1975, com-
pared the capital costs of the two basic types of unit
for 54 duties covering the following conditions:

NTU value 0.5-3.0
Process flow rate 9-900 m3 /h
Flow rate ratio 0.5-5.0

5 OL- -- ? ~~~c. -~-.--L-A
0 5 0 0 IO00 I500

A R E A  A .  m�

Figure 1 Relative costs of PHEs  and tubular heat exchangers.
(--- - -) S and T: all stainless (tubes and shell). (- - - - - -) S
and T: stainless tubes, mild steel shell. (- - - -) S and T: mild
steel tubes and shell. (-) PHE: all stainless contact.

i

Figure 2 Analysis of tubular heat exchanger costs.

Viscosity of process liquid 0.000 2-1 kg/m s
Process-side pressure drop 14-140 kN/m�

The PHE costs were based on stainless plates and
rubber gaskets and were obtained from a U.K. manufac-
turer, whereas the tubular units were all carbon steel
construction and the costs were obtained from Heat
Transfer and Fluid Flow Service (United Kingdom).

The results are shown in the histogram given in
Fig. 2, which defines the number of cases lying in dif-
ferent ranges of cost ratio, this ratio being

Shell-and-tube cost
PHE cost

The study also states that a PHE with titanium plates
would be about twice and one with Hastelloy plates
about eight times the cost of one with stainless steel
plates, but of course, as already stated, the cost dif-
ferential for a tubular unit would be even more marked.
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4.9 SPECIFICATIONS AND TENDERS 4.9.1-1

4.9.1
Introduction

David Edge

H What is a specification and why does an engineer
need to write one before purchasing heat transfer equip-
ment? A specification details the technical requirements
for the equipment and, together with data sheets and
drawings, forms an inquiry package to be sent to suit-
able vendors. Most equipment is covered by code and
standard requirements; so, what should the specification
contain over and above these requirements?

Engineers are increasingly concerned with not only
more detailed client requirements and quality control
but also package plant and skid-mounted units. Docu-
mentation and certification considerations now take up a
large percentage of engineering time, especially for
hazardous plant.

This section gives a brief introduction to some of
the problems a contractor�s engineer dealing with heat
transfer equipment may face and suggests how the pro-
cess of writing job specifications and assessing vendors�

quotations should be handled. Typical checklists, by no
means all-inclusive, are included.

Presentation of vendor bid analyses will differ from
company to company. Obviously, it is useful to tabulate
information on standard forms in order to compare bids.
This not only assists in checking at the purchase order
stage that the scope of the job is fully covered but also
provides a record of exactly what was bought. Two typ-
ical bid analyses are given to illustrate this.

The terms contractor, client, and vendor are used
throughout the section. A contractor will normally act
on behalf of the client to design, engineer, and construct
a plant. The client will normally be an end producer of
(say) petrochemicals or power from that plant. The ven-
dor will normally design and fabricate particular equip-
ment, such as heat exchange equipment, for the plant.
The term engineer is used in the text to denote the per-
son responsible for the contractor�s engineering.
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4.9 SPECIFICATIONS AND TENDERS 4.9.2-l

4.9.2
SpeZZZons

David Edge

n What problems would occur if an inquiry were is-
sued without a job specification and simply called up the
applicable design code? After the purchase order was
placed, the contractor would have to negotiate, typi-
cally, the price and delivery of spares, number of copies
of drawings, guarantees, extent of supply, special tools
and test equipment, and so on.

The code covers the detailed mechanical design
methods to be used and refers to a large number of
allowable materials of construction with their associated
design stresses. It also details fabrication and inspection
methods. The code requirements are legally mandatory
in many countries.

A specification will add the contractor�s and cli-
ent�s technical requirements and clarify the code (or
standard) when choices are available. It should contain
a design and fabrication section based on experience in
fabrication and problems in the field.

The specification, when accepted by the vendor,
will be contractually binding. It will not deal with com-
mercial considerations. Table 1 gives a list of items that
should be included in most specifications. Table 2 lists
typical requirements for shell-and-tube heat exchangers.
Table 3 lists typical requirements for air-cooled heat ex-
changers. Table 4 lists typical requirements for plate
and frame type heat exchangers. Table 5 considers a
package unit (a cold box), which has much broader
scope and requires liaison with other engineering disci-
plines. Table 6 lists typical requirements for electrical
process heaters.

0 1986 Hemisphere I

Most contractors (and clients) have standard speci-
fications, and these should be used as a basis for the job
specification. Irrelevant detail should be omitted and
clients� requirements added, taking care not to duplicate
or contradict. Take time over the job specification-it
saves many hours if the job is right the first time.

Vendors are often faced with a mass of documenta-
tion. Try to keep the job specification to a minimum,
avoid duplicating the code, and weed out unnecessary
ancillary documents.

A. Shell-and-tube heat exchanger

Table 2 lists some typical requirements that could be
included in a shell-and-tube specification. Individual
clients and contractors will have specific requirements
based on their particular standards and experiments.
However, it is a good idea to build up a checklist as
shown in Table 2 so that when a job specification is
written it will take only a few minutes to check through
for omissions.

B. Air-cooled heat exchanger

An air-cooled heat exchanger specification can be writ-
ten on the basis of options in American Petroleum Insti-
tute Standard 661 (API 661). The optional requirement
can be referenced as follows at the front of the specifi-
cation:
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4.9.2-2 4.9 SPECIFICATIONS AND TENDERS / 4.9.2 Specifications

‘Ihble 1 Typical checklist common to most specifications

Topic Comment

Scope of the specification

Codes, standards, etc.
Internal specifications

Vendor responsibilities
Guarantees

Extent of supply
Instruments
Instrument connections
Electrical and instrument cables
Cooling water supply lines on package units, etc.

Documentation
Design data
Drawings
Data report
Certified material record report
Weld procedures
Certified (insurance) inspection
Certificates

Design
Selection of materials

Generic materials by contractor/client
Allowable substitutes in various countries
Clad or solid

Fabrication
Low-temperature requirements
Hydrogen service requirements
Clad plate
Postweld heat treatment

Inspection
Radiography�
Ultrasonic testing of plates�
Magnetic particle�
Dye penetrant inspection�
Impact testing

Testing
Pressure tests, hydraulic/pneumatic
Special leak tests
Proof test
Burst to failure tests

Quality control

Summary of the specification content (design, materials, fabrication,
inspection, testing, painting, preparation for shipment, and
documentation).

Define the type of equipment.
Comprehensive list of all relevant codes and standards with dares.

For thermal design, mechanical design, fabrication, testing, painting,
shipment as applicable.

Important on package and skid-mounted units. Use diagrams to show what
is supplied by vendor and what is supplied by others.

Specify which documents are required at tender (quotation) stage and
which are needed after the order.

Vendor should supply a schedule of all drawings for the order with a full
description of each drawing and latest issue date. This is very important
on package units and should be maintained throughout the job.

See relevant equipment type.
Do not put onus on the supplier. Generally the supplier will put in the

minimum-cost suitable material. Client/contractor should select materials
based on experience and required life of the plant.

Do not duplicate the code.
Clarify when alternatives are offered.

Extent of nondestructive testing (NDT) should be defined at the tender
(quotation) stage. After the order, vendor should supply an NDT map
showing locations of all inspection on a general arrangement drawing.

Brittle lacquer/strain gauge.
Generally for items not in the scope. of the code.
At the tender stage the vendor should submit a quality assurance manual

and an inspection/test plan that includes a schedule of manufacture.
After receipt of order the vendor should prepare a detailed quality plan.

�Specify if after heat treatment; vendor may wish to do this before heat treatment only.

API 661
paragraph
no. Subject

Reference section
of standard
specification

2.2.8 Noise data sheet required 7.7.1
5.1.6.7 Cover plate bolting type 7.2.2
5.2.7.1 Driver supplied 7.1.9

These examples apply to the second edition (1978) of
API 661, and the specification must be rewritten every
time there is a new edition or major amendment.

The engineer must make decisions on the use of
forced or induced draft, the type of fin allowed, the type
of header (plug, cover plate, manifold), and the control
requirement (louvers, autovariables) and must issue
specifications to cover electric motors, ladders, and
handrailing.
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4.9 SPECIFICATIONS AND TENDERS I 4.9.2 Specifications 4.9.2-3

Table 2 Shell-and-tube heat exchanger checklist

Topic comment

1. �Lubes
Seamless or welded (and whether cold worked after welding)

Whether stress relieved
U bends (ANSI B31.3, paragraph 329)

Hydrotest and/or electrical test
ASTM A450
Intergranular corrosion test, ASTM G28
Nitric acid duty, ASTM A262 Practice C
Oxidizing media, ASTM A262 Practice E

2. Tube bundles
a. Removable

Bundle runners
Bundle pulling
Tapped holes in tube plate

Kettle and pull-through units should have a bundle-
retaining device

Standard assembly for floating head

F shells
Internal bellows

b. Fixed tubesheet
Allow F-type shell (two-pass shell side)
Tubes welded to tubesheet

Metal temperatures for fixed tubesheet design check on
mechanical data sheet/setting plan supplied by contractor

Is a bellows required?
Material?
Cleaning
Inspection holes

3. Gaskets
Supply material standard

4. Tubesheets
5. Bolts

6. Lifting devices
Vertical units
Horizontal units
Removable bundles
Floating-head covers/channel covers

7. Vents and drains
Avoid screwed connections on low-temperature service

8. Hydrogen service
Seamless tubes
No screwed connections
Weld neck flanges
No reinforcing rings
Gaskets solid or spiral wound
Postweld heat treatment
Materials to API G41
Ultrasonic testing

Take care with venting condensers, especially at low pressure.
Vertical units vent and drain through tube plate?
Continuous vent or piped-up vent or blank-flanged?

For carbon steel and low alloy.

To ASTM A388.

Engineering/metallurgical judgment based on severity of service and
corrosion characteristics.

When stress corrosion cracking is a problem.
U bends of small radius, hydrogen service, low-temperature service,

etc.
When stress corrosion a problem do both (E426). Hydrogen service

do both (E570). Hydrotest or both on welded tube.
Generally for lncoloy, lnconel, Hastelloy severe service application.
Test to be carried out on material in final  heat-treated condition.
Test to be carried out on material in final heat-treated condition.

Avoids scoring the shell on removing bundle from U-tube units.
Clad plate or low-temperature service should have special

nonthreaded arrangement. Check on how bundles are removed on
site. Bundle puller? Site access?

Avoids �banana� if unit is inverted during handling/shipping.

Ensure that all floating heads dissassemble in the same way to avoid
difficulty for site maintenance.

Does client allow longitudinal baffle? Leakage across the baffle.
For one-tube-side-pass units.

No leakage because longitudinal baffle welded to shell.
Generally preferred but especially so for fixed tubesheets-saves

time and money on site, fewer �leakers� than rolled-in joints.
Stresses at normal operation, start-up, shutdown, hydrostatic test,

steaming-out, etc., to be checked in shell, tubes, and tubesheets.
Is a bellows acceptable for the service?
Stress corrosion cracking of stainless steel?
Chemical cleaning nozzles. Check client requirement.
Check site requirements.

Use spiral wound for stacked units. Solid metal or spiral wound for
hydrogen service.

Check seating requirements for spiral-wound gaskets. Calculate
stress on bolts (< 90% yield) and in flanges on initial seating.

Care in selection for floating-head and through-bolted shell/channel
connections.

Use forgings unless otherwise agreed.
For large-diameter bolts use hydraulic pretension equipment.
Check requirement for internal and external bolts in sour service

(NACE MR-01-75).

Attention to means of lifting minimizes accidents on site.

Lifting lugs on floating-head covers and channel.
Vertical units must have lugs to lift the whole unit into the vertical

position.
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4.9.2-4 4.9 SPECIFICATIONS AND TENDERS I 4.9.2 Specifications

‘Ihble 2 Shell-and-tube heat exchanger checklist (Continued)

Topic Comment

9. Postweld heat treatment
Fabricated floating-head covers
Fabricated channels and bonnets

10. Maximum weight and dimensions
Bundles
Floating-head units
Fixed tubesheet

11. Spare parts

Specify postweld  heat treatment when in severe service and/or
multiple pass (with much welding).

20 tons
1500  mm diameter x 7300  mm tube length
2000 mm diameter x 9000 mm tube length
The values above are possible ones. Consult with client and site.
Tubes, gaskets, bolts.

The choice of forced or induced draft may depend
on the client�s or site engineer�s preference. Although
induced draft may be attractive because of better air
distribution, less air recirculation, and protection of the
top of the bundle during construction and maintenance,
the client or site engineer may insist on forced draft
because of lower power requirements and easier acces-
sibility for maintenance.

The aspect ratio (ratio of bundle to fan area), the
distance between fan and bundle, and the relationship
between air velocity and static pressure drop across the
bundle are all important in ensuring a good air distribu-
tion across the bundle.

able 3 Air-cooled heat exchanger checklist

Fan performance curves are obtained with the fan
performing in ideal test situations. The fan will obvi-
ously perform differently when placed under a rectan-
gular bundle. The specification must contain guidelines
so that all vendors quote on a similar basis.

The �margin on motor power� must take into ac-
count the transmission losses between motor and fan
and also the higher winter power if the fan is running at
design setting (a fan is a constant-volume machine).

The specification should lay down guidelines for
the use of the different types of finned tubes. Differen-
tial expansion between carbon steel and aluminum will
cause poor contact between fin and tube at high temper-

Topic Comment

1. Fans
Forced draft

Induced draft

2. Aspect ratio (AR)
AR I 2.5 and AP staticlAP  dynamic 2 3.0

3. Margin on motor power

4. Limitation of fan speed and noise specification
Estimated and guaranteed sound pressure and sound power

levels

5. Type of finned tube
L foot
G (grooved and peened)
Extruded
Galvanized carbon steel

6. Minimum tube wall temperature

Lower power.
Motor and drive accessible.
Easier maintenance.
Better air distribution over the bundle.
Chimney effect lessens air recirculation.
Protection for the fins on the top bundle row.
Long drive shaft if motor is located below bundle.
Better natural convection performance.
A maximum aspect ratio (bundle area to fan area) of 2.5 to 1 is often

stated.
AP dynamic is the m&mum dynamic pressure in the stream

approaching a resistance and is based on the velocity in the fan area.
Power is usually stated at the summer design temperature.
Allow for transmission losses and the density of winter air.
Request fan performance curve.

Sound power levels calculated in accordance with Oil Companies
Materials Association (OCMA NEWG-l-Noise Procedure
Specification).

Check suitability of tin for environmental condition.
Check suitability of fin for metal temperature.

�Abbe  wall temperature should be at least 8 �C  above the process fluid
pour point when operating at the minimum (winter) temperature.

0 1986 Hemisphere Publishing Corporation



4.9 SPECIFICATIONS AND TENDERS / 4.9.2 Specifications 4.9.2-S

Table 3 Air-cooled heat exchanger checklist (Contimed)

Topic comment

7. Tube-to-tubesheet joint-rolled or welded

8. Type of header
Removable cover plate

Plug type
Manifold

9. Control
Louvers (manual or automatic)
Autovariable fan
Note: For both of the above, the �fail� position should

be stated (i.e., autolouvers fail to open or shut
or �as is�).

10. Spare parts
Tube access plugs
Gaskets
Fan and driver spares
V-belt drives
Bolting

1 I. Layout/structural information sent to vendor
If pipe rack mounted:

Dimensioned sketch showing elevations, width
of pipe rack and dimensions between
stanchions

If grade mounted:
Dimensioned sketch showing proposed

layout and plot area available
Instructions on whether units can be grouped together and

combined over common fans
12. Structure information required from vendor

Location and elevation of service walkways, access ladders,
gates, and stairs

Location and underside clearance of fans and fan
drivers

Clearance around equipment required for maintenance,
dismantling, and repairs

Loadings at each stanchion

Details of base plates
13. Payout period

Cost of power ($/kWh)

For high-pressure operation (say > 70 bars) or for toxic or dangerous
service. weld tubes to tubesheet.

Preferred for fouling fluids. Limited by pressure to about 30 bars.
Most commonly used.
High-pressure, clean fluids.

Also acts as protection for the tubes on top of the bundle.
Saves power. Should not be shared by two different units.

Typical requirements are:
10%
300%
Consult client/site.
100%
10%
Obtain price list of spares at the quotation stage.

Do not allow autovariable fans to serve more than one unit.

Supply standards and standard drawings. Check client/site requirement
for ladders.

Send out drawing showing pipe rack dimensions to vendor.
Coordinate with piping and structural.

Vendor should balance saving in capital cost of the exchanger against
high power. Typical power cost is 0.4 $/kWh over (say) 2 years.

ature, so a metal temperature limit should be stated for
L fins and for extruded tins. Also, environmental condi-
tions such as a salt-laden atmosphere or the presence of
other chemicals may dictate the protection of the inner
tube (and fin) and the material of the fin.

The vendor should be supplied with the power cost
and the required payoff period so that power used can
be optimized against the capital cost of the air-cooled
equipment.

Table 3 summarizes typical factors that the engineer
must consider.

C. Plate heat exchanger
(plate and frame type)

The plate heat exchanger (PHE) is highly efficient and
is particularly attractive when expensive material is
needed. The engineer�s first job is to assess the suitabil-
ity of the PHE for the service, considering the following
questions:

1. Can the PHE accept the design pressure and de-
sign temperature?
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4.9.2-6 4.9 SPECIFICATIONS AND TENDERS / 4.9.2 Specifications

2. Are suitable gaskets available for the fluids
used?

3. Is the PHE safe for the fluids used?

4. Has it been used successfully in this type of ser-
vice?

The specification must contain the detailed infor-
mation given in Table 4.

D. Packaged units and skid-mounted units

A skid-mounted unit is a self-contained unit mounted on
a common base plate. Instrumentation and electrical
items are provided. All necessary valves, controls, and
other equipment are completely piped; all inlet and out-
let process connections and utility, vent, and drain con-
nections are flanged and extended to terminate at the
skid edge.

The heat transfer engineer handling a skid-mounted
or packaged unit must ensure that specifications are is-
sued to cover all aspects of the unit. It is important that
a consistent policy be applied to all items on the plant,
and the assistance of the contractor�s specialist engi-
neers (electrical, instrument, structural, piping, pipe
stress) is essential. Do not assume that a specialist ven-
dor has expertise in all these disciplines.

‘Ihble 4 Plate heat exchanger checklist

Any heat exchange item can be mounted in a skid,
but electric heaters and cold boxes are commonly skid-
mounted is shown in Figs. 1 and 2. These are consid-
ered in the next two sections.

Vacuum steam condensers of both the steam surface
type (shell and tube) and air-cooled type, complete with
associated venting equipment, pumps, piping, valves,
and drums, are usually bought as a package.

E. Cold box (brazed aluminum plate fin
heat exchangers, vessels, and pipework)

Although the shell-and-tube exchanger is the most
widely used heat exchange unit, the engineer should al-
ways consider other types of units that may be more
economical. Their suitability for installation, trouble-
free operation, and safety must be assessed for the par-
ticular process conditions.

For low-temperature fluids that are clean, the high-
efficiency brazed aluminum plate fin heat exchanger
may offer a number of advantages-not only in econ-
omy but also in weight and space-saving. However,
these units are not as robust as shell-and-tube or air-
cooled exchangers, and special consideration must be
given to their design and installation.

Topic Comment

1. Codes, standards, documents

2. Materials

3.

Stainless steel, titanium, Incoloy, Hastelloy, nickel,
aluminum brass, etc.

Mounting arrangement
Floor or pedestal

4. Fouling factors

5. Allowable forces and moments on nozzles
Supplied by the vendor for standard units

6. Gasket material

7.

8.

Special tools
Power-operated spanner
Upstream filters

9.

In the line upstream of the PHE or in the inlet part of the
PHE and supplied by the vendor.

Protective screens
To protect personnel from effects of a ruptured gasket.

For nonsevere services such as seawater/water exchangers, it may be
considered unnecessary to call up design codes. Money may be
saved by using the vendors� standard equipment and test pressures
of 1.25 times design pressure.

Plate heat exchangers (PHEs) are most economical when expensive
materials are needed.

All nozzles should preferably be at one end so that the plates can be
cleaned and/or withdrawn without disturbing the piping.

This is particularly important, and only (say) 20% overcapacity may
be needed for an efficient design with optimum velocity.

These will be low compared with typical values on shell-and-tube
nozzles.

Gasket material should be tested and proved. Take care with
hydrocarbons with aromatics content.

Gaskets arranged to give a double seal between the two streams.

Large units require this for complete closure of the plate pack.

PHE vendor should specify the maximum particle size.

Should be provided for all units with high pressure and/or  hazardous
fluids.
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4.9 SPECIFICATIONS AND TENDERS / 4.9.2 Specifications 4.9.2-7

Figure 1 Cold box containing plate fin heat exchangers for use in an ethylene plan. (Photo courtesy of Marston Palmer Ltd.)

If the plate fin unit is shipped to site in a transport
frame, it will have to be lifted from the frame and then
into place with little or no protection. It must then be
insulated and fireproofed, and at all times it will be
vulnerable to mechanical damage from falling objects,
crane jibs, etc.

If a number of plate fin cores are supplied, most of
the above problems can be solved by installing the units
in a cold box complete with interconnecting piping,
manifolds, vessels, and instrument lines (Fig. 1). The
units are supported by structural steel within the box,
and normally there are two heat breaks between the
core and the outside structural members to prevent con-
duction of heat. The cold box is filled with granular
expanded mineral material that prevents convection
within the box. A nitrogen purge prevents the ingress of
moisture. The aluminum inlet and exit pipes to and
from the plate fin heat exchangers finish normally with
aluminum flanges outside the box. It is possible to an-
chor most of the smaller piping on the cold box wall,
thus solving the problem of transmitting forces and mo-
ments through the piping onto the vulnerable aluminum
headers. Installation procedures must be written and
strictly adhered to during the construction phase.

During operation and especially at start-up it is es-
sential not to block up the plate fin core. Filters should
be installed which remove all particles that would not
pass easily through the fins. However, the unit may be
blocked up by a mixture of fine particles and oil. This
mixture may be powder from driers mixed with seal oil
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from compressors or, in the case of offshore applica-
tions, sand mixed with black oil.

It must be ensured that the unit is not operated,
dried, or cleaned at temperatures above that recom-
mended by the plate fin fabricator.

The job specification must therefore carefully detail
the extent of supply and engineering responsibility of
the vendor; it must refer to other specifications, data
sheets, and drawings that detail all the ancillary equip-
ment. Table 5 is a checklist summarizing some of the
considerations the engineer will have to deal with for
this type of equipment.

F. Electrical process heaters

The engineer will find frequent use for resistance
heaters and their associated power controllers on off-
shore and other installations where no high-pressure
steam is available, or when high-temperature heating is
required with close temperature control. Typical appli-
cations are for (1) start-up heaters, (2) heat transfer
fluid heaters, (3) fluidized beds, (4) resin reactors, (5)
gases for drier regeneration, molecular sieves, and des-
sicant, (6) preheating fluids for reactors and hydro-
treaters, (7) heating gases-nitrogen, argon, natural
gas, hydrogen, etc., and (8) fuel gas superheating (to
flare).

When specifying the equipment, the collaboration
of qualified electrical and instrument engineers is
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4.9.2-8 4.9 SPECIFICATIONS AND TENDERS / 4.9.2 Specifications

Bble 5 Cold box checklist: brazed aluminum plate fin heat exchangers, vessels, and pipework

Topic Comment

1.

2.

3.

4.

5.

6.

7.

8.

9.

Codes, standards, documents
ASME VIII-pressure vessels Division 1 (1980)�
ASME V-nondestructive examination
ANSI B16.5 (flanges)
ANSI/ASME  B3 1.3 (piping)
Structural steel standard
Bolting standard
Surface preparation and painting
Design of structural steel
Fabrication of structural steel
Handrailing standardb
Standard platform detailsb
Standard ladder detailsb
Thermowell details
Package instrument specification�
Thermal design
Type of distribution system for fluids into and out of cores
Design data for tins used
Pressure drop allowable through the circuit
Type of fins used, both core and distribution section

Insulation

Safety systems
Check for small leakage by continuous nitrogen purge.
Massive release: use trapdoor system or weak panel to give
chimney effect.
Earthing
Relief system
Filters/cleaning
Mesh size of filters
Injection system for methanol wash
Pipe stressing
Anchors
Responsibility for stressing from outside piping through the
box onto core headers (tanks)

Vents and drains

External flanges
Aluminum pipe flange bolts to (usually) stainless steel pipe

flange with different coefficient of expansion. Lag of bolt
behind flange temperature (say 35 �C  shock load, 10 �C
normal operation).

Testing
a. On cores:

Hydraulic test to code
Leak test (1.1 xb design pressure with air)

b. On completed box:
Nitrogen pressure tested to code (1.25 X DP)

soapy water test at maximum 1.5 bars gauge
c. Airflow tests:

Specify how many streams to be tested

This is a package unit and requires standards and specifications to
cover all of the equipment supplied by the vendor.

Supply phase separation system for two-phase systems?
Friction and heat transfer factors f and j.
To include all cores, headers, piping, manifolds, distribution sections.
Check suitability for process fluid.
Oil contamination?
Entrained particles (size)?
Box shipped without insulation, inspected and tested at site, then filled

shortly before start-up. Write procedure.

Continuous purge also helps to keep insulation dry.

Continuous earth(s) required throughout the box.
In piping external to box.

Dictated by size of particle passing through between tins.
Prevention of freezing.

Small piping may be anchored on the wall of the box.
The cold box vendor must accept forces and moments imposed by

piping outside the box and (if piping not anchored to the box) check
that the core headers are not overstressed.

The system should be designed to be self-venting and self-draining.
Avoid pockets in lines, manifolds, and headers.

Calculation to show that joints are leak-free at start-up, shutdown, and
normal operation in spite of differential expansion.

Specify degree of dryness of drying air when removing water and
drying.

Interstream leak test.
Underwater leak test.

Normally on completed blocks-it is very difficult to airflow test a
completed box. The airflow test checks the geometry of the unit and
for blockage. It does not check the process pressure drop
calculation.

�Check with plate fin heat exchanger fabricators before using other codes.
?f applicable-depends on extent of supply in the package.
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4.9 SPECIFICATIONS AND TENDERS / 4.9.2 Specifications 4.9.2-9

Figure 2 Skid-mounted electrical process heaters. (Photo courtesy of Eltron Ltd.)

needed to ensure adequate reference to electrical stan-
dards , local electrical safety requirements, hazard area
classification, and surface temperature limitations.

The heater assembly is normally located outdoors
on the plant and designed suitably for such a location;
the power controller and associated process controls are
positioned in a building classified as safe and dust/damp
protected.

The shell-side process and mechanical design is
similar to that for a shell and tube, but allowance must
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be made for radiation when specifying the shell design
temperature and a careful vibration check must be made
to ensure that the electrical elements are not damaged.

The electric process heater is a constant-energy,
variable-temperature source of heat. Thus the unit, if
underdesigned, will tend to overheat.

Table 6 summarizes some general considerations
that should be taken into account when specifying this
type of equipment. Figure 2 shows a skid-mounted elec-
trical process heater.
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able 6 Electrical process heaters checklist

Topic Comment

1. Type of electric heater
a. Shell-and-tube type
b. Radiant heater (similar to furnace, fired heater type)

c. �Water bath� type

d. Others: block heaters, intermediate fluid
vaporizers, etc.

2. Electrical supply variations
a. Static

b. Dynamic

3. Control requirements
Flow O-100%  (if required)
Process temperature control

Surface temperature
Unit must be capable of delivering the specified wattage at

the minimum voltage. (See 2 above.)
4. Type of control

Thyristor

5. Heater elements

6. Overtemperature protection

7. Special tests
a. Electrical insulation of the elements

b. leak-tightness of couplings proved by halogen leak
testing

8. Temperature limits
Maximum heat flux and maximum sheath temperature of
the heater elements selected to avoid coking or
polymerization of the heated material.

Baffling should avoid stagnant areas.
Used for very high pressure and/or very low flows.
Uniform flux.
Good control of heat transfer fluid temperature. Use when process

fluid affected by high heater surface temperature.

Variation in rated voltage is generally limited to *5 % .
Variation in rated frequency is limited to f3%.
Sum of variation in voltage and frequency is limited to 5% at any one

time.
Voltage dips of up to 20% may occur for several seconds.
Brief high-voltage spikes due to HRC fuse blowing or deenergizing of

unloaded transformers.

Temperature control.
Typically f 10°C. If this fails there should be a cutout for

overtemperature of the process fluid.
Cutout if the surface temperature of the unit exceeds the area limit.

For in-line heat exchangers on-off control is not usually adequate.
Control by silicon-controlled rectifier provides stepless
proportioning energy input from zero to 100% and has a rapid
response.

10% spare heater elements should be installed but not connected.
(Note: Elements cannot usually be removed and replaced.)

At least two thermocouple elements to be clamped (or welded) to the
sheath of different elements.

Normally checked by applying twice the operating applied voltage.
Specify the percentage tested.

All sheaths, both element and thermocouple, are sealed by mechanical
bushing.
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4.9.3
Tenders

David Edge

A. Vendor selection

The engineer may not always have complete control of
the list of vendors who are bidding. The client may
provide a list, or purchase may be from a particular
country that is providing finance. The engineer must
insist on a minimum standard for all vendors bidding,
or risk being faced with the difficult task of justifying
the choice of a more expensive quotation. The time and
expense for corrections are usually far greater than the
potential savings in accepting vendors who offer low
prices but poor quality.

The following should be taken into account before
choosing the list of vendors:

1. Technical competence (experience with similar
units)

2. Fabrication capability (size, weight, limita-
tions; subvendors)

3. Quality control on fabrication
4. Capacity to deliver on time
5. Provision of drawings on time
6. Qualification requirements for personnel and

procedures
7. Whether they have the necessary tools, ma-

chinery, and test equipment
8. Facilities to supply the required documentation
9. Previous experience with this type of equip-

ment and record on previous jobs
10. Response to site queries, problems, and

changes
1 I. Financial viability
12. Ability to supply and control package items

B. Inquiry package

When the engineer issues an inquiry package it should
contain, as a minimum, the following information:

1. Vendors� document requirements:
a. At the proposal stage
b. At the purchase order stage

2. Data sheet(s) detailing the process and design
conditions for equipment

3. A sketch or drawing of the equipment showing
extent of supply

4. A specification detailing codes, standards, ven-
dor responsibilities, design requirements, testing, and
inspection

5. Packing and shipping requirements
6. Insurance requirements
7. Liabilities
8. Schedule for:

a. Drawings
b . Fabrication

9. Type of bid: either sealed tender or open to
negotiation

10. Closeout date

Time can be saved and problems avoided if a stan-
dard checklist is sent out with the inquiry. Vendors
should be informed that their bid may not be considered
if they do not complete the form. A typical checklist is
shown in Table 1, but ideally a list should be developed
for each type of equipment.
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�Fable  1 Typical checklist to be sent with the inquiry package

The vendor must answer yes or no to all the following questions and, where necessary, give details on a separate sheet,

1. Do you accept client conditions of purchase?
2. Are prices subject to escalation?
3. Have you quoted in the currency specified in the inquiry?
4. Have you shown country of manufacture?
5. Can you deliver the equipment within the time specified in the inquiry?
6. Is packing included in your price (in accordance with specification )?
7. Have you included for the documentation requirements of specification ?
8. Is your quotation:

Ex works
Delivered jobsite
FOB port of exit
C&F port of destination

10. Does your quotation take into account all the documents in the inquiry?
Il. Have you shown weights, dimensions, extent of supply of all items?

Is a weight certificate supplied?
12. Have you included a priced spare parts list?
13. Have you included for commissioning spare parts? (Priced separately?)
14. Have you included for test equipment (test rings, flange and gland, etc.)?
15. Have you detailed all exceptions from the job specification or otherwise stated �completely in accordance with all documents,

data sheets and specifications�?
16. Is any major part of the equipment fabrication subcontracted?

If �yes,� have you given details of fabricator, country of manufacture?
17. Have you supplied a list of similar items fabricated over the last (say) 6 years?
18. Have you studied and taken into account offshore certification requirements?
19. Have you sent a copy of your quotation to
20. Does your quotation detail daily rates for field installation supervisors and commissioning engineers?

?

C. Bid evaluation

What should be done when the vendor�s quotations ar-
rive? First, there must be agreement with the client on

1. Extensions to late bidders.
2. How many bids are technically reviewed.
3. Whether the client wishes to comment on all

bids.
4. A list of people and allied engineering groups

who should review and comment on the quotations. Size
and weight, for example, may be of particular concern
to plant layout and structural/civils  groups.

5. Client review (if agreed).
6. Questions to vendors.
7. Technical bid tabulation.
8. Commercial bid tabulation. This should be com-

pleted after all questions to vendors have been answered
and any cost changes incorporated. Costs of power for
air-cooled exchangers should be included.

Before placing the order it is advisable to hold a
vendor coordination meeting (VCM). The vendor�s un-
derstanding of the job specification can be confirmed
and any outstanding questions and late changes can be
incorporated at this stage. Minutes of the VCM should

always be kept and the minutes signed by contractors,
vendor, and client. These minutes together with the
technical bid analysis should present an accurate record
of what was purchased.

Two examples of technical bid analyses are given in
Figs. 1 and 2. It should be possible to see omissions or
gross errors by comparing one bid with the others, but a
detailed design check of the chosen unit(s) is preferred.

List of Publications
for Sections 4.9.1-4.9.3

ASME Pressure Vessel Code: American Society of
Mechanical Engineers, United Engineering Center,
345 East 47th Street, New York, NY 10017.

ASTM: American Society for Testing and Materials,
1916 Race Street, Philadelphia, PA 19103.

ANSI: American National Standard (published by
ASME).

API: American Petroleum Institute, 2101 L Street,
N.W., Washington, DC 20005.

OCMA: Oil Companies Materials Association, 14
Belgrave Square, London SWlX 8PS,  England.
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4.10 EXPANSION BELLOWS 4.10.1-l

4.10.1
Introduction

M. Morris

n An expansion joint is a specially designed compo-
nent of compact dimensions that allows for differential
movements between two adjacent components and that
maintains the pressure envelope. This joint can be of
all-metal construction or be nonmetallic for low-
pressure application; it can be discontinuous as in a
packed gland (e.g., TEMA P-type head). In this section
the discussion on expansion joints is limited to metallic
convoluted bellows.

Many years of the suppliers� experience are incorpo-

rated in the design and fabrication details of the bellows;
however, it is important for the exchanger designer to
appreciate the capabilities of the bellows unit so that
problems are not unwittingly built into the exchanger.
The decision to use bellows should be made at the initial
thermal and mechanical design stage of the exchanger.
This section gives guidance on the type, application,
design, and analysis; it suggests the scope of an
exchanger bellows specification and discusses fabrication
and operational aspects.
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4.10 EXPANSION BELLOWS 4.10.2-l

4.40.2
Expansion bellows

M. Morris

A. Types of bellows

Bellows can be classified in many ways, for example, by
the shape of corrugation, material, presence or absence
of reinforcing rings, or number of walls. The classifica-
tions used in this section are

Thin-wall bellows (single or multi-ply)
Medium-wall bellows
Fabricated thick-wall bellows

Table 1 illustrates the range of these classifications.

(a) Manufacture

Hydraulic forming is used for bellows up to approxi-
mately 1.8 m in diameter. A welded cylinder is placed
in the center of a stack of split dies, which are machined
to determine the final convolution shape. Internal
pressure and controlled axial compression are applied,
as shown in Fig. la. A high pressure is used in the form-
ing process, which thus imposes a leak test on the final
bellows; however, because this pressure is applied against
external rings, the structural strength and stability of the
bellows are not proven in the forming process.

Mandrel and wheel rolling of bellows is available for
a wide range of bellows diameters, for thin-wall or
medium-wall bellows, and is applied hot or cold depend-
ing on plate thickness. A welded cylinder is placed in the
forming machine, as seen in Fig. lb, and internal and
external forming wheels exert pressure simultaneously
to the inside and outside surfaces while the cylinder
revolves.

Thick-wall bellows are generally made from plate of
the same material and similar thickness to the shell
barrel. Segments are pressed and welded as shown in Fig.
lc or d.

Cold rolling, and hydraulic forming to a slightly
lesser degree, produces work hardening of the bellows
material. Postform annealing is sometimes specified to
increase corrosion or creep resistance. This operation
reduces the cold work yield strength of the bellows, and
the effect of this reduction is discussed in Sec. D(a)
following.

(b) Single and multi-ply thin-wall bellows

Depending on the wall thickness and convolution size,
single-wall thin bellows may be limited by stress or
stability to lower pressure application. To overcome this
limitation, multi-ply bellows are available, made by
telescoping two or more cylinders and forming together.

Multi-ply bellows may also be considered for the
following reasons:

1. To reduce the risk of sudden and complete
failure

2. For multiple material usage, for example, with
the inner ply in high-corrosion-resistance material and
the outer ply in less costly high-strength material for
load resistance.

Note that the fatigue resistance is limited by the
inner ply. The condition of the inner ply can be moni-
tored by pressure sensing, although this would not be
practical for internal floating-head bellows.
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4.10.2-2

Table 1 Range of bellows classifications

4.10 EXPANSION BELLOWS / 4.10.2 Expansion Bellows

Bellows Thin wall Medium wall Thick wall

Wall thickness, mm
Convolution height, mm
Materials include

Manufacture

Comments

0.5 to 2
25 to 15
Stainless steel
Monel
Inconel
Incoloy
Cold rolling
Hydraulic forming
Restraining rings often needed
Flexible
External protection needed

2 to 4.5
50 to 65
CrMo alloy steel
Stainless steel

4 to 13+
75 to 150
As shell

Hot rolling Pressing and welding

Compromise between thin and Rugged but stiff
thick wall Usually a maximum of two or three

convolutions because of difficulty
of equalizing movement

(c) Reinforcing or equalizing rings (d) Internal sleeves

Reinforcing or equalizing rings are sometimes supplied
with thin-wall bellows. Typical rings are shown in Fig. 2.
Reinforcing rings resist any distortion of the convolu-
tion root and are easily fitted to bellows that are formed
hydraulically. Equalizing rings can be of cast or fabri-
cated construction, generally in two halves bolted
together. These rings also prevent convolution root
distortion but additionally limit the compressive axial
deflection taken by each element. Both types of rings
are claimed to improve the fatigue life.

Bellows can be sleeved for the following reasons:

1. To reduce turbulence and thus pressure drop
2. To minimize erosion on the walls
3. To restrict entry of foreign material

Consideration should be given to fitting sleeves on
steam duty, gas flow rates greater than 7 m/s and liquid
flow rates greater than 3 m/s. The Standards of the
Expansion Joint Manufacturers Association (EJMA) [ 11
gives detailed recommendations. Sleeves should always
be designed with the minimum practical clearance to
restrict entry of foreign material. There should be suffi-
cient overlap at the free end to ensure that with all
possible movements, especially if lateral movement is
involved, there is no chance of the sleeve end fouling the
convolutions. A typical sleeve arrangement is shown in
Fig. 4.2.6(25).

Stage 1

@

Stage 2

Stage 3

(c) (4

Figure 1 (u) Thin-wall bellows: hydraulic forming process.
(b) Thin- and medium-wall bellows: roll forming process.
(c) Thick-wall bellows; pressed segments. (d) Thick-wall bellows;
pressed halves (�flanged and flued�  type).

It is wrong to assume that a sleeve can completely
prevent deposition of solid material in the convolutions,
since back eddies can easily result in sedimentation
behind the sleeve. In fact, a sleeve can frequently help to
trap solid material against the bellows, where it might
otherwise have been carried away in the turbulent flow.
The most practical way to prevent solids from getting

Equalizing ring

Reinforcing rings

l-Stub end Detail of equalizing ring

Fiie 2 Thin-wall bellows details.
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4.10 EXPANSION BELLOWS / 4.10.2 Expansion Bellows 4.10.2-3

into the bellows/sleeve space is by use of purge medium
continuously supplied to this space. The draining of this
space of any corrosive products must be considered.

B. Applications

(a) Fixed tubesheet exchangers

Bellows are fitted into the shell of fixed tubesheet
exchangers when:

1. The relative axial displacement of tubes and shell
due to pressure and/or thermal loads (see Sec. C below)
cannot be physically or economically absorbed.

2. Flexibility is required for the installation of
shell-side gaskets. This type of exchanger is shown in
Fig. 3 and is used when the shell cannot be welded to
the tubesheets. Its use is generally limited to low-pres-
sure �nonlethal� duty as the gasket cannot be replaced
and the joint has little flexibility.

All three types of bellows are used for these applica-
tions. Internal sleeves are often used, and external
protection to guard against accidental damage during
construction, erection, and operation is essential for
thin-wall, advantageous for medium-wall, but unneces-
sary for thick-wall bellows.

An alternative bellows type, externally pressurized,
is sometimes specified and is shown in Fig. 4. The main
advantage claimed [2] is that transferring the pressure
to the outside overcomes squirm instability in bellows
with high length-todiameter ratios.

Heavy-wall bellows, with their large convolution
volume, may for process reasons require the fitting of
drains and vents to the convolutions. These should be
specified only where absolutely necessary and only for
clean duty. Thin-wall bellows,  with their small convolu-
tion volume, do not need them and cannot be fitted
with them. Medium-wall bellows can be fitted with
drains and vents, but it is not recommended.

It is good practice to position exchanger supports
remote from thin-wall  shell bellows. The resultant local
support loads could otherwise lead to bellows distor-
tions.

(b) Floating-head exchangers

For process reasons, single tube-side pass, floating-
head exchangers are sometimes required. The relative

Figure 3 Fixed tubesheet exchanger with shell flanges.

Figure 4 Externally pressurized bellows.

movements between the shell cover and the floating-
head cover are absorbed by a bellows unit, which is
invariably either a thin- or medium-wall type. Figure 5
shows two configurations of internal and external
bellows position. Many variants of flanged or welded
installation are possible, depending on ease of manu-
facture, frequency of maintenance, and so forth.

C. Design loadings

The conflicting design criteria for a bellows require a
compromise between ruggedness to resist internal or
external pressure and flexibility to absorb movement.
This compromise then has to be optimized to give the
best fatigue resistance against cyclic variation of pressure
and movement. Such design and optimization are carried
out by the bellows designer; the applied loads are speci-
fied by the exchanger designer.

(a) Pressure

A bellows unit will tend to lengthen under internal
pressure (and shorten under external pressure); however,
with shell-and-tube exchangers the tube bundle effect-
ively provides total axial restraint to this movement.
Thus the stresses in the bellows are the sum of those
due to imposed axial movement (see below) plus those
due to pressure in the convolution.

Where pressure pulsations are possible, the reso-
nance of the bellows should be considered.

(b) Movements

Relative axial movement will be imposed on both fixed
tubesheet and single-pass floating-head exchanger
bellows. This movement results from differences in
temperature between tubes and shell and also from the
Poisson effect of pressure inflation. These movements
can be calculated from exchanger code rules and are
discussed in Sec. D.

Relative transverse movement in floating-head
bellows will be caused by tube bundle distortions and
will only be limited by controlled gaps between the
floating head and the adjacent shell. Typical spacers are
indicated in Fig. 5.
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4.10.2-4 4.10 EXPANSION BELLOWS / 4.10.2 Expansion Bellows

Controlled gap spacer

I

(8)

i

(b)
Figure 5 Floating-head bellows: (a) internal type, (b) external type.

The full range of movements of the bellows needs to
be specified. Cases to be considered include exchanger
testing, start-up, normal and abnormal operation, shut-
down, cleaning, and steamout. Fabrication tolerances
have to be taken into account, both axial and lateral as
well as possibly torsional.

(c) Cyclic conditions
.

Local stresses in bellows are plastic and thus the
cyclic variation of the above loads needs to be realistic-
ally assessed and correctly specified. The design life is
generally between 10�  and 10�  cycles, with 7 500 cycles
generally taken as �standard� unless otherwise specified.
The cyclic requirements of individual loads and move-
ments need to be agreed on with the bellows designer.
The bellows supplier can justify the fatigue life expec-
tancy by analysis supplemented with test results.

D. Analysis

The purpose of this section is .not to present detailed
formulas for predicting stress levels, fatigue lives, and so
on, but to discuss the background of bellows analysis, to
introduce the references available, and to review the
important factors in bellows analysis. Bellows are differ-
ent from other pressurized components as there will be
several local areas with stresses close to or at plastic
levels. With design lives often between lo3 and 10�
cycles it would be normal with other components to try
to keep peak stresses to elastic levels and thus remain
below the endurance limit.

The early approach to analysis was to reduce the bel-
lows shape to simple elements in order to predict stresses,
and to modify the equations by experience and testing.

Currently, numerical computer methods are avail-
able to increase the accuracy of analysis and reduce the
dependence on verification by testing. However, actual
stresses and fatigue resistance are sensitive to the manu-
facturing method and local geometric deviations, and
evidence from testing is likely to remain the best demon-
stration of design adequacy.

(a) Pressure

All the referenced work appears to have been carried out
on internal pressure. Within the limitations of linear
elastic analysis, the stresses would be reversible with
external pressure.

Early analysis by Kopp and Sayre [3] made simpli-
fying assumptions to allow solution for thick-wall
bellows. The toroidal corners were replaced by sharp
corners and the annular plates by beam strips. Neverthe-
less, Kopp and Sayre obtained good agreement with
their experimental data obtained from tests on thick-
wall bellows, and their design method is still used. It
should be noted that the above simplifications, while
giving reasonable agreement for predicted bellows
flexibility, will overestimate stresses at the corners.
Singh and Soler [4] offer an update on the original
Kopp and Sayre method.

Anderson [5] based his analysis on elastic shell
theory and additionally incorporated toroidal elements.
This work forms the basis of the EJMA equations, and
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4.10 EXPANSION BELLOWS / 4.10.2 Expansion Bellows 4.10.2-s

the validation of these equations by a test program is
discussed by Thomas [6] .

Recently, finite-element analysis of bellows has
been carried out. Smith [7] installed strain gauges on
thick-walled bellows of two fixed tubesheet exchangers
and compared the results with thin-shell and thick-shell
finite-element analysis. The bellows were stressed in the
elastic range, and reasonable agreement was achieved.
Even though the toroidal corner radius-to-thickness
ratios were 2.67 and 3.57, there was little difference
between the predictions of the thin- and thick-shell
finite-element models. Becht et al. [8] compared the
results of an elastic plastic test on a thin-wall bellows
with an elastic plastic finite-element analysis. They found
good agreement with the stiffness predicted by the EJMA
equations and some agreement with the EJMA stress
equations. They concluded that within the limitations of
manufacturing tolerances elastic finite-element analysis
can give good agreement with test results and that elastic
plastic finite-element analysis is feasible.

As pressure increases above design values, local
distortions will increase, leading to bellows instability
and failure. The initial distortion is generally bulging of
the convolution sidewall, which (within limits) may be
acceptable for thin-wall bellows, especially if fitted with
restraining rings. Further increases in pressure result in
�wavelike� tilting of convolutions, then bulging out of
the root of the convolution. Testing of bellows involv-
ing these instabilities is discussed in [6] and [9]. An
instability pressure will be essentially proportional to
yield stress; thus, annealing, if used, will reduce the
resistance to instability. Becht and Skopp [9] found
that the EJMA criteria were unconservative for annealed
bellows. Bellows are more stable under external pressure,
and stability review should not be necessary for this
case.

(b) Movement

In both fixed tubesheet and floating-head exchanger
applications, the bellows will invariably be more highly
stressed by the imposed movements than by the
pressure. Fortunately, there appears to be general
agreement that the EJMA formulas for stresses resulting
from movement and for bellows stiffness are reasonably
accurate for elastic conditions.

(c) Stress limits

ASME  Code case 1177-7 recognizes that a bellows
component can be justified by rational stress analysis
but also recognizes that stresses cannot be limited to
allowable values used for membrane stresses. In the
EJMA formula for bending stress due to pressure, a
modifying coefficient is introduced to allow comparison

0 1985 Hemisphere I
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with allowable membrane stresses. In other pressurized
components, similar high local stresses are permitted as
secondary stresses, which redistribute into adjacent
elastic material. Jetter and Jaquay [lo]  found that
redistribution does not necessarily occur with bellows,
and thus the acceptability of high stress levels must be
attributed to the benefits of cold working.

(d) Fatigue Analysis

The fatigue life of a bellows will depend on stresses
induced by pressure and deflection. While the location
of the peak stress due to pressure will not necessarily
coincide with the location of peak deflection stress,
EJMA sums the two effects for fatigue life evaluation.
The EJMA formula has its basis again in the work of
Anderson. Fatigue test results and a design formula for
the estimation of low cycle fatigue life of bellows are
discussed in [l l] .

Many factors influence the fatigue life of a bellows
for a given range of loading conditions, the most
important probably being the material condition and the
manufactured shape. Thus the manufacturer�s fatigue
test results for similar bellows are likely to give the best
reassurance of bellows acceptability.

E. Code rules

Code requirements are discussed in two parts: (1) codes
and standards that deal with the bellows as a component
and (2) codes that deal with the application of bellows
in exchangers.

(a) Belle ws code requirements

I. EJMA

The Standards of the Expansion Joint Manufacturers
Association [l] is a comprehensive set of recommenda-
tions dealing with all aspects of the bellows component.
The Standards particularly relate to bellows in piping
systems, but there are many recommendations that have
relevance to exchanger bellows, and in fact these
standards refer to the requirements of the ASME  [12] .
Detailed recommendations in EJMA cover specification,
design, manufacture, inspection, testing, documentation,
shipping, and installation. In particular, the design
section gives formulas for evaluation of stability and
stresses due to pressure and movement for reinforced
and unreinforced bellows. These formulas are discussed
in [6], and it should be noted that EJMA requires the
bellows manufacturer to correlate his design with test
data.

lishing  Corporation
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4.10.2-6 4.10 EXPANSION BELLOWS / 4.10.2 Expansion Bellows

II. ANCC

The Italian Pressure Vessel Code [13]  , chapter VSRIP,
contains rules for single-wall and multi-ply bellows. The
thickness formulas are summarized in this volume, Sec.
4.3.2.K, and some requirements are given in the code
for manufacture and testing.

III. AD Merkblatter

Section B13 of the German Pressure Vessel Code [14]
gives formulas for checking the bending stress and
circumferential stress in single-wall bellows.

(b) Exchanger code requirements

The tubesheet formulas of TEMA [15] , BS 5500 [16]
and AD Merkblatter [14]  incorporate the case of bellows
in the shell, and these formulas are discussed in this
volume, Sec. 4.3.2.1. ASME Code case 1177-7 discusses
the conditions to be complied with, to allow the incor-
poration of a bellows into an ASME  VIII division I
vessel. The bellows material and fabrication are required
to be inspected at the supplier�s, and the exchanger
manufacturer is required to obtain supporting data to
allow the exchanger to be code stamped. Reference is
made to the section of ASME VIII division I for the
evaluation of membrane stress levels.

F. Specification

The bellows supplier can assume responsibility for his
product only if he has been given sufficient engineering
data. This must be specified by the exchanger designer
and must detail all the requirements relevant to the
bellows. The following is a checklist with notes that
should be used to draw up a particular bellows specifi-
cation. These points are discussed in more detail in [ 171.

,

(a) Basic data

Acceptable bellows types
Applicable bellows code
Type of ends required:

Weld preparation for heavy wall
Weld stub end
Flange

Internal sleeve
External protection [see Fig. 4.2.6(25)]
Bellows vents and drains

(b) Design data

Design pressure and temperature
Upset pressures and temperatures with frequencies

(including start-up)

Movements with frequencies
Axial (extension and compression)
Lateral (for floating-head bellows)

Fatigue life requirements
Design justification for bellows (if required)

(c)Material data

Acceptable materials of bellows and ends
Applicable product data
Adjacent shell or pipe materials
Mill test reports
Material certification requirements

Note: The specification of a �corrosion allowance�
is not relevant to bellows; the correct material must be
chosen instead. If not, the highly stressed areas will
cause selective corrosion and flaking off of any protec-
tion oxides.

(d) Dimensional data

Shell or pipe diameter and thickness
Installation position (horizontal or vertical)
Any limitation on maximum length

(e) Manufacturing requirements

Acceptable manufacturing methods
Welder qualification
Inspection required for bellows, ends, and accessories,

for example :
Chemical and mechanical analysis
Hardness limitations
X-ray, ultrasonic, dye penetrant, magnetic particle

inspection
Spring rate test
Leak or hydraulic test

(f) Shipping requirements

Shipping restraints to maintain length during transporta-
tion [see Fig. 4.2.6(25)]

Packing requirements-protection for handling and lift-
ing

Documentation and marking

G. Exchanger fabrication aspects

It should be remembered that bellows are relatively
fragile items of equipment and in operation will prob-
ably be the most highly stressed exchanger component.
Bellows should therefore be kept in their shipping crates
up to the time they are required for installation. The
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4.10 EXPANSION BELLOWS / 4.10.2 Expansion Bellows 4.10.2-7

shipping restraints should be retained for as long as
possible during exchanger fabrication but should be
removed before exchanger hydrotesting. For floating-
head bellows, the restraint bars will be left in place until
after the last tube-side test to avoid any stretching of the
bellows. In some cases bellows are supplied in a pre-
loaded condition; in all cases the shell or pipe �gap�
must be checked before bellows installation.

The following are additional installation reminders:

1. After unpacking, the bellows should be visually
checked for dents or defects.

2. If an internal sleeve is fitted, check that the
bellows is installed the right way around.

3. Bellows should be protected from weld spatter.
4. Avoid fitting weld leads that would pass welding

current through thin-wall bellows.
5. Check that convolutions are free of foreign

material.
6. Check any limitation on bellows pressure before

applying exchanger pressure test.

H. Operational aspects

(a) Inspection

Care with exchanger bellows must continue after specifl-
cation, manufacture, and installation to include care
during service. Particularly for shell bellows it is recom-
mended that:

1. After commissioning, the exchanger be checked
to ensure that there is no unanticipated shell-side vibra-
tion.

2. Regular visual examination be done for any
surface damage and debris between the convolutions.

(b) Repair

Accidental damage to shell bellows can occur. Experi-
ence has shown that denting, arc strikes, tool gouges,
and so forth can seriously reduce the fatigue life of the
bellows. Unless the exchanger was originally designed
with the possibility of a replacement by an oversize
bellows in mind, then repair has to be considered. Repair
of thick-wall bellows should be possible with weld
procedures similar to those used in the original fabrica-
tion. If the repair is not made in a highly stressed area of
the bellows, the life of the bellows should not be
seriously affected. Repair of thin-wall bellows has been
evaluated in [lg]  . The authors intentionally damaged a
two-ply 304 stainless bellows by various means: drilling
holes, grinding, and grooving. Weld repair was carried
out by welding patches over the defects or filling the
grooves or contour grinding. Fatigue testing was carried
out to check the effect of the various repair techniques.
These tests showed contour blending to give the best
life, followed by weld filler metal, and then welded
patches.
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INDEX

A
Absorption of thermal radiation:

in gases, 2.9.5-l/2.9.5-12
gasmixtures, 2.9.5-11/2.9.5-12
measurement, 2.9.5-212.9.5-4
molecular, 2.9.5-8/2.9.5-11

in solids, 2.9.2-212.9.2-3
characteristics, 2.9.2-l/2.9.2-2
measurement, 2.9.2-3

Absorption coefficient, 2.9.5-2
Absorption spectra in gases, 2.9.5-4/2.9.5-g
Absorptivity:

of particles, 2.9.5-l
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
Acentric factor:

definition, 5.1.1-1, 5.2.1-3
in hydrocarbons, 5.2.1-3/5.2.14

Acetic acid saturation properties, 5.5.1-27
Acetone saturation properties, 5.5.1-27
Acetylene saturation properties, 5.5 .l-15
Ackerman correction factor in condensation, 2.6.36
Acoustic vibration of heat exchangers, 4.6.4-314.6.44
Active systems for augmentation of heat transfer:

in condensation, 2.6.6-112.6.6-3
definition, 2.5.11-3
in forced convection, 2.5.114/2.5.11-q
in free convection, 2.5.1 l-8/2.5.11-9

Additives:
effect on friction factor, 2.2.2-7
use in heat transfer augmentation, 2.5.11-2,2.7.94

Adiabatic flows, compressible, in duct, 2.2.2-13
Advanced models for furnaces, 3.11.7-l/3.1  1.7-5
Aggregative fluidization, 2.2.6-l
Agitated beds, heat transfer to, 2.8.34

A slash between two page numbers (e.g., 2.7.3-2212.7.3-26)
indicates a range of those pages.
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Agitated vessels, 3.14.1-1
approximate overall heat transfer coefficients in, 2.1.2-5
equipment used in, 3.14.2-l/3.14.2-4

gas sparging, 3.14.2-l/3.14.2-2
mechanical agitators, 3.14.2-1
vessel internals, 3.14.2-213.14.2-4

heat exchanger, description of, 3.1.2-5/3.1.26
heat transfer correlations for, 3.14.3-l/3.14.3-8

with anchors and helical ribbons, 3.14.3-l/3.14.34
with nonproximity agitators, 3.14.3-l/3.14.3-3
scraped-wall pipe and related equipment, 3.14.34/3.14.36

Ahmad  scaling method for critical heat flux in flow boiling of
nonaqueous fluids, 2.7.3-8

Air:
properties of dry and saturated, 3.12.26
saturated liquid/vapor properties, 5.5.1-29
superheated gaseous, thermodynamic properties,

5.5.2-815.5.2-q
Air-activated gravity conveyor, 2.3.3-2
Air-cooled heat exchangers:

comparison of air and water as coolants, 3.8.1-1
cooling air supply: by fans, 3.8.7-l/3.8.7-3

by natural draft, 3.8.8-l
costing, 4.8.3-l/4.8.3-3
custom built, 3.8.2-l/3.8.2-2
description, 3.1.2-4/3.1.2-5
finned tube bundles for, 3.8.4-l/3.8.4-2
finned tube systems for, 3.8.3-l/3.8.3-3
mechanical design, 4.4.1-l/4.4.1-7

for cold climates and viscous fluid, 4.4.1-7
components, 4.4.1-2/4.4.1-6
nomenclature for, 4.4.1-2
structural design factors, 4.4.1-614.4.1-7

special features, 3.8.9-l/3.8.94
sound emission from, 3.8.9-l

thermal rating, 3.8.5-l/3.8.5-5
tubeside flow arrangements, 3.8.6-l

Albedo for single scatter in radiation, 2.9.7-2
Aluminum, spectral characteristics of anodized surfaces, 2.9.2-16
Ammonia, saturated properties of, 5.5.1-29
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AMTD (see Arithmetic mean temperature difference)
Analogy between heat and mass and momentum transfer,

1.2.3-611.2.3-7,  2.1.5-l/2.1.54
Analytic solutions for heat exchangers, 1.3.1-1/1.3.2-l
Analytical solution of groups, for calculation of thermodynamic

properties ofnonhydrocarbons, 5.2.2-315.2.2-g
tables of constants for, 5.5.4-l/5.5.4-6

Anchor agitators:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Andrade equation for variation of viscosity with temperature,
5.1.4-3

Anelasticity, 5.4.5-5
Angled tubes, use in increasing flooding rate in reflux

condensation, 2.6.2-8/2.6.2-q
Aniline, saturation properties, 5.5.1-26
Anisotropy of elastic properties, 5.4.5415.4.5-5
Annular dispersed flow (see Annular flow)
Annular distributor in shell-and-tube heat exchangers, 3.3.5-11
Annular ducts:

critical heat flux in flow in, 2.7.3-20
forced convective heat transfer in single phase flow:

laminar flow, 2.5.1-3/2.5.14
with liquid metals, 2.5.13-l/2.5.13-2
turbulent heat transfer in, 25.16, 2.5.1-10/2.5.1-11

free convective heat transfer m closed-end: horizontal,
2.5.8-14/2.5.8-16

vertical (heated on vertical curved surfaces),
2.5.8-13/2.5.8-14

single phase flow and pressure drop in, 2.2.2-712.2.2-10
laminar flow, 2.2.2-712.2.2-g
turbulent flow, 2.2.2-912.2.2-10

Annular fins, efficiency, 2.5.3-9
Annular flow:

critical heat flux in, 2.7.3-2212.7.3-30
hydrodynamics in horizontal tubes, 2.3.2-25/2.3.2-26
hydrodynamics in vertical tubes, 2.3.2-19/2.3.2-21

deposition and entrainment correlations, 2.3.2-21
interfacial roughness relationship, 2.3.2-20
triangular relationship for, 2.3.2-10

regimes of occurrence of: in horizontal flow, 2.3.2-3/2.3.24
in inclined tubes, 2.3.24/2.3.2-5
in systems with phase change, 2.3.2-612.3.2-7

Annuli (see Annular ducts)
Arc welding of tubes into tube sheets:

on inner face, 4.2.6-10
on outer face, 4.2.6-8

Archimedes number, 2.2.1-11
Area of tube outside surface in shell-and-tube heat exchangers:

charts for, 3.1.4-6,3.3.10-5
Argon, saturated properties, 5.5.1-30
Arithmetic mean temperature difference, definition, 3.1.4-2
Armstrong, Robert C., 2.2.8-1/2.2.8-13,2.5.12-l/2.5.12-16
ASME VIII code, for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-2
index to, 4.3.2-l/4.3.2-11

ASOG (see Analytical solution of groups)
Assisted convection:

around immersed bodies, 2.5.9-l/2.5.94
in vertical channels, 2.5.9-2/2.5.9-6

Asymmetric loading, in heat exchangers, 4.1.2-2/4.1.2-q
Augmentation of heat transfer, 2.5.11-l/2.5.1  1-12,

2.6.6-l/2.6.64,2.7.9-1/2.7.9-5
active systems for: definition, 2.5.1 l-3

in forced convection, 2.5.11-S/2.5.11-9
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in free convection, 2.5.114
compound systems for, 2.5 .l l-9
in boiling, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-312.7.94

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.6.6-2/2.6.6-3
in vapor space, 2.6.6-l/2.6.6-2

in kettle reboilers, 3.6.2-6
in shell-and-tube heat exchangers using low finned tubes,

3.3.1 l-2/3.3.1 l-3
passive systems for: definition, 2.5.1 l-1/2.5.1  1-3

in forced convection, 2.5.114/2.5.1  l-8
in free convection, 2.5 .ll-3

performance evaluation criteria for, 2.5.1 l-9/2.5.1  l-10
Austenitic chromium-nickel steels, as material of construction,

4.5.24
Average phase velocity in multiphase flows, 2.3.14

Baffle leakage in shell-and-tube heat exchangers:
numerical methods for predictions of, 1.4.2-3
recommended design procedures for accounting for,

3.3.1-l/3.3.11-5
Baffle pipes in agitated vessels, 3.14.2-3/3.14.24
Baffles in shell-and-tube heat exchangers:

constructional features affecting thermal design:
clearances, 4.2.5-7

cross type, 4.2.5414.2.5-5
longitudinal type, 4.2.5-8
maximum pitch, 4.2.5-7
support type, 4.2.5-514.2.56
thickness, 4.2.5-7

disk-and-doughnut, 3.3.1 l-2
double segmental, 3.3.1 l-2
leakage effects associated with (see Baffle leakage, Leakage

effects)
number of, calculation of, 3.3.64
segmental, recommended characteristics of, 3.3.5-7/3.3.5-10

Baker flow regime map for horizontal gas-liquid flow, 2.3.2-3
Balance equation (applied to complete equipment),

1.2.4-l/1.2.4-7
average interaction coefficients and driving forces for,

1.2.4-211.2.4-3
conventional representations of heat exchanger performance

by, 1.2.44/l  .2.4-5
differential form of, 1.2.5-l/1.2.5-3

for enthalpy, temperature and concentration,
1.2.5-l/1.2.5-3

solution and closure, 1.2.5-2/1.2.5-3
for enthalpy, temperature and concentration changes,

1.2.4-l/1.2.4-2
NTU and effectiveness in, 1.2.4-3/1.2.44

Band dryer:
description, 3.13.24
practical design, 3.13.7-l/3.13.7-2

Banks of tubes (see Tube banks)
Barrels for shell-and-tube heat exchangers (see Shells)
Basket-type evaporator, 3.5.2-l/3.5.2-3
Bauer, R., 2.8.1-l/2.8.1-14,  2.8.2-1/2.8.2-S
Bayonet tube heat exchangers, constructional features of,

4.2.3-914.2.3-10
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Beer-Lambert law, 2.9.5-S
Bell, Kenneth J., 3.1.1-l/3.1.4-9
Bell-Delaware method for shell-side heat transfer and pressure

drop in shell-and-tube heat exchangers, 3.3.2-513.3.2-6
modified form as basis for recommended procedure,

3.3.3-l/3.3.11-5
Bell and Ghaly method for calculation of multicomponent

systems:
condensation, 2.6.3-412.6.3-5
evaporation, 2.7.8-5

Bellows, expansion, for shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
constructional features, 4.2.6-10/4.2.6-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-10/4.3.2-l  1

Benard  cells in free convection in horizontal fluid layers,
2.5.8-l/2.5.8-3

Bends:
boiling heat transfer in tubes with, 2.7.4412.7.46
dryout  in tubes with, 2.7.4-212.7.4-4
enhancement of condensation in, 2.6.6-3
multiphase pressure loss in: gas-liquid systems, 2.3.2-17

solid-gas-systems, 2.3.3-7
solid-liquid systems, 2.3.4-4

single-phase fluid flow and pressure drop in, 2.2.2-16/2.2.2-17
loss coefficients for, 2.2.2-16
use of vaned  bends, 2.2.2-1612.2.2-17

Benedict-Webb-Rubin equation of state, 5.2.2-3
Benzene saturation properties, 5.5.1-12
Berenson equation for pool film boiling from a horizontal

surface, 2.7.2-14
Bergles, Arthur E., 2.5.11-l/2.5.11-12,2.6.6-1/2.6.6-4,

2.7.9-112.7.9-5
Bernoulli equation, application to flow aaoss  cylinders, 2.2.4-l
Bimetal tubes, use of in shell-and-tube heat exchangers, 4.2.5-2
Binary mixtures:

bubble growth in, 2.7.6-512.7.6-7
bubble nucleation in, 2.7.6-5
condensation of 2.1.6-2/2.1.6-3,2.6.3-7
condensers for, 3.4.4-l/3.4.4-2
constants for, for use in calculation of multicomponent

systems, 5.5.4-l/5.5.4-9
diffusion and mass transfer in, 2.1.5-l/2.1.54
forced convection boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7X-6
critical heat flux in, 2.7.8-6/2.7.8-7
saturated nucleate, 2.7.8-112.7.8-2
two-phase forced convective, 2.7.8-2/2.7.8-3

phaSe  equilibria in, 2.7.6-l/2.7.6-3
pool boiling of, 2.7.7-l/2.7.7-7

critical heat flux, 2.7.7-412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-4
transition boiling, 2.7.7-S

Bingham  fluid (non-Newtonian), 2.2.8-7
Biot number:

in conduction, 2.4.3-2
in melting and solidification, 2.4.4-l/2.4.4-2

Black surface:
heat transfer between gas and, 2.9.6-l/2.9.6-2
spectral characteristics of reflectance from selective,

2.9.2-17
Blackbody radiation, 2.9.1-3/2.9.1-5

Blake-Carmen-Kozeny equation, 2.2.5-2
Blasius equation for friction factor, 2.2.2-3
Block-type heat exchanger, 4.4.4-4

- I-3

Blowing (see Injection)
Blunt bodies, drag coefficients for, 2.2.3-7
Boilers:

combustion systems for ftiing, 3.11.2-2/3.11.2-3
as type of heat exchanger, 1.1.5-2
(See also Reboilers)

Boiling:
augmentation of heat transfer in, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-312.7.9-5

in axial flow reboilers, 3.6.2-6
basic pro=sses, 2.7.1-l/2.7.1-9

bubble detachment and frequency, 2.7.1-7/2.7.1-8
bubble growth, 2.7.1-612.7.1-7
evaporation, 2.7.1-2
heterogeneous nucleation, 2.7.1-3/2.7.1-5
homogeneous nucleation, 2.7.1-212.7.1-3
sizing of active nucleation sites, 2.7.1-5/2.7.1-6
vapor formation, 2.7.1-l/2.7.1-2

of binary and multicomponent mixtures:
basic process in, 2.7.6-l/2.7.6-7
forced convective boiling, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in evaporators, 3.5.7-213.5.7-3
in horizontal tubes, 2.7.4-l/2.7.4-7

dryout  in (including bends and coils), 2.7.4-l/2.7.4-4
heat transfer rates in, 2.7.44/2.7.4-6

in kettle and horizontal thermosiphon reboilers,
3.6.2-113.6.2-6

pool boiling, 2.7.2-l/2.7.2-17
boiling curve for, 2.7.1-1
critical heat flux in, 2.7.2-912.7.2-13
film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling in, 2.7.2-312.7.2-9
onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-13

outside tubes and tube bundles, 2.7.5-l/2.7.5-7
single tube in crossflow, 2.7.5-l/2.7.54
tube bundles, 2.7.5412.7.5-7

in vertical tubes, 2.7.3-112.7.3-37
critical heat flux, 2.7.3-12/2.7.3-30
heat transfer in the region where critical heat flux has

been exceeded, 2.7.3-30/2.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-10/2.7.3-12
subcooled boiling, 2.7.3-5/2.7.3-10

Boiling curve:
in binary mixtures, 2.7.7-l
in pool boiling, 2.7.2-l

effect of surface finish on, 2.7.2-3
for single horizontal tube in crossflow, 2.7.5-l
for tube banks, 2.7.5-4

Boiling length:
defmition, 2.7.3-15
quality/boiling length correlations, 2.7.3-15

application of nonuniform heating cases, 2.7.3-19
Boiling number, definition, 2.7.4-5
Boiling point, normal, 5.1.3-l

of commonly used fluids, 5.5.1-l/5.5.1-40
Boiling range (in multicomponent mixtures), influence on

selection of reboilers, 3.6.1-6
very wide, effect on reboiler design, 3.6.4-3

Boiling surface in boiling in vertical tubes, 2.7.34
Bolted channel head in shell-and-tube exchanger, 4.2.4-l
Bolted cone head in shell-and-tube heat exchanger, 4.2.4-2
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Bolting of flanges in shell-and-tube heat exchangers,
4.2.64j4.2.65

Boltzmann�s constant, 2.9.1-3
Bonnet head, in shell-and-tube heat exchanger, 4.2.4-l/4.2.4-2
Borishanski, V. M., 2.5 .13-l/2.5.134
Borishanski correlation for nucleate pool boiling, 2.7.2-5
Botterill,  J. S. M., 2.8.4-l/2.8.4-8
Boundary layer:

in combined free and forced convection heat transfer to
immersed bodies, 2.5.9-l/2.5.9-3

concept, 2.2.1-1612.2.1-17
equations, 2.2.1-17/2.2.1-18

continuity, 2.2.1-17
internal energy, 2.2.1-18
internal forms of, 2.2.1-20
Levy-Lees transformation of, 2.2.1-18/2.2.1-20
mean kinetic energy, 2.2.1-17
momentum, 2.2.1-17
solutions of, 2.2.1-2012.2.1-22
turbulent kinetic energy, 2.2.1-18

on flat plate, 2.2.132/2.2.1-30
in flow over cylinders, 2.2.3-312.2.3-s
in flow over immersed bodies, 2.2.3-l/2.2.3-2
in heat transfer to flat plates: laminar boundary layer,

2.5.2-112.5.2-2
turbulent, 2 5.2-2

theory, 2.2.1-1612.2.1-30
as example of theory of models, 2.2.1-13

Thickness of (displacement, momentum, energy, density,
temperature); 2.2.1-20

Turbulent:  prediction methods for, 2.2.1-2612.2.1-29
universal laws for, 2.2.1-25/2.2.1-26

Boussinesq approximations:
application in free convective flows, 2.5.7-l
for gravity effect, 2.2.1-10

application to laminar flow in circular duct, 2.2.2-5
Bousshresq  number, definition, 2.5.7-2
Bowring  correlations for critical heat flux, 2.7.3-16/2.7.3-18
Bracket supports for heat exchangers, index to U.S., U.K., and

F.R.G. codes for, 4.3.2-7
Branches, mechanical design aspects, 4.1.8-l/4.1.8-2
Brazing in plate fin heat exchanger construction, 4.4.3-3/4.4.3-4
Bricks, drying of, 3.13.5-2/3.13.5-S
Brinkman  number, 2.5.12-6
British Standards Institute code for mechanical design of heat

exchangers (see BS 1500 code)
Bromley equation for film boiling from horizontal cylinders,

2.7.2-14
BS 1500 code for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-3
index to, 4.3.2-l/4.3.2-11

Bubble crowding as mechanism of critical heat flux, 2.7.3-22
Bubble flow:

drift flux model for, in vertical flow, 2.3.2-18/2.3.2-19
regions of occurrence: in horizontal flow, 2.3.2-2/2.3.24

in inclined tubes, 2.3.2412.3.2-5
in shell-and-tube heat exchangers, 2.3.2-S/2.3.2-6
in systems with phase change, 2.3.2-612.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

Bubbles:
in boiling of binary mixtures: growth, 2.7.6-S/2.7.6-7

nucleation, 2.7.6-S
in boiling of single components: detachment and frequency,

2.7.1-712.7.1-8
growth, 2.7.1612.7.1-7

nucleation, 2.7.1-l/2.7.1-6
in fluidized beds, 2.2.6412.2.6-7

coalescence, 2.2.6-512.2.6-6
single bubbles, 2.2.6412.2.6-S
spatial distribution, 2.2.6-612.2.6-7

in gas-liquid flow: horizontal tubes, 2.3.2-212.3.24
vertical tubes, 2.3.1-l/2.3.2-2,2.3.2-18/2.3.2-19

rise velocity of gas bubbles in liquid, 2.3.2-18/2.3.2-19
Buffer layer in duct flow, 2.2.2-l
Bulk viscosity, 2.2.1-2
Bundle-induced convection in kettle reboilers, 3.6.2-2/3.6.2-3
Buoyancy effects:

on developing flows in ducts, 2.2.2-l 1
on flows, 2.2.1-10/2.2.1-11
inducing flow in channels, free convection heat transfer with,

2.5.7-1912.5.7-20
on laminar flow over flat plate, 2.2.1-24

Buoyancy-induced flow in channels, free convective heat transfer
with, 2.5.7-1912.5.7-20

Burnout (see Critical heat flux)
1,2-Butadiene  saturation properties, 5.5.1-16
1,3-Butadiene  saturation properties, 5 5.1-l 7
Butane saturation properties, 5.5.1-7
Butanol saturation properties, 5.5 .l-19
Butterworth, D., 2.6.1-l/2.6.3-10
t-Butyl  alcohol saturation properties, 5.5,1-20
By pass (shell-to-tube bundle):

clearances in shell-and-tube heat exchangers, 3.3.5-14
heat transfer and pressure drop correction factors for,

3.3.6-813.3.6-9
BWR equation of state (see Benedict-Webb-Rubin equation of

state)

C

Cabin heater, 3.11.2-2
Calorically perfect gas, 2.2.1-8
Carbon dioxide:

emissivity of gaseous, 5.5.5-2
saturation properties, 5.5 .l-30
superheated gaseous, thermodynamic properties, 5.5.2-2

Carbon monoxide saturation properties, 5 5 .l-3 1
Carbon steel as material of construction, 4.5.2-2/4.5.2-3
Carbon tetrachloride saturation properties, 5.5.1-31
Carmen-Kozeny equation (see BlakeCarmen  Kozeny equation)
Carrean fluid (non-Newtonian), 2.2.8-7
Carryover of solids in fluidized beds, 2.2.6-3
Cavitation as source of damage in heat exchangers, 4.5.3-l
Centrifugal dryer, 3.13.2-4
Ceramics, spectral characteristics of reflectance from, 2.9.2-18
Certification of heat exchangers, 4.7.7-l
Channel emissivity, 2.9.7-11/2.9.7-12
Channel flow, heat and mass transfer in, 2.1.7-l/2.1.7-2
Chapman-Rubescin formula for viscosity variation with

temperature, 2.2.1-9
Chemical formulas of commonly used fluids, 5.5.1-l/5.5.1-40
Chemical reactions, numerical calculation of flows involving,

1.4.3-2/1.4.3-3
Chen correlation for forced convective boiling, 2.7.3-l l/2.7.3-13
Chenoweth, I. M., 4.6.1-l/4.6.6-3
Chevron troughs as corrugation design in plate heat exchangers,

3.7.1-1, 3.7.3-113.7.3-2,  3.7.6-2
CHF (see Critical heat flux)
Chillers, construction features of, 4.2.3-9
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Chilton-Colburn  analogy, 1.2.3-6
Chisholm, D., 2.6.7-l/2.6.7-4,  3.10.1-l/3.10.7-9,  4.8.1-I
Chisholm correlations:

for frictional pressure drop in straight channels, 2.3.2-11
for pressure drop in singularities, X3.2-15/2.3.2-18

Chlorine, saturation properties, 5.5 .l-32
Chloroform, saturation properties, 5.5 .I-26
Choice of heat transfer equipment (see Selection of heat transfer

equipment)
Chugging flow (gas-liquid), in shell-and-tube heat exchangers,

2.3.2-512.3.2-6
Churchill, S. W., 2.5.7-l/25.10-12
Churchill and Chu correlations for free convective heat transfer:

horizontal cylinders, 2.5.7-2 1
vertical plates: laminar flow, 2.5.7-3

turbulent flow, 2.5.7-4
Churn flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Circles, radiative heat transfer shape factors between parallel

coaxial, 2.9.3-3
Circular cylinders (see Cylinders)
Circulation, modes of in free convection: in enclosures heated

from below, 2.5.8-6
CISE correlations for void fractions, 2.3.2-14/2.3.2-15
ClapeyronClausius  relationship (see ClausiusClapeyron

relationship)
Clausius-CIapeyron  relationship:

application in evaporation, 2.7.1-2
in homogeneous nucleation, 2.7.1-3

Cleaning of shell-and-tube heat exchangers, 3.3.4-5
Climbing film evaporator, 3.5.24
Closed distillation process, 2.1.7-8
Coalescence of bubbles in fluidized beds, 2.2.6-512.2.6-6
Coatings for corrosion protection, 4.5.2-S/4.5.2-6
Cocurrent  flow:

F-factor chart for, 1.5.2-3
heat exchangers, 1.1.1-l/1.1.1-2

single-phase temperature pattern in, 1.1.3-1
solutions for, 1.3.1-l/1.3.1-4

&NTU chart for, 1.5.2-3
Codes, mechanical design:

analytic basis of code rules, 4.3.3-l/4.3.3-2
comparison of principal codes, 4.3.4-l/4.3.4-3

cylinders: external pressure, 4.3.4-114.3.4-2
flanges, 4.3.4-214.3.4-3
nozzles, 4.3.4-3
stresses, 4.3.4-l
tubesheets, 4.3.4-2

example of applications, 4.3.6-l/4.3.6-23
guides to national practice in application of, 4.3.5-l/4.3.5-9

France (SNCT),  4.3.5-6
Germany (Merkblatter), 4.3.5-4
Holland (Stoomwesen), 4.3.5-5
Italy (ANCC), 4.3.5-7
Japan: high pressure, 4.5.3-9

standard, JIS-B8243,4.3.5-8
U.K. (BS lSOO),  4.3.5-3
U.S. (ASME VIII), 4.3.5-2

index to U.S., U.K., and F.R.G. codes, 4.3.2-1/4.3.2-l  1
conical shell, 4.3.2-314.3.2-4
cylindrical shell and channel, 4.3.2-2/4.3.2-3
dished head, 43.24
flanges, 4.3.2-514.3.2-7
flat head, 4.3.2-4/4.3.2-5
floating head, 4.3.2-5
nozzles, 4.3.2-914.3.2-10
shell bellows, 4.3.2-10/4.3.2-l 1

supports, 4.3.2-7
tubes, 4.3.2-3
tubesheets, 4.3.2-714.3.2-g

introduction, 4.3.1-l/4.3.1-3
Coiled tubes (see Helical coils, Curved ducts)
Coiled wire inserts for enhancement of heat transfer in boiling,

2.7.9-3
Colburn and Drew method for binary vapor condensation, 2.6.3-7
Colburn and Hougen method for condensation in present of

noncondensable gases, 2.6.3-6
Colburn equation for single-phase heat transfer outside tube

banks, 3.3.2-l
Colburn j factor:

application in heat exchangers, 3.3.1-2
definition, 2.1.3-4
for flow over tube banks, 3.3.7-113.3.7-4
in plate fin exchangers, 3.9.4-l/3.9.6-2
values of heat transfer in tubes, 2.1.3-7

Colebrook-White equation for friction factor in rough circular
pipe, 2.2.2-3

Coles, law of the wake, 2.2.1-26
Collier, J. G., 2.7.1-l/2.7.8-10
Column internal reboiler (see Internal reboilers)
Combined conductive, convective, and radiative heat transfer,

2.9.8-l/2.9.8-10
Combined free and forced convection heat transfer:

in channels, 25.10-l/2.5.10-10
horizontal channels, 2.5.10-7/2.5.10-12
vertical channels: laminar assisted convection,

2.5.10-2/2.5.10-6
laminar opposing convection, 2.5.106
turbulent, 2.5.10-6/2.5.10-7

around immersed bodies, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
horizontal plates (transverse flow), 2.5.9-4/2.5.9-6
immersed bodies (transverse flow), 2.5.9-6
opposing convection, 2.5.9-4
slightly inertial flow regime (assisting convection),

2.5.9-312.5.9-4
thin boundary layer regime (assisting convection),

2.5.9-l/25.9-3
turbulent regime (assisting convection), 2.5.9-4

Combined heat and mass transfer, 2.1.6-l/2.1.6-4
in condensation of mixtures, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2
in evaporation of binary and multicomponent mixtures,

2.7.8-212.7.86
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.2-4
in single-phase free convection, 2.5.7-12/2.5.7-13

Combining flow, loss coefficients in, 2.2.2-20
Combustion chambers (see Furnaces)
Combustion model for furnaces, 3.11.7-3/3.11.7-4
Compact heat exchangers (see Plate fin heat exchangers)
Compartment dryers, 3.13.2-3
Compound systems for augmentation of heat transfer, 2.5.1 l-9
Compressible flow:

in ducts, 2.2.2-1212.2.2-14
adiabatic (Fanno) flow, 2.2.2-13
basic equations for, 2.2.2-1212.2.2-13
with constant heat transfer, 2.2.2-1212.2.2-13
over cylinders, 2.2.3-6
inviscid  flow with heat addition, 2.2.2-13
low density effect in, 2.2.2-13

Computer methods for heat exchanger design:
discussion of, 3.3.10-l/3.3.10-2
logic of, 3.1.3-3/3.1.3-4
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Computer methods for heat exchanger design, logic of (Cont.):

design, 3.1.3-3/3.1.34
rating, 3.1.3-3

plate exchangers, 3.7.104
Computer program for Monte Carlo calculations of radiative

heat transfer, 2.9.4-4/2.9.4-S
Concentration, choice of evaporator type for, 3.5.5-l/3.5.5-2
Concentric spheres, free convective heat transfer in, 2.5.8-16
Concurrency corrections in plate heat exchangers,

3.7.8-113.7.8-2
Condensation:

combined heat and mass transfer in, 2.1.6-2/2.1.64
dropwise, 2.6.5-l/2.6.54

calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction to, 2.1.7-6
mechanism of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promoters for, 2.6.5-312.6.54

film, introduction to, 2.1.74/2.1.76
filmwise, of pure vapor, 2.6.2-l/2.6.2-19

outside horizontal and inclined tubes, 2.6.2-912.6.2-12,
3.4.6-3

inside horizontal tubes, 2.6.2-12/2.6.2-15,3.4.6-2
interfacial resistance in, 2.6.2-15
liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-212.6.2-9,  3.4.6-3

on finned tubes, 3.4.6-3
fogging in, 2.6.7-112.6.74

conditions producing supersaturation, 2.6.7-2/2.6.7-3
design to minimize, 2.6.7-3
effects of, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l

in horizontal tubes, flow regimes in, 2.3.2-7
in plate exchangers, 3.7.12-1
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
introduction to, 2.6.1-l

heat transfer resistances in, 2.6.1-2
modes of, 2.6.1-l/2.6.1-2

of vapor mixture, 2.6.3-l/2.6.3-10,  3.4.64
approximate method, 2.6.3-212.6.3-5
binary vapor mixtures, 2.6.3-7
multicomponent mixtures, 2.6.3-7/2.6.3-g
single vapor with noncondensable gas, 2.6.3-S/2.6.3-7

of vapor mixtures forming immiscible liquids, 2.6.4-l/2.6.4-7
eutectic mixtures, 2.6.4-212.6.4-3
with incondensable gases, 2.6.4-512.6.4-7
non-eutectic mixtures, 2.6.4-312.6.4-5

Condensation curves:
description, 2.6.3-l/2.6.3-2
differential, 2.6.34/2.6.3-S
integral, 2.6.3-312.6.3-s

Condensers:
approximate overall heat transfer coefficients in, 2.1.2-3
design procedures for, 3.4.9-113.4.9-1

overall, 3.4.9-113.4.9-2
inside tubes, 3.4.9-213.4.9-3
outside tubes, 3.4.9-313.4.94

discussion of types of, 3.4.3-l/3.4.3-6
horizontal in-tube, 3.4.3-3/3.4.34
horizontal, outside tube, 3.4.3-I/3.4.3-6
vertical in-tube, downflow, 3.4.3-l/3.4.3-2
vertical m-tube, upflow,  3.4.3-213.4.3-3
vertical, outside tube, 3.4.3-6

fogging in, 2.6.7-l/2.6.7-4,  3.4.5-2
heat transfer in, 3.4.6-l/3.4.6-4

finned tubes, 3.4.6-3
outside horizontal tubes, 3.4.6-3
with mixtures, 3.4.6-4
subcooling in, 3.4.64
inside tubes, 3.4.6-l/3.4.6-2
outside vertical tubes, 3.4.6-3/3.4.64

introduction to, 3.4.1-l
mean temperature difference in, 3.4.8-l/3.4.8-3
operational problems in, 3.4.5-l/3.4.5-2

fogging,  3.4.5-2
due to limited vapor load, 3.4.5-l/3.4.5-2
pressure control, 3.4.5-l
venting, 3.4.5-2

pressure drop in, 3.4.7-l/3.4.7-2
selection of type of, 3.4.2-l/3.4.24
temperature patterns in, 1.1.3-l/1.1.3-2
as type of heat exchanger, 1.1.5-2
for use in association with evaporators, 3.5.4-2
for vapor mixtures, 3.4.3-l/3.4.4-2
(See also Condensation)

Conduction, heat:
basic equations for, 2.4.1-l/2.4.1-2
in melting and solidification, 2.4.4-l/2.4.4-3
periodic change of temperature in, 2.4.5-l/2.4.54
steady state, 2.4,2-l/2.4.2-3

in bodies with internal heat sources, 2.4.2-3
plane, cylindrical and spherical shells without internal

heat sources, 2.4.2-l/2.4.2-3
thermal contact resistance in, 2.4.6-l/2.4.6-2
transient response to a step change in temperature,

2.4.3-l/2.4.3-12
one-dimensional systems, 2.4.3-l/2.4.3-10
multidimensional systems, 2.4.3-10/2.4.3-l 1

Conductors, thermal conductivity of, 5.4.3-2/5.4.3-3
Cones, vertical:

free convective heat transfer from, 2.5.7-24
Conical shells, mechanical design of:

analytic basis for codes, 4.3.3-l
basic principles of, 4.1.3-2
index to U.K., U.S., and F.R.G. codes for, 4.3.2-3/4.3.24

Connors equation for fluid elastic instability, 4.6.4-2
Conservation equations:

for chemical species, 1.2.1-3
in differential form, 2.2.1-5/2.2.1-7
in duct flow, 2.2.1-312.2.1-5
in furnaces, 3.11.7-l/3.1  1.7-2
for gas-liquid flows, 2.3.2-812.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-812.3.2-g

in integral form, 2.2.1-2/2.2.1-S
for multiphase flows, 2.3.1-4/2.3.1-7

homogeneous model for, 2.3.14/2.3.1-7
separated flow model for, 2.3.16/2.3.1-7

for turbulent flows, 2.2.1-13/2.2.1-14
Construction elements of heat exchangers, 4.1.1-2/4.1.2-3
Contact angle, 2.3.1-2

influence in nucleate boiling, 2.7.1-5,2.7.2-2
Contact resistance:

influence on particle-to-wall heat transfer in packed beds,
2.8.3-3

thermal, 2.4.6-l/2.4.6-4
Continuity equation:

applications in heat exchanger calculations, 1.2.6-5
in boundary layer, 2.2.1-17
in compressible duct flows, 2.2.2-12
differential form in single phase flow, 2.2.1-5/2.2.1-7
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Continuity equation (Cont.):
in gas-liquid flows, 2.3.2-812.3.2-g
integral form in single phase flow, 2.2.2-2
in multiphase flows: homogeneous, 2.3.1-5

separated flow, 2.3.1-25
in turbulent flow, 2.2.1-14

Continuum model, for fluids, 2.2.1-1
Continuum theories, for non-Newtonian fluids, 2.2.8-6/2.2.8-g

Lodge�s rubber-like liquid, 2.2.8-8
Maxwell model, 2.2.8-7
Oldroyd eight constant model, 2.2.8-8
White-Metzner model, 2.2.8-8

Contraction, sudden, pressure drop in: single-phase flow,
2.2.2-20

two-phase gas-liquid flow, 2.3.2-16/2.3.2-17
two-phase gas-liquid flow, 2.3.2-1612.3.2-17

Control:
of heat pipes, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

Convection effects, on heat transfer in kettle reboilers:
bundle induced, 3.6.2-213.6.2-3
externally induced, 3.6.2-3

Convective boiling (see Boiling)
Convective heat transfer, single phase:

around immersed bodies: single bodies, 2.5.2-3/2.5.2-8
smooth flat plates, 2.5.2-l/2.5.2-3

augmentation of, 2.5.11-l/2.5.11-12
in combined free and forced convection (see Combined free

and forced convection)
channel flows, 2.5.10-l/2.5.10-12
immersed bodies, 2.5.9-l/2.5.9-7

effect of radiation on, 2.9.8-l/2.9.8-10
in fixed beds, 2.8.2-l/2.8.2-8,  2.8.3-l/2.8.3-3
in flow over tube banks, 2.5.3-l/2.5.3-16

finned tubes, 2.5.3-612.5.3-16
plain tubes, 2.5.3-l/2.5.3-6

forced convection in ducts, 2.5.1-l/2.5.1-13
laminar flow, 2.5.1-2/2.5.1-S
turbulent flow, 2.5.1-S/2.5.1-13

in free convection: immersed bodies, 2.5.7-l/2.5.7-31
layers and enclosures, 2.5.8-l/2.5.8-25

with impinging jets, 2.5.6-l/2.5.6-10
in liquid metal systems, 2.5.13-l/2.5.134
with non-Newtonian fluids, 2.5.12-l/2.5.12-16

in channels with viscous heating, 2.5.12-10/2.5.12-14
in channels without viscous heating, 2.5.12-6/2.5.12-10
with dilute polymer solution, 2.5.12-14/2.5.12-15

in packed and agitated beds, 2.8.3-112.8.3-g
Conversion factors, for physical properties, 5.5 .l-3
Conveyor, gravity:

air activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-g

Cooling towers:
effect of variation in atmospheric pressure on,

3.12.6-213.12.6-3
hybrid, 3.12.5-l/3.12.5-5

assisted draft, 3.12.5-3/3.12.54
closed-circuit evaporative coolers, 3.12.5-4/3.12.5-S
dry, 3.12.5-l/3.12.5-2
wet-dry, 3.12.5-213.12.5-3

introduction to, 3.12.1-l
mechanical draft, 3.12.4-l/3.12.44
natural draft: dry, 3.8.2-l/3.8.2-2,  3.8.8-l

wet, structural design, 3.12.3-613.12.3-7
wet, thermal design, 3.12.3-l/3.12.36
main features of, 3.12.4-l/3.12.4-2

thermal performance and design, 3.12.24/3.12.44
packing region in, 3.12.2-l/3.12.2-13

departures from uniform counter flow in,
3.12.2-12/3.12.2-13

heat and mass transfer in, 3.12.2-l/3.12.2-3
packings in, 3.12.2-8/3.12.2-11
state of air leaving, 3.12.2-11/3.12.2-12
theory of thermal design of, 3.12.2-3/3.12.2-8

testing and acceptance of, 3.12.6-l/3.12.6-2
as type of heat exchanger, 1.1.5 -2
water loss from, 3.12.6-2

Cooper, Anthony, 3.7.1-l/3.7.12-2
Copper-base alloys, as material of construction, 4.5.24/4.5.2-S
Correlation, general nature of, 1.2.3-S/1.2.36
Correspondence principle, in physical properties, 5.1.1-l
Corrosion:

associated with phase separation, 4.5.3-S
associated with welds, 4.5.3-S/4.5.36
erosion/corrosion, 4.5.3-l/4.5.3-2
fretting, 4.5.3-2
gas-vapor phase, 4.5.3-614.5.3-7
materials of construction to avoid, 4.5.2-214.5.26
in she&and-tube heat exchangers, 3.3.4-5
vapor blanketing as cause, 4.5.34
in various equipment: reboilers, 4.5.3-S

waste heat boilers, 4.5.34
Corrugation design, for plate heat exchangers, 3.7.3-l/3.7.3-2,

4.4.2-314.4.24
Costing of heat exchangers:

air-cooled, 4.8.3-l/4.8.3-3
introduction to, 4.8.1-l
plate,4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-114.8.2-s

Countercurrent flow:
critical heat flux in, 2.7.3-26
gas-liquid, in vertical channels, 2.3.2-21/2.3.2-22
heat exchangers, 1.1.1-1

temperature pattern for in single-phase flow, 1 .1.3-l
6-NTU chart for, 1.5.2-2

Counterflow (see Countercurrent flow)
Coupled thermal fields, in transient conduction, 2.4.3-12
Cowie, R. C., 4.8.2-1/4.8.2-S
Creeping flow, in combined free and forced convection around

immersed bodies, 2.5.9-3
Critical density, of commonly used fluids, 5.5.1-l/5.5.1-40
Critical flow, in gas-liquid systems, 2.3.2-2612.3.2-29

Henry-Fauske model for, 2.3.2-2812.3.2-29
homogeneous models for, 2.3.2-28

Critical heat flux:
in axial flow reboilers, 3.6.2-7/3.6.2-8
in counter-current flow, 2.7.3-26
enhancement of, in boiling in tubes, 2.7.9-3/2.7.94

pool boiling, 2.7.9-l/2.7.9-2
in evaporators, 3.5.7-3
in flow in vertical annuli, 2.7.3-20/2.7.3-21
in flow in vertical tubes, 2.7.3-13/2.7.3-30

nomenclature for, 2.7.3-13
with non-uniform heat flux, 2.7.3-1812.7.3-20
with uniform heat flux, 2.7.3-13/2.7.3-18

in forced convective boiling of binary and multicomponent
mixtures, 2.7.8-612.7.8-7

departure from nucleate boiling, 2.7.8-6/2.7.8-7
dryout,  2.7.8-7

in kettle reboilers, 3.6.2-4/3.6.2-S
mechanisms of, 2.7.3-2212.7.3-26

annular flow prediction methods for, 2.7.3-2312.7.3-26
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Critical heat flux (Cont.):
with nonaqueous fluids, 2.1.3-2612.7.3-30
in pool boiling, 2.1.2-912.7.2-13

geometric effects in, 2.7.2-10/2.7.2-11
liquid viscosity effects on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13
Zuber analysis for, 2.7.2-g/2.7.2-10

in pool boiling of binary and multicomponent mixtures,
2.1.1-4/2.7.7-5

in rectangular channels, 2.7.3-20
in rod bundles, 2.7.3-2112.7.3-22
outside single tubes in crossflow, 2.7.5-212.7.5-3
outside tubes in tube banks, 2.7.5-512.7.5-7

correlations for, 2.7.5-612.7.5-7
mechanisms of, 2.7.5-5/2.7.5-6

Critical pressure:
of commonly used fluids, 5.5.1-l/5  5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-6
in pure fluids, 5.1.1-2

Critical Rayleigh  number, in free convection, 2.5.8-2/2.5.8-3,
2.5.8-312.5.8-6

Critical temperature:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-5
in pure fluids, 5.1.1-l/5.1.1-2

Critical velocity, in stratification in bends and horizontal tubes,
2.7.4-I/2.7.4-3

Critical volume, 5.1.1-2
Crocco�s integral, application to boundary layer equations,

2.2.1-19
Cross counter flow heat exchangers, 1.1.1-2

solutions for, 1.3.1-l/1.3.14
Crossflow:

in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
boiling in over horizontal tubes and tube banks,

2.7.5-I/2.7.54
in cooling towers, 3.12.2-12/3.12.2-13
over cylinders (see Cylinders)
flow induced vibration in, 4.6.1-l/4.6.6-3
heat exchangers: definition of, 1.1.1-2

solutions for heat transfer in, 1.2.64, 1.3.14
pressure drop in gas-liquid, 2.3.2-12
in shell-and-tube heat exchangers, 3.3.6-3/3.3.64
temperature difference correction (F-correction) and 0-NTU

charts for various configurations of, 1.5.3-l/1  5.3-13
with both streams mixed, 1.5.3-3
one tube row, unmixed, 1.5.34
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, two passes, mixed, 1.5.3-12
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two passes, unmixed, 1.5.3-g

over tube banks (see Tube banks)
Crossflow shells (see X-shells)
Crystallization, choice of evaporator type for, 3.5 5-2
Curved ducts:

dryout in evaporative heat transfer in, 2.7.4-2/2.7.44
single-phase fluid flow and pressure drop in,

2.2.2-1412.2.2-16
flow characteristics in, 2.2.2-14/2.2.2-15
laminar  flow in, 2.2.2-15/2.2.2-16
turbulent flow in, 2.2.2-16

Cut-and-twist factor, in enhancement of heat transfer in double
pipe heat exchangers, 3.2.3-l

Cyclohexane, saturation properties of, 5.5.1-11
Cyclopentane, saturation properties of, 5.5.1-l 1
Cylinders:

banks of cylinders (see Tube banks)
boiling from outside horizontal in crossflow, 2.7.5-l/2.7.54
characteristics of as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-112.5.9-6
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.2-8
flow across, 2.2.3-312.2.3-l

circular, 2.2.2-3/2.2.2-6
noncircular,  2.2.3-612.2.3-7
pressure coefficient in, 2.2.4-2

free convective heat transfer from, 2.5.7-20/2.5.7-24
horizontal, 2.5.7-2012.5.1-23
vertical and inclined, 2.5.7-23/2.5.7-24

free convective heat transfer inside horizontal, 2.5.8-14
hollow, radiation and conduction around, 2.9.8-6/2.9.8-7
pool boiling from, 2.7.2-l/2.7.2-15

critical heat flux in, 2.7.2-912.7.2-12
radiative heat transfer on nonisothermal gas in, 2.9.7-3
steady-state thermal conduction in, 2.4.2-l/2.4.2-3
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-112.4.3-7
single-phase heat transfer in flow over, 2.5.24/2.5.2-5
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
under external pressure, comparison of mechanical design

codes for, 4.3.4-l/4.3.4-2

D
Damage, sources of in heat exchangers, 4.5.3-l/4.5.3-7,

4.6.1-l/4.6.1-2
Damkohler  number:

definition, 2.2.1-11
modified form for compressible flows with heat transfer,

2.2.2-12
Damping:

capacity, anelasticity, and, 5.4.5-5
of flow-induced vibration, 4.6.24

Davis and Anderson criterion, for onset of nucleate boiling,
2.7.3-6

Decane, saturation properties of, 5.5 J-10
Degradation temperature, of polymers, 2.5.12-1
�Del� operator (see Differential vector operators)
Delaware method, for shell-side  heat transfer and pressure drop,

(see Bell-Delaware method)
Dengler and Addoms correlation, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Density:

definition, 2.2.1-1
fluid with constant, 2.2.1-8/2.2.1-g
fluid with small variations of, 2.2.1-8
of Liquid water, 5.5.3-2
of multicomponent liquid mixtures, 5.2.3-l/5.2.3-2
relation with viscosity for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.140
of solids, 5.4.1-l/5.4.1-2

graphite and carbon, 5.4.1-1
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Density, of solids (Cont.):
metal alloys, 5.4.1-l
organics,  5.4.1-2
refractories, 5.4.1-l/5.4.1-2

Deposition of droplets in annular flow, 2.3.2-21, 2.7.3-24
Design of heat exchangers, introduction, 3.1.1-l/3.1.4-9
Design procedures, for segmentally baffled heat exchangers,

3.3.10-l/3.3.10-8
Desuperheaters for use in association with evaporators, 3.5.4-2
Developing flow in ducts:

single-phase flow and pressure drop in, 2.2.2-10/2.2.2-11
hydrodynamic entrance region in, 2.2.2-10/2.2.2-11
various forms and effects on, 2.2.2-l 1

Diathermanous fluid, 2.9.1-l
Differential condensation:

calculation of condensation curves, 2.6.34
description, 2.6.3-l/2.6.3-3

Differential formulations for nonisothermal gas radiation,
2.9.7-512.9.7-g

embedding, 2.9.7-712.9.7-g
multiflex  methods, 2.9.7-612.9.7-7
radiation diffusion, 2.9.7-512.9.76

Differential resistance term in heat exchanger design, 3.3.9-2
Differential vector operators in heat conduction, 2.4.1-2
Diffraction models for radiative heat transfer from surfaces,

2.9.4-712.9.4-g
Diffuse surfaces, radiative heat transfer between, 2.9.3-l/2.9.3-17
Diffuse wall passages, radiative heat transfer in, 2.9.3-13/2.9.3-16
Diffusers, single-phase flow and pressure drop in,

2.2.2-1712.2.2-19
effect of inlet conditions, 2.2.2-18/2.2.2-19
with free discharge, 2.2.2-1712.2.2-l 8
methods of improving performance in, 2.2.2-19
performance, 2.2.2-17

Diffusion coefficients:
in gases, 5.2.5-315.2.54
in liquids, 5.2.5-l/5.2.5-3

Dimensional analysis:
pi theorem for, 2.2.1-11/2.2.1-12
and theory of similarity, 2.2.1-10/2.2.1-13

Dimensionless groups:
equivalent groups in heat and mass transfer, 2.1.5-2
in fluidization, 2.2.6-212.2.6-3
in free convective heat transfer to immersed bodies,

2.5.1-212.5.7-3
table of, 2.2.1-l 1

Dimensionless numbers (see Dimensionless groups)
Dimensionless time (see Fourier number)
Dimethyl  propane saturated properties, 5 5 .l-6
Direct contact condensation:

introduction, 2.6.1-I
mechanical construction, 4.4.4-614.4.4-7

Direct contact cooling, 4.4.4-8
Direct contact evaporation, 4.4.4-7
Dirt (see Fouling)
Discretization  in numerical analysis:

for cases where flow patterns must be calculated, 1.4.2-l
in design of heat exchangers with prescribed flow patterns,

1.4.1-l/1.4.1-6
effect of fineness, 1.4.1-5/1.4.1-6
subdivision of space, 1.4.1-l/1.4.1-2
subdivision of time, 1.4.1-211.4.1-3

Disk-and-doughnut baffled heat exchangers, 3.3.1 l-2
Dish turbine agitator, 3.14.2-l/3.14.2-2

heat transfer in vessel agitated by, 3.14.3-l
Disks, free convective heat transfer from inclined, 2.5.7-25

Dispersed bubble flow (see Bubble flow)
Dissipation of turbulent energy, 2.2.1-20
Distillation, closed distillation process, 2.1.7-8
Distribution:

annular, in shell-and-tube heat exchangers, 3.3.5-11
design in fluidized beds, 2.2.6-712.2.6-8

Dittus-Boelter  equation, for single-phase forced convective heat
transfer, 2.7.3-5

Dividing flow, loss coefficients in, 2.2.2-19
DNB (departure from nucleate boiling) (see Critical heat flux)
Donohue method, for shell-side heat transfer in shell-and-tube

heat exchangers, 3.3.2-2
Double-pipe heat exchanger:

approximate overah heat transfer coefficients, 2.1.2-3
description, 3.1.2-l/3.1.2-2
design, 3.2.1-l/3.2.6-2

applications of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters for, 3.2.3-l/3.2.3-6
introduction, 3.2.1-l
operational advantages of, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

Double segmental baffled heat exchangers, 3.3.11-2
Downward facing surfaces, free convective heat transfer from,

2.5.7-1312.5.7-15
Downward flow in vertical tubes, flow patterns in gas/liquid,

2.3.2-2
Dowtherm A saturation properties, 5.5.1-28
Dowtherm J saturation properties, 5.5.1-28
Drag coefficient:

for circular cylinder, 2.2.3-3/2.2.34
definition, 2.2.3-2
in fluidized beds, 2.2.6-2
for sphere, 2.2.3-3
on tube in tube bank, 2.2.4-312.2.4-5

Drag force:
on immersed bodies, 2.2.3-212.2.34
on tube in tube bank, 2.2.4-312.2.4-5

Drag reduction, 2.2.8-11/2.2.8-12
effect on heat transfer, 2.5.12-14/2.5.12-15

Drift flux model for two-phase flows, 2.3.1-7/2.3.1-g
Droplets:

deposition and entrainment of, in annular flow, 2.3.2-21
nucleation of in supersaturated vapors, 2.6.7-l/2.6.7-2
use in augmentation of heat transfer, 2.5 .l l-8

Dropwise condensation:
calculation of heat transfer in, 2.6.5-212.6.5-3
introduction, 2.1.7-6, 2.6.1-L 2.6.5-l
mechanisms of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promotors for, 2.6.5-3/2.6.5-4

Dry cooling towers, 3.8.2-1/3.8.2-2,3.8.8-l, 3.12.5-l/3.12.5-2
Dry-wall convection, in evaporation (see Postdryout heat

transfer)
Dryers:

classification and selection, 3.13.2-l/3.13.24
introduction, 3.13.1-l/3.13.1-2
layout and performance data, 3.13.3-1/3.13.3-S

description of drying process in the Mother  chart,
3.13.3413.13.3-5

energy and mass balances, 3.13.3-l/3.13.3-2
Mother  chart, 3.13.3-l
wet bulb temperature in, 3.13.3-2/3.13.34

practical design, 3.13.7-l/3.13.7-3
band dryers, 3.13.7-l/3.13.7-2
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Dryers, practical design (Cont.):
fluid bed dryers, 3.13.7-2
pneumatical conveying dryers, 3.13.7-2
rotary dryers, 3.13.7-2
spray dryers, 3.13.7-213.13.7-3

prediction of drying rates in, 3.13.4-l/3.13.4-5
prediction of residence time in: with nonprescribed material

flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.15.5-5

as type of heat exchange equipment, 1.1.5-3
Drying, combined heat and mass transfer in, 2.1.6-l/2.1.6-2
Drying loft, 3.13.2-3
Drying plant (see Dryers)
Drying rates, prediction of, 3.13.4-1/3.13.4-S
Dryout:

introduction, 2.7.3-2
as mechanism for critical heat flux: of liquid film,

2.1.3-2212.1.3-30
under a vapor clot, 2.7.3-22

(See also Critical heat flux)
Ductile fracture as failure mode of heat exchanger, 4.1.1-3
Ducts, single-phase fluid flow and pressure drop in,

2.2.2-112.2.2-25
circular pipes, fully developed flow, 2.2.2-l/2.2.2-7
compressible flow in, 2.2.2-12/2.2.2-14
curved ducts, 2.2.2-1412.2.2-17
developing flow in, 2.2.2-10/2.2.2-11
losses in piping components in, 2.2.2-1412.2.2-20
noncircular  ducts, fully developed flow, 2.2.2-712.2.2-10
unstead flow in, 2.2.2-14

Durand correlation for heterogeneous conveyance in solid/liquid
flow, 2.3.4-6

E
E-type shells in shell-and-tube heat exchangers:

recommended calculation methods for pressure drop and heat
transfer in, 3.3.1-l/3.3.10-8

temperature difference correction Q and 0-NTU charts for,
1.5.2~s/1.5.2-10

Eckert number, 2.2.1-11
Eddy viscosity:

definition, 2.2.2-2
relation to mixing length, 2.2.2-4

Edwards, D. K., 2.9.1-1/2.9.8-12,5.5.5-l/5.5.54
EEC code for thermal design of heat exchangers, 4.3.1-3
Effective thermal conductivity of fixed beds, 2.8.1-l/2.8.1-14,

2.8.2-212.8.2-5
Effective tube length in shell-and-tube heat exchangers, 3.3.5-17
Effectiveness of a heat exchanger, definition, 1.2.4-3,2.1.2-2
Efficiency of fins, 2.5.3-612.5.3-7
Elastic analysis, in mechanical design, 4.1.2-11
Elastic properties of solids:

anelasticitydamping capacity, 5.4.5-5
anisotropy, 5.4.5415.4.5-5
introduction to, 5.4.5-l
isotropic materials, 5.4.5-3/5.4.54
static and dynamic properties, 5.4.5-2
stress-strain curve, 5.4.5-215.4.5-3
tables of, 5.5.8-l/5.5.8-3

Electric fields, effect on properties of rheologically  complex
materials, 5.3.8-l/5.3.8-2

Electromagnetic theory of radiation, 2.9.2-7/2.9.2-10
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Electrostatic fields in augmentation of heat transfer,
2.5.11-3/2.5.11-4,2.5.11-8/2.5.11-9,2.7.94

Elhadidy relation between heat and momentum transfer, 1.2.3-6
Embedding methods for radiative heat transfer in nonisothermal

gases, 2.9.7-712.9.7-8
Emission of thermal radiation, in solids, 2.9.2-l/2.9.2-3

characteristics of, 2.9.2-l/2.9.2-2
measurement of, 2.9.2-3

Emissivity:
of gaseous combustion products, 3.11.34
of gases, 2.9.5-l/2.9.5-13

table, 5.5.5-l/5.5.54
of solids, 5.4.4-l/5.4.4-6
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
tables, 5.5.7-l/55.7-3
total, of solids, table, 3.11.3-6

EMTD (effective mean temperature difference) in air-cooled heat
exchangers, 3.8.54/3.8.5-5

Enclosures:
annuli, free convective heat transfer in: horizontal,

2.5.8-14/2.5.8-16
vertical (heated on vertical curved surfaces),

2.5.8-1312.5.8-14
concentric spheres, free convective heat transfer in, 2.5.8-16
free convection heat transfer in, when heated from below,

2.5.8-312.5.8-6
critical Rayleigh number, 2.5.8-3/2.5.8-6
heat transfer rates, 2.5.8-6
modes of circulation, 2.5.8-6

honeycombs, free convective heat transfer in,
2.5.8-20/2.5.8-23

horizontal cylinders, free convective heat transfer inside,
2.5.8-14

inclined, free convective heat transfer in, 2.5.8-17/25.8-20
large aspect ratios, 2.5.8-17/25.8-19
moderate aspect ratios, 2.5.8-20

rectangular, free convective heat transfer in, when heated
from the sides, 2.5.8-6/2.5.8-13

flow patterns in, 2.5.8-612.5.8-8
large aspect ratios, 2.5.8-8/2.5.8-10
with local heating, 2.5.8-13
low aspect ratios, 25.8-10/2.5.8-13

Energy, internal (see Specific internal energy)
Energy equation:

in boundary layers, 2.2.1-18
in compressible duct flow, 2.2.2-12
differential form in single-phase flow, 2.2.1-5/2.2.1-7
in gas-liquid flows, 2.3.2-8/2.3.2-g

homogeneous flow, 2.3.2-8
separated flow, 2.3.2-812.3.2-g

in heat exchangers, 1.2.6-2/1.2.6-3
integral form in single-phase flow, 2.2.1-3
in multiphase flows: homogeneous, 2.3.1-5/2.3.1-6

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Enhancement devices:
for condensation, 2.6.6-l/2.6.64
for single-phase heat transfer, 2.5.11-l/2.5.11-12

Enhancement of heat transfer (see Augmentation)

Enlargements in pipes:
single-phase flow and pressure drop in, 2.2.2-17/2.2.2-19

diffusers, 2.2.2-1712.2.2-19
sudden enlargements, 2.2.2-19

blushing  Corporation

H
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Enlargements in pipes (Cont.):
twephase flow and pressure drop in, 2.3.2-15/2.3.2-16

slow change, 2.3.2-1512.3.2-16
sudden enlargement, 2.3.2-16

En thalpy :
changes in streams in heat exchangers, 1.2.4-l/1.2.4-2
of saturated liquids and vapors, 5.5.1-l/55.140
(See also Specific enthalpy)

Enthalpy balance equations for cooling towers, 3.12.2-5
Entrainment in annular gas-liquid flow, 2.3.2-l 1,2.7.3-24
Entrance effects in heat and mass transfer:

comparison of laminar and turbulent flows, 2.1.7-l/2.1.7-2
in turbulent flow heat transfer, 2.5.1-7

Entrance lengths, hydrodynamic in pipe flow, 2.2.2-1012.2.2-l 1
Entrance losses for tube inlet in shell-and-tube heat exchanger,

2.2.7-712.2.7-8
Entropy (see Specific entropy)
Elitvos number:

in bubble departure, 2.7.1-8
definition, 2.3.2-19

Equations of state:
Benedict-Webb-Rubin, 5.2.2-3
Peng-Robinson, 5.1.24
Redlich-Kwong, 5.1.24
Redlich-Kwong-Soave, 5.1.24
van der Waals, 5.1.2-315.1.2-4

Equilibrium interphase:
in binary and multicomponent mixture, 2.7.6-l/2.7.64,

5.2.1-l/5.2.1-8
hydrocarbon phase behavior, 5.2.1-3/5.2.1-S
in mixtures of undefined components, 5.2.1-S/5.2.1-8
nonhydrocarbon phase behavior, 5.2.1-S
vapor-liquid, 5.2.1-215.2.1-3

introduction, 1.2.1-3
metastable and stable, 2.7.1-1

Equilibrium vapor nucleus, 2.7.1-3
Equivalent sand roughness, 2.2.1-29/2.2.1-30
Ergun equation, for pressure drop in fixed beds,

2.2.5-2
Ethane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of, 5.5.2-2

Ethanol:
critical heat flux table for flow boiling of in vertical tube,

2.7.3-29
saturation properties of, 55.1-18

Ethyl acetate saturation properties, 5 5 .l-25
Ethyl benzene saturation properties, 5.5 .l-14
Ethyl ether saturation properties, 5 5.1-23
Ethylene:

saturation properties of, 5 5 .l-15
superheated gaseous, thermodynamic properties, 5.5.2-3

Ethylene oxide saturation properties, 5.5.1-24
Euler number:

definition, 2.2.1-11
effect of roughness on, in flow over tube banks,

2.2.4-1412.2.4-1s
in flow over tube banks, 2.2.4-512.2.4-12

European Economic Community (see EEC code for thermal
design of heat exchangers)

Eutectic mixtures, condensation of forming immiscible liquids,
2.6.4-212.6.4-3

Evaporation:
flow regimes in, 2.3.2-612.3.2-7
at an interface, 2.7.1-2

interfacial resistance in, 2.1.7-8
introduction to, 2.1.7-612.1.7-8
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
in plate heat exchangers, 3.7.12-1
(See Q/SO Boiling)

Evaporative coolers, 3.12.54/3.12.5-5
Evaporators:

arrangements for, 3.5.3-l/3.5.3-2
flash evaporation, 3.5.3-2
multiple effect, 3.5.3-l/3.5.3-2
vapor recompression, 3.5.3-2

choice of type of, 3.5.5-l/3.5.5-2
concentration, 3.5.5-l/3.5.5-2
crystallization, 3.5.5-2
vaporization, 3.5.5-l

design aspects, 35,4-l/3.5.4-2
condensers for, 3.5.4-2
desuperheaters for, 3.5.4-2
hot fluid space in, 3.5.4-l
separators for, 3.5.4-l/3.5.4-2

estimation of heat transfer coefficients in, 35.7-l/3.5.7-3
estimation of pressure drop and circulation in, 35.6-l
estimation of surface area in, 3.5.8-1
introduction to, 3.5.1-1
as type of heat exchanger, 1.1.5-2
types, 3.5.2-l/3.5.2-7

basket type, 3.5.2-l/3.5.2-3
climbing film, 3.5.24
falling film, 3.5.2413.5.2-S
horizontal shell side, 3.5.2-l
horizontal tube side, 3.5.2-513.5.2-6
long-tube vertical, 3.5.2-3/3.5.24
plate-type, 3.5.2-6
short-tube vertical, 3.5.2-l

Exit losses for tubes in shell-and-tube exchanger, 2.2.7-8
Expansion joints, mechanical design of:

basic principles of, 4.1.6-1
constructional details of, 4.2.6-10/4.2.6-11

Expansion of tubes into tube sheets:
explosive, 4.2.6-7
roller, 4.2.6-614.2.6-7

Explosive welding of tubes into tube sheets, 4.2.6-8/4.2.6-10
Extended surfaces (see Fins)
Externally induced convection, in kettle reboilers, 3.6.2-3
Extinction coefficient, 2.9.5-l
Extinction efficiency, 2.9.5-l
Extruders, heat transfer in, 3.14.3-513.14.3-6
Eyring fluid (non-Newtonian), 2.2.8-7

F
F-correction method:

application to single-pass cocurrent  and countercurrent flow
exchangers, 1.3.1-2/1.3.14,  1.5.2-l/1.5.2-2

F-factor charts and equations for various heat exchanger
configurations, 1.5.2-2115.3-12

crossflow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, one pass, unmixed, 1.5.3-7
four tube rows, two passes, mixed, 15.3-12
one tube row, unmixed, 1.5.34
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10

0 1983 Hemisphere Publishing Corporationr 1ND4L A
- .-. -. -  . _ _ .--_ .I - .-... -----lcc�T  ._



I-12 HEAT EXCHANGER DESIGN HANDBOOK / Index

F-correction method, F-factor charts and equations for various
heat exchanger configurations, crossflow (Cont.):

two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two tube passes, unmixed, 1.5.3-9

double-pipe heat exchangers, 3.2.3-4/3.2.3-5
E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-9
four E-shells in series, 1.5.2-8
Gshell, even number of tube passes, 1.5.2-l 3
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-11
single pass cocurrent,  1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.4-4, 1.5.1-l/1.5.3-12
F-factor method:

for temperature difference (see F-correction method)
tong, for critical heat flux with non-uniform heat flux,

2.7.3-1912.7.3-20
F-type shells:

calculation of heat transfer and pressure drop in, 3.3.11-2
discussion of, 3.3.4-3
thermal leakage in, 1.5.2-14/  1.5.2-H

Failure modes of heat exchangers, 4.1.1-3/4.1.1-5
corrosion and other damage mechanisms, 4.5.3-l/4.5.3-7
ductile fracture, 4.1.1-3
high strain fatigue, 4.1.1-5
incremental collapse, 4.1.1-3/4.1.1-5

Falling film evaporator:
description of, 3.5.2413.5.2-5
mass transfer in, 2.1.7-8

Fanning friction factor (see Friction factor)
Fanno flow, 2.2.2-13
Fans in air-cooled heat exchangers:

drive design, 3.8.7-2,4.4.14/4.4.1-6
noise emission, 3.8.9-l
power consumption, 3.8.7-l/3.8.7-2
selection and sizing, 3.8.7-l

Fatigue as failure mode of a heat exchanger, 4.1.1-5,
4.5.3-2/4.5.3-3,4.6.1-2

Ferritic stainless steels, as material of construction,
4.5.2-314.5.2-4

Fick�s law for diffusion, 2.1.1-2
extensions to multicomponent system, 2.1.5-1
limitations in, 2.1.1-l/2.1.14

Film boiling:
in axial flow reboilers, 3.6.2-9
in cross flow over single cylinder, 2.7.53/2.7.54
in forced convective boiling on vertical surfaces,

2.7.3-3012.7.3-31
vertical flat plate, 2.7.3-30/2.7.3-31
vertical rod, 2.7.3-31

in kettle reboilers, 3.6.2-5
in pool boiling, 2.7.2-1412.7.2-15

Film cooler, approximate overall heat transfer coefficients in,
2.1.24

Film temperature, definition of for turbulent flow over flat
plate, 2.2.1-29

Films in heat exchangers, 1.1.4-2
Filmwise condensation:

description of, 2.6.1-1
of pure vapors, 2.6.2-l/2.6.2-19

inside horizontal tubes, 2.6.2-1212.6.2-15
outside horizontal tubes, 2.6.2-912.6.2-12
interfacial resistance in, 2.6.2-15
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with liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-2, 2.6.2-9

Finite difference equations:
application to natural convection in enclosures, 2.5.8-8
for flow pattern calculation, 1.4.2-l/1.4.24
for heat exchangers, 1.4.1-3/1.4.14

Finned-tube banks (see Tube banks finned)
Fins:

application in enhancement of boiling heat transfer,
2.7.9-112.7.9-4

as augmentation devices, 25.1 l-2
in condensation, 2.6.6-212.6.6-3
internally finned tubes, 2.5.11-5/2.5.11-6,2.6.6-2/2.6.6-3
in natural convection, 2.5.1 l-3/2.5.114

on cylinders in tube banks: pressure drop in,
2.2.4-1312.2.4-14

effect on flow over cylinders, 2.2.3-612.2.3-7
free convective heat transfer from, 2.5.7-25
longitudinal (straight): application in double-pipe heat

exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.1-113.2.6-2

low finned tubes: applications in shell-and-tube heat
exchangers, 3.3.11-2/3.3.114

correlation for single-phase heat transfer in flow over,
2.5.3-1212.5.3-13

use in boiling augmentation, 2.7.9-l/2.7.9-2
radiating, 2.9.84/2.9.8-6
single-phase forced convective heat transfer to banks of tubes

with, 2.5.3-612.5.3-16
efficiency of fms in, 2.5.3-6/2.5.3-11
experimental data compared with correlations for,

2.5.3-1312.5.3-15
heat transfer correlations for high fins, 2.5.3-11/2.5.3-12
heat transfer correlations for low fins, 2.5.3-12/2.5.3-13

types, in heat exchangers, 1.1.4-1
types used in air-cooled heat exchangers, 3.8.3-l/3.8.3-3

Fire-tube boiler, 3.11.2-3
Fired heaters, 3.11.2-l/3.11.2-2
F�irsova,  E. V., 2.5.13-l/2.5.134
Fittings, pipe (see Piping components)
Fixed beds:

characteristics of packings in, 2.2.5-2
heat transfer in, with gas flowing through, 2.8.2-l/2.8.2-7,

2.8.3-l/2.8.3-3
contact area resistance in, 2.8.3-2
effective thermal conductivity in, 2.8.2-2/2.8.2-5
fluid-to-particle heat transfer in, 2.5.4-l/2.5.4-6
heattransferfrom wallsof,  2.8.2-5/2.8.2-7,2.8.3-l/2.8.3-3
molecular gas conduction influence in, 2.8.3-l/2.8.3-2
one-dimensional temperature field in, 2.8.2-7
radiative heat transfer in, 2.8.3-2
twodimensional temperature field in, 2.8.2-l/2.8.2-2

heat transfer in stagnant (with no flow through),
2.8.1-l/2.8.1-14

effective thermal conductivity of, 2.8.1-3/2.8.1-5
heat transfer coefficient from walls to, 2.8.1-5/2.8.1-10
one-dimensional temperature field in, 2.8.1-10/2.8.1-14
twodimensional temperature field in, 2.8.1-l/2.8.1-2

non-uniform heat transfer in, 2.1.4-3/2.1.4-4
single-phase flow and pressure drop in, 2.2.5-l/2.2.5-5
voidage  in, 2.2.5-l

Fixed tubesheet, shell-and-tube exchangers:
comparison of codes, 4.3.4-2
mechanical features, 4.2.3-l/4.2.34

Flanges, mechanical design of in heat exchangers:
basic principles, 4.1.7-l/4.1.7-2
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Flanges, mechanical design of in heat exchangers (Cont.):
comparison of codes, 4.3.4-214.3.4-3
constructional features, 4.2.6-314.2.6-s
index to U.S., U.K., and F.R.G. codes, 4.3.2-5/4.3.2-7

Flash evaporation, 3.5.3-2
Flat absorber of thermal radiation, 2.9.2-15
Flat plate:

free convective heat transfer on: inclined and horizontal
plates, 2.5.7-1312.5.7-19

vertical plates, 2.5.7-212.5.7-13
laminar  flow along, 2.2.1-22/2.2.1-24

effect of buoyancy forces, 2.2.1-24
effect of density-viscosity function, 2.2.1-22
effect of Mach number, 2.2.1-23
effect of Prandtl  number, 2.2.1-23
effect of suction or injection, 2.2.1-23
effect of wall temperature, 2.2.1-22
effect of wall temperature distribution, 2.2.1-23/2.2.1-24
higher order effects, 2.2.1-24
reference temperature, 2.2.1-23

single-phase forced convective heat transfer in, 2.5.2-l/2.5.2-3
transition flow along, 2.2.1-2412.2.1-25

effect of outer flow turbulence, 2.2.1-24
effect of pressure gradient, 2.2.1-24
heat transfer in, 2.2.1-25
suction on blowing effect, 2.2.1-25
surface roughness, 2.2.1-25

turbulent flow along, 2.2.1-29/2.2.1-30
effect of suction or injection, 2.2.1-30
heat transfer on, 2.2.1-2912.2.1-30
Mach number effect on, 2.2.1-30
skin friction on, 2.2.1-29

Flat reflector of thermal radiation, 2.9.2-14
Floating head designs for shell-and-tube heat exchangers:

analytical basis for codes for, 4.3.3-l
comparison of codes for, 4.3.4-2
detailed constructional features, 4.2.3414.2.3-7

outside packed type, 4.2.3-7
packed-lantern ring type, 4.2.3-5/4.2.3-6
pull through type, 4.2.3-5
split backing ring type, 4.2.34/4.2.3-5

discussion, 3.3.5-12/3.3.5-13
example of calculation of heat exchanger mechanical design

with, 4.3.6-l/4.3.6-23
flanges in, 4.2.6-3
mechanical design of: basic principles of, 4.1.4-2/4.1.44

Flooding phenomena:
in gas-liquid flow in vertical tubes, 2.3.2-21/2.3.2-23
in :eflux  condensation, 2.6.2-7/2.6.2-9,3.4.3-213.4.3-3
Pushkina and Sorokin correlation for, 2.3.2-22
as source of critical heat flux limitation in countercurrent

flow: in tube banks, 2.7.5-512.1.56
in tubes, 2.7.3-26

�Nallis  correlation for, 2.3.2-22,2.6.2-8
Flow distribution in plate heat exchangers, 3.7.6-2,

3.7.8-3/3.7.84,4.4.3-3

Flow-induced vibration, 4.6.1-l/4.6.6-3
design considerations, 4.6.6-l/4.6.6-3
introduction, 4.6.1-l/4.6.1-2

SOUIC~S  of damage by, 4.6.1-l/4.6.1-2
prediction procedure, 4.6.5-l/4.6.5-2
shell-side velocities causing, 4.6.3-l
tube bundle vibration characteristics, 4.6.2-l/4.6.24

amplitude of vibration, 4.6.2-4
damping, 4.6.24
finned-tube natural frequencies, 4.6.2-3
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span lengths, 4.6.2-3
straight tube natural frequencies, 4.6.2-l/4.6.2-3
U-bend tube natural frequencies, 4.6.2-3

vibration phenomena, 4.6.4-l/4.6.4-4
acoustic vibration, 4.6.4-3f4.6.44
combined phenomena, 4.6.44
fluid elastic whirling, 4.6.4-2
parallel flow eddy formation, 4.6.4-3
turbulent buffeting, 4.6.4-2
vortex shedding, 4.6.4-l/4.6.4-2

Flow patterns (see Flow regimes)
Flow quality (see Quality)
Flow regimes:

in combined free and forced convection in channels:
circular pipes, 2.5.10-l/2.5.10-2
rectangular channels, 2.5.10-l 1

in combined free and forced convection around immersed
bodies, 2.5.9-l/2.5.9-4

in condensation forming immiscrble  liquids, 2.6.4-2
in fixed beds, 2.8.2-2
in fluidized beds, 2.2.6-1,2.2.6-3
in gas-liquid flow, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
inclined tubes, 2.3.2412.3.2-5
shell-and-tube heat exchangers, 2.3.2-512.3.2-6,  3.4.7-2
systems with phase change, 2.3.2-612.3.2-7
vertical tubes, 2.3.2-l/2.3.2-2

influence of free convection on, in horizontal pipe flow,
2.2.2-6

in natural convection in enclosures, 2.5.8-6/2.5.8-8
in single-phase flow in tube banks, 2.2.4-112.2.4-3
in single-phase flow over immersed bodies:

boundary layer regime, 2.2.3-l/2.2.3-2
over circular cylinders, 2.2.3-3
over noncircular cylinders, 2.2.3-612.2.3-7

in solid-gas flow, 2.3.3-2
Fluid elastic instability as source of flow-induced vibration,

4.6.4-2
Fluid elastic whirling (see Fluid elastic instability as a source of

flow induced vibration)
Fluid mechanics, Eulerian formulation for, 2.2.1-l
Fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/25.5-6
Fluidized bed dryer:

description, 3.13.24
practical design, 3.13.7-2

Fluidized bed gravity conveyors, 2.3.3-7/2.3.3-9
Fluidized beds:

bed-to-immersed tube heat transfer in, 2.8.4-6/2.8.4-7
bed-to-wall heat transfer in, 2.8.4-l/2.8.4-8

interphase gas convective component, 2.8.4-3
particle convective component, 2.8.4-2/2.8.4-3
predictive methods for, 2.8.44/2.8.4-6
radiative component, 2.8.4-3

fluid-to-particle heat transfer in, 2.5.5-l/2.5.5-6
introduction, 2.5.1-l/2.5.5-2
low Peclet numbers, 2.5.3-3/2.5.36
recommended equations, 2.5.5-2/2.5.5-3

single-phase fluid flow and pressure drop in, 2.2.6-l/2.2.6-9
local structure in, 2.2.6-6/2.2.6-8
minimum velocity for fluidization in, 2.2.6-2/2.2.6-3
pressure drop, 2.2.6-2
state diagram for, 2.2.6-212.2.6-3
types of fluidization, 2.2.6-l/2.2.6-2

use in augmentation of heat transfer, 2.5 .l l-8
Fluids:

models for, 2.2.1-7/2.2.1-10
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Fluids, models for (Cont.):
calorihllly  perfect, 2.2.1-8
constant density, 2.2.1-812.2.1-g
continuum, 2.2.1-l
perfect gas (ideal gas), 2.2.1-7/2.2.1-8
small density variation, 2.2.1-8

physical properties: mixtures of fluids, 5.2.1-1/5.2.5-S
pure fluids, 5.1.1-l/5.1.5-3
rheologically  complex, 5.3.1-l/5.3.8-3
tables, 5.5.1-l/5.5.5-4

Fluorine saturation properties, 5 5.1-32
Fluted tubes, application in evaporators, 2.7.9-3
Flux method, for modeling radiation in furnaces, 3.11.7-5
Flux relationships in heat exchangers, 1.2.2-l/1.2.24
Fog formation (see Fogging in condensation)
Fogging in condensation, 2.6.7-112.6.74

design to minimize, 2.6.7-3, 3.4.5-2
effects of, 2.6.7-3, 3.4.5-2
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Forced convection heat transfer, single-phase (see Convection
heat transfer)

Forced convective boiling (see Boiling)
Forced flow reboilers:

characteristics, advantages, and disadvantages of, 3.6.1-5
heat transfer characteristics of, 3.6.2-6/3.6.2-10

Forster and Zuber correlation for nucleate boiling, 2.7.24
Fouling:

in double-pipe heat exchangers, 3.2.6-l
in evaporators, 3.5.7-l/3.5.7-2
influence in selection of reboiler  type, 3.6.1-6
numerical methods in the prediction of, 1.4.2-4
in plate heat exchangers, 3.7.9-l
in reboiler design, 3.6.4-l/3.6.4-2

fouling resistances in reboilers, 3.6.4-2
in she&and-tube heat exchangers, 3.3.4-5, 3.3.5-14/3.3.5-15

as limiting factor in design, 3.3.10-7/3.3.10-8
as source of damage, 45.3-S

Four phase flows, examples, 2.3.1-2
Fourier law for conduction, 2.1.1-2,2.4.1-l

limitations in, 2.1.1-l/2.1.14
Fourier number (Fo):

definition, 1.2.3-5, 2.1.3-2
in packed beds, 2.8.3-l/2.8.3-3
in solidification and melting, 2.4.4-l/2.4.4-2
in transient conduction, 2.4.3-l/2.4.3-7

Frames for plate heat exchangers, 4.4.2-5/4.4.2-7
France, guide to national practice for mechanical design, 4.3.5-6
Free convection:

augmentation of heat transfer in: active systems for, 2.5.114
passive systems for, 2.5.1 l-3

combined with forced convection (see Combined free and
forced convection)

effect on laminar flow heat transfer in channels,
2.5.1-1/2.5.1-S

effect of, on single-phase flow in vertical ducts, 2.2.2-l 1
heat transfer around immersed bodies, 25.7-l/2.5.7-31

generalized solutions for, 2.5.7-25/2.5.7-28
horizontal cylinders, 2.5.7-20/2.5.7-23
inclined and horizontal surfaces, 2.5.7-13/2.5.7-19
open ended channels, 2.5.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7-23/2.5.7-24
vertical plates, 2.5.7-212.5.7-13
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influence on friction factor in circular pipe flow,
2.2.2-512.2.2-l

in layers and enclosures, 2.5.8-l/2.5.8-25
circular vertical annuli heated and cooled on vertical

curved surfaces, 2.5.8-13/2.5.8-14
concentric spheres, 2.5.8-16
enclosures heated from below, 2.5.8-3
honeycombs, 2.5.8-2012.5.8-23
horizontal annuli, 2.5.8-14/2.5.8-16
horizontal cylinders, 2.5.8-14
inclined enclosures, 2.5.8-17/2.5.8-20
infinite horizontal layers, 2.5.8-l/2.5.8-3
rectangular enclosures heated and cooled on the sides,
2.5.8-612.5.8-13

occurrena?  in flow in horizontal circular pipe, Metais and
Eckert diagram for, 2.2.2-6

Free-fall velocity of particles, 2.3.3-3
Free molecule conditions, maximum shear stress, heat flux, and

mass flux in, 2.1.1-2
Free-stream turbulence, effect on flow over cylinders, 2.2.3-6
Freeze protection of air-cooled heat exchangers, 4.4.1-l/4.4.1-2,

4.4.1-7
Fresnel relations in reflection of radiation, 2.9.2-9
Fretting corrosion, 4.5.3-2
Friction coefficient (see Friction factor)
Friction factor:

in circular pipe flow, 2.2.2-l/2.2.2-2
definition, 2.2.2-l
Moody chart for, 1.2.3-3, 2.2.2-2

definition, 1.2.3-2
in fixed beds, 2.2.5-3
in flow over tube banks, 3.3.7-l/3.3.74
interfacial, 2.3.2-2112.6.26
liquid film, 2.3.2-10
in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
on the shell side of double-pipe heat exchangers,

3.2.3-513.2.3-6
of solid in solid gas flow, 2.3.3-512.3.3-7

defmition, 2.3.3-5
in horizontal pneumatic conveyance, 2.3.3-5/2.3.36
in vertical pneumatic conveyance, 2.3.3-5

in systems with heat transfer augmentation: coiled tubes,
2.5.11-7

internally finned tubes, 2.5 .l l-6
roughened surfaces, 2.5.1 l-2/2.5.11-5
twisted tape systems, 2.5.11-7

Friction multipliers in gas-liquid flow:
correlation for: in singularities, 2.3.2-15/2.3.2-18

in straight channels, 2.3.2-9/2.3.2-12
definition, 2.3.2-9

Friction velocity definition, 2.2.1-25
Frictional pressure drop (see Pressure drop)
Friedel correlation for frictional pressure gradient in straight

channels, 2.3.2-11
Froude number:

definition, 1.2.3-5, 2.2.1-11
in fluidized beds, 2.2.6-212.2.6-3

Fuels, properties of, 3.11.3-2/3.11.3-3
Fugacity, 5.2.1-2
Furnaces:

advanced models for, 3.11.7-l/3.11.7-6
in boilers, 3.11.2-2/3.11.2-3
heat transfer in, 3.11.3-6

heat sink, 3.11.3-3/3.11.36
heat source, 3.11.3-l/3.11.3-3
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Furnaces, heat transfer in (Cont.):
heat transfer of the sink, 3.11.3-6
refractory surfaces, 3.11.3-6

introduction, 3.11.1-l
multizone model for, 3.11.6-l/3.11.64
plug flow model for, 3.11.5-l/3.11.5-2
in process heaters, 3.11.2-l/3.11.2-2
radiation characteristics of row of cylinders backed by

refractory wall in, 2.9.3-12/2.9.3-13
stirred reactor model for, 3.11.4-l/3.11.4-6
as type of heat exchange equipment, 1.1.5-3

G
G-type shells in shell-and-tube heat exchangers:

description, 3.3.4-3
temperature difference correction factor (&�)  and 8-NTU

chart for, 1.5.2-13
Galileo number, 2.2.1-11

in bubble rise in liquids, 2.3.2-19
Gas heater, approximate overall heat transfer coefficients in,

2.1.2-3
Gas-liquid flows:

applications of one-dimensional equations, 2.3.2-712.3.2-18
conservation equations, 2.3.2-812.3.2-g
correlation for void fraction, 2.3.2-1312.3.2-15
frictional pressure drop in straight channels,

2.3.2-912.3.2-12
pressure changes across singularities, 2.3.2-15/2.3.2-18
pressure drop in heat exchangers, 2.3.2-12/2.3.2-13

critical two-phase flow, 2.3.2-2612.3.2-29
flow patterns in, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
shell-and-tube heat exchangers, 2.3.2-S/2.3.2-6
in systems with phase change, 2.3.2-612.3.2-7
inclined tubes, 2.3.24/2.3.2-S
vertical tubes, 2.3.2-I/2.3,2-2

hydrodynamics of specific flow regimes (horizontal),
2.3.2-2312.3.2-26

annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-2s
stratified flow, 2.3.2-2312.3.2-24

hydrodynamics of specific flow regimes (vertical),
2.3.2-1812.3.2-23

annular flow, 2.3.2-19/2.3.2-21
bubble flow, 2.3.2-1812.3.2-19
counter-current flow and flooding, 2.3.2-21/2.3.2-23
plug-slug flow, 2.3.2-19

in plate heat exchangers, 3.7.12-1
Gas-solid flow (see Solid-gas flow)
Gas sparging, for agitation of vessels:

description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3

Gaseous fuels, properties of, 3.11.3-2
Gases:

as constituent of multiphase flows, 2.3.1-2
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
diffusion coefficients in, 5.2.5-3/5.2.5-4
emissivity of, 2.9.5-l/2.9.5-13

table of, 5.5.5-l/5.5.5-4
emissivity of combustion product mixtures of, 3.11.34,

5.5.5-3/5.5.5-4
isothermal, radiative heat transfer in, 2.9.6-l/2.9.6-9

nonisothermal, radiative heat transfer in, 2.9.7-l/2.9.7-13
P-ET  relationships for, 5.1.2-l/5.1.24
radiation properties, 2.9.5-l/2.9.5-12

equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-2/2.9.54
molecular, 2.9.5-8/2.9.5-l 1
physics of, 2.9.54
spectral, band and total property definition,

2.9.5412.9.5-8
superheated, thermodynamic properties of, tables,

5.5.2-l/5.5.2-11
thermodynamic properties, 5.1.3-l/5.1.3-7
transport properties, 5.1.3-l/5.1.3-7

Gasketed plate heat exchangers (see Plate heat exchangers)
Gaskets:

for flanges in shell-and-tube heat exchangers, 4.2.6-3/4.2.64
for graphite block exchangers, 4.4.44
in plate heat exchangers, design and properties,

4.4.2-414.4.2-5
Geometric optics models for radiative heat transfer from surfaces,

2.9.4-8
Germany, Federal Republic of, mechanical design of heat

exchangers in:
guide to national practice, 4.3.54
index to Merkblatter code, 4.3.2-1/4.3.2-l 1

Gersten, K., 2.2.1-l/2.2.3-9
Gibbs phase rule, 5.2.1-1
Girth flanges, in shell-and-tube heat exchangers:

analytical basis for code for, 4.3.3-2
constructional details of, 4.2.6-3

Gn (heat generation number), 2.5.126
Gnielinski, V., 2.5.1-l/2.5.4-6
Goodness factor, as a basis for comparison of plate fin heat

exchanger surfaces, 3.9.7-l/3.9.7-3
Goody narrow band model for gas radiation properties, 2.9.5-5
Graetz number:

definition, 1.2.3-5, 2.1.3-2
in non-Newtonian flows, 2.5.12-6/2.5.12-7

Graetz problem (see NusseltCraetz  problem)
Graphite, density of, 5.4.1-l
Graphite block heat exchanger, 4.4.44
Grashof number, 1.2.34,2.2.1-11,  2.2.2-6

in free convection over immersed bodies, 2.5.7-2
Gravitational acceleration, effect in pool boiling, 2.7.2-9
Gravity conveyor:

air-activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-9

Gregorig effect in enhancement of condensation, 2.6.6-l/2.6.6-2
Griffith, P., 2.6.5-l/2.6.54
Groeneveld correlation for postdryout heat transfer, 2.7.3-3 1
Groeneveld and Delorme correlation for postdryout heat transfer,

2.7.3-32/2.7.3-33
Group contribution parameters tables, 5.5.4-10
Guerrieri and Talty correlations for forced convective heat

transfer in two-phase flow, 2.7.3-8
Guldberg�s rule for critical temperature, 5.1.1-l
Guy, A. R., 3.2.1-l/3.2.6-2

H
Hagen-Poseville  law, 2.1.1-2,2.2.2-l, 2.2.2-3
Hagen-Rubens relation, between electrical and optical constants,

2.9.2-10
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Hampson coils (see Helical coils)
Handley and Heggs equation for fixed bed pressure drop, 2.2.5-3
Harris, D., 4.3.6-l/4.3.6-23
Hausen equation for developing laminar flow, 2.5.1-2
Headers in shell-and-tube heat exchangers, 2.2.7-l/2.2.7-2

inlet distribution header, 2.2.7-5/2.2.7-6
outlet combining headers, 2.2.7-6/2.2.7-7
tube entry/exit pressure loss, 2.2.7-712.2.7-8

Heads, in heat exchangers:
analytic basis for codes, 4.3.3-l
constructional features of affecting mechanical design,

4.2.6-l/4.2.6-2
index of U.K., U.S.A., and F.R.G. codes for, 4.3.24/4.3.2-5
mechanical design of, 4.1.8-1
types of, in shell-and-tube exchangers, 4.2.4-l/4.2.4-2

bolted channel, 4.2.4-l
bolted cone, 4.2.4-2
Bonnett type, 4.2.4-l/4.2.4-2
high pressure, 4.2.4-214.2.4-3
welded channel, 4.2.4-l

Heat and mass transfer:
combined, 2.1.6-l/2.1.64

in condensation, 2.1.6-2/2.1.64
in cooling towers, 3.12.2-l/3.12.2-3
in drying, 2.1.6-l/2.1.6-2
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12/2.5.7-13

relations between, 1.2.3-611.2.3-7
state of the art, 2.1.7-l/2.1.7-8

Heat capacity (see Specific heat capacity)
Heat conduction (see Conduction, heat)
Heat exchanger design, introduction, 3.1.1-l/3.1.4-9

approximate sizing of shell-and-tube heat exchangers,
3.1.4-l/3.1.4-9

basic design equation, 3.1.4-I
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference,

3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-3/3.1.4-6
estimation of surface area, 3.1.4-6/3.1.4-7
example, 3.1.4-7/3.1.4-g

fundamental concepts, 3.1.1-l/3.1.1-3
basic design equation, 3.1.1-2
heat transfer coefficients, 3.1.1-1
mean temperature difference, 3.1.1-2/3.1.1-3

logic of the design process, 3.1.3-l/3.1.34
criteria for successful design, 3.1.3-l/3.1.3-2
relationship among selection rating and design,

3.1.3-2/3.1.3-4
simplified example of design modification algorithm for

computer, 3.1.3-3/3.1.34
types of heat exchangers and their applications,

3.1.2-l/3.1.2-6
air-cooled, 3.1.24/3.1.2-5
double-pipe, 3.1.2-l/3.1.2-2
mechanically aided, 3.1.2-S
plate fin or matrix, 3.1.2-5
plate heat, 3.1.2-3/3.1.24
shell-and-tube, 3.1.2-213.1.2-3

Heat exchangers:
agitated vessels, 3.14.1-l/3.14.3-8
air-cooled, thermal design, 3.8.1-l/3.8.94
condensers, 3.4.1-l/3.4.9-5
corrosion and other damage, 4.5.3-l/4.5.3-7
costing, 4.8.1-l/4.8.4-2

air-cooled, 4.8.3-l/4.8.3-3
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

definitions and quantitative relationships, 1.2.0-l/1.2.6-7
balance equations for equipment, 1.2.4-111.2.4-7
differential equations for streams in, 1.25-l/1.2.5-3
flux relationships, 1.2.2-l/1.2.24
partial differential equations for interpenetrating continua

in, 1.2.6-l/1.2.6-7
thermodynamic concepts, 1.2.1-l/1.2.1-3
transfer coefficient dependences, 1.2.3-l/1.2.3-7

description of, 1.1.0-1/1.1.6-l
equipment forms, 1.1.5-l/1.1.5-3
interactions between streams in, 1.1.2-l/1.1.2-2
interfaces between streams in, 1.1.4-l/1.1.4-2
temperature change patterns, 1.1.3-l/1.1.3-2
types of flow configuration, 1.1.1-l/1.1.14
unsteady operation, 1.1.6-l

design, 3.1.1-l/3.1.4-9
double pipe, 3.2.1-l/3.2.6-2

application of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-114.4.4-2
design parameters, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

F-correction method for, 1.2.44, 1.3.1-2/1.3.14
Ffactor  charts for, 1.5.2-3/1.5.3-12
gas-liquid pressure drop in, 2.3.2-12/2.3.2-13
liquid metal heat transfer in, 2.5.13-8/2.5.13-4
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: air-cooled, 4.4.1-l/4.4.1-7

basic principles, 4.1.1-l/4.1.8-3
block type, 4.4.44
direct contact, 4.4.4-614.4.4-8
double-pipe, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
example of design, 4.3.6-l/4.3.6-23
heat pipes, 4.4.4-g/4.4.4-11
helicat (Hampson) coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-3/4.4.44
plate fin heat exchangers, 4.4.3-l/4.4.3-9
plate heat exchangers, 4.4.2-114.4.2-8
scraped surface, 4.4.4-514.4.46
shell-and-tube (codes), 4.3.1-1/4.3.5-l
shell-and-tube (construction), 4.2.1-l/4.2.6-13
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-2/4.4.4-3

numerical solution methods for: with calculation of flow
pattern, 1.4.2-l/1.4.24

with prescribed flow patterns, 1.4.1-l/1.4.1-6
plate fin, 3.9.1-l/3.9.134
plate, thermal design of, 3.7.1-l/3.7.12-2
P-NTU  method for, 1.2.44/1.2.4-5,  1.3.1-2
pressure drop in headers, nozzles, and turnarounds, 2.2.7-l
radiant, 2.9.84
representation as interpenetrating continua,

1.2.6-l/1.2.6-7
shell-and-tube (single phase), thermal design of,

3.3.1-l/3.3.11-5
0 method chart for, 1.5.2-l/1.5.3-12
0 method for, 1.2.4-5, 1.3.1-2/1.3.1-4

Heat generation number (Gn),  2.3.12-6
Heating media, for reboilers, 3.6.2-10
Heat of vaporization, 5.1.3-2/5.1.3-4

of commonly used fluids, 5.5.1-l/5.5.140
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Heat pipes:
axial heat transfer and operational envelope for, 3.10.4-l
characteristics of wicks for, 3.10.6-l/3.10.6-2
circulation and axial heat transfer in, 3.10-2-l/3.10.2-3
introduction to, 3.10.1-l/3.10.1-2
mechanical design of exchangers using, 4.4.4-g/4.4.4-11
selection of working fluid for, 3.10.5-l/3.10.5-2
start-up and control of, 3.10.7-l/3.10.7-2
temperature distribution and radial heat flux in,

3.10.3-l/3.10.3-2
Heat transfer:

analogy with mass transfer, 2.1.5-l/2.1.5-4
augmentation of (see Augmentation of heat transfer)
in cooling towers, 3.12.2-l/3.12.2-2
enhancement of, (see Augmentation of heat transfer)
in fluidized beds, fluid-to-particle, 2.5.5-212.5.5-6
in non-uniform systems, 2.1.4-l/2.1.44

in packed beds, 2.1.4-3/2.1.44
in shell-and-tube heat exchangers, 2.1.4-l/2.1.4-3

single phase convective (see Convective heat transfer, single
phase)

in transition flow over flat plate, 2.2.1-25
in tubes: Colburnj-factor (lam&r  and turbulent), 2.1.3-7

correlations for, 2.5.1-l/2.5.1-11
Nusselt numbers for (laminar and turbulent), 2.1.36

in turbulent flow over flat plates, 2.2.1-2912.2.1-30
by radiation (see Radiative heat transfer)

Heat transfer coefficient:
in agitated vessels, 3.14.3-l/3.14.3-8
in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
average and overall values for, discussion, 1.2.4-211.2.4-3
in bed-to-wall heat transfer in fluidized beds, 2.8.4-l/2.8.4-7
in boiling in a vertical tube, 2.7.3-l/2.7.3-37

variation with quality of, 2.7.3-3
m boiling in horizontal tubes, bends, and coils,

2.7.4-I /2.7.4-7
in boiling of binary and multicomponent mixtures: forced

convective, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-I/2.7.7-7

in boiling on outside of single tubes and tube banks,
2.7.5-112.7.5-7

in combined free and forced convection: in channels,
2.5.10-l/2.5.10-10

over immersed bodies, 2.5.9-l/2.5.96
in condensation, 2.6.1-2
in double-pipe exchangers, 3.2.3-3/3.2.3-3
in evaporators, 3.5.6-l/3.5.7-3
in fixed beds: between wall and bed, stagnant (no flow)

conditions, 2.8.1-5/2.8.1-10
particle-to-fluid, 2.5.4-1, 2.8.3-l/2.8.3-3

in flow over tube banks, 2.5.3-l/2.5.3-8
in fluidized beds: particle-to-fluid heat transfer,

2.5.5-l/2.5.5-6
in free convection: in layers and enclosures, 2.5.8-l/2.5.8-25

over immersed bodies, 2.5.7-l/2.5.7-31
individual, definition of, 1.2.2-l/1.2.2-2,  2.1.26

typical values of, 2.1.26
internal, use in transient conduction calculations,

2.4.3-712.4.3-8
with liquid metals, 2.5.13-l/2.5.134
local, definition, 2.5.1-l
mean, along duct, 2.5.1-l
in moving, agitated, and vibrated beds of particles,

2.8.3-3/2.8.3-g
in non-Newtonian flows, 2.5.12-l/2.5.12-16
numerical calculation of, 1.4.3-3/1.4.34
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overall definition of, 1.2.2-1/1.2.2-2,2.1.2-l,  3.1.1-l
in various heat exchangers, 2.1.2-312.1.24

in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.5-l
in pool boiling, 2.7.2-l/2.7.2-17
radiation, 2.9.8-2
in reboilers, 3.6.2-l/3.6.2-10
on the shell side in shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
in single-phase flow in ducts: laminar flow, 2.5.1-3/2.5.14

turbulent flow, 2.5.1-5/2.5.1-11
volumetric, 1.1.2-2

Heat transfer regimes:
in boiling in a vertical tube, 2.7.3-2
in free and forced single-phase convection, 2.5.10-2

Heated cavity reflectometer, 2.9.2-7
Heggs, P. J., 2.2.5-112.2.5-5
Helical coils:

in agitated vessels, 3.14.2-213.14.2-3
heat transfer to, 3.14.3-l/3.14.3-2

augmentation of boiling heat transfer using, 2.7.9-4
convective boiling in, 2.7.4-5/2.7.4-6
cooler, approximate overall heat transfer coefficients in,

2.1.24
dryout  in evaporative heat transfer in, 2.7.4-312.7.44
Hampson-type for heat exchangers, 4.4.4-814.4.4-g
single-phase flow and pressure drop in, 2.2.2-14/2.2.2-16,

2.5.11-6/2.5.11-7
single-phase heat transfer in, 2.5.11-6/2.5  .l l-7

Helical inserts, for enhancement of heat transfer in boiling,
2.7.9-3

Helical ribbon agitator:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.3-4

Helium:
saturation properties, 5.5.1-33
superheated, thermodynamic properties, 5.5.2-l/5.5.2-2

Helmholtz reciprocity principle, in radiative heat transfer, 2.9.26
Henry, J. A. R., 2.2.7-l/2.2.7-11
Henry-Far&e  model, for critical two-phase flow,

2.3.2-2812.3.2-29
Henry�s law, for partial pressure, 2.7.6-l
Heptane saturation properties, 5.5.1-g
Heterogeneous conveyance in horizontal pipes, 2.3.4-312.3.4-6
Heterogeneous nucleation in boiling, 2.7.1-312.7.1-5
Hewitt, Geoffrey F., 2.3.1-l/2.3.2-33
Hexagonal cells, in free convection, 25.8-2
Hexane saturation properties, 5.5.1-8
Hicks equation, for fixed-bed pressure drop, 2.2.5-3
High finned tubes, correlations for single-phase heat transfer in

flow over, 2.5.3-11/2.5.3-12
Hohlraum cavity, 2.9.1-3
Holland, guide to national practice for mechanical design of heat

exchangers, 4.3.5-5
Homogeneous condensation (fog formation), 2.6.1-l

effects, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-I/2.6.7-3

Homogeneous model:
conservation equations for, in multiphase flows,

2.3.1412.3.1-7
in gas-liquid flows: conservation equations, 2.3.2-8

critical flow estimation by, 2.3.2-28
frictional pressure drop correlations based on, 2.3.2-10
pressure drop in singularities calculated by,

2.3.2-1512.3.2-18
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Homogeneous model (Conr.):
in solid-liquid flow, 2.3.4-212.3.4-3

Homogeneous nucleation:
of droplets in supersaturated vapor, 2.6.7-l/2.6.7-2
of vapor bubbles in liquids, 2.7.1-212.7.1-3

table of values of temperature for various substances,
2.7.1-4

Honeycombs:
free convective heat transfer in, 2.5.8-20/2.5.8-23
loss coefficients in, 2.2.2-20

Horizontal cylinders:
free convective heat transfer inside, 2.5.8-14
(See also Cylinders, Horizontal tubes)

Horizontal layers, of fluid, free convection heat transfer in,
2.5.8-1125.8-3

Horizontal pipes:
hydraulic conveyance in, 2.3.4-112.3.46
pneumatic conveyance in, 2.3.3-l/2.3.3-2
(See also Pipes, circular; Horizontal tubes)

Horizontal plates (see Horizontal surfaces; Flat plates)
Horizontal shell-side evaporator, 3.5.2-1
Horizontal surfaces:

combined free and forced convection in transverse flow over,
2.5.94/2.5.9-6

free convective heat transfer from, 2.5.7-13/2.5.7-18
downward facing surfaces, 2.5.7-13/2.5.7-15
upward facing surfaces, 2.5.7-15/2.5.7-18

pool boiling from, 2.7.2-l/2.7.2-15
Horizontal thermosiphon reboilers:

calculation procedures for, 3.6.5-2/3.6.5-3
characteristics, advantages and disadvantages of, 3.6.1-3
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.24/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics of, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor Liquid disengagement in, 3.6.2-6

Horizontal tube-side evaporator, 3.5.2-513.5.2-6
Horizontal tubes:

boiling outside with crossflow, 2.7.5-l/2.7.5-4
combined free and forced convection in, 2.5.10-7/2.5.10-11

with uniform heat flux, 2.5.10-7/2.5.10-l  1
with uniform wall temperature, 2.5. IO-7

combined free and forced convective heat transfer from
outside, 2.5.9-112.5.9-6

condensation on inside, 2.6.2-12/2.6.2-15,3.4.6-l/3.4.6-2
annular flow, 2.6.2-15
flow regimes, 2.6.2-12/2.6.2-13,  3.4.6-2
stratifying flow, 2.6.2-1312.6.2-14,  3.4.6-2

condensation on outside of, 2.6.2-g/2.6.2-12,  3.4.6-3
in bundles, 2.6.2-10/2.6.2-12
effect of vapor shear, single tube, 2.6.2-g/2.6.2-10
laminar flow, single tube, 2.6.2-9

condensers with condensation inside, 3.4.3-313.4.34,  3.4.9-3
condensers with condensation outside, 3.4.3-513.4.36,

3.4.9-313.4.94
convective boiling in, 2.7.4-l/2.7.4-7

dryout in, 2.7.4-l/2.7.44
heat transfer in, 2.7.4412.7.4-6

flow regimes in gas-liquid flow in, 2.3.2-212.3.24
free convective heat transfer from outside of,

2.5.7-2012.5.7-23

heat transfer to, in fluidized beds, 2.8.4-612.8.4-7
hydrodynamics of various twephase flow regimes in,

2.3.2-2312.3.2-26
annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

pool boiling from, 2.7.2-112.7.2-15
(See also Horizontal pipes; Pipes, circular)

Hottel�s rule, in absorption of radiation by gases, 2.95-7
Hsu criterion, for onset of nucleate boiling, 2.7.2-2
Hybrid cooling towers, 3.12.5-l/3.12.5-5

assisted draft towers, 3.12.5-3/3.12.54
closed circuit evaporative coolers, 3.12.54/3.12.5-5
wet-&y towers, 3.12.5-2/3.12.5-3

Hydraulic conveyance:
homogeneous and pseudohomogeneous, 2.3.4-212.3.4-3
in horizontal tubes: flow regimes in, 2.3.4-l/2.3.4-2

heterogeneous conveyance in, 2.3.4-312.3.4-6
Hydraulically smooth surface, 2.2.2-l
Hydrocarbons:

phase behavior, 5.2.1-315.2.14
thermodynamic properties, 5.2.2-115.2.2-g

Hydrodynamic entrance length, in single-phase flow in ducts,
2.2.2-10/2.2.2-11

Hydrogen:
saturated properties, 5.5.1-33
supersaturated gaseous, thermodynamic properties, 5 5.24

Hydrogen chloride saturation properties, 5 5 .l-34
Hydrogen fluoride saturation properties, 5.5.1-34
Hydrogen sulfide saturation properties, 5.5 J-35
Hydrostatic testing of shell-and-tube heat exchangers,

4.2.6-11/4.2.6-13
Hysteresis: in boiling curve, 2.7.2-8

reduction of, using porous surfaces, 2.7.9-3

I
Ideal gas law, 2.2.1-7
Ideal gas, velocity of sound in, 2.2.1-8
Ilhngworth,  A., 4.7.1-1/4.7.10-l
Immersed bodies:

combined free and forced convection around, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
opposing convection, 2.5.94
slightly inertial regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-112.5.9-3
transverse flow, 2.5.9412.5.96
turbulent regime (assisting convection), 2.5.94

free convective heat transfer to, 2.5.7-l/2.5.7-31
generalized solutions for, 2.5.7-2512.5.7-28
horizontal cylinders, 2.5.7-2012.5.7-23
inclined and horizontal surfaces, 2.5.7-13/2.5.7-19
open-ended channels, 2.5.7-19/2.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7-2312.5.7-24
vertical plates, 2.5.7-2/2.5.7-13

single-phase flow over, 2.2.3-112.2.3-g
circular cylinder, 2.2.3-312.2.3-6
flow regimes in, 2.2.3-1/2.2.3-Z
forces exerted on, in, 2.2.3-212.2.3-3
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Immersed bodies (Cont. ):
noncircular cylinders, 2.2.3-612.2.3-7

single-phase forced convective heat transfer to: flat plates,
2.5.2-l/2.5.2-3

single bodies, 2.5.2-312.5.2-a
Immersed tubes, heat transfer to, in fluidized beds,

2.8.4-612.8.4-7
Immersion exchangers, 4.4.4-2/4.4.4-3
Immersion heaters, 4.4.4-214.4.4-3
Immiscible liquids, condensation of vapors producing,

2.6.4-l/2.6.4-7
description, 2.6.1-1, 2.6.4-l
eutectic mixtures, 2.6.4-212.6.4-3

Imperfectly diffuse surfaces:
definition, 2.9.4-l
radiative heat transfer between specular surfaces and,

2.9.4-l/2.9.4-11
Impingement damage in heat exchangers, 4.5.3-l
Impingement plate:

constructional features of, 4.2.5-714.2.5-8
effect on inlet pressure drop in shell-and-tube heat exchangers,

2.2.7-412.2.7-5
in condensers, 3.4.3-5
(See also Impingement protection)

Impingement protection, in shell-and-tube heat exchangers,
3.3.5-10/3.3.5-11

with condensation, 3.4.3-5
Impinging jets:

single-phase heat transfer in, 2.5.6-1/2.5.6-l 0
average coefficients in, 2.5.6-3/2.5.64
local coefficients in, 2.5.6-2/2.5.6-3

Inclined cylinders (see Inclined pipes; Cylinders)
Inclined enclosures, free convective heat transfer in,

2.5.8-1712.5.8-20
large aspect ratios, 2.5.8-17/2.5.8-19
moderate aspect ratios, 2.5.8-20

Inclined flow, effect of on heat transfer to cylinders,
2.5.24125.2-5

Inclined pipes:
flow regimes in gas-liquid flow in, 2.3.2412.3.2-5
free convection heat transfer on outside of, 2.5.7-2312.5.7-24
pneumatic conveying (solid/gas flow) in, 2.3.3-2
(See also Pipes, circular)

Inclined plates (see Inclined surfaces; Flat plates)
Inclined surfaces, free convective heat transfer from,

2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-1312.5.7-15
upward facing surfaces, 2.5.7-15/2.5.7-18

Inclined tubes (see Pipes, circular; Pipes, noncircular; Inclined
Pipes; Cylinders)

Inamdensables (see Noncondensables)
Inconel, spectral characteristics of reflectance from oxidized

surface of, 2.9.2-15
Incremental collapse, as failure mode in heat exchanger,

4.1.1-3/4.1.1-5
Inert gases, effect on condensation, 2.1.6-312.1.6-4
Injection:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flate plates, 2.2.1-30
effect on Iaminar flow on flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.11-3/2.5.11-V

Inlet effects in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
In-life flow, bundles of tubes (see Tube banks)
In-line tube banks:

correction for heat transfer in, 2.5.3-l/2.5.3-16
finned tubes, 2.5.3-l 1

plain tubes, 2.5.3-2
drag coefficients for tubes in, 2.2.44
pressure drop in with finned tubes, 2.2.4-14
pressure drop in with plain tubes, 2.2.4-712.2.4-g

wrrection factors for small number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
Inspection (see Testing and inspection)
Insulators, thermal conductivity of, 5.4.3-l/5.4.3-2
Integral condensation:

calculation of condensation curves for, 2.6.3-3/2.6.34
description, 2.6.3-l/2.6.3-3

Integral finned tubes:
as augmentation device in natural convection, 2.5.11-3
use in shell-and-tube heat exchangers, 4.25-3

Interaction coefficients in heat exchangers, 1.1.2-l / 1 .1.2-2
Interaction parameters for binary systems, tables, 5.5.4-8/5.5.4-g
Interfacial resistance, in condensation, 2.6.2-15
Interfacial roughness, relationships for, in annular gas-liquid flow,

2.3.2-2012.3.2-21
Interfacial shear stress, effect on filmwise condensation:

on vertical surface, 2.6.2-5/2.6.2-7
Interfacial tension (see Surface tension)
Intermating troughs, as corrugation design in plate heat

exchangers, 3.7.1-1, 3.7.3-l/3.7.3-2, 3.7.6-l
Intermittent flows:

gas liquid, in horizontal and inclined flows, 2.3.2-2/2.3.2-5
plug flow, in vertical pipes 2.3.2-19
slug flow, in horizontal pipes, 2.3.2-2412.3.2-25

Internal energy (see specific internal energy)
Internal heat sources, temperature distribution in bodies with,

2.4.2-3
Internal heat transfer coefficient, use in transient conduction

calculations, 2.4.3-7/2.4.3-8
Internal reboilers (in distillation columns), characteristics,

advantages and disadvantages of, 3.6.1-2/3.6.1-3
Internally finned tubes, heat transfer and pressure drop in,

2.5.11-5/2.5.11-6
International Standards Organization (see ISO)
Interpenetrating continua (as representation of heat exchangers):

partial differential equations for, 1.2.6-l/1.2.6-7
porosity in, 1.2.6-2

Intertube velocity, in tube banks, 2.2.4-3
Inviscid  flow, compressible, with heat addition, 2.2.2-13/2.2.2-14
Irvine, T. F., Jr., 2.4.6-I/2.4.6-4
IS0 codes for mechanical design of heat exchangers, 4.3.1-3
Isobutane saturated properties, 5.5.1-6
Isopentane saturation properties, 5.5.1-7
Isothermal flow, compressible, in ducts, 2.2.2-13
Isothermal gas, radiation heat transfer to walls from,

2.9.6-112.9.6-g
Isotropic materials, elastic properties, 5.4.5-3/5.4.54
Isotropic scattering, 2.9.5-2
Italy, guide to national practice for heat exchanger mechanical

design, 4.3.5-7

J
J-type shells, in shell-and-tube heat exchangers:

calculation of heat transfer and pressure drop in, 3.3.1 l-l
description of, 3.3.4-3
temperature difference correction (F) and 0-NTU charts for,

1.5.2-11/1.5.2-12
Jadtet-type heaters, 4.4.4-314.4.44
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Jacob number, 2.7.1-8
Japan, guide to national practice for heat exchanger mechanical

de&n:
high-pressure gas control law, 4.3.5-V
standard construction (JISB8243),  4.35-8

Jayatillaka relation, between heat and momentum transfer,
1.2.3-6

Jens and Lottes correlation for subcooled forced convective
boiling of water, 2.7.3-8

Jet impingement dryer, 3.13.24
Jets, impinging (see Impinging jets)

K
Kapitzanumber, 2.1.7412.1.7-5
Kern method, for shell-side heat transfer in she&and-tube heat

exchangers, 3.3.2-2
Kesler and Lee equations, for critical temperature, critical

pressure, acentric factor and molecular weight,
5.2.1-615.2.1-g

Kettle reboilers:
calculation procedures for, 3.6.5-l/3.6.5-2
characteristics, advantages and disadvantages of, 3.6.1-2
constructional features of, 4.2.3-7/4.2.3-g
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.24/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor-liquid disengagement in, 3.6.2-6

Kirchoff�s law, in radiative heat transfer, 2.9.2-2
Knudsen number, 2.2.1-11
K-values, in phase equilibrium, 5.2.1-3

1
Lamella  heat exchangers, 3.1.2-3/3.1.24
Laminar boundary layers (see Boundary layers)
Laminar flow:

combined free and forced convective heat transfer in,
2.5.10-l/2.5.10-11

condensation in vertical surfaces, 2.6.2-212.6.24
heat transfer in ducts in, 2.5 .l-2/2.5  A-5

augmentation of, 2.5.114/2.5.11-8
in concentric annular ducts, 2.5.1-3
free convection effects in, 2.5.14/2.5.1-S
with liquid metals, 2.5.13-l/2.5.13-2
between parallel plates, 2.5.1-3
in straight circular pipes, 2.5.1-2

heat transfer in free convection on a vertical surface in,
2.5.7-3

heat transfer in tube bundles in, 2.5.13-212.5.13-3
in circular pipes, 2.2.2-l/2.2.2-2
in ducts, characteristic of plate fin heat exchangers,

3.9.5~l/3.9.5-3
in noncircular  pipes, 2.2.2-712.2.2-g

Laminar flow control, of boundary layers, 2.2.1-25
Laminar sublayer (see Viscous sublayer)

Lancaster, J. F., 4.5.1-l/4,5.3-7
Large eddy simulation, in prediction of turbulent boundary

layers, 2.2.1-29
Latent heat (see Heat of vaporization)
Laws for turbulent flows:

of the wake, 2.2.1-26
of the wall, 2.2.1-25
velocity defect, 2.2.1-26

Layers of fluid, free convection heat transfer in, 2.5.8-l/2.5.8-3
Le Fevre equations for free convective heat transfer, 2.5.7-3
Leakage between streams, in shell-and-tube heat exchangers,

3.3.44/3.3.4-5,4.6.1-2
Leakage effects, on heat transfer and pressure drop in

shell-and-tube heat exchangers, 3.3.1-1/3.3.11-S
shell-to-baffle: correction factors, 3.3.6-6/3.3.6-g

leakage area, 3.3.64/3.3.6-S
tubes-to-baffle: correction factors, 3.3.6-6/3.3.6-g

leakage area, 3.3.6-5
Less& rings, characteristic of, as packings for fixed beds, 2.2.5-2
Lienhard and Dhir analysis of critical heat flux in pool boiling,

2.7.2-1012.7.2-12
Lienhard and Eichhorn criterion, for transition in critical heat

flux mechanism in crossflow over single tube, 2.7.5-3
Lift force:

in flow in tube banks, 2.2.4-16
in flow over immersed bodies, 2.2.3-3

Liley, P. E., 5.5.6-115.5.7-3
Liquid fuels, properties of, 3.11.3-3
Liquid hold-up, 2.3.1-3
Liquid metals:

heat transfer in, 2.5.13-l/2.5.134
in channel flows, 2.5.13-l/2.5.134 �
condensation of, 2.6.2-1512.6.2-16

in heat exchangers, 2.5.13-3
Liquid-solid flow (see Solid-liquid flow)
Liquids:

as constituent in multiphase flows, 2.3.1-l/2.3.1-2
physical properties of:

in multicomponent mixtures, 5.2.3-l/5.2.44
rheologically  complex, 5.3.1-l/5.3.8-3
saturated property tables for, 5.5.1-l/5  5.140
specific heat capacity, 5.1.3-7
specific volume, 5.1.2-l/5.1.2-2
surface tension, 5.1.5-l/5.1.5-3
thermal conductivity, 5.1.4-6/5.1.4-7
thermal expansion coefficient, 5.1.2-2
viscosity, 5.1.4-1/5.1.4-S

LMTD (see Logarithmic mean temperature difference)
Loads, types of in heat exchangers, 4.1.1-1
Local conditions hypothesis, for critical heat flux in flow boiling,

2.7.3-1812.7.3-19
Lockhart and MartinelIi  correlations:

for frictional pressure gradient, 2.3.2-10
for void fraction, 2.3.2-17

Lodge�s rubber-like Iiquid  (non-Newtonian), 2.2.8-8
Logarithmic driving force in mass transfer, 2.1.5-3
Logarithmic law region, 2.2.2-l
Logarithmic Mean Temperature Difference, 1.2.4-2/1.2.4-3,

2.1.2-2, 2.5.1-1, 3.1.1-2
Longitudinal fins (see Straight fins)
Long-tube vertical evaporator, 3.5.2-313.5.24
Loss coefficient, 2.2.2-14

for bends, 2.2.2-16
in combining and dividing flow, 2.2.2-19/2.2.2-20
for diffusers, 2.2.2-1712.2.2-18
values for various fittings, 2.2.2-1912.2.2-20
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Louvered fins, in plate fin exchangers, 3.9.3-l
Low-alloy steels, as material of construction, 4.5.2-3
Low-finned tubes:

application in shell-and-tube heat exchangers,
3.3.1 l-213.3.1 1-3

correlations for single phase heat transfer in flow over,
2.5.3-1212.5.3-11

use in boiling augmentation, 2.7.9-l/2.7.9-2
Lubricants, physical properties of:

classification, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2
plasticlubricants, 5.3.4-I/5.3.4-2

Ludwieg-Tillmann formula, for skin friction, 2.2.1-26
Lydersen�s incremental method, for critical parameters,

5.1.1-l/5.1.1-2

M
Macdonald  equation, for fixed-bed pressure drop, 2.2.5-3
Mach number, 2.2.1-11

effect on turbulent flow over flat plate, 2.2.1-30
incompressible duct flows with heat transfer, 2.2.2-12

Maddox, R. N., 5.2.1-1/5.2.5-5,55.1-l/5.5.2-11,  5.5.4-l/5.5.4-9
Magnetic fields, effect on properties of rheologically  complex

materials, 5.3.8-l/5.3.8-2
Manifolds (see Headers)
Martin, H., 2.4.1-l/2.4.54,  2.5.5-l/2.5.6-10
Martinelli  and Boelter equations for combined free and forced

convection, 2.5.10-2/2.5.10-3
MartinelLi  and Nelson correlations:

for frictional pressure gradient, 2.3.2-10/2.3.2-11
for void fraction, 2.3.2-14

Mass absorption coefficient, 2.9.5-2
Mass and heat transfer, combined:

in condensation, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2

Mass extinction coefficient, 2.9.5-2
Mass fraction, in multicomponent mixtures, 1.2.1-2
Mass scattering coefficient, 2.9.5-2
Mass transfer:

analogy with heat transfer, 2.1.5-l/2.1.54
in cooling towers, 3.12.2-213.12.2-3
in condensation: in multicomponent mixtures, 2.6.3-7/2.6.3-g

of binary mixtures, 2.6.3-7
of single vapor with noncondensables, 2.6.3-512.6.3-7

with impinging jets, 2.5.6-l/2.5.6-10
in fixed beds, 2.5.4-212.5.2-6
in fluidized beds, 2.5.5-3/2.5.5-6
in nonuniform systems, 2.1.4-l/2.1.44
volumetric coefficient for, 1.1.2-2

Mass transfer coefficient:
in fixed beds, 2.5.4-l/2.5.4-6
individual definition of, 1.2.2-2/1.2.2-3,2.1.5-2/2.1.5-3

Matovosian, Robert, 5.5.5-l/5.5.5-4
Materials of construction, for heat exchangers, 4.5.1-l/4.5.3-7

materials for corrosive service, 4.5.2-2/4.5.26
austenitic stainless steels, 4.5.24
carbon steel, 4.5.2-214.5.2-3
coatings, 4.5.2-S/4.5.2-6
copper base alloys, 4.5.24/4.5.2-S
ferritic chromium stainless steels, 4.5.2-3
low alloy steels, 4.5.2-3
nickel based alloys, 4.5.2-5

non-metallic materials, 4.5.2-6
titanium, 45.2-5

materials for noncorrosive service, 4.5.2-2
product forms, 4.5.2-l/4.5.2-2

shells, channels, covers, and bonnets, 4.5.2-l/4.5.2-2
tubes, 4.5.2-l
tubesheets, 4.5.2-l

testing and inspection of, 4.7.2-l
Matrix heat exchangers (see Plate Fm heat exchangers)
Matrix inversion techniques, in radiative heat transfer,

2.9.3-712.9.343
Maximum bed-to-surface heat transfer, in fluidized beds,

2.8.44/2.8.4-S
Maximum heat flux:

by conduction in solids, 2.1.1-2
in condensation, 2.1.74/2.1.7-6
under free molecule conditions in gases, 2.1.1-2

Maximum mass flux:
in condensation, 2.1.7412.1.7-6
under free molecule conditions, 2.1.1-2

Maximum shear stress, under free molecule conditions, 2.1.1-2
Maximum velocities (in shell-and-tube heat exchangers),

3.3.515,4.5.3-3
Maxwell model, for non-Newtonian fluid, 2.2.8-7
Maxwell velocity of a vapor, as limiting phenomenon in

condensation, 2.1.7412.1.7-6
Maxwell�s equations, for electromagnetic radiation,

2.9.2-712.9.2-g
Mean-beam-length concept, in radiative heat transfer:

tables of geometric mean beam lengths, 2.9.6-5
theory of, 2.9.6-212.9.3

theory of, 2.9.6-212.9.6-3
Mean equivalent temperature, of a surface in combined

convective and radiative heat transfer, 2.9.8-2
Mean phase content, 2.3.1-3
Mean temperature difference:

application in shell-and-tube heat exchangers, 3.3.5-17
concept of, 3.1.1-2/3.1.1-3
effective, in kettle reboilers, 3.6.2-4
in condensers, 3.4.8-l/3.4.8-3
(See rlso Logarithmic mean temperature difference,

Arithmetic mean temperature difference)
Mechanical agitators, for agitated vessels, 3.14.2-l/3.14.2-2

heat transfer conelations for, 3.14.3-l/3.14.3-6
Mechanical design of heat exchangers:

air cooled heat exchangers, 4.4.1-l/4.4.1-7
basic principles, 4.1.1-l/4.1.8-3

expansion joints, 4.1.6-1
flanges, 4.1.7-l/4.1.7-2
heads, openings and branches, 4.1.8-l/4.1.8-2
introduction to, 4.1.1-l/4.1.1-5
methods of analysis, 4.1.2-1/4.1.2-V
shells, 4.1.3-l/4.1.3-3
tube plates, 4.1.4-l/4.1.4-3
tubes, 4.1.5-1

block type, 4.4.4-4
direct contact, 4.4.4-614.4.4-g
double-pipe exchangers, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
heat pipes, 4.4.4-9/4.4.4-l  1
helical (Hampson) coiis, 4.4.4-8/4.4.4-V
jacketed heaters, 4.4.4-3/4.4.44
plate fin heat exchangers, 4.4.3-114.4.3-v
plate heat exchangers, 4.4.2-l/4.4.2-8
shell-and-tube exchangers: constructional features,

4.2.1-l/4.2.6-13
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Mechanical design of heat exchangers, shell-and-tube exchangers:
constructional features (Cont.):
design codes for, 4.3.1-1/4.3.5-l
example of design, 4.3.1-6/4.3.6-23

scraped surface, 4.4.4-514.4.4-l
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-2/4.4.4-3

Mechanical draft cooling towers, 3.12.4-l/3.12.4-2
thermal performance and design, 3.12.4-2/3.12.44

Mechanical draft fan coolers (see Air-cooled heat exchangers)
Melting, thermal conduction in, 2.4.4-l/2.4.4-2
Melting point of commonly used substances, 5.5.1-l/5.5.140
Mercury:

saturation properties, 5.5.1-35
superheated gaseous, thermodynamic properties of,

5.5.2415.5.2-5
Merkblatter (German) code, for mechanical design of heat

exchangers, 4.3.1-3
index to, 4.3.2-114.3.24

Merkel�s equation, in cooling tower design, 3.12.2-3
Metais and Eckert diagrams, for regimes of convection:

in horizontal pipes, 2.2.6-6,2.5.10-l/2.5.10-2
in vertical pipes, 2.5.10-2

Metastable equilibrium, of vapor and liquid, 2.7.1-1
Methane saturation properties, 55.14
Methanol saturation properties, 5.5.1-17
Methyl acetate saturation properties, 5.5 .l-25
Methyl-t- butyl ether saturation properties, 5.5 .l-23
Metals:

condensation of, 2.6.2-15/2.6.2-16
density, 5.4.1-1
liquid, single-phase heat transfer in, 2.5.13-l/2.5  .134
spectral absorptivity, 2.9.2-11/2.9.2-12

Microlayer evaporation, in boiling of binary mixtures, 2.7.6-7
Minimum heat flux in pool boiling:

of binary and multicomponent mixtures, 2.7.7-5/2.7.7-6
of pure components, 2.7.2-1312.7.2-14

Minimum tubeside velocity, in shell-and-tube heat exchangers,
3.3.5-16

Minimum velocity for fluidization,  2.2.6-2
Minimum wetting rate, for binary mixtures, 2.7.8-7
Mirror-image concept, in radiative heat transfer, 2.9.4-l/2.9.4-2
Mirrors, spectral characteristics of reflectance from, 2.9.2-17
Mist flow:

in axial flow reboilers, 3.6.2-9
heat transfer in (see Post-dryout  heat transfer)
onset, as mechanism for critical heat flux in reboilers,

3.6.2-812.6.2-g
Mixed convection, occurrence in horizontal circular pipe, Metais

and Eckert diagram for, 2.2.2-6
Mixing length, 2.2.24

table of turbulent flow in circular pipes, 2.2.2-3
Mixing vessel (see Agitated vessel)
Mixtures:

of gases, radiation properties, 2.9.5-l l/2.9.5-12
condensers for, 3.4.4-l/3.4.4-2
(See also Binary mixtures, Multicomponent mixtures)

Models, theory of, 2.2.1-12/2.2.1-13
Modes of heat transfer, Nusselt description, 2.1.0-2
Molecular gas radiation properties, 2.9.5-8/2.9.5-11
Molecular weight:

of commonly used fluids, 5.5.1-l/5.5.140
Kesler and Lee equation for estimation of in hydrocarbon

mixtures, 5.2.1-7
Molerus, O., 2.2.6-l/2.2.6-9
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Mollier chart, for humid air, 3.13.1-1
description of drying processes in terms of, 3.13.34/3.13.3-5

Momentum equation:
in boundary layer, 2.2.1-17
in compressible duct flow, 2.2.1-12
differential form for single-phase flow, 2.2.1~5/2.2.1-7
in gas-liquid flows, 2.3.2-8/2.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-8/2.3.2-g

in heat exchanger calculations, 1.2.6-5/1.2.6-7
integral form for single-phase flow, 2.2.1-2/2.2.1-3
in multiphase flows: homogeneous flow, 2.3.1-5

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Monte Carlo methods, in radiative heat transfer, 2.9.4-2/2.9.4-5
for radiative heat transfer with an isothermal gas,

2.9.6-812.9.6-g
Moody chart:

for critical two-phase flow, 2.3.2-28
for single-phase friction factor in circular pipes, 1.2.3-3,

2.2.2-2
Morcos and Bergles equation, for influence of free convection of

friction factor, 2.2.2-6
Morris, M., 4.3.1-l/4.3.5-11
Mostinski correlations:

for critical heat flux, 3.6.2-5
for nucleate boiling, 2.7.2-6

application to kettle reboilers, 3.6.2-l
Moving bed, heat transfer to, 2.8.3-3/2.8.34
Moving belt, heat transfer to, 2.1.3-2/2.1.3-3
Muchowski, E., 2.8.3-l/2.8.3-9
Mueller, A. C., 3.4.1-l/3.4.9-5
Multicomponent mixtures:

air-cooled condensers for, 3.8.9-2/3.8.94
boiling of, in kettle reboilers, 3.6.2-3/3.6.24
condensation of, 2.6.3-7/2.6.3-9,2.6.4-l/2.6.4-7
condensers for, 3.4.4-113.4.4-2
diffusion in, 2.1.5-l/2.1.54
forced convective boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7.8-6
critical heat flux in, 2.7.8-6/2.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

of gases, radiation properties of, 2.9.5-11/2.9.5-12
phase equilibria in, 2.7.6-312.7.6-5
physical properties of, 5.2.1-l/5.2.5-5

diffusion coefficients, 5.2.5-l/5.2.5-5
equilibria, 5.2.1-l/5.2.1-8
interfacial tension, 5.2.4-l/5.2.4-3
thermodynamic properties, 5.2.2-l/5.2.2-9
thermophysical properties, 5.2.3-115.2.3-g

pool boiling of, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-4
transition boiling, 2.7.7-5

Multidimensional systems, heat conduction in,
2.4.3-1012.4.3-12

Multiflux methods, for radiative heat transfer in non-isothermal
gases, 2.9.7-612.9.7-7

Multipass shell-and-tube heat exchangers, 1.1.1-2
Multiphase fluid flow and pressure drop:

introduction and fundamentals, 2.3.1-l/2.3.1-10
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Multiphase fluid flow and pressure drop, introduction and
fundamentals (Cont.):
classification of multiphase flows, 2.3.1-l/2.3.1-2
conservation equations for, 2.3.1-3/2.3.1-7
design parameters in, 2.3.1-2/2.3.1-3
drift tlux models for, 2.3.1-7/2.3.1-10

solid-gas flow, 2.3.3-l/2.3.3-10
flow patterns in, 2.3.3-2
pressure drop in, 2.3.3-2, 2.3.3412.3.3-8
principles of pneumatic conveyance, 2.3.3-l/2.3.3-2

solid-liquid flow, 2.3.4-l/2.3.4-7
flow regimes in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-312.3.4-6

Multiple effect evaporation, 3.5.3-l/3.5.3-2
Multirod  clusters (see Rod bundles)
Multizone model, for furnaces, 3.11.6-l/3.11.64
Murray, I., 4.4.4-l/4.4.4-11

N
�Nabla� operator (see Differential vector operators)
Nahme-Griffith number, 2.5.12-6
National practice, in mechanical design, guide to, 4.3.5-l/4.3.5-9
Natural convection:

as precursor to nucleate boiling, 2.7.2-l/2.7.2-2
(See also Free convection)

Natural draft cooling towers:
dry, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.12.5-l/3.12.5-2
main features of, 3.12.3-l/3.12.3-2
structural design, 3.12.3-613.12.3-7
thermal performance and design of, 3.12.3-2/3.12.3-6

design optimization of, 3.12.3-5/3.12.3-6
performance away from design point, 3.12.3-6
pressure losses in, 3.12.3-3/3.12.3-S
thermal design equation, 3.12.3-2/3.12.3-3

Natural draft heat exchangers (see Air cooled heat exchangers,
Cooling towers)

Natural frequency of tube vibration in heat exchangers,
4.6.2-l/4.6.24

Navier-Stokes equation, 2.2.1-5
Neon saturation properties, 5.5.1-36
Neopentane saturated properties, 5.5 .l-6
Net free area, in double-pipe heat exchangers, 3.2.3-l
Netherlands, guide to national mechanical design practice, 4.3.5-5
Newton�s law, for momentum transfer, 2.1.1-2

limitationsin, 2.1.1-l/2.1.1-4
NFA (see Net free area)
Nickel-base alloys, as material of construction, 4.5.2-5
Nitrogen:

critical heat flux table for flow boiling of in vertical
tube, 2.7.3-29

saturation properties, 5.5.1-36
superheated gaseous, thermodynamic properties, 5.5.2-5

Noise, in au-cooled heat exchangers, 3.8.9-l
Nonane saturation properties, 5 5 .l-10
Nonaqueous fluids, critical heat flux in, 2.7.3-6/2.7.3-30
Noncircular cylinders (see Cylinders)
Noncondensables:

in boiling, 2.7.2-8
in condensation, 2.1.6-2, 2.6.1-2,2.6.3-512.6.3-7,

2.6.4-5 12.6.4-6,  2.6.5 -212.6.5  -3
Nondestructive testing, of heat exchangers, 4.7.6-l/4.7.6-2
Nonmetallic materials, for heat exchangers, 4.5.2-6
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Non-Newtonian flow:
free convective heat transfer from: spheres, 2.5.7-25

vertical plates, 2.5.7-1012.5.7-11
properties of rheologically  complex fluids in, 5.3.1-l/5.3.8-3
single-phase fluid flow and pressure drop in, 2.2.8-l/2.2.8-13

experimental characterization of non-Newtonian fluids,
2.2.8-l/2.2.8-6

models for non-Newtonian fluids, 2.2.8-6/2.2.8-g
turbulent flow of non-Newtonian fluids, 2.2.8-l 1
volume flow rate/pressure drop relations, 2.2.8-9/2.2.8-l 1

single-phase forced convective heat transfer with,
2.5.12-l/2.5.12-16

in channel flows, 2.5.12-6/2.5.12-15
equations and dimensionless groups for, 2.5.12-512.5.12-6
governing physical properties in, 2.5.12-212.5.12-5

Non-uniform heat flux, critical heat flux with, 2.7.3-18/2.7.3-22
North, C., 4.8.3-l/4.8.3-3
No-tubes-in-window shells, calculation of heat transfer and

pressure drop in, 3.3.1 l-1/3.3.1  l-3
Nozzles:

analytic basis for codes for, 4.3.3-2
comparison of codes for, 4.3.4-2
impinging jets from, heat transfer in, 2.5.6-l/2.5.6-10

arrays of nozzles, 2.5.6-5t2.5.6-6
optical spatial arrangement, 2.5.6-6/2.5.6-g
single nozzles, 2.5.64/2  5.6-5

in shell-and-tube heat exchangers: constructional features of,
4.2.5-12,4.2.6-214.2.6-3

description of, 2.2.7-l
impingement protection for, 3.3.5-10/3.3.5-11
pressure change across inlet nozzle, 2.2.7-212.2.7-3
pressure change across outlet nozzle, 2.2.7-3/2.2.74

index to U.S., U.K., and F.R.G. codes for, 4.3.2-g/4.3.2-10
loss coefficients in, 2.2.2-20

NTU (see Number of transfer units)
Nuclear fuel suspensions, properties of, 5.3.1-2/5.3.1-3
Nucleate boiling:

augmentation of, 2.7.9-l/2.7.94
in axial flow reboilers, 3.6.2-6/3.6.2-7
in evaporators, 3.5.7-213.5.7-3
in forced convective boiling of binary and multicomponent

mixtures, 2.7.8-l/2.7.8-2
in forced convective heat transfer in vertical tubes,

2.7.3-112.7.3-12
in horizontal tubes, 2.7.4-l/2.7.4-7
in kettle reboilers, 3.6.2-l/3.6.2-4
outside tubes and tube bundles in crossflow, 2.7.5-l/2.7.5-7
in pool boiling of binary and multicomponent mixtures,

2.7.7-l/2.7.74
in pool boiling systems, 2.7.2-312.7.3-g

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gases on, 2.7.2-g
influence of gravitational acceleration on, 2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-812.7.2-g
influence of surface conditions on, 2.7.2-712.7.2-8
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

Nucleation:
augmentation devices for, 2.7.9-l/2.7.9-2
in binary systems, 2.7.6-5
heterogeneous, in boiling, 2.7.1-3/2.7.14
homogeneous, of vapor bubble in liquid, 2.7.1-2/2.7.1-3
in supersaturated vapor, 2.6.7-l/2.6.7-2
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Nucleation sites:
critical size for nucleation: in pool boil&g, 2.7.2-212.7.2-3

in subcooled forced convective boiling, 2.7.3-6
enhancement of number and activity of, 2.7.9-l/2.7.9-2
size in binary mixtures, 2.7.6-5
sizing of active, 2.7.1-S/2.7.1-6

Nuclei, formation in supersaturated vapor, 2.6.7-l/2.6.7-2
Number of transfer units (NTU):

in air-cooled heat exchangers, 3.8.5-1/3.8.5-S
average value in nonuniform heat transfer in shell-and-tube

heat exchangers, 2.1.4-l/2.1.4-3
as basis for design of plate heat exchangers, 3.7.2-L

rating in, 3.7.7-l
in cooling of slab, 2.1.3-l/2.1.3-2
in cooling towers, 3.12.24/3,12.2-S
in heat exchangers, 1.2.4-3
in particle-to-fluid heat transfer in fluidized beds,

2.5.5-212.5.5-3
in transient heat transfer, definition of, 2.1.2-212.1.3-7
(See also 0 or e-NTU method)

Numerical methods:
application in furnace prediction, 3.11.7-5
for cases in which flow patterns must be calculated,

1.4.2-l/1.4.2-2
applications, 1.4.2-3/1.4.24
discretization, 1.4.2-1
finite difference equations for, 1.4.2-l/1.4.2-2
solution procedure, 1.4.2-211.4.2-3

for the solution of heat exchangers with a prescribed flow
pattern, 1.4.1-l/1.4.1-6

discretization, 1.4.1-l/1.4.1-3
finite  difference equations for, 1.4.1-3/1.4.1-4
influence of fineness of discretization, 1.4.1-5/1.4.1-6

special applications of, 1.4.3-111.4.3-6
calculations of heat transfer coefficients, 1.4.3-3/1.4.34
flows with chemical reactions, 1.4.3-2/1.4.3-3
flows with radiation, 1.4.3-3
turbulent flow in empty spaces, 1.4.3-2
two-phase flows, 1.4.3-1

in transient conduction calculations, 2.4.3-8/2.4.3-10
Nusselt:

description of modes of heat transfer, 2.1.9-2
equations for condensation: inside horizontal tube, 2.6.2-13

outside horizontal tube, 2.6.2-9
vertical surface, 2.6.2-2

Nusselt-Graetz problem, in Jaminar  heat transfer in ducts, 2.5.1-2
Nusselt number:

in combined and free and forced convection: around
immersed bodies, 2.5.9-l/2.5.9-6

in channels, 2.5.10-2/25.10-11
definition, 1.2.3-2

in fmned tube banks, 2.5.3-l 1
in flow over tube banks, 2.5.3-112.5.3-6

forms of correlation for, 2.1.34
in free convection over immersed bodies, 2.5.7-2
for heat transfer in tubes, 2.1.3-6
in laminar flow in ducts, 2.5.1-2/2.5.1-S
in liquid metal flow, 2.5.13-l/2.5.134
in non-Newtonian flows, 2.5.12-712.5.12-16
in nonuniform heat transfer in packed beds, 2.1.4-3/2.1.44
in particle to fluid heat transfer in fixed beds, 2.5.4-l
in plate heat exchangers, 3.7.5-l
in single-phase flow over immersed bodies, 2.5.2-l/2.5.2-8
in systems with heat transfer augmentation,

2.5.11-l/2.5.11-12
in turbulent flow in ducts, 2.5.1-5/2.5.1-11

0
Oblate spheroids, free convective heat transfer from, 2.5.7-25
Octane saturation properties, 5.5.1-9
Oldroyd eight constant model, for non-Newtonian fluid, 2.2.8-8
ONB (onset of nucleate boiling):

in pool boiling, 2.7.2-12
in subcooled boiling in vertical tubes, 2.7.3-S/2.7.3-7

One equation models, for turbulent boundary layers, 2.2.1-28
Openings, mechanical design aspects, 4.1.8-l/4.1.8-2
Operational envelope of a heat pipe, 3.10.4-l
Opposed convection:

around immersed bodies, 2.5.9-I 1
in vertical tubes, 2.5.10-6

Optimization methods, for heat exchanger design, 3.3.4-2
Organic solids, density, 5.4.1-2
Orifices:

loss coefficients in, 2.2.2-21
two-phase gas liquid flow, 2.3.2-17/2.3.2-18

OTL (see Outer tube limit)
Outer tube limit, in shell-and-tube heat exchangers, 4.2.5-9
Outlet effects, in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
Overall heat transfer coefficient, 2.1.2-l

approximate values: in shell-and-tube exchangers,
3.1.4-413.1.4-s

in liquid metal heat exchangers, 2.5.13-3
in various heat exchangers, 2.1.2-3/2.1.2-4

in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
Overall power hypothesis, for critical heat flux in flow boiling,

2.7.3-19
Oxygen:

saturation properties, 5.5 .l-37
superheated gaseous, thermodynamic properties of, 5.5.2-6

Packed beds (see Fixed beds)
Packing relationship, in cooling tower design, 3.12.2-3/3.12.24
Packings, for cooling towers, 3.12.2-8/3.12.2-10
Packings, for fixed beds:

characteristics, 2.2.5-2
effective conductivity of various in fixed beds: beds with gas

flow, 2.8.2-212.8.2-s
stagnant beds, 2.8.1-3/2.8.1-S

Paikert, P., 3.8.1-l/3.8.9-4
Paints, spectral characteristics of reflectance of surfaces treated

with, 2.9.2-1412.9.2-17
Palen  and Small correlation, for critical heat flux in tube banks,

2.7.5-6
Palen,  J. W., 3.6.1-l/3.6.5-6
Panel immersion exchangers, 4.4.4-2/4.4.4-3
Parallel flow (see Cocurrent  flow)
Parallel plates, (see Plates)
Partial boiling in subcooled forced convective heat transfer,

2.7.3-812.7.3-g
Particle convective component, in heat transfer from fluidized

beds, 2.8.4-212.8.4-3
Particle emissivity, 2.9.7-2
Particle Reynolds number in fixed beds, 2.2.5-2
Particles:

fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.5-6
free fall velocity of, 2.3.3-3
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Particles (Cont.):
particle-to-wall heat transfer in fluidized beds,

2.8.4-l/2.8.4-8
Particulate fluidization, 2.2.6-l

Pass arrangements, in plate heat exchangers, 3.7.8-l/3.7.8-3
Passes, tube side, 4.2.5-314.2.5-4

�boxed in �  4 2. .5 4
number of, 4.2.5-314.2.54
partition plates between, 4.2.5-3

Passive methods, for augmentation of heat transfer,
2.5.11-l/2.5.11-3

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.5.114/2.5.11-8
in free convection, 2.5.1 l-3

Pearson number, 2.5.12-6
Peclet number, 1.2.3-211.2.3-3,  2.1.5-2

heat and mass transfer at low, in fluidized beds,
2.5.5-312.5.5-5

in heat transfer in liquid metal systems, 2.5.13-l/2.5.134
in non-Newtonian flow, 2.5.12-6

Peng-Robinson equation of state, 5.1.24
application to hydrocarbons, 5.2.2-2

Penner�s rule, in absorption of radiation by gases, 2.9.5-7
Pentane:

normal, critical heat flux for flow boiling of in vertical tube,
2.7.3-29

saturation properties of, 5.5 .l-8
Perfect gas (see Ideal gas)
Perforated fins, in plate fin heat exchangers, 3.9.3-l
Perforated plates, loss coefficients in, 2.2.2-20
Periodic variations in temperature, thermal conduction in

bodies with, 2.4.5-l/2.4.5-4
Petroleum properties, 5.3.1-3
Phase change number, 2.4.4-l
Phase envelope, for natural gas mixture, 5.2.1-4
Phase equilibrium:

in binary mixtures, 2.7.6-l/2.7.6-3
in multicomponent mixtures, 2.7.6-3/2.7.6-4
(See also Equilibrium, phase)

Phase rule (Gibbs), 5.2.1-1
Phase separation, as source of corrosion problems, 4.5.3-5
PHE (see Plate heat exchanger)
Phenol saturation properties, 5.5 .l-20
Phonons, in thermal conductivity of solids, 5.4.3-l/5.4.3-3
Physical properties:

of mixtures of fluids, 5.2.1-1/5.2.5-S
of pure fluids, 5.1.1-l/5.1.5-3
of rheologically  complex media, 5.3.1-l/5.3.8-3
of solids, 5.4.0-1/5.4.5-S
tables of, 5.5.1-l/5.5.8-3
variation with temperature: effect in developing flow,

2.2.2-11
effect on flow in tube banks, 2.2.4-10/2.2.4-12
effect on flow over cylinder, 2.2.3-6
effect on friction factor in circular pipe flow,

2.2.2-712.2.2-8
effect in heat transfer of flat plates, 2.5.2-212.5.2-3
effect in laminar flow heat transfer in channels,

2.5.14
effect in turbulent flow heat transfer in channels,

2.5.1-6/2.5.1-7
nature of varjation,  2.2.1-9
in polymers, 2.5.12-212.5.12-4

Pin fins (see Spine fins)
Pi theorum,  in dimensional analysis, 2.2.1-11
Pipe fittings (see Piping components)
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Pipes, circular:
augmentation of heat transfer in, 2.5.11-4/2.5.11-9

internaLly finned for, 2.5.11-S/2.5.11-6
boiling of binary and multicomponent mixtures in,

2.1.8-l/2.7.8-7
critical heat flux, 2.7.8-612.7.8-7
forced convective (including mass transfer effects),

2.7.8-212.7.8-6
nucleate boiling, 2.7.8-l/2.7.8-2

combined free and forced convection in, 2.5.10-l/2.5.10-12
in condensers, 3.4.1-113.4.9-s
horizontal channels, 2.5.10-7/2.5.10-11
vertical pipes, 2.5.10-212.5.10-7

flow boiling in: horizontal pipes, 2.7.4-l/2.7.4-7
vertical pipes, 2.7.3-l/2.7.3-37

free convective heat transfer from outside of,
2.5.7-2012.5.7-24

horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-2312.5.7-24

heat transfer to, in fluidized beds, 2.8.4X112.8.4-7
heat transfer to liquid metals in, 2.5.13-1
laminar heat transfer in, 2.5.1-2

in hydrodynamically developed flow, 2.5.1-1
in thermally and hydrodynamically developing flow,

2.5.1-2
pneumatic conveyance (gas solids flow) in, 2.3.3-l/2.3.3-2
radiative heat transfer along, 2.9.3-1512.9.3-16
roughened surface, radiative heat transfer along,

2.9.4-912.9.4-10
single-phase fluid flow and pressure drop in fully developed

flow in, 2.2.2-l/2.2.2-7
effect of free convection on, 2.2.2-512.2.2-7
effect of temperature dependent fluid properties on,

2.2.2-7
friction factor, 2.2.2-l/2.2.2-2
influence of additives on, 2.2.2-7
turbulence characteristics in, 2.2.2-112.2.2-s

turbulent heat transfer in, 2.5.1-S/2.5.1-9
two-phase gas-liquid flow in, 2.3.2-l/2.3.2-33

flow regimes in, 2.3.2-112.3.2-s
hydrodynamics of flow in, 2.3.2-712.3.2-26

use in shell-and-tube heat exchangers for single-phase flow,
3.3.1-1/3.3.11-s

Pipes, noncircular:
triangular ducts: single-phase fluid flow and pressure drop in,

2.2.2-712.2.2-10
laminar flow, 2.2.2-712.2.2-8
turbulent flow, 2.2.2-912.2.2-10

(See also Rectangular ducts, Square ducts)
Piping components:

gas-liquid flow and pressure drop in, 2.3.2-1512.3.2-18
bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-1712.3.2-18
slow changes in cross section, 2.3.2-1512.3.2-16
sudden contractions, 2.3.2-1612.3.2-17
sudden enlargements, 2.3.2-16

single-phase fhrid flow and pressure drop in, 2.2.2-1412.2.2-20
curved ducts, 2.2.2-1412.2.2-17
enlargements, 2.2.2-1712.2.2-19
miscellaneous fittings 2.2.2-1912.2.2-20

Plain tube banks (see Tube banks, plain)
Plan&s constant, 2.9.1-3
Planck�s law, for spectral distribution of blackbody radiation,

2.9.1-3
Plane shells: steady-state thermal conduction in, 2.4.2-l/2.4.2-3
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Plastic analysis, in mechanical design, 4.1.2-l/4.1.2-2
Plate-and-frame heat exchangers (see Plate heat exchangers)
Plate coil baffles, in agitated vessels, 3.14.2-313.14.24
Plate fin heat exchangers, 1.1.4-2, 3.9.1-l/3.9.1-2

approximate overall heat transfer coefficients in, 2.1.24
calculation procedure for a rating problem, 3.9.9-I
correlation of heat transfer and friction data for,

3.9.6-l/3.9.6-2
definition of geometric terms for, 3.9.2-I
description of, 3.1.2-5
goodness factor comparisons for, 3.9.7-113.9.7-3
laminar flow surfaces, 3.9.5-l/3.9.5-3
mechanical design, 4.4.3-114.4.3-g

brazing, 4.4.3-314.4.34
construction, 4.4.3-l/4.4.3-3
flow distributors, 4.4.3-3
materials, 4.4.3-714.4.3-8
plate fin-tube construction, 4.4.3-514.4.3-7

multifluid  service in, 3.9.12-l/3.9.12-2
pressure drop calculation in, 3.9.10-l/3.9.10-2
procedures for the thermal sizing problems in,

3.9.11-l/3.9.11-2
recent theory and data on vaporization and condensation in,

3.9.13-113.9.134
specifications of sizing and rating problems in, 3.9.8-l/3.9.8-2
surface geometries for, 3.9.3-l
surface performance data for, 3.9.4-l/3.9.4-2

Plate fins, efficiency of, 2.5.3-912.5.3-10
Plate heat exchangers:

approximate overall heat transfer coefficients in, 2.1.24
construction and operation of, 3.7.1-l/3.7.1-3
corrugation design, 3.7.3-l/3.7.3-2
costing, 4.8.4-l/4.8.4-2
description, 3.1.2-313.1.24

gasketed plate, 3.1.2-3
lamella  (Ramen), 3.1.2-313.1.24
spiral plate, 3.1.2-3

factors affecting plate design, 3.7.6-l/3.7.6-2
corrugation geometry, 3.7.6-l/3.7.6-2
distribution, 3.7.6-2

factors governing plate specification, 3.7.2-l
fouling, 3.7.9-l
friction factor correlations, 3.7.4-l/3.7.4-2
heat transfer correlations, 3.7.5-l/3.7.5-2
mechanical design, 4.4.2-l/4.4.2-8

frame design, 4.4.2-514.4.2-7
gasket design and properties, 4.4.2414.4.2-s
plate arrangements, 4.4.2-l
plate construction features, 4.4.2-l/4.4.2-2
plate design features, 4.4.2-314.4.24

methods of surface area calculation, 3.7.10-l/3.7.104
overall plate design for, 3.7.7-l/3.7.7-2
plate arrangements and correction factors for, 3.7.8-l/3.7.84

concurrency corrections, 3.7.8-l/3.7.8-2
distribution along port manifolds, 3.7.8-3/3.7.84
er.d effects, 3.7.8-213.7.8-3
types of pass arrangements, 3.7.8-l

thermal mixing in, 3.7.11-l/3.7.11-2
two-phase flow applications, 3.7.12-1

Plates:
characteristic of, as packings for fixed beds, 2.2.5-2
parallel, laminar heat transfer in flow between, 2.5 .l-3

in hydrodynamically developed flow, 2.5.1-3
in thermally and hydrodynamically developing flow,

2.5.1-3
Plate-type evaporator, 3.5.2-6
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Plug flow:
regions of occurrence of: in horizontal flow, 2.3.2-212.3.24

in inclined tubes, 2.3.2412.3.2-5
in systems with phase change, 2.3.2-612.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

in vertical channels, 2.3.2-19
bubble rise velocity in, 2.3.2-19

Plug flow model, for furnaces, 3.11.5-l/3.11.5-2
Pneumatic conveyance, 2.3.3-l/2.3.3-2

in horizontal pipes, 2.3.3-l/2.3.3-3
in inclined pipes, 2.3.3-2
in vertical pipes, 2.3.3-l

Pneumatic conveying dryer, 3.13.7-2
P-NTU  method:

application to single pass exchangers, 1.3.1-2/1.3.14
for calculation of heat exchangers, 1.2.44/1.2.4-S

Poiseuille  law (see Hagen  PoiseuiUe law)
Polarization, of thermal radiation, 2.9.2-12/2.9.2-14
Polymers:

degradation temperature, 2.5.12-1
physical properties, 2.5.12-2/2.5.124,5.3.6-l/5.3.7-2

specific heat capacity, 2.5.12-3
thermal conductivity, 2.5.12-2
viscosity, 2.5.12-212.5.12-4

non-Newtonian heat transfer to, 2.5.12-l/2.5.12-15
Pool boiling, 2.1.7-612.1.7-8

augmentation of heat transfer in, 2.7.9-l/2.7.9-2
boiling curve for, 2.7.2-l/2.7.2-2
critical heat flux in, 2.7.2-912.7.2-13

geometric effects on, 2.7.2-l l/2.7.2-12
liquid viscosity effect on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13

film boiling in, 2.7.2-1412.7.2-15
minimum heat flux in, 2.7.2-1312.7.2-14
nucleate boiling, 2.7.2-312.7.3-9

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gas on, 2.7.2-8
influence of gravitational acceleration on,

2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-812.7.2-9
influence of surface conditions on, 2.7.2-712.7.26
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

of binary and multiwmponent mixtures, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-S
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-512.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-2
transition boiling, 2.7.7-5

onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-13

Porous surfaces, for enhancement of boiling heat transfer,
2.7.9-l

Post-burnout heat transfer (see Postdryout heat transfer,
Transition boiling, Film boiling)

Postdryout heat transfer:
correlations for in vertical tubes, 2.7.3-31/2.7.3-34

with depature from thermodynamic equilibrium,
2.7.3-3212.7.3-33

empirical correlations, 2.7.3-3112.7.3-32
semi-theoretical, 2.7.3-3312.7.3-34

in evaporators, 3.5.7-3

lishing  Corporation

4



HEAT EXCHANGER DESIGN HANDBOOK / Index I-27

Powders:
classification of types of, in fluidized beds, 2.2.6-312.2.64
thermal conductivity under vacuum, 2.1.1-2

Power law fluid (non-Newtonian), 2.2.8-7

forced convective heat transfer to, 2.5.12-l/2.5.12-16
free convective heat transfer to bodies immersed in,

2.5.7-10, 2.5.7-25
Prandtl number, 1.2.34,2.1.3-3

effect on laminar flow over flat plate, 2.2.1-23
formulas for, 5.1.4-7
of liquid water, 5.5.34
of saturated vapors and liquids, 5.5.1-l/5.5.5.140
shell-side, in shell-and-tube heat exchangers, 3.3.5-17
turbulent, 2.2.1-19

Pressure coefficient:
for flow over single cylinder, 2.2.4-2
for flow over tube in tube bank, 2.2.4-2

Pressure control of condensers, 3.4.5-l
Pressure drop:

in condensers, 3.4.7-113.4.7-2
in double-pipe heat exchangers, 3.2.3-5/3.2.3-6
in evaporators, 3.5.6-1
in fluidized beds, 2.2.6-2
in gas-liquid flow, 2.3.2-7/2.3.2-18

frictional, in straight pipes, 2.3.2-912.3.2-12
in shell-and-tube heat exchangers, 2.3.2-12/2.3.2-13
in singularities, 2.3.2-lS/2.3.2-18
in stratified flow, 2.3.2-2312.3.2-24
in vertical annular flow, 2.3.2-19

in headers, nozzles and turnarounds in shell-and-tube heat
exchangers, 2.2.7-l/2.2.7-11

in internally finned tubes, 2.5.11-5/2.5.11-6
in multiphase systems, 2.3.1-l/2.3.1-10

in gas-solid flow, 2.3.3-2, 2.3.3412.3.3-7
overall, in cooling towers, 3.12.3-3/3.12.3-5
in the packings of cooling towers, 3.12.2-10/3.12.2-11
in plate fin heat exchangers, 3.9.10-l/3.9.10-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
and pumping power in heat exchangers, 1.2.4-5/1.2.4-6
in reboilers, 3.6.3-1
on the shell side of shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
as limitation in design, 3.3.10-6

in single phase systems: in ducts and fittings,
2.2.2-112.2.2-25

in fixed beds, 2.2.5-112.2.5-5
introduction and fundamentals, 2.2.1-l/2.2.1-35
in non-Newtonian fluid flow, 2.2.8-9/2.2.8-11
in tube banks, 2.2.4-112.2.4-17,  3.3.7-l/3.3.74

in vertical tubes with subcooled boiling, 2.7.3-9/2.7.3-10
Pressure gradient:

effect in transition boundary layer flow over flat plate,
2.2.1-24

(See also Pressure drop)
Process heaters, fired, 3.11.2-l/3.11.2-2
Prolate spheroids, free convective heat transfer from,

2.5.7-25
Promoters, for dropwise condensation, 2.6.5-3/2.6.5-4
Propane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of,

5.5.2-615.5.2-7
I-Propanol  saturation properties, 5 .S.l-18
2Propanol saturation properties, 5.5.1-19
Propeller agitator, 3.13.2-l/3.14.2-2

heat transfer in agitated vessels with, 3.14.3-1

Propylene:
saturation properties, 5.5.1-6
superheated gaseous, thermodynamic properties, 5.5.2-7

Propylene oxide saturation properties, 5.5 .l-24
Proximity agitators, 3.14.2-1

heat transfer in agitated vessels with, 3.14.3-3/3.14.3-6
Pugh,  S. F., 5.4.5-l/5.4.5-5,  5.5.8-l/5.5.8-3
Pulsations, use in augmentation of heat transfer, 2.5 .l l-8
Pushkina and Sorokin correlation, for flooding in vertical tubes,

2.3.2-22
P-ET  correlations, for pure fluids, 5.1.2-l/5.1.2-4
Pyramid, free convective heat transfer from, 2.5.7-25

Quality, in multiphase flows:
flow quality, 1.2.1-1,2.3.14,  2.7.3-l
static quality, 1.2.1-1, 2.3.1-4

Radiant heat exchanger, 2.9.84
Radiating fin, 2.9.8412.9.8-6
Radiation:

diffusion method, for calculation of nonisothermal gas
radiation, 2.9.7-S/2.9.7-6

effect in film boiling, 2.7.2-15
effect on heat transfer in packed beds, 2.8.3-2
heat transfer coefficient, 2.9.8-2
in heat transfer from fluidized beds, 2.8.4-3,2.8.4-612.8.4-7
models for, in furnaces, 3.11.7-I/3.1  1.7-5
networks, 2.9.3-8/2.9.3-10

with a gas, 2.9.64
numerical calculation of flows involving, 1.4.3-3
(See also  Radiative heat transfer)

Radiation shields, in radiation heat transfer, 2.9.3-12/2.9.3-13
Radiative heat transfer:

acting with conduction and convection, 2.9.8-l/2.9.8-10
combined phenomena in, 2.9.8-l
around hollow cylinder, 2.9.8-612.9.8-7
in molecular gas convection, 2.9.8-7/2.9.8-10
in radiant heat exchanger, 2.9.84
from radiating fin, 2.9.84/2.9.8-6
radiation coupled transient heating or cooling,

2.9.8-312.9.84
thermal network analysis of, 2.9.8-l/2.9.8-3

gas radiation properties, 2.9.5-l/2.9.5-13
equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.S11/2.9.5-12
measurement of, 2.9.5-212.9.5-4
molecular, 2.9.5-8/2.9.5-11
physics, of, 2.9.5-4
spectral, band and total property definitions,

2.9.54/2.9.5-8
in furnaces, 3.11.3-l/3.11.7-6
introduction to, 2.9.1-1/2.9.1-S

blackbody radiation, 2.9.1-3/2.9.1-F?
radiant intensity and flux, 2.9.1-2/2.9.1-3
thermodynamic surfaces and surface systems,

2.9.1-112.9.1-2
nonisothermal  gas radiation, 2.9.7-l/2.9.7-13
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Radiative heat transfer, nonisothermal gas radiation (Cont.):
differential formulations for, 2.9.7-S/2.9.7-8
equation of transfer for, 2.9.7-112.9.1-2
geometric considerations, 2.9.7-2/2.9.7-3
molecular gas radiation in, 2.9.7-10/2.9.7-13
slab geometry, 2.9.7-312.9.7-5
spectral considerations and scaling approximations in,

2.9.7-812.9.7-10
radiation transfer between perfectly diffuse surfaces,

2.9.3-112.9.3-17
diffuse-walled passages, 2.9.3-1312.9.3-16
radiation network, 2.9.3-8/2.9.3-10
radiosity-irradiation formulations, 2.9.34/2.9.3-8
refractory surfaces, 2.9.3-8
selected working relations for, 2.9.3-10/2.9.3-13
shape factors for, 2.9.3-l/2.9.34

radiation transfer between specular and imperfectly diffuse
surfaces, 2.9.4-l/2.9.4-11

mirror-image concept, 2.9.4-l/2.9.4-2
Monte Carlo algorithms, 2.9.4-2/2.9.4-5
rough walled passages, 2.9.4-g/2.9.4-10
specular and imperfectly diffuse surfaces, 2.9.4-l
specular walled passages, 2.9.4-5/2.9.4-7
surface models, 2.9.4-712.9.4-g

surface radiation characteristics, 2.9.2-l/2.9.2-20
absorption and emission characteristics, 2.9.2-l/2.9.2-3
approximations, 2.9.2-10/2.9.2-12
electromagnetic theory and the Fresnel relations,

2.9.2-7/2.9.2-10
polarization, 2.9.2-12/2.9.2-15
radiation characteristics in thermal design,

2.9.2-1512.9.2-20
reflection and transmission characteristics,

2.9.2-312.9.2-7
between surfaces and isothermal gas, 2.9.6-l/2.9.6-9

calculation of, 2.9.6-4/2.9.6-8
heat transfer at black wall, 2.9.6-l
mean beam length concept for, 2.9.6-2/2.9.6-3
Monte Carlo solutions for, 2.9.6-8/2.9.6-g
radiation network in, 2.9.6-4
radiosity-irradiation formulation for gas filled enclosure

wall, 2.9.6-312.9.64
wall layer transmission in, 2.9.6-3

Radiators, automotive, construction, 4.4.3-5/4.4.3-7
Radiometers, application in gas radiation property measurement,

2.9.5-3
Radiosity, Stephan�s law for, 2.9.1-3
Radiosity-irradiation formulations in radiative heat transfer,

2.9.34/2.9.3-8
for gas-filled enclosure wall, 2.9.6-3/2.9.6-4

Ramen  heat exchanger (see Lamella  heat exchanger)
Raoult�s law for partial pressure, 2.7.6-I
Rating of heat exchangers, 3.1.3-2, 3.3.4-l

computer program structure for, 3.1.3-3
Rayleigh  instability, in free convection, 2.5.8-2
Rayleigh  number, 1.2.3-4,2.2.1-16,  2.2.2-6

critical, for instability in free convection: in enclosures heated
from below, 2.5.8-3/2.5.8-6

in horizontal layers, 2.5.8-2/2.5.8-3
in free convection over immersed bodies, 2.5.7-3

Reay, D., 3.13.7-l/3.13.7-3
Reboilers:

approximate overall coefficients in, 2.1.2-3
shell-and-tube, 3.6.1-l/3.6.5-6

calculation procedures for, 3.6.5-l/3.6.56
pressure drop in, 3.6.3-l

special design considerations for, 3.6.4-l/3.6.44
thermal design of, 3.6.2-l/3.6.2-10

as type of heat exchanger, 1.1.5-2
(See also Boilers)

Reciprocal mode integrating sphere, for reflection and
transmission measurements in radiation, 2.9.2-7

Rectangles:
closed form solutions for mean beam lengths between,

2.9.64
radiative heat transfer shape factors for opposite and

adjacent, 2.9.3-3
table of mean beam lengths, 2.9.6-5

Rectangular ducts:
combined free and forced convective heat transfer in,

2.5.10-11, 3.9.5-l/3.9.3-3
critical heat flux in flow boiling in, 2.7.3-20
laminar flow in, 2.2.2-712.2.2-g
radiative heat transfer along, 2.9.3-16/2.9.3-17
turbulent flow in, 2.2.2-10

Rectangular enclosures, free convective heat transfer in:
when heated and cooled on vertical sides, 2.5.8-6/2.5.8-13
when heated from below, 2.5.8-3/2.5.8-6

Rectangular fins, for plate fin exchangers, 3.9.3-l
Redlich-Kwong and Redlich-Kwong-Soave equations of state,

5.1.24
application to hydrocarbons, 5.2.2-115.2.2-2

Reduced pressure, correlations for pool boiling using,
2.7.2512.7.2-7

Re-entrance cavities, for enhancement of boiling, 2.7.9-l/2.7.9-2
Reference temperature:

in calculation of friction factor in circular duct, 2.2.2-7
for laminar flow over flat plates, 2.2.1-23
for turbulent flow over flat plates, 2.2.1-29

Reflectance (see Reflectivity)
Reflection, of thermal radiation, from solid surfaces:

characteristics of, 2.9.2-312.9.2-6
measurement of, 2.9.2-612.9.2-7

Reflectivity, of solid surfaces, 2.9.2-3
measurement of, 2.9.2-612.9.2-7

Reflectometer, heated cavity, 2.9.2-7
Reflux condensers, 3.4.3-2

flooding phenomena in, 2.6.2-9, 3.4.3-213.4.3-3
Refractories, density of, 5.4.1-l/5.4.1-2
Refractory services, 2.9.3-8

in furnaces, 3.11.3-6
heat transfer by radiation between source, sink and,

2.9.3-l l/2.9.3-12
Refrigerant 12:

critical heat flux table for flow of in vertical tube, 2.7.3-29
saturation properties, 3.5.1-21

Refrigerant 13 saturation properties, 5.5.1-21
Refrigerant 21 saturation properties, 5.5.1-22
Refrigerant 22 saturation properties, 5.5.1-22
Regenerative heat exchangers, l.l.l-3/1.1.14

periodic operation of, 1.1.6-l
Regimes of heat transfer, in ducts, single phase flow,

2.5.1-I
Relaminarization, of turbulent flow, 2.2.1-16
Residence times, in dryers:

with non-prescribed material flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.13.5-2

Retrograde behavior, in phase envelope for natural gas,
5.2.14/5.2.1-5

Reynolds number, 2.1.1-3
as limiting criteria for applicability of molecular flux

relationship, 2.1.1-3
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Reynolds number (Cont.):
bubble, 2.3.2-19
definition of, 1.2.3-211.2.3-3

in finned tube bundles, 2.5.3-11
in condensation on vertical surface, 2.6.2-3
in cross flow over tube banks, 2.2.4-112.2.4-12,

2.5.3-l/2.5.3-8,3.3.7-1/3.3.7-4
particle, fixed beds, 2.2.5-2

fluidized beds, 2.2.6-2
shell-side, in shell-and-tube heat exchangers, 3.3.5-16
in two-phase gas-liquid flow, 2.3.2-10

Rheologically  complex materials, properties of:
disperse compositions, 5.3.1-l/5.3.1-3

nuclear fuel suspensions, 5.3.1-2/5.3.1-3
petroleum, 5.3.1-3
two-component compositions, 5.3.1-l/5.3.1-2

effect of external electric and magnetic fields on,
5.3.8-l/5.3.8-2

lubricants: classification of, 5.3.2- 1
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2

polymers, 5.3.6-l/5.3.7-2
Rheology, shear flow experiments used in, 2.2.8-3
Richardson number, 2.2.1-11
Ring cells, in free convection, 2.5.8-2
Ring stiffness, in shell-and-tube heat exchangers, 4.1.2-8/4.1.2-g
Rod bundles:

critical heat flux in flow in, 2.7.3-21/2.7.3-22
turbulent longitudinal flow in, 2.2.2-10

Rohsenow correlation, for nucleate boiling, 2.7.24
application in forced convection boiling in vertical tubes,

2.7.3-712.7.3-8
Roll cells, in free convection, 2.5.8-2
Roller expansion, of tubes into tube sheets, 4.2.6-6/4.2.6-7
Room, thermal network for combined radiation and convection

in, 2.9.8-3
Rossby number, 2.2.1-11
Rotary dryer, 3.13.24

practical design of, 3.13.7-2
Rotating drums, heat transfer to particle bed in, 2.8.34/2.8.3-5
Rotation, as device for heat transfer augmentation, 2.5.11-4,

2.5.11-8
Roughness, surface:

in augmentation of condensation, 2.6.6-l/2.6.6-2
in augmentation of heat transfer, 2.5.11-2,25.11-3/2.5.114
as enhancement device in boiling, 2.7.9-2
completely rough surface, 2.2.2-2
effect in flow in fixed beds, 2.2.54
effect on flow over cylinders, 2.2.3-6
effect in pool boiling: critical heat flux, 2.7.2-13

nucleate boiling, 2.7.2-312.7.2-8
effect on pressure drop in tube banks, 2.2.4-14/2.2.4-15
effect on skin friction in turbulent flow over flat plate,

2.2.1-29
effect in transition flow over flat plate, 2.2.1-25
radiative heat transfer from, 2.9.4-7/2.9.4-10
values for commercial surfaces, 2.2.24

Rough walled passages, radiative heat transfer down,
2.9.4-g/2.9.4-10

Ruiz, C., 4.1.1-l/4.1.8-3

S
Saddle supports, for heat exchangers, as source of assymetric

loading, 4.1.2-2/4.1.2-g

Sand roughness, equivalent, 2.2.1-29/2.2.1-30
Sardesai, R. G., 2.6.4-l/2.6.4-7
Saturated boiling:

in pool boiling, 2.1.2-l/2.7.2-17
in vertical tubes, 2.7.3-10/2.7.3-12

nucleate, 2.7.3-10/2.7.3-11
two-phase forced convective, 2.7.3-11/2.7.3-12

Saturated fluids, tables of physical properties, 5.5.1-l/5.5.140
Saturation pressure, 2.7.1-1
Saturation temperature, 2.7.1-l
Saunders, E. A. D., 4.2.1-l/4.2.6-13
Scaling approximations, in nonisothermal gas radiation,

2.9.7-8/2.9.7-10
narrow band scaling: the Curtis Godson approximation,

2.9.7-812.9.7-g
wide-band scaling, 2.9.7-g/2.9.7-10

Scattering bed models, for radiative heat transfer from surfaces,
2.9.4-812.9.4-g

Scattering coefficient, 2.9.5-2
Schack  wide-band model, for gas radiation properties, 2.9.5-6
S&hinder,  E. U., 2.1.1-l/2.1.7-8,  3.13.1-1/3.13.6-l
Schliinder eqslations:

for developing laminar flow, 2.5.1-2
for gas conduction in packed beds, 2.8.3-l

Schmidt number, 1.2.34
Schrock and Grossman correlations, for forced convective heat

transfer in two-phase flow, 2.7.3-8
&hunk, M., 5.1.1-1/5.1.5-3,5.4.1-l/5.4.4-6
Schwier, K., 5.5.3-l/5.5.3-5
Scraped surfaces:

in augmentation of heat transfer, 2.5.11-3
heat exchangers, description of, 3.1.2-6
in heat exchangers, 1.1.4-2
heat transfer coefficients with, 3.14.34/3.14.36
mechanical design for, 4.4.4-514.4.4-6

Scaling devices, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Seider-Tate equation, for heat transfer in heat exchangers, 3.3.2-2
Selection of heat transfer equipment:

for condensation duty, 3.4.2-l/3.4.2-4
dryers, 3.13.2-l/3.13.2-4
for evaporation, 3.5.5-l/3.5.5-2
general introduction to, 3.1.2-l/3.1.26
reboilers, 3.6.1-2/3.6.1-6

selection table, 3.6.1-6
Semiconductors, thermal conductivity, 5.4.3-3
Separated flow model:

application to stratified flow prediction, 2.3.2-2312.3.2-24
conservation equations for: in gas-liquid flow, 2.3.2-8/2.3.2-g

in multiphase flows, 2.3.1-6/2.3.1-7
Separators, for use in association with evaporators,

3.5.4-l/3.5.4-2
Series solutions, for one-dimensional transient conduction,

2.4.3-112.4.3-7
Serrated fins, in plate fm heat exchangers, 3.9.3-l
Shah correlation, for boiling in horizontal tubes, 2.7.4-5
Shape factor, in radiative heat transfer between diffuse surfaces,

2.9.3-l J2.9.34
Shear flow, of non-Newtonian fluids, 2.2.8-l/2.2.8-3
Shear free flow, of non-Newtonian fluids, 2.2.8-3/2.2.8-6
Shear rate, in fluid, 2.2.8-l

Shear stress:
distribution of wall, in flow over single cylinder, 2.2.3-5
interfacial effect on filmwise  condensation: on vertical

surfaces, 2.6.2-512.6.2-7
turbulent, in pipe flow, 2.2.2-5

Shelf dryer, 3.13.2-4
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Shell-and-tube heat exchanger:
application of low-fin tubes in, 3.3.11-2/3.3.11-3
approximate overall coefficient in, 2.1.2-3
approximate siring of, 3.1.4-l/3.1.4-9

basic design equation for, 3.1.4-9
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference, 3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-313.1.46
estimation of surface area, 3.1.4-6/3.1.4-7
example of, 3.1.4-7/3.1.4-g

baffle leakage in, numerical calculation of, 1.4.2-3
condensation in, 3.4.1-1/3.4.1-S
corrosion and other damage of, 4 .5.3-l/4.5.3-7
description of 3.1.2-2/3.1.2-3
F-factor and &NTU  charts for, 1.5.2-l/1  5.2-15

E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-8
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

F-type shells, thermal leakage in, 1.5.2-14/1.5.2-15
introduction to design features, 1.1.5-l/1.1.5-2
materials of construction, 4.5.2-114.5.2-6
mechanical design: basic principles, 4.1.1-l/4.1.8-3

constructional features of, 4.2.1-l/4.2.6-13
design codes for, 4.3.1-l/4.3.5-11
example of calculations, 4.3.6-l/4.3.6-23

multipass, 1.1.1-2
non-uniform heat transfer in, 2.1.4-l/2.1.4-3
numerical solutions for: with flow pattern calculation,

1.4.2-l/1.4.24
with prescribed flow patterns, 1.4.1-l/1.4.1-6

pressure drop in headers, nozzles and turnarounds in,
2.2.7-112.2.7-l 1

thermal design, 3.3.1-l/3.3.11-5
auxiliary calculations, 3.3.6-l/3.3.6-11
calculation of shell-aide heat transfer coefficient and

pressure drop, 3.3.8-l/3.3.8-3
extension to other shell, baffle and tube bundle

geometries, 3.3.11-l/3.3.11-3
ideal tube-bank correlations for, 3.3.7-l/3.3.7-4
input data and recommended practices, 3.3.5-l/3.3.5-17
objectives and background, 3.3.1-l/3.3.1-2
performance evaluation when geometry specified,

3.3.9-113.3.96
practices of design, 3.3.4-1/3.3.4-S
procedures for segmentally baffled exchangers,

3.3.10-l/3.3.10-8
recommended method: principles and limitations,

3.3.3-113.3.3-5
survey of shell-side flow correlations, 3.3.2-l/3.3.26

Shells, for shell-and-tube heat exchangers:
costing, 4.8.2-l/4.8.2-5
inside diameter: metric practice for, 3.3.5-3

U.S. practice for, 3.3.5-?
materials of construction, 4.5.2-l/4.5.2-2
mechanical design: analytical basis for codes, 4.3.3-l

basic principles, 4.1.3-1
constructional features of, 4.2.6-l
index to U.S., U.K., and F.R.G. codes for, 4.3.2-2/4.3.2-3
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Shell-to-baffle clearance, in shell-and-tube heat exchangers,
3.3.5-13/3.3.5-14

Sherwood number, 1.2.3-2,2.1.5-2
in particle-to-fluid mass transfer in fixed beds, 2.5.4-l/2.5,4-6

Shipes,  K. V., 4.4.1-114.4.1-7
Short-tube vertical evaporator, 3.5.2-l
Shulman, 2. P., 5.3.1-l/5.3.8-3
Silver method, for calculation of multicomponent condensation,

2.6.3412.6.3-5
Similarity, theory of, 2.2.1-10/2.2.1-13
Simultaneous heat and mass transfer (see Heat and mass transfer,

combined)
Singham, J. R., 3.12.1-l/3.12.64
Single-phase convective heat transfer (see Convective heat

transfer, single-phase)
Single-phase fluid flow:

in ducts and fittings, 2.2.2-112.2.2-25
in fixed beds, 2.2.5-l/2.2.5-5
over immersed bodies, 2,2.3-l/2.2.3-9
introduction and fundamentals, 2.2.1-l/2.2.1-35
in headers, nozzles and turnarounds, 2.2.7-1/2.2.7-l  1
in tube banks, 2.2.4-112.2.4-17

Singularities, two-phase gas-liquid pressure drop across,
2.3.2-1512.3.2-18

bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-1712.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contraction, 2.3.2-1612.3.2-17
sudden enlargement, 2.3.2-16

Sink, in radiation:
heat transfer between source, refractory and,

2.9.3-l l/2.9.3-12
heat transfer from source to, 2.9.3-10/2.9.3-11

Skin friction coefficient, 2.2.1-20
in flow over cylinders, 2.2.3-5
in flow over tube banks, 2.2.4-312.2.4-5
Ludwieg-Tillman  formula for, 2.2.1-26
Stratford formulas for, in boundary Layers, 2.2.1-21
in turbulent flow over flat plates, 2.2.1-29

Slab:
heat transfer in cooling of, 2.1.3-l/2.1.3-2
leaching process in, 2.1.5-2
radiative heat transfer in non-isothermal gas in,

2.9.7-3/2.9.7-5,2.9.7-1012.9.7-13
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-112.4.3-7
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
Slip ratio (see Velocity ratio)
Slot, radiative heat transfer along, 2.9,3-15/2.9.3-16
Slug flow:

hydrodynamics of, 2.3.2-2412.3.2-25
mechanism of critical heat flux in, 2.7.3-22
regions of occurrence of, in gas-liquid flow in horizontal

tubes, 2.3.2-l/2.3.2-5
Slugging, in fluidized  beds, 2.2.6-l
Smith, R. A., 3.5.1-l/3.5.8-3
Smoluchowski effect, 2.1.1-2
SnelI�s  law, in radiation, 2.9.2-9
Solar absorber, 2.9.2-1512.9.2-16
Solar reflector, 2.9.2-16
Soldered fins,  in double pipe exchangers, 3.2.5-l
Solid fuels, properties of, 3.11.3-3
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Solid-gas flow:
flow patterns in, 2.3.3-2
free-fall velocity in, 2.3.3-3
pressure drop in, 2.3.3-2,2.3.34/2.3.3-g
principles of pneumatic conveyance by, 2.3.3-l/2.3.3-2

horizontal pipes, 2.3.3-I/2.3.3-2
inclined pipes, 2.3.3-2
vertical pipes, 2.3.3-l

velocity ratio in, 2.3.34
Solidification, heat conduction in, 2.4.4-l/2.4.4-2
Solid-liquid flow:

flow patterns in, 2.3.4-112.3.4-2
pressure drop in, 2.3.4-2/2.3.4-6
principles of hydraulic conveyance, 2.3.4-l

Solids:
as constituents in multiphase flows, 2.3.1-1
physical properties, 5.4.1-1/5.4.5-S

density, 5.4.1-l/5.4.1-2
elastic properties, 5.4.5-1/5.4.5-S
em&iv&y, 5.4.4-l/5.4.44
specific heat, 5.4.2-l/5.4.2-2
thermal conductivity, 5.4.3-l/5.4.3-3

total emissivities, 3.11.3-6
Solids circulation, in fluidized beds, 2.2.6-612.2.6-7
Sound velocity:

in ideal gas, 2.2.1-8
in two-phase gas-liquid flow, 2.3.2-27

Source, in radiation:
radiative heat transfer between refractory, sink and,

2.9.3-l l/2.9.3-12
radiative heat transfer between sink and, 2.9.3-10/2.9.3-l 1

Spacers, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Spalding,D.  B., 1.1.1-l/1.4.3-6
sparging:

for agitation of vessels, 3.1.4-2
of reboilers, 3.6.4-3

Specific enthalpy, 1.2.1-1
of saturated liquids and vapors, 55.1-l/5.5.1-40
of superheated gases, 5 .S .2-1/5.5.2-l  1

Specific entropy, of superheated gases, tables of, 5.5.2-1/5.5.2-l  1
Specific heat (see Specific heat capacity)
Specific heat capacity, 1.2.1-2/1.2.1-3

in polymers, 2.5.12-8,5.3.6-2
in pure fluids, 5.1.3-4/5.1.3-7
of liquid water, 5.5.3-2
of multicomponent mixtures, 5.2.3-8/5.2.3-g
of saturated liquids and vapors, 5.5.1-l/5.5.1-5
of solids, 5.4.2-l/5.4.2-2

Specific internal energy, 1.2.1-1
Specific volume:

of polymers, 5.3.6-2
of superheated gas, tables of, 5.5.2-1/5.5.2-l  1
of the gas phase, 5.1.2-2/5.1.2-3
of the liquid phase, 5.1.2-l

Spectral absorptivity:
in gases, 2.9.5-S
of metals at room temperatures, 2.9.2-l l/2.9.2-12

Spectral emissivity, in gases, 2.9.5-S
Specular surface, 2.9.4-l

radiative heat transfer between imperfectly diffuse surfaces
and, 2.9.4-l/2.9.4-11

Specular-walled passages, radiative heat transfer in,
2.9.4-512.9.4-7

with adiabatic sides, 2.9.4-612.9.4-7
with isothermal sides, 2.9.4-S/2.9.4-6
with non-isothermal sides, 2.9.4-6

Spheres:
characteristics of, as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-l/2.5.9-6
in transverse flow, 2.5.9-6
in vertical flow, 2.5.9-l/2.5.94

concentric, free convective heat transfer in, 2.5.8-16
drag coefficients for, 2.2.3-2
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.2-8,  2.5.4-l/2.5.4-7
free convective heat transfer from, 2.5.7-24/2.5.7-25
heat transfer to beds of moving, agitated and vibrated,

2.8.3-312.8.3-8
single-phase forced convection heat transfer to,

2.5.2-5/2.5.2-8,2.5.4-l
combined correlation for, 2.5.2-5,2.5.4-l
in restricted channel, 2.5.2-S

transient conduction in, 2.4.3-l/2.4.3-10
numerical methods for, 2.4.3-8/2.4.3-10
series solutions for, 2.4.3-l/2.4.3-7
solutions using internal heat transfer coefficient,

2.4.3-712.4.3-8
Spherical shells:

mechanical design, of, 4.1.3-l/4.1.3-2
steady-state thermal conduction in, 2.4.2-l/2.4.2-3

Spheroids (oblate and prolate), free convective heat transfer
from, 2.5.7-25

Spine fins:
efficiency, 2.5.3-9
in plate fin exchangers, 3.9.3-l

Spiral heat exchanger:
approximate overall heat transfer coefficients in, 2.1.24
description of, 3.1.2-3/3.1.24
mechanical design of, 4.4.44/4.4.4-S

Spray dryers, 3.13.7-2/3.13.7-3
Sprays, in heat exchangers, 1.1.4-2
Square ducts:

laminar flow in, 2.2.2-7/2.2.2-g
roughened wall, radiative heat transfer along, 2.9.4-g/2.9.4-10

Stable equilibrium, of vapor and liquid, 2.7.1-I
Staggered tube banks:

application in shell-and-tube heat exchangers, 3.3.5-S
correlations for heat transfer in, 2.5.3-l/2.5.3-16

tinned tubes, 2.5.3-l 1
plain tubes, 2.5.3-2

drag coefficients for tubes in, 2.2.44
pressure drop in, with plain tubes, 2.2.4-8/2.2.4-g

correction factors for overall number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
pressure drop with finned tubes, 2.2.4-13/2.2.4-14

Stagnant packed beds (see Fixed beds)
Stainless steels:

as materials of construction, 4.5.2-314.5.24
austenitic, 4.5.24
ferritic, 4.5.2-314.5.24

spectral characteristics of reflectance from oxidized surface
of, 2.9.2-15

Stanton number, 1.2.3-1, 2.2.1-11
startup:

of heat pumps, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

State diagram, for fluidized beds, 2.2.6-2
Static mixer inserts, as enhancement device in condensation,

2.6.6-3
Static quality (see Quality)
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Steels, as material of construction, 4.5.2-214.5.24
austenitic stainless, 4.5.24
carbon steel, 4.5.2-214.5.2-3
ferritic stainless, 4.5.2-3/4.5.24
low alloy steels, 4.5.2-3

Stefan-Boltzmann constant, 2.9.1-3
Stefan�s law, for blackbody radiation, 2.9.1-3
Stegmaier, W., 2.3.3-l/2.3.3-10
Stephan and Korner correlation, for boiling of binary mixtures,

2.7.7-2
Stephan-Maxwell equations for diffusion, 2.1.5-1
Stirred beds, heat transfer to, 2.8.34
Stirred reactor model, for furnaces, 3.11.4-l/3.11.4-6
Stirred tanks (see Agitated vessels)
Straight fins (longitudinal fins)

application in double-pipe heat exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.3-l/3.2.3-3

Stratfords method, for solution of boundary layer equations,
2.2.1-21

Stratification, in gas-liquid flow (see Stratified flow)
Stratified flow:

as source of dryout in evaporative heat transfer,
2.7.4-l/2.7.44

in bends, 2.7.4-212.7.4-3
in helical coils, 2.7.4-312.7.44
in horizontal tubes, 2.7.4-l/2.7.4-2

prediction of, in horizontal and inclined tubes,
2.3.2-2312.3.2-24

regions of occurrence of: in condensation, 2.3.2-7
in horizontal tubes, 2.3.2-212.3.24
in inclined tubes, 2.3.24/2.3.2-S
in shell-and-tube heat exchangers, 2.3.2-512.3.2-6

Stream analysis methods, for shell-side heat transfer and pressure
drop in shell-and-tube heat exchangers, 3.3.2-313.3.2-6

Stress equation models, for turbulent boundary layers, 2.2.1-29
Stresses:

allowable, comparison of codes for, in mechanical design of
heat exchangers, 4.3.4-l

types of, in heat exchangers, 4.1.1-l/4.1.1-2
Stress tensor:

in non-Newtonian fluids, 2.2.8-2
in single phase fluid flow, 2.2.1-2
in turbulent flow, 2.2.1-15

Stress-strain curve, for solids, 5.4.5-215.4.5-3
Strouhal number, 2.2.3-3

values for: banks of tubes, 2.2.4-1512.2.4-16
flow over blunt bodies, 2.2.3-7
flow over single cylinders, 2.2.34,2.2.4-l

in vortex shedding as source of tube vibration, 4.6.4-l/4.6.4-2
Subchannel  analysis, for critical heat flux in rod bundles, 2.7.3-21
Subcooled boiling:

in pool boiling, 2.7.2-l/2.7.2-17
in vertical tubes, 2.7.3-512.7.3-10

fully developed, 2.7.3-712.7.3-8
onset of, 2.7.3-512.7.3-7
partial, 2.7.3-8/2.7.3-g
single phase convection, 2.7.3-5
void fraction in, 2.7.3-912.7.3-10

Subcooling:
in condensers, 3.4.64
of liquid: effect on critical heat flux, 2.7.3-13

effect on forced convective boiling, 2.7.3-S/2.7.3-10
effect on pool boiling: critical heat flux,

2.7.2-1212.7.2-13
nucleate boiling, 2.7.2-9

of vapor in condensation, 2.6.7-l
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Sublayer, viswus, 2.2.2-l
Suction:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flat plate, 2.2.1-30
effect on laminar flow over flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.11-3,25.11-g

Sudden contractions (see Contraction)
Sudden enlargements (see Enlargement)
Superficial velocity, in multiphase flow, 2.3.14
Superheated liquid, in metastable state, 2.7.1-l
Superheated gases, thermodynamic properties of,

5.5.2-l/5.5.2-11
Superheated vapor, condensation of, on vertical surface, 2.6.2-3
Supersaturation, as cause of fogging in condensers:

conditions producing, 2.6.7-212.6.7-3
description of, 2.6.7-l

Supports, for heat exchangers (see Saddle supports, Bracket
supports)

Suppression of nucleate boiling, 2.7.3-1012.7.3-11
Surface condensers, 3.4.3-5
Surface finish:

effect in pool boiling:
critical heat flux, 2.7.2-13
nucleate boiling, 2.7.2-312.7.2-8

(See also Roughness, surface)
Surface, hydraulically smooth, 2.2.2-l
Surface models, in radiative heat transfer, 2.9.4-712.9.4-g

diffraction models, 2.9.4-712.9.4-8
geometric optics models, 2.9.4-8
scattering bed models, 2.9.4-812.9.4-g

Surface roughness (see Roughness, surface)
Surface tension:

devices depending on, for heat transfer augmentation,
2.5.11-2

methods of estimating, 5.1.5-l/5.1.5-2
in mixtures of fluids, 5.2.4-l/5.2.4-3
tables of, for saturated fluids, 5.5.1-l/5.5.140

Sutherland formula, for viscosity variation with temperature,
2.2.1-9

Sutterby fluid (non-Newtonian), free convective heat transfer to,
2.5.7-11

Swirling flow, in augmentation of heat transfer, 2.5.11-2

T
Taborek, J., 1.5.2-l/1.5.3-12,  3.3.1-1/3.3.11-S
Taitel and Dukler flow regime map, for horizontal and inclined

gas-liquid flows, 2.3.2-312.3.24
Tapes, twisted (see Twisted tapes)
Teflon, use in heat transfer enhancement:

in boiling, 2.7.9-l
in condensation, 2.6.6-l

TEMA (Tubular Exchanger Manufacturers Association):
example of calculation of mechanical design of TEMA type

AJS, 4.3.6-l/4.3.6-23
mechanical design standards, 4.3.1-2/4.3.1-3

index to, 4.3.2-1/4.3.2-l  1
recommended baffle characteristics in segmentally baffled

exchangers, 3.3.5-8
specification sheet for exchanger, 3.3.4-2
standards, 3.3.1-1
type designation system, 4.2.2-l/4.2.2-3

Temperature-dependent physical properties (see Physical
properties, variation with temperature)
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Temperature distribution:
in condensation, 2.6.1-2
in fixed beds: in stagnant conditions, 2.8.1-l/2.8.1-2,

2.8.1-10/2.8.1-14
with flow-through bed, 2.8.2-l/2.8.2-2,2.8.2-7

series  solutions for, in transient conduction, 2.4.3-l/2.4.3-7
Ternary  mixtures, diffusion and mass transfer in, 2.154
Testing and inspection of heat exchangers:

certification, 4.7.7-l
cleanliness and storage, 4.7.9-l
constructions, 4.7.5-l
fittings, 4.7.8-l
materials, 4.7.2-l
nondestructive testing, 4.7.6-114.7.6-2
objectives of, 4.7.1-l/4.7.1-2
preparation and dispatch, 4.7.10-l
stages of inspection, 4.7.4-l
welding, 4.7.3-l

Thermal conduction (see Conduction, heat)
Thermal conductivity:

effective, in fixed beds: with flow, 2.8.2-2/2.8.2-S
with no flow (stagnant), 2.8.1-l/2.8.1-14

effective, of wicks in heat pipes, 3.10.3-l
of liquid water, 5.5.3-3
of multicomponent mixtures, 5.2.3-715.2.3-8
of polymers, 2.5.12-2
of pure fluids, 5.1.4-5/S  .1.4-7

gases, 5.1.4-S/5.1.46
liquids, 5.1.4-7

of rheologically  complex materials, 5.3.1-l/5.3.2-3
of saturated vapors and liquids, 5.5.1-l/5.5.140
of solids, 5.4.3-l/5.4.3-3

electrical conductors, 5.4.3-215.4.3-3
electrical insulators, 5.4.3-l/5.4.3-2
semiconductors, 5.4.3-3
tables of, 5.5.6-l/5.5.64

of typical tube materials in heat exchangers, 3.3.5-5
Thermal contact resistance, 2.4.6-l/2.4.64
Thermal design, constructional features affecting, in

shell-and-tube heat exchangers, 3.1.1-l/3.1.4-9,
4.2.5-114.2.5-23

Thermal diffusivity of liquid water, 5 5.3-S
Thermal expansion, effect of, in shell-and-tube heat exchangers,

3.3.44
Thermal expansion coefficient:

in gases, 5 .1.2-3
of liquid water, 5.5.3-3
in liquids, 5.1.2-2
in saturated liquids, tables of, 5.5.1-l/5.5.140

Thermal leakage in F-type shell-and-tube heat exchangers,
1.5.2-14/1.5.2-15

Thermal mixing in plate heat exchangers, 3.7.1 l-1/3.7.1  l-2
Thermal network analysis of radiation acting with conduction

and convection, 2.9.8-l/2.9.8-3
Thermal stress:

in heat exchanger shells, 4.1.3-2
numerical methods in the production of, 1.4.24
in tube plates, 4.1.44

Thermodynamic properties:
of saturated fluids, 5.5.1-l/5.5.140
of superheated gases, 5.5.2-l/5.5.24

Thermodynamic surface in radiative heat transfer,
2.9.1-l/2.9.1-2

Thermoexel surface, for enhancement of boiling,
2.7.9-l/2.7.9-2

Thermosiphon, as form of heat pipe, 3.10.1-l

Thermosiphon reboilers (see Vertical thermosiphon reboilers,
Horizontal thermosiphon reboilers)

&NTU method:
application to single pass counter and cocurrent flow

exchangers, 1.3.1-2/1.3.1-4,1.5.2-l/1.5.2-2
charts and equations for heat exchanger design,

1.5.2-211.5.3-12

for counter flow, 1.5.2-2
cross flow (both streams mixed), 1.5.3-3

four tube rows, four passes, unmixed, 1.5.3-I 1
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 15.34
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-S
two tube rows, two tube passes, unmixed, 1.5.3-9

E-shell  with even number of passes, 1.5.2-S
five E-shells  in series, 1.5.2-g
four E-shells  in series, 1.5.2-8
GsheU, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
single pass cocurrent, 1.5.2-3
six E-shells  in series, 1.5.2-10
three E-shells  in series, 1.5.2-7
two E-shells  in series, 1.5.2-6

for calculation of heat exchangers, 1.2.4-5, 1.5.2-l/1.5.3-12
Thickness of boundary layers (displacement, momentum,

energy, density, temperature), 2.2.1-20
Three-phase flows:

classification, 2.3.1-2
gas-liquid-liquid, 2.3.1-2
gas-liquid-solid, 2.3.1-2
solid-liquid-liquid, 2.3.1-2

Thwaites method for solution of boundary layer equations,
2.2.1-21

Tie rods in shell-and-tube heat exchangers, 4.2.5-814.2.5-g
Tinker method for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-313.3.2-6
Titanium as material of construction, 4.5.2-S
T-junctions, loss coefficients in, 2.2.2-20
Toluene saturation properties, 5.5.1-12
Tong F-factor method, for critical heat flux with nonuniform

heating, 2.7.3-1912.7.3-20
Toroidal  shells,  mechanical design, 4.1.3-2
Total emissivity in gases, 2.9.5-5
Transcendental equations in transient conduction, 2.4.34
Transient behavior:

in free convective heat transfer on vertical plates,
2.5.7-912.5.7-10

of heat exchangers, 1.1.6-1
in radiation-coupled heating or cooling, 2.9.8-3/2.9.84

Transition boiling:
in binary and forced convective boiling, 2.7.7-5
in forced convection over vertical surfaces, 2.7.3-30
in pool boiling, 2.7.2-13

Transition flow, heat transfer in free convective flow over
vertical surfaces in, 2.5.74/2.5.7-S

Transmission of thermal radiation in solids:
characteristics, 2.9.2-312.9.2-6
measurement, 2.9.2-612.9.2-7

Transmissivity of solids:
definition, 2.9.2-3
measurement, 2.9.2-612.9.2-7

Transport phenomena, approximate model for in dilute gases,
2.1.1-1
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Transport properties:
of pure fluids, 5.1.4-l/5.1.4-7
turbulent, 2.1.1-3

Transverse flow, combined free and forced convection in,
2.X94/2.5.96

Treated surfaces, for augmentation of heat transfer, 25.1 l-l
Triangular duct:

laminar flow in, 2.2.2-9
laminar heat transfer in, 3.95-l/3.9.5-3

Triangular fins, in plate fin exchangers, 3.9.3-l
Triangular relationship, in ammlar gas-liquid flow, 2.3.2-20
Triple interface (gas/solid/liquid), 2.3.1-2
Trouton�s rule, for heat of vaporization, 5.1.3-3
Truelove, J. S., 3.11.1-l/3.11.7-6
True temperature difference, in double pipe exchangers, 3.2.34
Tube-baffle damage, in heat exchangers, 4.5.3-3
Tube banks, finned:

application in kettle reboilers,  3.6.2-6
mechanical design, in air cooled heat exchangers,

4.4.1-214.4.1-5
single-phase flow and pressure drop in, 2.2.4-13/2.2.4-15

correlation for pressure drop for staggered banks with
annular (ring shaped) fins, 2.2.4-13/2.2.4-14

correlation for staggered banks with helical fins, 2.2.4-14
single-phase heat transfer in, 2.5.3-6/2.5.3-16

comparison of experimental data and correlations for,
2.5.3-13/2.5.3-15

fin efficiency in, 2.5.3-6/2.5.3-11
heat transfer correlations for, with high-finned tubes,

2.5.3-1112.5.3-12
heat transfer correlations for, with low-finned tubes,

2.5.3-1212.5.3-13
types used in air-cooled heat exchangers, 3.8.4-l/3.8.4-2

Tube banks, plain:
boiling on outside of tubes within, 2.7.5412.7.5-7

critical heat flux in, 2.7.5-5/2.7.5-7
heat transfer coefficients in, 2.7.54/2.7.5-5

condensation in horizontal, 2.6.2-10/2.6.2-12
condensation in vertical, 2.6.2-2/2.6.2-10
flow induced vibration in, 4.6.1-l/4.6.6-3
single-phase flow and pressure drop in, 2.2.4-l/2.2.4-12,

3.3.7-l/3.3.74
description of, 2.2.4-l/2.2.4-3
drag and pressure drop in, 2.2.4-3/2.2.4-12,3.3.7-l/3.3.74
Strouhal  numbers in, 2.2.4-15/2.2.4-16

single-phase heat transfer to, 2.5.3-l/2.5.3-8
with liquid metals, 2.5.13-2
single row of tubes, 2.5.3-l/2.5.3-2,2.5.3-3
tuba banks, 2.5.3-212.5.3-8,  3.3.7-l/3.3.74

Tube banks, roughened tubes, effect of roughness on Euler
number in, 2.2.4-1412.2.4-15

Tube bundles:
characteristics of in shell-and-tube heat exchangers,

3.3.4-313.3.44
(See also Rod bundles, Tube banks)

Tube counts, in shell-and-tube heat exchangers:
constructional features affecting, 4.2.5-g/4.2.5-12
simplified equations for, 3.3.5-11/3.3.5-12
tables of, 4.2.5-1314.2.5-23

Tube end attachment, in shell-and-tube heat exchangers:
arc welding: on inner face, 4.2.6-10

on outer face, 4.2.6-8
explosive expansion, 4.2.6-7/4.2.6-8
explosive welding, 4.2.6-814.2.6-10
roller expansion, 4.2.6-614.2.6-7
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Tube-in-plate extended surface configurations, fin efficiency of,
2.5.3-10

Tube plates, in shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
basic mechanical principles of design of, 4.1.4-l/4.1.44

equivalent plates, 4.1.4-1
perforated, stresses in, 4.1.4-3/4.1.44
plates connected by tubes, 4.1.4-2
stresses and edge rotation of unperforated, 4.1.4-l/4.1.4-2
thermal stresses, 4.1.4-4

comparison of codes for, 4.3.4-2
constructional features of, 4.2.6-5/4.2.6X$4.5.3-3
double, constructional features of, 4.2.3-10/4.2.3-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-7/4.3.2-g
materials of construction for, 4.5.2-l

Tubes:
characteristics of, in shell-and-tube heat exchangers,

4.2.5-l/4.2.5-3
bimetal,  4.2.5-2
diameter and thickness, 4.2.5-l
integrally finned, 4.2.5-3
length, 4.2.5-l/4.2.5-2
pitch, 4.2.5-2

circular (see Pipes, circular)
codes for mechanical design of:

analytical basis of, 4.3.3-l
index to U.S., UK., and F.R.G. codes, 4.3.2-3

flow-induced vibration of, 4.6.2-l/4.6.6-3
natural frequency of, 4.6.2-l/4.6.24

materials of construction for, 4.5.2-l
mechanical design characteristics of, 4.1.5-1
noncircular (see Pipes, noncircular)
recommended dimensions of, in shell-and-tube heat

exchangers, 3.3.5413.3.5-5
thermal conductivity of typical materials for, 3.3.5-5

Tubesheets, in shell-and-tube heat exchangers (see Tube plates)
Tube-side passes (see Passes, tube-side)
Tubular Exchanger Manufacturers Association (see TEMA)
Tubular immersion exchangers, 4.4.4-2/4.4.4-3
Tubular reactor, nonuniform heat and mass transfer in,

2.1.4-312.1.44
Tumel  dryer, 3.13.24
Turbine agitators:

axial flow, 3.14.2-2
disk, 3.14.2-l/3.14.2-2
flat blade, 3.14.2-l/3.14.2-2
glass coated, 3.14.2-1
heat transfer in vessels agitated by, 3.14.3-1
pitched blade, 3.14.2-1

Turbine exhaust condensers, air cooled, 3.8.9-2
Turbulence:

characteristics in circular pipe flow, 2.2.2-l/2.2.2-5
effect in film condensation, 2.6.2-4/2.6.2-5
integral scale of, 2.2.1
limitation of phenomenological transport laws by,

2.1.1-3/2.1&I
modeling of, 2.2.1-14/2.2.1-16

in furnace prediction, 3.11.7-2/3.11.7-3
origin of, 2.2.1-16
relaminarization  of, 2.2.1-16

Turbulent boundary layers:
differential methods for, 2.2.1-28/2.2.1-29

large-eddy simulations, 2.2.1-29
one-equation models, 2.2.1-28
stress-equation models, 2.2.1-29
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Turbulent boundary layers: differential methods for (Cont.):
two-cquation  models, 2.2.1-28
zero-equation models, 2.2.1-28

integral methods for, 2.2.1-26/2.2.1-27
Turbulent buffeting, as source of tube vibration, 4.6.4-2
Turbulent energy, integral equation for, 2.2.1-20

dissipation of, 2.2.1-20
production of, 2.2.1-20

Turbulent flow:
in boundary layers, 2.2.1-18
in circular pipes, 2.2.2-l/2.2.2-5
combined free and forced convective heat transfer in channels

in, 2.5.10-6/2.5.10-11
combined radiative and convective heat transfer to,

2.9.8-7/2.9.8-10
in condensation, on vertical surfaces, 2.6.24/2.6.2-5
conservation equations for, 2.2.1-13/2.2.1-14

averaging in, 2.2.1-13
in empty spaces, numerical calculation of, 1.4.3-2
fundamentals of, 2.2.1-13/2.2.1-16
heat transfer in free convective flow over vertical surfaces in,

2.5.74
modeling of, 2.2.1-14/2.2.1-16
of non-Newtonian fluids, 2.2.8-11/2.2.8-12
in noncircular pipes, 2.2.2-g/2.2.2-10
in plate heat exchangers, 3.7.10-2/3.7.10-3
relaminarization in, 2.2.1-16
single-phase heat transfer in ducts in, 2.5.1-5/2.5.1-13

augmentation of, 2.5.11-4/2.5.11-g
concentric annuli, 2.5.1-10/2.5.1-11
in liquid metal systems, 2.5.13-l/2.5.13-2
smooth tubes, 2.5.1-5/2.5.1-g

Turbulent transport properties, 2.1.1-3
Turnarounds, in heat exchangers, 2.2.7-l

pressure losses in, 2.2.7-812.2.7-g
Twisted tapes:

enhancement of boiling heat transfer by, 2.7.9-312.7.94
enhancement of condensation by, 2.6.6-3
as inserts for augmentation of heat transfer, 2.5.11-7/2.5 .l l-8

Two-equation models, for turbulent boundary layers, 2.2.1-28
Two-phase flows:

classification of, 2.3.1-2
liquid-liquid flows, 2.3.1-2
numerical calculation of, 1.4.3-1
(See also Gas-liquid flow, Solid-gas flow, Solid-liquid flow)

Two-shell pas exchanger (see F-shells)

U
& method, 2.1.2-5
Dmethod, 2.1.2-712.1.2-g
Ulinskas, R., 2.2.4-l/2.2.4-17
Unequal baffle spacing, correction factor for, 3.3.6-11
UNIFAC  method, for estimation of thermodynamic properties

of mixtures, 5.2.2-615.2.2-g
tables of constants for use with, 5 .5.4-6/5  5.4-7

Uniform heat flux:
combined free and forced convection in channels with:

horizontal channels, 2.5.10-7/2.5.10-11
vertical channels, 2.5.10-4/2.5.10-7

critical heat flux in vertical tubes with, 2.7.3-12/2.7.3-18
solutions and correlations for free convective heat transfer

within: horizontal and inclined plates, 2.5.7-18
vertical plates, 2.5.7-612.5.7-g

Uniform wall temperature, combined forced and free convection
in channels with:

horizontal channels, 2.5.10-7
vertical channels, 2.5.10-3/2.5.10-4

Uniheads, as form of double-pipe heat exchanger, 3.2.4-l
United Kingdom, mechanical design of heat exchangers in:

guide to national practice, 4.3.5-3
index to BS1500 code, 4.3.2-l/4.3.2-11

United States of America (see U.S.)
Universal laws, for turbulent boundary layers, 2.2.1-25/2.2.1-26

law of the wake of D. Coles, 2.2.1-26
law of the wall, 2.2.1-25
table of, 2.2.1-27
universal velocity profile, 2.2.1-26
velocity defect law of von Karman, 2.2.1-26

Universal velocity profile, 2.2.1-26
Universal velocity defect law, 2.2.2-2
Unsteady flows:

in ducts, 2.2.2-14
over cylinders, 2.2.3-6

Upward facing surfaces, free convective heat transfer from,
2.5.7-1512.5.7-18

U.S., mechanical design of heat exchangers in:
guide to national practice, 4.3.5-2
index to ASME VIII code and TEMA standards,

4.3.2-l/4.3.2-11
Usher, J. Dennis, 3.7.1-1/3.7.12-2,4.4.2-l/4.4.2-8,

4.8.4-l/4.8.4-2
U.S.S.R. Academy of Sciences, tables of critical heat flux data

for water, 2.7.3-1712.7.3-18
U-tube bundles, for shell-and-tube heat exchangers,

3.3.5-12/3.3.5-13,4.2.34
vibration of, natural frequencies in, 4.6.2-3

V
Vacuum condensers, air cooled, 3.8.9-2
Vacuum operation, of reboilers, 3.6.4-3
Valves:

loss coefficients in, 2.2.2-20
open, two-phase gas-liquid flow pressure losses in, 2.3.2-18

van der Waals equation of state, 5.1.2-3/5.1.24
Vaned bends, single-phase flow and pressure drop in,

2.2.2-1612.2.2-17
Vapor belt, in condensers, 3.4.3-5
Vapor blanketing, as mechanism of critical heat flux, 2.7.3-22

in kettle reboilers, 3.6.2-5
as source of accelerated corrosion, 4.5.34

Vapor injection, effect of on boiling heat transfer in tube bundles
bundles, 2.7.5-5

Vaporization, choice of evaporator type for, 3.5.5-l
in plate-fin heat exchangers, 3.9.13-l/3.9.13-2

Vaporization, heat of (see Heat of vaporization)
Vaporizer, double bundle, constructional features,

4.2.3-9
Vapor-liquid disengagement, in kettle reboilers, 3.6.2-6
Vapor-liquid separation, for evaporators, 3.5.4-l/3.5.4-2

3.5.4-l/3.5.4-2
Vapor pressure, variation with temperature,

5.1.3-l/5.1.3-2
Vapor recompression, in evaporation, 3.5.3-2
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Velocity defect law:
for turbulent boundary layers, 2.2.1-26
universal, 2.2.2-2

Velocity distribution:
in circular pipe flow, 2.2.2-3
distorted inlet, effect on single phase flow and pressure drop,

2.2.2-l 1
Velocity fluctuations, in turbulent pipe flow, 2.2.2412.2.2-5
Velocity ratio (slip ratio):

in gas-liquid flow, 2.3.2-13
in solid-gas flow, 2.3.3-4

Venting of condensers, 3.4.5-2
Vertical cones (see Cones, vertical)
Vertical cylinders (see Cylinders, Vertical pipes, Pipes, circular)
Vertical cylindrical fired heater, 3.11.2-1
Vertical pipes:

annular flow in, 2.3.2-19/2.3.2-21
boiling in, 2.7.3-l/2.7.3-37

critical heat flux, 2.7.3-12/2.7.3-30
heat transfer in region where critical heat flux has been

exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-1012.7.3-12
subcooled boiling, 2.7.3-512.7.3-10

bubble flow in, 2.3.2-1812.3.2-19
combined free and forced convective heat transfer in:

laminar flow (assisting convection), 2.5 .lO-2/2.5.10-6
laminar flow (opposing convection), 2.5.10-6
regimes in, 2.5.10-2
turbulent convection, 2.5.10-6

condensation in, 2.6.2-212.6.2-g
effect of interfacial shear, 2.6.2-512.6.2-7
effect of waves and turbulence, 2.6.2-412.6.2-5
laminar flow, 2.6.2-212.6.24
reflux condensation, 2.6.2-712.6.2-g

condensers with condensation inside, 3.4.3-l/3.4.3-3
downflow, 3.4.3-l/3.4.3-2,3.4.9-2/3.4.9-3
upflow,  3.4.3-213.4.3-3,  3.4.9-3

condensers with condensation outside, 3.4.3-6, 3.4.94
flooding in: in gas liquid vertical flow, 2.3.2-2112.3.2-23

in reflux condensation, 2.6.2-712.6.2-g
flow regimes in gas-liquid flow in, 2.3.2-l/2.3.2-2
free convective heat transfer from outside of,

2.5.7-2312.5.7-24
hydraulic conveyance in, 2.3.4-l/2.3.4-3
plug (or slug) flow in, 2.3.2-19
pneumatic conveyance in, 2.3.3-l
(See also Pipes, circular; Pipes, noncircular)

Vertical plates (see Vertical surfaces)
Vertical surfaces:

combined free and forced convective heat transfer to,
2.5.9-112.5.94

combined heat and mass transfer on, 2.5.7-12
film boiling in forced convection on, 2.7.3-30/2.7.3-31
fihnwise condensation on, 2.6.2-212.6.2-g
free convective heat transfer from, 2.5.7-2/2.5.7-13

combined equation for uniform wall temperature case,
2.5.7-512.5.7-6

dimensionless groupings for, 2.5.7-2/2.5.7-3
laminar flow with uniform wall temperature,

2.5.7-312.5.74
non-Newtonian, 2.5.7-10/2.5.7-l 1
solution for uniform heat flux, 2.5.7-612.5.7-g
transient behavior of, 2.5.7-912.5.7-l 1
transition flow with uniform wall temperature,

2.5.7412.5.7-5

turbulent flow with uniform wall temperature,
2.5.7412.5.7-5

free convective mass transfer to,
2.5.7-1112.5.7-12

pool boiling, from 2.7.2-l/2.7.2-15
Vertical thermosiphon reboilers:

calculation procedures for, 3.6.5-3/3.6.54
heat transfer characteristics of, 3.6.2-613.6.2-10

convective and nucleate boiling, 3.6.2613.6.2-7
film boiling in, 3.6.2-9
heat flux limitations in, 3.6.2-7/3.6.2-g
mist flow, 3.6.2-9
temperature profiles in, 3.6.2-g/3.6.2-10

shell-side characteristics, advantages and disadvantages,
3.6.1-5

tube-side characteristics, advantages and disadvantages,
3.6.1-3/3.6.1-5

Vertical tubes (see Vertical pipes)
Vibrated beds, heat transfer to, 2.8.3-512.8.3-6
Vibration:

in augmentation of heat transfer, 25.11-3,2.5.114,
2.5.11-8,2.7.9-4

numerical methods for prediction of occurrence of, 1.4.24
(See also Flow-induced vibration)

Viscometric functions (non-Newtonian flow), methods of
determining, 2.2.84

Viscosity:
liquid, effect on critical heat flux in pool boiling, 2.7.2-12
of liquid water, 5 5.34
of multicomponent mixtures, 5.2.3-2/5.2.3-6
non-Newtonian, 2.2.8-2
of pure fluids, 5.1.3-1

gases, 5.1.4-l
liquids, 5.1.4-l/5.1.4-5

relation with density for gases, 2.2.1-9
of saturated liquids and vapors, 5 .5.1-l/5.5  J-40
small variations in, 2.2.1-g/2.2.1-10
variation with temperature:

Chapman-Rubescin formula for, 2.2.1-9
Sutherland formula for, 2.2.1-g

Viscosity number (Vi), 2.3.2-19
Viscous dissipation, influence on heat transfer in non-Newtonian

flows, 2.5.12-1012.5.12-14
Viscous sublayer, in duct flow, 2.2.2-l
Voidage, in fixed beds, definition, 2.2.5-l
Void fraction, 2.3.1-3

correlations for in gas-liquid flow, 2.3.2-13/2.3.2-15
CISE correlations for, 2.3.2-14/2.3.2-15
drift flux models for, 2.3.2-13/2.3.2-14
homogeneous, 2.3.2-13
Martinelli correlations for, 2.3.2-14

models for in gaAiquid  flow :
horizontal stratifsd flow, 2.3.2-2312.3.2-24
vertical bubble flow, 2.3.2-1812.3.2-19
vertical plug flow, 2.3.2-19

in subcooled boiling, 2.7.3-g/2.7.3-10
Volumetric heat transfer coefficient, 1 .I .2-2
Volumetric mass transfer coefficient, 1.1.2-2
von Karman friction factor equation for fully rough surface,

2.2.2-3
von Karman velocity defect law, 2.2.1-26
Vortex shedding:

from single cylinders, 2.2.3-3
as source of tube vibration,

4.6.4-l/4.6.4-2
in tube banks, 2.2.4-1512.2.4-16
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Votator,  agitator, 3.14.2-1
heat transfer with, 3.14.3-6

W
Wallis correlations:

for flooding, 2.3.2-22
application in reflux condensation, 2.6.2-8

for interfacial friction factor, 2.3.2-21
Wallis  criterion, for transition from-stratified to annular flow,

applications in condensation, 3.4.6-2
Wall baffles, in agitated vessels, 3.14.2-2
Wall layer transmissivity,  2.9.7-12/2.9.7-13
Wall  temperature:

effect in laminar flow along flat plate, 2.2.1-22
effect of distribution of, in laminar flow along flat plate,

2.2.1-2312.2.1-24
Wake, Coleslaw of the, 2.2.1-26
Waste heat boilers, corrosion and failure in, 4.5.3414.5.3-5
Water:

critical heat flux values for, iu tubes (table), 2.7.3-17/2.7.3-18
emissivity of gaseous, 5.5.5-l/5.5.5-2
liquid, properties of, 5.5.3-l/5.5.3-5
pool boiling curve for, at atmospheric pressure, 2.7.2-l
saturated properties: (O�-50°C),  3.12.2-6

(O-647 K), 5.5.1-37
superheated gaseous, thermodynamic properties of,

5.5.2-915.5.2-11
Water loss, from cooling towers, 3.12.6-2
Water tube boiler, 3.11.2-3
Wavelengths, of blackbody radiation, 2.9.1-4/2.9.1-5
Waves, interfacial, effect on film condensation on vertical

surface, 2.6.2412.6.2-5
Wavy fins, in plate fin exchangers, 3.9.3-l
Webb, R. L., 3.9.1-1/3.9.134,4.4.3-l/4.4.3-9
Weber, M., 2.3.3-l/2.3.4-7
Weber number, 1.2.3-5
Welded channel head, in shell-and-tube heat exchanger, 4.2.4-l
Welded fins, in double pipe exchangers, 3.2.5-l
Welding:

testing and inspection of, 4.7.3-l
of tubes into tube sheets: arc, 4.2.6-8,4.2.6-10

explosive, 4.2.6-814.2.6-10
Welds, corrosion of, 45.3-514.5.3-6
Wentz and Thodos equation, for fixed-bed pressure drop, 2.2.5-3
Wet-bulb temperature, 3.13.3-2/3.13.3-I
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Wettability,  of surface, effect on pool boiling, 2.7.2-9
Whalley  and Hewitt correlations:

for entrainment, 2.3.2-22
for interfacial  roughness, 2.3.2-2 1

White-Metzner model, for non-Newtonian fluid, 2.2.8-8
Wicking,  in enhancement of heat transfer, 25.11-2
Wicks, for heat pipes:

characteristics of, 3.10.6-l/3.10.6-2
effective thermal conductivity of, 3.10.3-l

Window zone, in shell-and-tube heat exchangers:
calculation of effective areas of, for flow through,

3.3.6-l/3.3.6-2
pressure drop in gas-liquid flow in, 2.3.2-12/2.3.2-13

Winter, H. H., 2.5.12-l/2.5.12-16
Wire inserts, coiled, for enhancement of heat transfer in boiling,

2.7.9-3
Wispy annular flow, regions of occurrence of, 2.3.2-l/2.3.2-2
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GENERAL PREFACE

Ernst U. Schliinder

n The idea to create a Heat Exchanger Design Hand-
book originated at the seminar �Recent Developments in
Heat Exchangers,� organized by the International Centre
for Heat and Mass Transfer (ICHMT) in Trogir, Yugo-
slavia in 1972.

Even though much heat transfer data and correla-
tions were available, this information was scattered
throughout the open literature or buried in the files of
proprietary organizations. For manufacturers, vendors,
and users of heat transfer equipment it was becoming
more and more difficult not only to keep up with the
continually growing heat transfer information but also
to compare data and correlations from various sources.
In addition, these sources were often inconsistent, and
it was difficult for users to decide which data and corre-
lations would serve their own purposes best. Moreover,
over the years many heat transfer publications had
become more analytical and more academic, which
delayed their immediate application by practicing heat
transfer engineers.

Because of this situation, a group of heat transfer
specialists decided to collect heat transfer information
available in the existing open literature and also-as far
as possible-from proprietary sources in order to create
a heat transfer information base. Recommended correla-
tions based on selected experimental material would
then be provided for all heat exchanger design data.

Although there was great enthusiasm for this pro-
ject, not much progress was made until 1974, at the
Fifth International Heat Transfer Conference in Tokyo.
The idea was formulated then of publishing the informa-
tion base under the auspices of the ICHMT by Hemi-
sphere Publishing Corporation, the publisher of the

Centre. Eight representatives of universities, industry,
and proprietary organizations formed the Editorial
Board, which immediately started working on the scope
and organization of this Handbook. As a result of these
joint efforts the following five parts were planned:

Part 2 presents the theory of heat exchangers de-
fining and explaining all parameters and concepts
needed for thermal and hydraulic design and rating.

Part 2 contains recommended correlations for de-
sign and rating parameters based on evaluated available
information. As far as possible experimental data are
presented together with the recommended correlations
in order to reveal both the consistency of the data as
well as the reliability of the correlations.

Part 3 shows how to apply the material given in
Parts 1 and 2 when solving actual heat exchanger design
and rating problems. Because of the volume of material,
it would be impossible for this part to cover all known
kinds of heat exchangers. Nevertheless, most of the
commonly used types of equipment are discussed in
detail together with related installations such as cooling
towers and combustion chambers.

Part 4 is devoted to the mechanical design of heat
exchangers, which actually cannot be separated from
thermal and hydraulic design. A useful comparison of
some major national standards is included.

Part 5 contains physical property data that are
needed in design calculations in the other four parts.

For each of the five parts, a member of the Editorial
Board agreed to act as Lead Editor. Although each Lead
Editor accepted additional administrative responsibility
for his particular part, the whole Handbook has been a
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cooperative effort with each editor sharing the reviewing
and editorial work for all the material.

A large number of authors-well-known experts in
their fields-have contributed to this Handbook. Each
manuscript went through a review procedure and many
of them were discussed during the regular meetings of
the Editorial Board, which have been held every six
months since 1975.

Nevertheless, this Handbook must be considered as
a first step rather than as a final result. Though the con-
cept was clear, the realization has not been easy and
there is still room for improvement. Additionally, be-
cause new heat transfer data and correlations are pub-
lished each year, a permanent updating procedure has
been established to keep this Handbook current. This
supplementary material will be offered regularly to the

subscribers. To ensure that any future material (in-
cluding personal remarks and comments) can be added
easily, a loose-leaf ring binder format was chosen for
the Handbook.

The users of this Handbook are urged to communi-
cate with us about what is missing and to make sugges-
tions for improving the contents of the book and its
applicability. This kind of interaction and cooperation
between users and editors not only should improve the
quality of the Handbook but also should stimulate
further research work guided by the requirements of
heat exchanger design.

The Editorial Board wishes to thank the publisher as
well as the contributing authors for their most valuable
cooperation.



Preface

Geoffrey F. Hewitt

Almost all calculations of heat transfer require
knowledge of one or more physical property parameters
of the fluids and/or surfaces involved. It was this central
importance of physical property information that led
the Editors to decide to include a part of the Handbook
dealing with such properties.

The importance of physical property data in heat,
mass, and momentum transfer calculations makes it
desirable for the heat transfer engineer to understand the
fundamental physical nature of the parameters involved
and their relation to other parameters, such as pressure
and temperature. Thus, the first sections of Part 5 dis-
cuss the physical properties of various substances. This
starts with a discussion of the properties of pure liquids
and gases (Sec. 5.1). In many heat transfer applications,
the fluids consist of mixtures of components and the
next section (5.2) discusses the properties of such
mixtures, including their thermodynamic equilibrium
properties. In both Sets. 5.1 and 5.2, fluids were as-
sumed to be Newtonian in behavior whereas, in fact,
many practical fluids exhibit non-Newtonian characteris-
tics. In practice, it is not normally useful to list rheologi-
cal properties for non-Newtonian fluids since, from case
to case, these fluids vary greatly. Thus, the emphasis is
on measurement and (wherever possible) calculation of
the properties and this topic is dealt with in detail in
Sec. 5.3. The properties of solids are important in heat
transfer calculations, not only in conductive heat trans-
fer (where the thermal conductivity of the solid, its
specific heat, and its density are important) but also in
radiative heat transfer where surface emissivity is of
critical significance. Of course, there are many publica-
tions on the physics and the calculation and measure-

ment of physical properties, and Sets. 5.1-5.4 are not
intended in any way to replace these. Rather, an attempt
is made to introduce the various parameters in a manner
useful to the heat transfer engineer as a supplement to
the tabulated values and as an aid in the utilization of
the data in heat transfer calculations.

Perhaps the most widely used section of Part 5 will
be Sec. 5.5 which presents tabulated data of the various
physical properties. Here, the emphasis has been on the
preparation of tables that will be directly useful to the
heat transfer engineer. For instance, it is often assumed
in engineering calculations of multiphase heat transfer
that the system operates along the saturation line. Here,
the tables of saturated properties (Sec. 5.5.1) will be
particularly helpful in that they give all  the liquid and
gas properties needed for design together with the inter-
facial tension values. These tables have been developed
especially for this Handbook. Many other new tables of
data are also included.

As experience has shown, prediction and measure-
ment techniques for physical properties are continuously
improving. Thus, in common with other parts of the
Handbook, this part on physical properties will, it is
intended, evolve continuously with additional tabular
material being added and revisions made of the intro-
ductory sections. The Editors would certainly appreciate
(as was said in the General Preface) having advice from
readers and users on any improvements or additions
they would like to see in this material.

Finally, I would like to express my sincere thanks
to the authors of this part for their endeavors in pre-
paring the material and for their patience in making re-
visions to take account of the reviewers� comments.





NOMENCLATURE

n The most frequently used symbols for quantities
in heat and mass transfer are listed here according to
the following principles:

1. Capital Roman letters (not italic) denote ab-
solute quantities expressed in either SI basic units or
derived units, e.g., N = kg m/s�,  J = N m, W = J/s.

Exceptions: Time (t), variables, coordinates (x, y,
z, r), characteristic lengths in dimensionless numbers
(I,4 $1.

2. Lowercase Roman letters (not italic) denote the
corresponding specific quantities per unit mass, mole,
length, area, or volume (but not time). A dot over the
symbol denotes an absolute or specific quantity per
unit time.

Exception: Velocity (u, u, w).
A function will be indicated by +. . j.

Molar quantities are denoted by a tilde (-) over the
symbol.

Exceptions: Gas constant (E). Loschmidt number
(2) molecular weight (@, chemical potential (p).

3. Lowercase Greek letters are used for coefficients
and physical properties.

Exceptions: Overall heat transfer coefficient (u).
heat capacity (cP, c,).

Capital Greek letters refer to eddy (turbulent)
quantities; e.g., A denotes eddy thermal conductivity.

4. Dimensionless variables should be denoted by ;I
superscript + following the corresponding symbol. e.g..
y+ for a dimensionless coordinate.

5. Decimal fractions or multiples of the Sl unit\
may be denoted by the corresponding symbol preceding
the SI unit, e.g. MW = lo6 W.

0 1983 Hemisphere Publishing Corporation
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Basic Quantities

Quantity Symbol Unit

Heat rate

Heat quantity

Heat flux

Time

Frequency

Mass

Mass flow rate

Mass velocity (mass flow
per unit area)

Mass flux

Number of moles

Molar mass flow rate

Molar mass velocity

Molecular weight

Density

Concentration

Molar density

Molar concentration

Mass fraction

Mass loading

Molar mass fraction

Molar. mass loading

Volume

Volume flow rate

Velocity

Surface area

Cross-sectional area

Length or diameter

Coordinate

Void fraction

Fraction of volume flow
rate

Quality

Flow quality

Work

&
Q = Jddt

4=&A

c

f
M

n;r

ni =hi/s

ri?, = il,,/A

N

N

ri=&/s

Ii?

u, v, w

A

S

L,D,l,d,s

J/, cp, r,x,y, z

E

i

X

2

W

W

J

W/m*

S

l/S

kg

k/s

kg/m* s

kg/m* s

mol

mol/s

mol/m*  s

g/m01

kg/m3

kg/m3

mol/m3

mol/m3

&i/kg

kilkgi

IllOli/ItlOl

ITlOli/IIlOlj

m3

m3/s

4s

m*

m*

m
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Transport coefficients

Quantity Symbol Unit

Heat transfer coefficient

Mass transfer coefficient

Overall heat transfer coefficient

Drag coefficient

Friction factor

Emissivity

View factor

Thermal conductivity

Diffusivity

Kinematic viscosity

Dynamic (absolute) viscosity

Thermal diffusivity

Surface tension

Shear stress

Pressure

Pressure drop

o!

P

u

5

f

&

cpl2

h

6

V

77

K = h/pCp

0

7

P

W/m2 K

W/m K

m* /s

m2 /s

kg/m  s

m2 /s

N/m
Pa (N/m* )
Pa (N/m* )
Pa W/m* 1

Thermodynamic quantities

Quantity Symbol* unit

Enthalpy (specific)

Internal energy (specific)

Gibbs function free enthalpy (specific)

Free energy (specific)

Entropy (specific)

Chemical potential

Specific heat capacity

Temperature

Mean logarithmic temperature
difference

*For totals, letters are capitalized, H, II.

h

U

g = h - T s

f=u-Ts

S

P

cp9 cv

T

AT,,

J/kg
J/kg
J/kg
J/kg
J/k K
J/kg
J/b K
K, �C

K, �C
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Chemical reactions

Quantity Symbol Unit

Reaction enthalpy; phase-change enthalpy; Ah J/k
latent heat

Energy of activation AE J/kg
Equilibrium constant K Various

Rate constant k Various

Rate of reaction ; mol/m3  s

Activity coefficient 71
-

Fugacity coefficient 7,
-

Stoichiometric factors ‘i
-

Physical constants

Quantity Symbol Unit

Gas constant E 8.314 J/mol K

Loschmidt number c 6.0252 * 1O23

Avogadro number z 1 /mol

Stefan-Boltzmann constant C, 5.6697 * lo-* W/m2K4

Acceleration of gravity g m/s*

Standard acceleration g,, = 9.8 . . . m/s*
of gravity

Quantity

Wall

Bulk

Mean

Solid

Liquid

Gas

Inlet

Outlet

Symbol

W

b

m

S

!2

g

in

out
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Dimensionless numbers (most frequently used)

Name Symbol and definition

Archimedes number

Biot number

Effectiveness

Euler number

Fourier number

Froude number

Galileo number

Grashof number

Graetz number

Knudsen number

Ar = g13  Ap/v*  p = g$ pap/q*

Bi = ogl/X, or a$/&

E

Eu = Ap/@u*  12)

Fo = Kt/l*  = ht/pc,l*

Fr = u* /gl

Ga = 13g/u2 = 13gp2 /q*

Gr = g13 Ap/v*  p = g13 pAp/q*

Gz = ud*  /KI = ud2pcp/XI  = Re Pr d/l

Kn = lo/l, where lo is the molecular
mean free path

Lewis number

Mach number

Number of transfer units

Nusselt number

P&let number

Phase change number

Prandtl number

Rayleigh  number

Reynolds number

Schmidt number

Sherwood number

Stanton number

Strouhal number

Weber number

h = K/6 = h/PC,6

Ma = &o,nd

NTU

Nu = al/h

Pe = UI/K = ulpcp/X = Re Pr

Ph = cp AT/Ahgl

Pr = V/K = QC,/h

Ra=GrPr

Re = ul/v = ulp/q  = nil/q

SC = v/s = q/p&

Sh = fill6

St = a/pucp  = Nu/Re Pr

Sr = jlJu

We = u*pl/o

Dimensionless mass transfer numbers are distinguished from dimensionless heat transfer
numbers by a prime (�),  e.g., Bi� = @l/6. Exceptions: Nu� = p1/6 = Sh and Pr� = v/6
= q/p6  = SC

0 1983 Hemisphere Publishing Corporation
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INTERNATIONAL SYSTEM
OF UNITS (SI): RULES, PRACTICES,

AND CONVERSION CHARTS

J. Taborek

n HEDH is written in SI units because this system has
been officially adopted by all countries and is replacing
the older metric engineering system, the cgs system, as
well as the U.S. customary system. In this section we
shall review the basic rules for use of the SI. However,
recognizing the fact that many references are written in
other unit systems, comprehensive unit conversion charts
are included.

A. Basic SI units

SI is �absolute� in the sense that there are only seven
fundamental, precisely defined basic units from which
all others are derived. The following five units are
important to heat transfer and fluid flow.

length (meter, m): defined in terms of krypton-g6
wavelength

mass (kilogram, kg): the mass of an international
prototype, approximately equal to the weight of 1 liter
Ha 0 at 4°C

time (second, s): defined in terms of radiation
frequency of the cesium-133 atom

temperature (kelvin, K): defined in terms of the
triple point of water (ice point = 273.15 K)

amount of substance (mole, mol):  amount of
substance that contains as many elementary entities as
there are atoms in 0.012 kg of carbon-12. The elemen-
tary entities must be identified when the mole is used
(atoms, molecules, ions).

B. Derived SI units with special names

Because SI is defined by the basic units only, there is a
need for establishing definitions for the most frequently
used composite or derived units, mainly for the purpose
of simplifying unit notation. Thus, for example, newton,
N, replaces kg m/s�.

There are a number of derived units that have
special names, signifying their importance: newton,
joule, watt, Pascal, and many others. While the unit
symbols are capital letters (N, J, W, Pa), the spelled out
unit names begin with lowercase letters, that is, newton,
joule, watt, and Pascal.

The most frequently used derived SI units with
special names in the area of heat transfer and fluid flow
are shown in Table 1.

Table 1 Most frequently used derived SI units

Quantity Unit Symbol Dimension

Force newton N kg m/s�
Energy, work, joule J N m or kg m2  /s2

heat (also W s= J s/s
power X time)

Power watt W J/s = kg m2 /s�
Pressure Pascal Pa N/m2 = kg/m sz
Frequency hertz Hz IIS
Dynamic poise P 0.1 Pa s

viscosity centipoise CP mPas

0 1984 Hemisphere Publishing Corporationr 7KDiL A
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C. Prefixes and specification rules

The magnitude of the basic units may often not fit the
practice of specific applications without using a large
number of decimal digits or power of ten multipliers. SI
provides for this by assigning prefixes to the basic units,
as shown in Table 2.

Thus, for example, to express very high pressures
(stresses) in Pa, the megapascal, MPa,  is used instead of
lo6 Pa. The preferred graduation is in powers of 103, and
there are only a few exceptions to this rule, such as for
units that are deeply ingrained in common use, such as
centimeter. Some of these are discussed later.

(a) Punctuation and spelling rules

The following general rules should be carefully followed
to maintain SI consistency.

1. Prefwes are attached directly to the base unit
symbol or a derived unit symbol with a special name,
such as km for kilometer or MW for megawatt.

2. Prefixed units are spelled out in text as one
word, without hyphen, such as meganewton, not mega-
newton.

3. The multiplication of base units can be expressed
by leaving a space between the symbols, such as N s for
newton X second. However, for better clarity, a center
dot is often used, for example, N-s. This usage becomes
especially important when the symbol m is used, which
can stand for milli or for meter. Thus mN (millinewton)
is clearly distinguished from m-N (meter X newton).

4. A prefix applied to a base unit constitutes a new
unit. When a power is applied to such a unit, the
exponent operates on the prefKed unit as an entity, i.e.,
mm* = (mm)�.

5. The unit of length in SI is correctly spelled
�metre� (French spelling). This rule will be hard to
enforce in U.S. literature, however, and �meter� will
probably be more commonly used.

Table 2 SI prefixes

Factor Prefix Symbol Status

10�2
109
106
lo3
lo2
10
lo- �
10-Z
lo-�
lo-6
10-q
lo- �2

tera
giga
mega
kilo
hecto
deka
deci
centi
milli
micro
nano
pica

T
G
M
k
h
da
d
C

m
lJ
n
P

Preferred
Preferred
Preferred
Preferred
Accepted
Accepted
Accepted
Accepted
Preferred
Preferred
Preferred
Preferred

0 1984 Hemisphere f

6. Multiple prefmes are prohibited. This presents
some problems with the unit kilogram (kg), where the k
stands for the prefer kilo and is one of the very few
inconsistencies in SI (a carryover from the older cgs
system). Thus k (for kilo) cannot be used in connection
with kg, as this would result in the unacceptable term
kkg. Equally incorrect is the use of Mg (megagram), as
gram is not a basic SI unit. Thus, the unit used is lo3 kg
or the equivalent unit, metric ton (see below).

Similarly, mkg is not an acceptable way to express
10e3  kg, and the more common alternate unit of gram
(g) is used.

D. Alternate units and supplementary
comments

There are as many derived units as the technology
demands, as SI is particularly suitable for this purpose
by the clearly defined unit relations. The Nomenclature
of this handbook contains practically all such units used
in heat transfer and fluid flow, showing the appropriate
SI dimensions. Consequently, these are not repeated
here.

In some cases, strict SI rules are relaxed to respect
generally accepted and deeply established practices. The
following list presents most frequently used exceptions,
together with some additional comments to alternate
units, their definition, and their usage.

length: The unit centimeter (cm) is a very practical
measure for everyday usage (person�s height, 6 ft = 183
cm), and will probably remain in perpetual use.

mass: The unit of kilogram is often too small for
expressing quantities of mass experienced in many
engineering applications. One of the few weaknesses of
SI is the lack of a well-defined alternate unit of mass. As
explained above, the prefixed units (kkg, Mg) are not
acceptable. Instead, an alternate unit for large quantities
of mass is introduced, designated metric ton (symbol t),
t = 1 000 kg. While this unit has not yet been accepted as
a recognized SI unit, it is very much in common use.

In the U.S. customary lb,-based system, several
definitions of a unit of mass similar in magnitude to the
metric ton exist. In engineering practice, the following
two definitions of the lb,-based ton are most frequently
used:

�short ton,� which is equal to 2 000 lb,
(exact) and therefore approximately = 907.2 kg

�long ton,� which is equal to 2 240 lb,
(exact), and therefore approximately = 1 016 kg

It is important to be aware of these differences in the
inconsistently defined U.S. customary system.

For small quantities of mass, gram (g) is also often
used in place of 10e3  kg.

blishing Corporation
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time: The unit second (s) should be used whenever
possible, as the alternates of minutes, hours, and days
are nondecimal entities, and thus complicate the system.

However, to express large quantities of mass per
unit of time, the unit hour (h), 3 600 seconds, or the
unit day (d), 86 400 seconds, must be used sometimes.
The time unit minute (min), often used in the U.S.
customary system (gal/inin), has no real justification,
except that it is ingrained in some industrial practices.
Otherwise, the differential quantity of a minute, as
compared to a second, can be readily expressed by
pref=es in SI units, to obtain a number with reasonable
digits.

force: The newton is a very small unit of force,
approximately equal to the weight of water in a small
glass. Thus the more practical units of force are often
the kN or MN.

volume: The liter, defined as dm3, is a very popular
unit of volume for everyday use, such as for water and
gasoline. Liter (L) is accepted as a common alternate
unit.

amount of substance: The frequently used units of
the metric engineering system, gram-mol and kg-mol, are
designated in SI as follows: 1 gram-mol = 1 mol (SI),
and 1 kg-mol = 1 kmol (SI). Thus 1 mol = 6.023 X 1O23
molecules.

Table 3 Unit conversion

pressure: The basic unit of pressure, Pascal  (Pa =
N/m*), is a very small quantity, equal to the pressure
exerted by about O.l-mm layer of water over 1 m* Thus
in most engineering applications kPa or MPa is more
useful.

Many derived units of pressure are firmly estab-
lished in various branches of engineering and will
probably remain in use indefinitely. The most important
metric-based units are:

bar: has exact relationship to SI (=I00 kPa)
torr = 1 mmHg = 0.133 kPa: used for gas

pressure measurements
mm water = 9.8067 Pa: used for very small gas

pressure measurements
at (technical atmosphere) = kgr/cm3  = 98.066

kPa
atm (normal or barometric atmosphere) = 760

mmHg  = 101.3 kPa

temperature: In many engineering applications it is
more convenient to use degrees Celsius rather than the
absolute unit kelvin. The use of Celsius is permitted as
an alternate, with the relationship
T(�C)  = T(K) - 273.16 and AT(�C)  = AT(�K)

Physical quantity

Length

Given  in  - Multiplied by - Gives Approximate or useful
G i v e s  - Divided by +---- Given in relationship

ft 0.3048 m 3; ftr 1 m
in 25.4 (exact) m m 1 in = 25 mm
mil 0.0254 m m
yard 0.9144 m
mile (mi) 1 609.3 m 1 mi r 1.6 km
km 0.621388 mi

Area

Volume

Velocity

ft2
in�
acre

0.092903 m2 lOOft  =9m*
645.16 mm2 I in2 1650  mm*

4 047.0 m2

ft�
U.S. gal
U.S. gal
L (liter)
Brit. gal
U.S. gal
barrel (U.S. pet.)
barrel  (U.S. pet.)

0.028317
0.003785
3.785
0.2642
0.004546
0.13368
0.15898

42

m�
m3
liter (L)
U.S. gal
m3
ft3
m3
U.S. gal

35 fts 2.1 m3
260galrl m3
1 gal == 3% L
I L I 0.26 gal

ft/sn
m/s
ft/min
mi/h
km/h
knots

0.3048 4s
3.2808 ft/s
0.00508 m/s
1.6093 km/h
0.6214 mi/h
1.852 km/h

10 ft/s = 3 m/s

100 ft/min  r 0.5 m/s
30 mi/h  r 48 km/h
50 km/h = 31 mi/h

(See footnotes on page xxix. )
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Table 3 Unit conversion (Continued)

Physical quantity
G i v e n  i n  - Multiplied by - Gives Approximate or useful
Gives 4 Divided by +------ Given in relationship

Force

Volume flow rate

Mass velocity
(mass flux)

Energy (work)
(heat)

Power

Mass �bm 0.45359
kg 2.2046
metric ton 2 204.6
ton (2 000 lb,) 907.18

lb
h
�w
kgf
dyne

4.44822 N = kg m/s*
0.45359 kgf
2.2046 ‘bf
9.80665 N
0.00001 (exact) N

Amount of substance lb,-mol
g-m01
kg-mol
mol

453.6 kmol
1.000 mol
1.000 kmol

1 000 kmol

Mass flow rate lbm/h
kg/s
lb/s
lb,/min

0.000 1260 k/s
7 936.51 lb&

0.45 36 k/s
0.00756 k/s

U.S. gal/min
U.S. bbl/day
U.S. bbl/day
ft�/s
ft�  /min

6.309 x 1O-5
0.15899
1.84 x lo-6
0.02832
0.000472

lb,/h ft�
kg/s m*

Btub
Btu
Btu
kcal
ft lbf
Wh

1.356 x lo-�
131.5

1 055.056 J=Nm=Ws
0.2520 kcal

778.28 ft lbf
4 186.8 J

1.3558 J
3 600 J

Btu/h
W
kcal/h
ft lbf/s
hp (metric)
Btu/h
tons refrig.

0.2931 W = J/s
3.4118 Btu/h
1.163 W
1.3558 W

735.5 W
0.2520 kcal/h

3 516.9 W

Heat flux Btu/h ft*
W/m*
kcal/cm* s

3.1546 W/m*
0.317 Btu/h ft�

41.868 W/m*

Heat transfer coefficient Btu/h  ft* �F
W/m* K
kcal/cm* s �C

5.6784 W/m* K
0.1761 Btu/h ft* OF

41.868 W/m* K

Heat transfer resistance (Btu/h ft* �F)-  � 0.1761
(W/m* K)- I 5.6784

Pressure Ib$in*  (psi) 6.8948
kPa 0.1450
bar 100

(See footnotes on page xxix.)

lo* lb/h= .13 kg/s

1 lb, = .45 kg
1 kg = 2.2 lb,
metric ton = IO3  kg

lN~0.1  kgf
= 0.22 lbf

m3 /s
m*  /day
m*  /s
m3 /s
m* /s

kg/s m*
lb,/h ft*

lBtu==lOOOJ
1 kcal= 4 Btu

1 kcal=4 000 J

lo6 Btu/h = 300 kW

lOOOkW-3.5x  lo6
Btu/h

1 000 Btu/h ft* = 3.2
kW/m*

1 000 Btu/h  ft* �F  =
5 600 W/m* K

(W/m*  K)-�
(Btu/h ft* �F)-  �

kN/m*  = kPa
psi
kPa

0.001 (Btu/h ft* OF)-�  =
0.000 18 (W/m* K)-*

1 psi=7kPa
14.5 psi - 100 kPa
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Table 3 Unit conversion (Gmtinued)

Physical quantity
Given  in  - Multiplied by- Gives Approximate or useful
G i v e s  +---- Divided by - Given in relationship

Pressure (Continued) lbf/ft2 0.0479 kPa
mm Hg (ton) 0.1333 kPa
in Hg 3.3866 kPa
mmH,O 9.8067 Pa
inH,O 249.09 Pa
at U&m*  1 98.0665 kPa
atm (normal) 101.3?5 kPa

Mass flux lb,/ft�  s 4.8824 kg/m* s
lb,/ft= h 0.001356 kg/m* s

1000 kPa= 1 MPar
150 psi

1 inH,O=.25 kPa

atm = 760 mmHg

Physical and Transport Properties

Thermal conductivity

Density

Specific heat capacity

Enthalpy

Dynamic (absolute)
viscosity

Kinematic viscosity

Diffusivity

Thermal diffusivity

Surface tension

Btu/ft h �F 1.7308
W/m K 0.5778
kcal/m h �C 1.163

lb,/ft� 16.0185
kg/m� 0.06243
lb,/U.S. gal 119.7

Btu/lb,  �F
kcal/kg .�  C

4 186.8
4 186.8

Btu/lb, 2 326
kdkgm 4 186.8

W/m K
Btu/ft h �F
W/m K

kg/m�
lb,/ft�
kg/m3

J/kg K
J/k K

J / k
J / k

centipoise (cP) 0.001 kg/m s
poise (P) 0.1 Pa s
CP 1.000 mPa s
CP 1 000 PPa s
lb,/ft h 0.0004 134 Pa s
lb,/ft h 0.4134 CP
CP 2.4189 Ib,/ft h
lb,/ft s 1.4482 Pa s

stoke (St), cm* s 0.000 1 m* /s
centistoke (cSt) 10-e m2 /s
ft* Is 0.092903 m* /s

ft2 /s

m2 /h 0.0002778 m* /s
ft�/s 0.092903 mz/s
ft2 /h 25.81 x 1O-6 m2 /s

dyne/cm 0.00 1 N/m
dyne/cm 6.852 x lo-� lbf/ft
Ibf/ft 14.954 N/m

0.092903

steel = 50 W/m K
water (20°C) = 0.6 W/m K
air (STP) zz 24 mW/m  K

62.4 Ib,/ft�  = 1 000
kg/m3

1 Btu/lb,  �F  = 4.2
kJ/kg K

kg/m s = N s/m* = Pa s

water (lOO�C),  0.31 cP

air (1 OO�C),  0.021 cP

m2 /s

Temperature relations: �C  = $ [OF - 321 �C  = (OF + 40); - 40 AT(�C)  = -$ AT(�F) K = �C  + 273.15
�F  = ; (�C) + 32 �F  = (�C + 40); - 40 A7-(�F)  = $ AT(�C) R = �F  + 459.67

Miscellaneous: Acceleration of gravity (standard): g = 9.806 65 m/s2
Gas constant: R = 8 314.3 m N/K kmol
Stefan-Boltzmann constant: 5.669 7 X 1Om8 W/m*  K4

1.714 X 1O-9 Btu/ft*  h R4

%Even  though the abbreviations s and h were introduced only with the SI, they are used here throughout for consistency.
Note: the calorie and Btu are based on theInternational  Standard Table values. The thermochemical calorie equals 4.184 J (exact) and

is used in some older texts.
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LENGTH: meter, m; foot, ft

0 IO
5

m 1 2 3 4 6 7 8 9

IIll IIll III1 II,, III1 III1 11111111111111 IllI

f t 5 15 25
10 2 0 3 0

0

m X 3.2803 = ft

ft X 0.3048 = m

AREA: square meter, m2 ; square foot, ft2

0 10
5

m2 1 2 3 4 6 7 8 9

IllI ,111 ,111 #III ,111 ,111 I I I ,I
I111 III1 III1 III1 1111 Ill1 II

I " "  *

ft2 IO 20 30 4 0 60 70 8 0 9 0
5 0

0 100

m2 X 10.764 = ft2

ft2 X 0.0929 = m2

VOLUME: cubic meter, m3; cubic foot, ft3

0 I O
5

m3 1 2 3 4 6 7 8 9

,111 III1 1111 IIII III1 I,,, II,, ,111 III1 III1
I I III I III I I I  1 III1 I  I I I I I I I I

ft3 5 0
100

150 I 250 I 350
200 300

0

m3 X 35.314 = ft3
ft3 X 0 .083 = m3

MASS: kilogram, kg; pound-mass, lb,

0

kg 1 2 3 4 6 7 8 9
III1 III1 III1 Ill1 1111 III1 IIII 111111111 III1

lb,
1’1’ I ‘iw’~~l’l’l’l’  'I'1

5 15
0 IO 2 0

5
IO

kg X 2.205 = lb,
lb,,, X 0.454 = kg
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VOLUME FLOW RATE:
m3 gal(U.S.)
--; ~

min

0 0.1

m3 0.01 0.02 0.03 0.04-
S Ill1 I I

gal(U.S.)
I � � �  ��I

min 200 400 600 800 1 0 0 0 1 2 0 0 1 4 0 0
0

gal(U.S.)
$X 1.585(104)=---

min

d!$d X 6.31(10-�)  = $

f t
V E L O C I T Y :  5; ;

0 IO
5m 1 2 3 4 6 7 8 9

s
I,, I,,, ,111 II,, 1111 1111 III1 IIll III1 III1

I I I I Ill1 I I I  I I I I , I I
f t

III1 I I  I I I

s 5 15 25IO 20 30
0

; x 3.28 = 3

4 x 0.305 = y

MASS VELOCITY: s ;
IO3 lb,,,

h ft2

0 100

kg 502 IO 2 0 30 4 0 60 70 80 9 0
s m

,,,I I111 III1 Ill1 III1 IIII Ill1 Ill1 IIII IIII.
III1 I  I I I I I I  I I

IO3
1111~ III1 I III1 1 I  I I I

l b , IO 20 30 40 60 70
h ft2 50

0

j$ x 0.737 = *

IO3 lb
hft�X 1.356=$
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MASS FLOW RATE: ?; 103;bm

0 100
kg
- IO

5 0
20 3 0 4 0 6 0 7 0s 6 0 9 0

IO3 lb,

I ,  le
'Ill

h 100 2000 300 4 0 0 500 600 700

1031b
---=x0 1 2 6 - b

h �-s

FORCE: newton, N = y; pound-force, Ibf

0 100
50

N IO 2 0 30 40 60 70 80 9 0

II,, II,, II11 III1 1111 III1 III1 III1 III1 III1
I I I I I I

lb 5
I � � � � ( � �

15
10 20

0

N X 0.225 = lb

Ibf X 4.448 = N

ENERGY (WORK): joule, J = N m; Btu

0 1 0 0 0
500

J 100 200 300 400 600 700 800 900
III1 III1 III1 I'll IIII Ill1 III' Ill1 IIII III1

Btu 0.1 l��l��l��~l��~��l��l��l��l~�  0.2 0.3 0.4 0.6 0.7 0.8 0.9
0 .5

0

J X 0.948(10-3) = Btu
Btu X 1055= J

POWER OR ENERGY FLOW RATE: kilowatt kw = !!!!-m 106, s � h

0

kW 100 200 300 400 500 600 700 800 900 1000
I,,, 1111 III1 III1 Ill1 1111 IllI 1111 1111 Ill1

1 O6 Btu
I � � I �

0.5 1.5 2.5
h 1.0

0
2.0 3.0

kW X 3.412(10-3) =T

IO6 Btu
-----X293=kW

h
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Btu
H E A T  T R A N S F E R  C O E F F I C I E N T :  -&; -

h ft2 OF

(X102 1 100
5 0

70 80 90

1 2 3 4 6 7 8 9 11 12 13 14
5 15

10

(X102)
Btu

-& x 0.176 = ~
hft2 OF

B t u
h ft2 OF

X 5.68 = --$

HEAT FLUX: 3; s

(X103)
0 100

- ,�2

50
10 20 30 4 0 60 70 80 90

II,, I,,, ,111 111, I,,, I,,, IIll IIll ,,,I I,,,
I I 1 I 1 I I I I

Btu
I 1 I I I I I II III I I I I I

h 2 4 6 8 12 14 16 18 2 2
2 4 2 6 28

10 20 3 0
0

(X103)

-$ X 0.316 = f$

$X3.16=$

!!hD E N S I T Y :  3; ft3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

- 100 200 300 400 500 600 700 800

II 1111 I’ll II11 1111 ,111 III1
1111 II11 IIll Ill’ 1’11 IIII IIII

!!?&.Ift3 10 20 30 40 50

0 0.01 0.02 0.03 0.04 0.05

3 X 0.0624 = 3

3 X 16.02 = 3
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SPECIFIC HEAT CAPACITY: !+- *
Btu

kgK� Ib,

0
kJ 1 2 3 4 5

kg K 2 4 6 8 2 4 6 8

Btu
Ib, 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9 1.10.5

0 1 .o

kJ Btu
- x  0 . 2 3 9  =Ib,
kg K

Btu
iqT

X 4.187 = kJ
kg K

W
T H E R M A L  C O N D U C T I V I T Y :  -.

Btu
mK� h

0.001 0.002 0.003
0

W 0.1 0.2 0.3
mK 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8

I, I I I1 I II, I I I I III,,
I 1 IBtu 1 1 1 I '1 I 1 I I I I I

h 2 4 6 8 2 4 6 8
0.1 0.2

0
0.001 0.002

$ x 1.731 =f$

DYruAMic  (ABSOLUTE) VI S CO S I TY : 3; ti

cent ipoise cP = 10e3 Ns = mPa s
m2

CP IO 2 0 30 4 0 50 6 0 70 80 90 100 CP
I I I I I I I 1 I I 1

0
0.05

0.1

N si-7 0.01 0.02 0.03 0.04 0.06 0.07 0.08 0.09

IIll IIll III1 II11 1111 IIII IIII Ill1 ‘III III
III 1’11 “‘1 I’ll III’ III’ IIII III

Ibm
I I I 1 I 1 I I I I I I I I 1 I

h ft 20 40 60 80 120 140 160 180 220

0
100 200

CP X 2.42 = 2

hx 0413=cP
hft .
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ENTHALPY:
kJ. B t u
kg � Ib,

0 1000

kJ

ks

Btu

Ibm 100 200 300 4 0 0
0

;xo.430=~
m

F X 2.326 = t
m

PRESSURE CONVERSION CHART
(top line = 1 Pa on all charts)

Pascal

kg&rn2.
bar,
atm psi

in Hz0

(4%)

IO3 -$-I kPa -& 10e2 *�O-l $

t + -I- * IO

IO4

IO5

i k

10-l
1 .O psi

IO2

-m---m 1.0 10- - -

1 i

- - - m - e - - - m - - - -

IO3

IO6 10 IO2

+ IO3

torr,

mmHg kPa

t -I-

*NOTE: only bar is exact (1 bar = IO� Pa); however, atm and kg&n2

are within 2�% accuracy (see list below).

1 atm = 1.01325 X IO5 Pa
1 psi = 6.89476 X IO3 Pa

1 in Hz0 = 2.49082 X IO2 Pa
1 kg&m2 = 9.80665 X IO4 Pa

1 bar= IO� Pa
1 mmHg = 1.33322 X IO2 Pa

1 Pa = 9.86923 X I O � atm
1 Pa = 1.45038 X IO4 psi

1 Pa = 4.01474 X 10e3 in Hz0

1 Pa = 1.01972 X IO-� kgt/cm2
1 Pa = IO-� bar

1 Pa = 7.50064 X 10m3 mmHg

- - -  1  a t m

IO3

(= 1 MPa)
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TEMPERATURE COMPARISON

(NOT TO SCALE)

K OC OF

2 273 -- 2 000 3 632

I 773 -- 1500 2732

1 2 7 3 -- 1000 1832

811 -- 538 1000
773 -- 500 932

673 -- 400 752

573 -- 300 572

473 -- 200 392

373*15 -- loo 212t

255.5 -- (-17.7) 0

233 -- (-40) k-40)

173 --k-1001 k-148)

7 3 - - (-200) l-302)

0 -i--273.1  5) - (-459.67)

R

- 3192

- 2292
For

- 1460
comparison

- 1 3 9 2
only

- 1 2 1 2

- 1 0 3 2

- 852

- 671.67 -Steam point (exact)

- 537 Body temperature

- 528 Room temperature

- 459.67 - Ice point (exact) 1
- 460 Comparison

- 420 Equality point (�F  = �C)

- 312
Comparison

- 157
only

0 Absolute zero (exact)

T(OF) = (�C  + 40$ - 4 0 T(R)  = ;T(�F)  +  4 6 0
T(OC)  = (OF + 40)$ - 4 0 T(K)  = T(k) + 273.15

AT: �C=$(�F) OF = $(�C)
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5.1 PROPERTIES OF PURE FLUIDS 5.1.0-l

Introduction

M. Schunck

n The design of heat exchanging equipment is strongly
influenced by the physical properties of the fluids to be
heated or cooled, as far as they are important for
determining heat transfer rates, pressure drops, and
momentum. A great number of physical property data
for various fluids are listed in Sec. 5.5, but it sometimes
occurs that for a certain fluid no data are available or the
range of given data is not sufficient. In order to cover
these cases many methods for estimating properties of
gases aud liquids have been developed. Some of them are
simple and easy to employ, but-due to the real nature
of the phenomena, which is generally complicated-their
results are not too reliable. More elaborate methods can
give better results, but they are often restricted to

limited groups of compounds (mostly organic). Some of
these methods can be evaluated economically only with
the aid of a computer. Very good collections of
estimating methods have been published, especially Reid
et al. [l] or Hecht et al. [2].

In this chapter an attempt is made to give some of
the simpler rules and methods which may be sufficient
in many cases. At least, they may help to decide if more
elaborate methods or the services of a data center are
required where not only the available data but also the
most modern estimating methods are computerized. This
step is recommended in all cases where the exactness of
the data is essential.

References to Section 5.1.0 appear at the end of Section 5.1.X
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5.1 PROPERTIES OF PURE FLUIDS 5.1.1-1

5.4.4
Critical data

M. Schunck

A. Correspondence principle

Sometimes, the critical data of a fluid are of interest in
themselves. This is especially the case where processes
are carried out in the neighborhood of the critical state
which employ liquefaction or vaporization or where the
existence of two phases is required or prohibited.

On the other hand, knowledge of the critical data
may often be essential since by using critical tempera-
ture, critical pressure, and critical volume, correspon-
dences in the thermodynamic behavior of fluids can be
found. This leads to the widely employed principle of
correspondence which uses �reduced� state parameters,
i.e., dimensionless parameters of state obtained by
dividing the real parameters by the corresponding critical
parameters:

Tr = f pr = L v, = c

C PC VC

Ideally, it might be possible to link these reduced
parameters together by a universal equation of state,
valid for all fluids.

Numerous investigations, however, have shown that
this is only possible for relatively small groups of similar
fluids. Common equations of state even for �normal�
fluids can be established only by using additional
parameters. These, in many cases, are correlated again to
the critical data. Riedel [3a]  defines the critical param-
eter a, :

w

where prs and Tm represent pairs of reduced pressure
and reduced temperature values according to the satura-
tion curve. The parameter is used in correlations with its
value at the critical point, oc, only.

An equivalent of the critical parameter c+ is the
�acentric factor� o defined by F�itzer  [4] :

6-l = -(log PPS(O.7) + 1) (2)

where prs(o.7)  is the reduced pressure on the saturation
curve at a reduced temperature of T, = 0.7. Correspon-
dence relations using CQ or w are sometimes recom-
mended in the following paragraphs.

B. Critical temperature

Guldberg�s rule can give a rough estimate of critical
temperature:

TC Xl.5 Tb or T6e$
TC

(3)

where Tb is the boiling temperature at normal pressure.

tWithin a three-digit section the equation, figure, and table
numbers do not have the three-digit identifier; for cross-
references between sections, the appropriate three-digit number
will be &en.
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5.1.1-2 5.1 PROPERTIES OF PURE FLUIDS / 5.1.1 Critical Data

Table 1 Atomic and structural constants used in Lyder-
sen�s method for calculating critical data of organic
compoundsa*  b

Group AT AR Av

Basic value
-CH, and -CH, -
-CH, - member of ring
-CH
-CH member of ring
=CH and =CH,
=CH member of ring

C
C memberof  ring

==C a n d = C =
Same, member of ring
SC- ad zCH
- F
-Cl
-Br
-I
- o -
-O- member of ring
-OH alcohols
-OH phenols

c o
CO member of ring

-CHO
-coo-
-COOH

-m
NH
NH member of ring
N
N- member of ring

-CN
-SH and -S-
-S- member of ring
= s
=o
- N O ,

0.020
0.013
0.012
0.012
0.018
0.011
0.000

(-0.007)
0.000
0.011
0.005
0.018
0.017
0.010

(0.012)
0.021
(0.014)
0.082

(0.035)
0.040

(0.033)
0.048
0.047
0.085
0.031
0.031

(0.024)
0.014

(0.007)
(0.060)
0.015

(0.008)
0.003

(0.020)
(0.055)

- 0.040
0.225 0.055
0.183 0.044 5
0.209 0.051
0.191 0.046
0.197 0.045
0.153 0.037
0.209 0.041

(0.153) (0.031)
0.197 0.036
0.153 0.036
0.152 (0.036)
0.222 0.018
0.318 0.049
0.496 (0.070)

(0.824) (0.095)
0.159 0.020

(0.119) (0.008)
0.060 0.018

(-0.020) (0.003)
0.288 0.060

(0.199) (0.050)
0.328 0.073
0.467 0.080
0.397 0.080
0.097 0.028
0.137 (0.037)

(0.089) (0.027)
0.169 0.042

(0.129) (0.032)
(0.357) (0.080)
0.268 0.055

(0.238) (0.045)
(0.238) 0.047
(0.119) (0.011)
(0.417) (0.078)

iAccording to Lydersen [5].
Uncertain values in parentheses.

(Real values of Tb/Tc  vary from 0.55 to 0.72 with 0.364
for mercury.)

More reliable values for organic compounds are
obtained by Lydersen�s incremental method [ 51:

3 = 0.567 + Z AT + (;I: AT)~
TC

(4)

where Z AT is determined from atomic and structural
constants as listed in Table 1. (The deviation is *2%  on
average with a maximum of *7%.)

C. Critical pressure

No simple rule exists for calculating critical pressure
other than extrapolating the saturation curve (see Sec.

5.1.3B),  if the critical temperature is known. Lydersen�s
incremental method [5] gives

PC = (2 a,: 0.33)2 bar

where 1 bar = 10�  N/m2, and again E AP is composed
of atomic and structural constants as listed in Table 1.
(The deviation is ?2% on average with a maximum of

&20%.)

D. Critical volume

According to the rule of Cailletet and Mathias [6] [see
Sec. 5.1.2A and Fig, 5.1.2(l)]  , the mean value of liquid
and vapor density in the saturated state plotted against

Table 2 Numerical values of the functions #(Tr) and
$(T,)  for the calculation of the critical parameter a,
according to Rkdel [3a]

0.35 6.003 1.321
0.36 5.719 1.248
0.37 5.452 1.179
0.38 5.200 1.115
0.39 4.963 1.055

0.40 4.739 0.999
0.41 4.527 0.946
0.42 4.326 0.896
0.43 4.135 0.850
0.44 3.955 0.805
0.45 3.783 0.764
0.46 3.619 0.724
0.47 3.463 0.687
0.48 3.315 0.652
0.49 3.174 0.619

0.50 3.039 0.588
0.51 2.909 0.558
0.52 2.786 0.530
0.53 2.668 0.503
0.54 2.555 0.477
0.55 2.447 0.453
0.56 2.343 0.430
0.57 2.243 0.409
0.58 2.147 0.388
0.59 2.055 0.368

0.60 1.967 0.349
0.61 1.882 0.331
0.62 1.800 0.314
0.63 1.721 0.298
0.64 1.645 0.283
0.65 1.572 0.268
0.66 1.501 0.254
0.67 1.433 0.240
0.68 1.367 0.227
0.69 1.303 0.215

Tr 4J J,

0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79

0.80
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89

0.90
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99

1.242
1.182
1.125
1.069
1.015
0.962
0.911
0.862
0.814
0.767

0.722
0.677
0.635
0.593
0.552
0.512
0.473
0.435
0.398
0.361

0.325
0.290
0.256
0.222
0.189
0.157
0.124
0.093
0.061
0.03 1

0.203
0.192
0.181
0.171
0.161
0.152
0.143
0.134
0.126
0.118

0.110
0.103
0.096
0.089
0.082
0.076
0.070
0.064
0.058
0.053

0.047
0.042
0.037
0.032
0.027
0.023
0.018
0.013
0.009
0.004
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.1 Critical Data

temperature is nearly a straight line that includes the
critical point. Thus, if some sets of saturated liquid and
vapor densities are known together with the critical
temperature, the critical specific volume can be esti-
mated.

For organic fluids, Lydersen�s incremental method
[S] gives

Fc = z: Av + 0.040 m3/kmol  or dm�/mol (6)

where 2 Av is composed of atomic and structural
constants as listed in Table 1. (The deviation is k3% on
average with a maximum of f lO%.)

E. Critical parameter a, and acentric factor o

If c+ cannot be evaluated according to its original
definition (see Sec. A), Riedel [3a] gives the equation

cr, = 1% WPrs) - Wrs)  + 7
Wrs) (7)

where prs  and T, are the reduced vapor pressure and the
reduced equilibrium temperature of one known pair of
values of the saturation curve, and the functions

5.1.1-3

NT,,) = 0.118 3
(
5 - 35 - T,“,

>
+ 4.44 log Tr, (8)

TS

and

JI(Trs) = 0.036 4 g - 35 - cs
( )

+ 2.52 log Trs (9)
rs

Values of both functions are tabulated in Table 2.
The evaluation of the acentric factor o in F�itzer�s

definition [4] (see Sec. A) requires knowledge of the
vapor equilibrium pressure at a reduced temperature of
Trs = 0.7. For cases where this value is not available,
Riedel [3fl links o to (Ye by the equation

o = cu, - 5.811
4.919

Edmister [7] gives the equation

TdTc
�d = o-429  1 - TblTc (log pc - 0.991 5)

where Tb/Tc  as well as pc can be estimated, if necessary,
by the methods described in Sets. B and C. The critical
pressure pc has to be given in bars.

Nomenclature for Section 5.1.2 appears at the beginning of Part 5. References appear at the end of Section 5.1.5.
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5.1 PROPERTIES OF PURE FLUIDS 5.1.2-l

5.4.2
Specific volume, p- V-T

correlations

M. Schunck

A. Specific volume of the liquid phase

According to the empirical- rule of Cailletet and Mathias
[6] the specific volumes VIS of the saturated liquid and
PUS of the saturated vapor at the same temperature
follow the relationship

M L+ J- = 0.5@[, + pvs)
-z fls F”;,-c 1

=a+bT+cT2  +-es (1)

where the factors c, d, etc. are so small that for
estimating purposes they may be neglected even in the
neighborhood of the critical state. Thus, the rule states
that in a plot of density versus temperature�the  mean
values of saturated vapor and saturated liquid densities
are represented by a straight line with a slope of b (see
Fig. 1). If the specific volume of a liquid at low

ki 0 I
0.L 0.5 0.6 0.7 0.8 0.9 1.0 1.1

REDUCED TEMPERATURE  T,

F&me 1 Rule. of Cailletet and Mathias: Example, propane.

0 1983 Hemisphere P
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temperature is known together with its critical volume
and the specific volume of the saturated vapor, then this
rule gives the specific volume of the saturated liquid
throughout the whole temperature range.

According to Watson [8], the specific volume of a
liquid can be related to the reduced pressure pr and the
reduced temperature Tr by the expansion factor o*
using the equation

vcd* = c

where w* is a function of pr and T, shown in Fig. 2 and
C is a constant that can be determined if a reliable value
of the specific volume of the liquid is known together
with the critical pressure and temperature. This method
also applies to temperatures below or pressures above
the saturated state.

For normal fluids in the saturated state Riedel [3b]
gives the equation

v,,, = (1 + 0.85(1  - T,)

+ [1.93  + 0.2&  - 7x1 - Tr)3])-1

As Tr approaches 0, this equation approaches

(2)

vo - 1
K - 3.78 + 0.2(ar, - 7) (3)

where v. is the (merely fictitious) specific volume at
rr =,O.  Timmermans [9] stated that for most liquids
Vo/Vc = Zc, where Z, is the critical compressibility
factor

blishingCorporntion
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.2 Specific Volume

0.04 0.06 0.08 0.10 0.12 0.14
EXPANSION FACTOR W*

Figure 2 Expansion factor w* according to Watson (81.

with values commonly in the range of Z, = 0.265 f
0.015. Riedel [3b] has tabulated the numerical values of
Flsr/ZC as a function of T,. (See Table 1 which is
reciprocal to Riedel�s original table.) It should be noted
that the influence of a, is very small below T, = 0.8.

Rackett [lo]  showed that the simpler equation

(5)

is also a very good approximation. The critical com-
pressibility factor Z, in this equation can be estimated
according to Riedel (see above) or according to Yamada
and Gunn [ 1 l] using Pitzer�s acentric factor o:

Z, = 0.291 - 0.087 8 w (6)

B. Coefficient of volumetric thermal
expansion of liquids

In the tables of Sec. 5.5, the densities of numerous
liquids are given for various temperatures. From these or
other known values, the coefficient of volumetric
thermal expansion 0 = [a @(P  aT)] P can be calculated
or graphically evaluated. If no values of density or
specific volume are available, fl can be estimated using
the expansi_on  factor w* (see Fig. 2).

From V = c(w*)-’ follows

( >

av = 1
facd*  p a*

and

(7)

0 1983 Hemisphere 1
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1 a0*=-- -
( )w* aT p (8)

which can be graphically evaluated from Fig. 2.
Differentiation of the Rackett equation [9] (see

Sec. A) gives

p=- 0.285 ln Z,
T,(l  - Tr)0.‘15

K-l

or with Z, = 0.265 + 0.015

p=+ 0.380 + 0.015
T&l - Tr)o-7’5

K-l

(9)

Here, however, the fact is neglected that Rackett�s
equation is valid for the saturated liquid, i.e., for a
pressure varying with temperature. This limits the
validity of the above relationship to a temperature range
not much above the normal boiling point.

C. Specific volume of gases

At low reduced pressures and high reduced tempera-
tures, the ideal gas law applies quite correctly:

pv=iiT (11)

(If p is in N/m2, t in m3 /kmol,  and Tin K, then R�,  the
universal gas constant, has a value of 8 314.3 J/kmol.)
At higher pressures or near the condensing temperature,
the law of ideal gases no longer applies. However, the
behavior of real gases and vapors can be related to that
of ideal gases by introducing a factor of compressibility,

z=E
kT (12)

The dimensionless factor Z is dependent upon tempera-
ture, pressure, and thermodynamical properties of the
gas or vapor. It can be given as a function of reduced
state parameters, thus permitting a fairly good predic-
tion of the p - V - T behavior of any gas.

In Fig. 3, Z is plotted in accordance with Nelson
and Obert [ 121  as well as Riedel [3f] for oc = 6 in the
range 0.8 < T, < 15. The deviations for different values
of oC are fairly small. Riedel [3fj gives more extensive
tabulations of aZ/&+.

The dotted lines-in Fig. 3 apply to an �ideal reduced
specific volume,� v, jd, which can be used without
knowledge of the critical volume fC in the calculation of
corresponding pressure-temperature values for a given
specific volume:

(13)
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.2 Specific Volume 5.1.2-3

Table 1 Numerical values�  of vlSr/Zc

Tr 0 . 3 0 . 3 5 0 . 4 0 . 4 5 0 . 5 0 . 5 5 0 . 6 0 . 6 5 0 . 7

b&C 1.142 I.172 1.205 1.239 1.279 1.321 1.368 1.422 1.484

Tr 0.75 0.8 0.85 0.9 0.95 0.97 0.98 0.99 1.0

ac = 6 1.557 1.642 1.751 1.898 2.132 2.288 2.410 2.591 3.584
7 1.558 1.645 1.755 1.908 2.155 2.326 2.45 1 2.653 3.774
8 1.559 1 . 6 4 7 1 . 7 5 9 1.919 2.179 2.358 2.494 2.710 3.984

�Abbreviated from Riedel [3b].

D. Coefficient of volumetric thermal
expansion of gases

For ideal gases, the volumetric thermal expansion is
described by

In any case where Z # 1 or Z # const (e.g., at higher
pressures), this equation is changed to

(15)

where aZ/aT  at constant (reduced) pressure can be
graphically evaluated from Fig. 3.

Of course, it is also possible to calculate two values
of v at the same pressure but different temperatures and
take

(16)

but this procedure also requires careful evaluation of

(~/AT),  .

E. Equations of state

Analytical formulations of the relationships among p, I?
and T are called equations of state. Many of them have
been developed, the first one by van der Waals [13]  in
1873:

12 12
2 2
11 11

1.0 1.0
0 1 2 3 5 7 a 9 Y)

F i r e  3 Compressibility factor Z = p f/:/iiT as a function of pr and T, for cxc = 6 [ 3f, 121.
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5.1.2-4 5.1 PROPERTIES OF PURE FLUIDS / 5.1.2  Specific Volume

where a and b are specific constants approaching 0 for
ideal gas conditions. This is one condition that should be
fulfilled by any equation of state, but all of them should
also satisfy the conditions at the critical point:

0a 0ii? Tc=
0

(18)

(19)

With this requirement, the values of II and b in the van
der Waals equation become

a = 3

0

3 @cl2
13%

4
PC

b =  -z
0 PC

(20)

The best compromise between simplicity and
accuracy seems to be provided by the Redlich-Kwong
equation [14],  which is also a two-constant equation:

a

T0.5?(?  + 1b) (&b)=kT (21)

or

p=$l-
aT-0.s

V - b v(v + b)

with the constants a and b derived by similar considera-
tions as for the van der Waals equation:

a = 0.427  5 C?%!

b = 0.086 64 g

(22)

PC

Soave [IS] improved the accuracy of the Redlich-
Kwong equation, replacing the term aTooe5 by a
function of the reduced temperature and Pitzer�s acen-
tric factor o-the whole equation then reading

p,_RT
V - b

- a,[1 + (0.480 + 1.574 0-0.176~�)

* (1 - T:*5)]2/v(v  + b) (24)

where

Z2T2
a, = (aT-005)C  = 0.427 5 2

PC

and

as above.
A further modification of the Redlich-Kwong

equation, suggested by Peng and Robinson [16]  is
reported to be even more accurate for hydrocarbons and
hydrates and for liquid densities than the Redlich-
Kwong-Soave version:

iT
p=-

V - b ,

- acl [1 + (0.375 + 1.542 GJ - 0.207 w2)

- (1 - T,o.5)]2/(?  + b1)2  - 2 b: (27)

with acl and bl slightly different from a, and b as a
consequence of the different structure of the equation:

a,1 = 0.457 2 !s
PC

(28)

b, = 0.077 8 @
PC

For many compounds the virial coefficients for the
virial equation of state,

z = g = 1 + B(7) f C(T)p�2  4 D(T);3  + * * * ( 3 0 )

are given in the literature. B, the second virial co-
efficient, C, the third virial coefficient, etc., are func-
tions of temperature only for pure fluids.

Other, more elaborate equations of state, e.g.,
Benedict-Webb-Rubin, or Lee-Kesler, are beyond the
scope of this section. See Ref. [l] .

Nomenclature for Section 5.1.2 appears at the beginning of Part 5. References appear at the end of Section 5.1.5.
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5.1 PROPERTIES OF PURE FLUIDS 5.1.3-1

5.1.3
Thermodynamic properties

M. Schunck

A. Normal boiling point

The normal boiling  point of a pure fluid (at normal
pressure, 760 mm Hg = 1. 013 3 bar) is rarely unknown
since the experimental determination is very easy. The
estimating methods presented below will therefore be
more or less a last refuge.

For a large number of organic compounds the
normal boiling point can be determined according to
Ogata and Tsuchida [17]  from structural constants
listed in Table 1. With the constants p, y, and 4 taken
from this table, the normal boiling temperature is

Tb = P3’ + 4 K (1)

All other existing rules for estimating the normal boiling
temperature of a fluid solely from the knowledge of its
chemical composition are reported to be less accurate
than simple considerations of analogy with similar
compounds whose boiling points are known.

If some points of the vapor pressure-temperature
curve are available, the normal boiling point can be
found by extrapolating or interpolating. For this
purpose it is either possible to draw a vapor pressure
curve in a diagram like a Cox chart (see Sec. B) where it
is nearly a straight line, or to use the Antoine equation.
However, it has to be kept in mind that many liquid
compounds will decompose at temperatures well below
their normal boiling point.

B. Vapor pressure-temperature curves

A plot of log p versus T-’ for any compound gives a
fairly straight curve that can be extrapolated or inter-

0 1983 Hem&hem 1
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polated easily. Even if only two points of the whole
function are known, e.g., the boiling point and the
critical point, a line through these two points in the log
p versus T-�  diagram is a good estimation for the
relationship between saturation pressure and saturation
temperature. It can be improved if it is drawn similar to
a known curve or if more than two pairs of parameters
are available for its determination.

A further improvement was first suggested by Cox
[18]  : A plot of log p over a function of Tis graphically
generated by drawing a straight line with a positive or
negative slope into a coordinate system. The ordinate is
then marked up in log p and the abscissa in T according
to the known equilibrium values of a reference fluid,
e.g., water. In such a diagram, since named Cox chart,
the vapor pressure-temperature curves of other fluids are
found to plot as almost straight lines too.

Hoffmann  and Florin [19] gave an analytical
function for the abscissa of a Cox chart, which is linear
inr-� instead of T-’ :

7-l = T-’ - (7.915 1 - 2.672 6 log 7) X 1O-3

- 0.862 5 TX 1O-6 (2)

A tabulation of corresponding values of T-’ and
T-�  is given in Table 2. This tabulation is especially
useful when values of a Cox chart are to be interpolated.
Two Cox charts, for several fluids, prepared according to
Hoffmann  and Florin are presented in Figs. 1 and 2. Cox
charts like these show an interesting and sometimes
useful peculiarity: the vapor pressure-temperature
curves of homologous series of compounds often
(nearly) meet in one point. In many cases this �infinite
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5.1.3-2 5.1 PROPERTIES OF PURE FLUIDS / 5.1.3  Thermodynamic Properties

Table 1 Structural constants p, q, aad y for the estima-
tion of normal boiling points of organic liquids�

Rx P Q mb

RH 1.615 63.8
RCl 1.348 197.7
RBr 1.260 213.6
RI 1.198 253.4
ROH 0.896 277.6
MeOR 1.217 191.2
EtOR 1.137 221.8
ROR 2.158 143.2
PhOR 0.894 377.4
RONO, 1.016 280.5
RSH 1.191 221.0
RSMe 1.146 249.2
RSEt 1.080 280.0
RSR 1.937 214.4
RN% 1.194 201.4
RNHMe 1.180 215.2
RNHEt 1.081 247.9
RNHPr 0.991 282.8
RNMe 1.193 218.7
RNO, 0.923 308.8
HCOR 1.140 233.8
MeCOR 1.022 270.6
EtCOR 0.918 302.2
RCN 0.960 292.2
RCOCl 1.040 267.9
HCOOR 1.073 244.6
MeCOOR 1.000 273.2
EtCOOR 0.963 297.5
PhCOOR 0.766 425.9
RCOOH 0.903 342.4
RCOOMe 1 .ooo 273.2
RCOOEt 0.963 297.5
RCOOPr 0.911 323.4
RCOOPh 0.766 425.9
(RW, 0 1.286 337.7
CICH,  COOR 0.721 359.6
Cl, CHCOOR 0.745 372.3
BrCH, COOR 0.745 374.4
NCCH, COOR 0.565 433.5
CH, =CHCOOR 0.918 302.2

Me,C t-Bu

Me, r-Bu
Me

Me, Hep

Me

Me, Hep

Me

(Standard series)

(Standard series)

Hep

R Y R Y

Me
Et
n-P1
iso-Pr
n-Bu
set-Bu
iso-Bu
f-Bu
n-Am
iso-Am

55.5 t-Am 122.0
77.1 Neopent 125.0

102.0 n-Hex 171.0
92.0 iso-Hex 168.0

124.0 n-Hep 191.5
113.0 n-Ott 210.0
l&6.5 Vinyl 71.0
96.0 Ally1 104.0

149.0 2-Butenyl 127.0
140.5 Phenyl 197.0

iAccording  to Ogata and Tsuchida [ 171.
(Ex) stands for configurations for which deviations of more

than 55% are to be expected.
�Me  = methyl; Ph = phenyl, etc.

point� is close to 7-r = 0 or T=1400  K,  and
p = 2 250 bars or log p = 3.352.

Antoine [20]  proposed a simple equation for the
vapor pressure-temperature equilibrium which also
results in a distortion of the T-’ scale in a log p versus
f(T) correlation:

B
logP=A-T-C (3)

The constants A, B, and C for Antoine�s equation are
often given in the literature (see also Sec. 5.5). Antoine
suggested that C = 13 K, but better results are claimed
for a rule given by Thomson [21] :

c = -0.3 + 0.034 Tb K (4)

for fluids with i�b  < 125 K and for monatomic elements,
while

c=--l8+0.19Tb  K (5)

for all other fluids. Once a value for C is accepted, it is
easy to calculate A and B from two known pairs of
vapor pressure-temperature values, pl, T1 and p2, T2 :

hP2 -1ogPl
B = (T1 - q-1 _ (T, - q-1

B
A = 1% Pl + Tl _ c

B
~ = log p2 + ___

T2 - C (7)

The Antoine equation is not dimensionless. If tabulated
values of A, B, and C are to be used, one has to make
sure if In p or log p must be taken, and in which of the
possible units p and even T (K or R) will be given.

C. Heat of vaporization

According to Trouton�s rule [22],  the increase of the
molar entropy during vaporization at the normal boiling
point is very similar for many fluids, being close to

AI?
u = 88 kJ/kmol  K

Tb

where GV is the molar heat of vaporization in J/mol or
kJ/kIllOl.

Trouton�s rule is a good approach for nonassociating
fluids with normal boiling temperatures over 170 K. For
other fluids, the deviations are sometimes considerable;
instead of 88 kJ/kmol, the real values are, for instance,
hydrogen, 46 Id/km01 K; nitrogen, 71 kJ/kmol K; and
water, 108 kJ/kmol K.

Better results are achieved by employing a �Trouton
parameter� which is a function of the reduced pressure
and the reduced temperature at the boiling point, &b
and Trb. Thus Trouton�s rule changes to
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties 5.1.3-3

Table 2 Numerical values of T-’ and 7-l as functions of temperature for the distortion of
the T-’ scalea

6 T I9 T
“C K l/T l/T “C K l/T l/T

-270 3.15 0.317 460 0,310 874
-265 8.15 0.122 699 0.117 213
-260 13.15 0.076 046 0.071 110
-255 18.15 0.055 096 0.050 530
-250 23.15 0.043 197 0.038 908

-245 28.15 0.035 524 0.031 459
-240 33.15 0.030 166 0.026 286
-235 38.15 0.026 212 0.022 491
-230 43.15 0.023 175 0.019 592
-225 48.15 0.020 768 0.017 309

-220 53.15 0.018 815 0.015 465
-215 58.15 0.017 197 0.013 948
-210 63.15 0.015 835 0.012 677
-205 68.15 0.014 674 0.011 600
-200 73.15 0.013 671 0.010 675

-195 78.15 0.012 796 0.009 872
-190 83.15 0.012 027 0.009 171
-185 88.15 0.011 344 0.008 552
-180 93.15 0.010 735 0.008 003
-175 98.15 0.010 189 0.007 512

-170 103.15 0.009 695 0.007 072
-165 108.15 0.009 246 0.006 674
-160 113.15 0.008 838 0.006 314
-155 118.15 0.008 464 0.006 003
-150 123.15 0.008 120 0.005 659

-140 133.15 0.007 5 10 0.005 158
-130 143.15 0.006 986 0.004 709
-120 153.15 0.006 530 0.004 322
-110 163.15 0.006 129 0.003 987
-100 173.15 0.005 775 0.003 693

- 90 183.15 0.005 460 0.003 435
- 80 193.15 0.005 177 0.003 205
- 70 203.15 0.004 923 0.003 000
- 60 213.15 0.004 692 0.002 816
- 50 223.15 0.004 481 0.002 65 1

- 40
- 30
- 20
- 10

0

+ 10
+ 20
+ 30
+ 40
-t 50

233.15 0.004 289 0.002 501
243.15 0.004 113 0.002 364
253.15 0.003 950 0.002 240
263.15 0.003 800 0.002 126
273.15 0.003 661 0.002 022

283.15 0.003 532 0.001 926
293.15 0.003 411 0.001 837
303.15 0.003 299 0.001 755
313.15 0.003 193 0.001 678
323.15 0.003 095 0.001 607

�According to Hoffmann  and Florin [ 191.

+ 60 333.15
+ 70 343.15
+ 80 353.15
+ 90 363.15
+100 373.15

+110 383.15
+120 393.15
+130 403.15
+140 413.15
+150 423.15

+160 433.15
+170 443.15
+180 453.15
+190 463.15
+200 473.15

+210 483.15
+220 493.15
+230 503.15
+240 513.15
+250 523.15

+260 533.15
+270 543.15
+280 553.15
+290 563.15
+300 573.15

+310 583.15
+320 593.15
+330 603.15
+340 613.15
+350 623.15

+360 633.15
+370 643.15
+380 653.15
+390 663.15
+400 673.15

+420 693.15
+440 713.15
+460 733.15
+480 753.15
+500 773.15

+520 793.15
+540 813.15
+560 833.15
+580 853.15
+600 873.15

0.003 002 0.001 541
0.002 914 0.001 479
0.002 832 0.001 422
0.002 754 0.001 368
0.002 680 0.001 317

0.002 610 0.001 269
0.002 544 0.001 224
0.002 481 0.001 181
0.002 420 0.001 141
0.002 363 0.001 103

0.002 309 0.001 067
0.002 257 0.001 033
0.002 207 0.001 000
0.002 159 0.000 969
0.002 114 0.000 940

0.002 070 0.000 912
0.002 028 0.000 885
0.001 988 0.000 859
0.001 949 0.000 834
0.001 912 0.000 811

0.001 876 0.000 789
0.001 841 0.000 767
0.001 808 0.000 746
0.001 776 0.000 726
0.001 745 0.000 707

0.001 715 0.000 689
0.001 686 0.000 67 1
0.001 658 0.000 654
0.001 631 0.000 647
0.001 605 0.000 621

0.001 579 0.000 606
0.001 555 0.000 591
0.001531 0.000 577
0.001 508 0.000 562
0.001 486 0.000 548

0.001 443 0.000 5 22
0.001 402 0.000 497
0.001 364 0.000 474
0.001 328 0.000 452
0.001 293 0.000 431

0.001 261 0.000 411
0.001 230 0.000 391
0.001 200 0.000 373
0.001 172 0.000 355
0.001 145 0.000 338
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5.1.3-4 5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties

-220 -2x1 -2w -175 -150 -1cu 0
TEMPERATURE=�C

%mH27
ilk=01

Figure 1 Cox chart [ 18) prepared according to Hoffmann  and Florin [ 191  for the low-temperature range.

A& _ &-ln Prb)

Tb 1 - %
(9)

An exact calculation of the heat of vaporization of
pure (and mixed) fluids at any temperature is possible
by evaluating the Clausius-Clapeyron  equation:

(10)

where dp/dT is the slope of the vapor pressure-
temperature curve at the temperature of vaporization.
At low pressures, &r (the molar volume of the liquid
phase) can be neglected in comparison to v&, (the
molar volume of the saturated vapor). If, in addition,

FVar,  is taken as-the specific volume of the ideal gas (i.e.,
2 = l), VWP = R T/p, the equation is simplified to

ti
V
=.kT dp -I? T2 dp +dl”P

P dT P dT dW-3
(11)

which is proportional to the slope of the vapor pressure-
temperature curve in the log p versus l/T diagram.

If, in such a plot, the slope of the saturation curve
at the boiling point is estimated by drawing a straight
line from the boiling point to the critical point, this last
expression converts into the Trouton  parameter given
above.

Since the conditions Z = 1 and vvar, B ifi are valid
only in the low-pressure range, other methods have been

Ooot
-LO 0 50 IW 27
~l/r=000251 TEMPERATURE c ( r.01

Figure 2 Cox chart [ 181 prepared according to Hoffmann  and Florin [ 191  for the high-temperature range.
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties 5.1.3-5

proposed for estimating the hea_t  of vaporization at any
temperature. If one value of AH, is known (e.g., that at
the normal boiling point), good results are obtained with
the correlation

(12)

where n = 0.38 for nonassociating liquids, according to a
recommendation given by Watson [8].

D. Specific heat capacity

(a) Ideal gases

The specific heat capacity (specific heat) of ideal gases
applies to real gases in the range of low (reduced)
pressures and high (reduced) temperatures. Roughly this
range is limited by Tr > 2 for pr < 0.4 and Tr > 4 for
pr < 4 [see Sec. D(b)].  The order of magnitude for the
specific heat at constant pressure, c,, is about 30
kJ/kmol  K, increasing with increasing temperature.

According to the kinetic theory of gases, the
internal energy of an (ideal) gas is identical with the
kinetic energy of its molecules. The possibility of
internal vibrations of the atoms within the molecules is
neglected as well as the energy of interaction between
molecules as a function of their separation distance.

In monatomic gases, the kinetic energy consists
merely of translational energy while in polyatomic gases
it is evenly distributed between translational energy and
energy of rotation. Each of the possible vectors will pick
up the same amount of energy: $2 = 4 157 J/km01  K.

In ideal gases, the difference between the specific
heat capacity at constant pressure, ep, and at constant
volume, ev, amounts to

ep - e,, = p g = R” = 8 314.3 J/km01 K (13)

In consequence, the relationships for ideal gases, accord-
ing to the kinetic theory, are as follows:

1. Monatomic (three degrees of freedom for trans-
lational movement in the three directions of space):

cp = ;R�  = 20.8 kJ/kmol K (14)

e,, = gi = 12.5 kJ/kmol K (15)

2. Diatomic (two additional degrees of freedom for
vectors of rotation perpendicular to the connecting line
between the two atoms):

c =;ii =29.1  kJ/kmolK (16)

Ev = ;R�  = 20.8 kJ/kmol K (17)

3. Triatomic (one additional degree of freedom for
a vector of rotation in the third possible direction):

Fp = $ii = 33.3 Id/km01 K (18)

ev = $ii = 24.9 kJ/kmol K (19)

The real specific heat capacities of monatomic gases
sufficiently above the saturation temperature indeed
have the values predicted by the kinetic theory of gases.
The diatomic and polyatomic gases, however, have
higher specific heat capacities because of the elastic
vibrations of the molecules neglected by the theory.
Such vibrations can be stimulated only by collisions that
transmit the minimum quantum of energy, hv, where h
is the Planck quantum (h = 6.625 3 X lo-% J s) and v is
the frequency of the molecule as an elastic vibrator in
s-�  . With increasing temperature the number of colli-
sions fulfilling this requirement will also increase, thus
increasing the proportion of vibrational energy within
the total energy of a polyatomic (but still ideal) gas.

In real gases, the forces interacting betw_een the
molecules let the difference & -& exceed R if the
distance between the molecules becomes small, i.e., at
low temperatures or high pressures.

The specific heat capacity of a polyatomic ideal gas
can be calculated from the vibration patterns of its
molecules as determined by spectroscopic methods.
However, an exact prediction of these patterns from the
molecular structure alone is only feasible for very simple
molecules. The vibration frequency of a single atom is
strongly influenced by the kind of bonds connecting it
with its immediate neighbors, but only to a lesser degree
by the rest of the structure of the molecule. Thus,
typical atomic groups give typical contributions to the
specific heat of a polyatomic gas, no matter what other
groups are present in the molecule. Benson [23] has
developed a very accurate group contribution method
also described in [ 11.

A different method requiring less tabulation has
been reported by Sakiadis and Coates [24] and Gambill
[25].  Here, a certain frequency is ascribed to the
bending vibration and another frequency to the longi-
tudinal vibration of many types of bonds. The real
influence of any atom in the molecule on the vibration
frequencies of all its atoms is thereby neglected. Never-
theless, the mean deviation is better than +5% within a
temperature range from 200 K to over 1 000 K (or the
temperature of decomposition of nearly all organic
compounds).

The molar specific heat of an ideal polyatomic gas,_
C, id, is calculated by the equation

+32-6-+-n
Z ni Ahi (20)

n

o 1983 Hemisphere Publishing Corporation
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5.1.3-6 5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties

where Avi  =f(c+i/T)  is the contribution of the longi-
tudinal vibration of a certain type of bond

A&i = f(wsi/T)  is the contribution of the bending
vibration of a certain type of bond
o�i  is the frequency, longitudinal
wgi is the frequency, bending

ni = number of bonds of type i
n, = number of bonds allowing a rotation of one

part of a molecule relative to another part,
i.e., C-C, O-O bonds, and C-O bonds in
ethers and esters

n = total number of bonds in the molecule
z = number of atoms in the molecule

The vibration frequencies oi ascribed to various types of
organic bonds are listed in Table 3, where the indices v
and 6 again denote longitudinal and bending vibrations.
Avi  a n d  Asi a r e  f u n c t i o n s  o f  o,i/T  a n d  wsi/T,
respectively. They are plotted in Fig. 3.

The method is not applicable for strongly associ-
ating vapors since they deviate too much from the ideal
gas conditions.

Table 3 Bond frequencies and bond increments for
estimating specific heat capacities of gases, vapors, and
liquidsa

Type of bond wy ws AG AL

C-H (aliphatic) 2914
C-C (ahphatic) 989
C=C (aliphatic

symmetric) 1 618
C=C (aliphatic

asvmmetric) 1 664
C=C (ahphatic)
C-H (aromatic)
C-C (aromatic)
C=C (aromatic)
C - I
C-Br
C-Cl
C - F
c - s
c = s
s - s
S-H
C-N
C=N
N-N
N-H
N-O
N=O
c - o
c = o
O-H
o - o
Cycle

2 215
3 045

989
1618

500
560
650

1050
650

1050
500

2570
990

1620
990

2920
1030
1700
1030
1 700
3420

850

1 274
390

599

421
333

1318
390
844
260
280
330
530
330
530
260

1 050
390

845
390

1 320
205
390
205
390

1 150
(300)

5.10 4.16
-1.10 1.07

5.68 6.36

5.68 6.36

5.10 4.16
-1.10 1.07

5.68 6.36

15.54 15.33
12.91 12.55

0.40 0.24

5.57 5.00

a.17 8.28
2.05 2.78
9.93 9.08
4.64 5.07

4.80 4.43

aSee Refs. [ 25, 261.
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F i r e  3 F�lot  of A = f(w/T)  for the evaluation of Eqs. (20) and
(23). Redrawn from [24].

(6) General jluids

For a real fluid in the whole range of reduced pressures
and temperatures, the molar specific heat at constant
pressure can be calculated by the equation

5 -
Cp = Cp id + Aep (21)

The residual specific heat A($, can be given as a function
of the reduced pressure pr, the reduced temperature T,,
and Pitzer�s acentric factor w:

Aep = &A, + w A, ) (22)

where A, and A, are functions of pr and T,. given in
Figs. 4 and 5 [4,43].

The method is valid in the whole range of pr and Tr
but gives no reliable values in the surroundings of the
critical state. Below the critical state, the curves are split
up into a liquid range and a vapor range.

blishing  Corporation

?I



5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties 5.1.3-7
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Figure 4 Plot of A0 = f(T,., pr) for the evaluation of Eq. (22). Drawn according to Lee and Kesler [43].
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Figure 5 Plot of A, = f(T,,  pr) for the evaluation of Eq. (22). Drawn according to Lee and Kesler [43].
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5.1.3-8 5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties

(c) Liquids

The specific heat capacities of liquids below their normal
boiling point are usually in the range of

1.6 kJ/kg K < cp =

with exceptions to higher values (water, ammonia up to
4.6 kJ/kg  K) and lower values (halogen compounds,
down to 0.42 kJ/kg K). In the low-pressure range, the
specific heat capacities of liquids rise with temperature.
For the estimation a method may be used, according to
Sakiadis and Coates [24], which is very similar to the
one given in Sec. D(a). The corresponding equation is

c,, = 6 + nr + I: ni Aui
R�K

+F3z-6-nn,-n
n

I: ?li &

with the same meaning of the symbols as in Sec. D(a),
and also employing Table 3 and Fig. 3. Of the additional
factors F and K, F is a correction factor to be taken from
Fig. 6, and

�.61
1.4 -

1.2

cj>

B A

0.4

& :

20 100 200
6'

Figure_6  Correction factor F as a function of the molecular
mass M to be used in Eq. (23). Redrawn from [24].

Table 4 Values of the constants C and n for the estima-
tion of specifK  heat capacities of liquids’

Row c n

Alcohols 3 560
Acids (organic) 3 800
Ketones 2 460
Esters 2 510
Amines  (aliphatic) 6 820
Nitriles  (aliphatic) 3 030
Hydrocarbons (aliphatic) 3 660
Hydrocarbons (aromatic) 1 370
Monochloro- (aliphatic) 640
Polychloro- (aliphatic) 19 800

a.10
4.152
-0.013 5
-o.o57 3
-0.22
4.073 3
-0.113
+o.o48  5
+0.229
-O.63

aAccording to Pachaiappan et al. [26].

where AG and AL are added up from the increments
given in Table 3.

A relative rotation of one part of a molecule in
liquids is only possible with C-C bonds; therefore n,
denotes the number of aliphatic C-C bonds in a
molecule. If there are types of bonds in a molecule for
which no values of AG and AL are listed in Table 3, then
K is estimated on the basis of the remaining bond
increments. Deviations of +lO%  are to be expected,
especially for the first members of homologous rows or
for temperatures below 220 K (-5O�C).

Pachaiappan et al. [26] recommend an equation by
which the specific heat capacities of members of the
same homologous row can be calculated alone from their
molecular masses:

c, = ci? (24)

The constants C and n can be evaluated if the specific
heat capacity for at least two members of the row are
known. For a number of homologous rows Table 4 gives
values of C and n. The deviations are mostly within a
range of *5%.

Nomenclantre  for Section 5.1.3  appears at the beginning of Part 5. References appear at the end of Section 5.1.5.
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.4 Transport Properties 5.1.4-3

Table 2 Atomic and structural increments for calcu-
lating J in Souders’ equation for estimating liquid
viscosities0

Atomic and group values

C 50.2 OH 57.1 CH, 55;6
H 2.7 Cl 60.0 c o o 90.0
0 29.7 Br 79.0 COOH 104.4
N 37.0 I 110.0 NO, 80.0

Structural values

Double bond -15.5
5-C ring -24.0
6C ring -21.0

Side group on 6-C ring

WithM< 17 - 9.0
WithM> 16 -17.0

Ortho and para + 3.0
Meta + 1.0
-CH=CHCH,X + 4.0

;)CHX + 6.0

(X = negative group)

;; CHCH <; + 8.0 R\CR
R �  �R

+1 .O

H-C-R +10.0 CH,-F-R + 5.0

x 0

�See Ref. [ 281.

The viscosity TJ  is obtained in N s/m�,  if the molecular
mass h is given in kg/kmol and the density p is in
kg/m3. The method is adequate for a rough estimation
of the viscosity at room temperature for liquids with
freezing points below and boiling points above 20°C. It
fails completely if sulfur is present in the compound.
For other nonassociating liquids the deviation should be
in the range of -+30%. For acids, the results tend to be
too low; for multihalogenated hydrocarbons they are
often too high.

For liquids below their normal boiling point,
Thomas [29J suggested the equation

The viscosity 77 is obtained in N s/m�,  if the density p is

Table 3 Structural increments for
calculating 0 in Thomas’ equation
for estimating liquid viscosities

Double bond 0.478
C,H, 0.385
CO in ketones and esters 0.105
CN in nitriles 0.381
S 0.043
C -0.462
H 0.249
0 0.054
Cl 0.340
Br 0.326
I 0.335

o 1983 Hemisphere  1 blishing Corporation
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given in kg/m3 and 0 is added up from increments taken
from Table 3.

The method is reported to be more accurate than
Souders� method described above for aromatics above
benzene, unsaturated compounds, and paraffins. It
works also with compounds containing sulfur, but gives
deviations up to +80%  for multihalogenated compounds,
acids, alcohols, aldehydes, amines,  naphthenes, and
heterocyclic compounds. In judging the accuracy of
estimating methods for liquid viscosities one should,
however, keep in mind the vast range of possible values
which lets a deviation of ItSO% still be a good approach.

(c) Temperature dependency of the viscosity
of liquids

As already mentioned, the viscosity of liquids decreases
rapidly with rising temperature. It may serve as a rule
of thumb that within some kelvins above the melting
point the viscosity of many liquids is close to 2 X 10e3
N s/m2, decreasing to about 0.3 X 10e3 N s/m�  at the
normal boiling temperature. Within this range of
temperatures, the logarithm of the viscosity is an almost
linear function of the reciprocal temperature. In
approaching the freezing point, however, there is often a
sharp rise in viscosity. On the contrary, above the
temperature of the normal boiling point, the decrease of
the viscosity is usually more rapid than suggested by the
logarithmic function valid in the intermediate range.

Following theoretical considerations, Andrade [30]
introduced the liquid density into the logarithmic
function and thus obtained the equation

7) = lo-6 ~/,1/3&p/7- (4)

The constants A and c of Andrade�s equation can be
determined if two or more viscosity values, qr, q, , etc.,
are known at different temperatures, T1, T2, etc.,
together with the respective liquid densities, p 1, p2, etc.:

C=
lfl h/772) + 4 ln @z/A)

PI ITI - ~2P.2
(5)

A = 106 gp-1~3e-~~P’ (6)

The equatio;  is reported to be a very good approach
for inorganic and organic liquids and even for molten
metal. It is valid not only between the experimental
values but also in extrapolation until close to the critical
state. However, the uncertainty of all experimental
values must be kept in mind; thus, A and c should not be
determined from measured viscosity values too close
together. If the liquid is highly associating, the values of
c are extraordinarily high at lower temperatures but
normalize as the temperature rises-that is, c is no longer
a constant for such liquids.

Numerical values of A and c in Andrade�s equation

-T--- l---- l-. .*



5.1.4-4 5.1 PROPERTIES OF PURE FLUIDS / 5.1.4 Transport Properties

are given in Table 4. They are valid for obtaining Q in mostly below *l%; for liquids marked with t, deviations
N s/m2  if p is in kg/m3. The tabulated values are based from +5% to even *20% must be expected, however.
on experimental viscosity values between 273 and 373 K Lewis and Squires [31] have developed a chart
(0 and 1OO�C).  Within this range, the deviations are illustrated in Fig. 2 which shows the approximate change

Table 4 Numerical values for the constants A and c in Andrade’s relationships, Eqs. (4)
and (7)’

Compound A C Compound A C

Elements
Water
Mercury
Chlorine
Bromine
Iodine

Paraffins
Pentane
Hexane
Heptane
Octane
i-Pentane
i-Hexane
i-Heptane

Aromatic compounds
Benzene
Ethyl benzene
o-Xylene
m-Xylene
p-Xylene
Toluene

Olefms
Isoprene
1,5-Hexadiene
Trimethyl ethylene

Halogen compounds
Propyl chloride
i-Propyl chloride
i-Butyl chloride
Ally1 chloride
Methylene chloride
Ethylene chloride
Ethylidene chloride
Chloroform
Carbon tetrachloride
Ethylene tetrachloride
Ethyl bromide
Propyl bromide
i-Propyl bromide
iButy1 bromide
Ally1 bromide
Acetylene bromide
Propylene bromide
i-Butylene bromide
Ethylene bromide
Methyl iodide
Ethyl iodide
Propyl iodide
i-Propyl iodide
i-Butyl iodide
Ally1 iodide

0.588 1.534
24.67 0.021
11.53 0.197
7.08 0.213

15.35 0.220

4.34 0.855
4.55 0.929
4.53 0.990
4.37 1.098
4.36 0.856
4.54 0.900
4.49 0.974

3.38 1.000
4.58 0.922
4.17 1.007
4.65 0.893
4.36 0.931
4.39 0.912

4.49 0.731
4.16 0.854
4.70 0.721

5.02 0.655
4.59 0.683
4.43 0.797
4.78 0.611
5.77 0.422
4.44 0.668
4.98 0.557
6.07 0.412
3.97 0.560
6.80 0.436
5.46 0.378
5.27 0.473
4.91 0.492
4.80 0.605
5.08 0.444
6.52 0.315
4.73 0.505
3.76 0.656
4.79 0.446
5.40 0.247
5.68 0.319
5.43 0.406
5.30 0.410
4.90 0.499
5.23 0.389

Fluorobenzene 5.14
Chlorobenzene 5.48
Iodobenzene 5.47

Sulfur compounds
Thiophene 4.40
Methyl mercaptan 5.30
Ethyl mercaptan 5.08
Carbon disulfide 7.29

Alcohols
Methanol 2.69
Ethanol 2.28
Propanol 1.05
Butanol 0.783
Ally1 alcohol 1.33
i-Propanol 0.352
i-Butanolb 0.34
Dimethyl ethylcarbinolb  0.097
Trimethyl caibino#�
Amy1 alcohol, active

Inactive
Acids and anhydrides

Formic acid
Acetic acid
Acetic anhydride
Propionic acid
Propionic anhydride
Butyric acid
i-Butyric acid

Esters
Methyl formate
Ethyl formate
Propyl formate
Methyl acetate
Ethyl acetate
Propyl acetate
Methyl propionate
Ethyl propionate
Methyl butyrate
Methyl i-butyrate

Ethers
Diethyl ether
Methylpropyl ether
Ethylpropyl ether
Dipropyl ether
Methyl i-butyl ether
Ethyl i-butyl ether

Carbonyl compounds
Acetaldehyde
Acetone
Methylethyl ketone
Diethyl ketone
Methylpropyl ketone

0.039
0.298
0.515

2.25 1.036
4.28 0.927
4.57 0.809
5.13 0.904
4.18 0.952
4.19 1.107
4.55 1.048

5.24 0.571
4.92 0.675
4.51 0.799
4.63 0.668
4.40 0.767
4.06 0.891
4.98 0.719
4.33 0.838
4.25 0.862
4.37 0.827

4.44 0.571
4.46 0.675
4.25 0.843
4.14 0.951
4.34 0.825
4.12 0.925

4.80 0.610
4.91 0.720
4.53 0.834
4.76 0.848
4.72 0.884

0.695
0.703
0.516

0.739
0.610
0.779
0.356

1.171
1.491
1.986
2.174
1.609
2.466
0.262
3.111
3.574
2.688
2.640

�See Ref. [30].
�For  these compounds deviations greater than +5% are to be expected.
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Figure  2 Change of liquid viscosity with temperature. Adapted
from Lewis and Squires [ 3 11.

of viscosity with temperature for many fluids, except
mercury but including water. To use this chart, one
enters with a known viscosity value and follows the
curve for a distance according to the temperature change
in question.

For petroleum oils, the use of the ASTM Viscosity-
Temperature Chart for Liquid Petroleum Products
(ASTM D 341-39) is recommended.

(d) Ressure  dependency of the viscosity
of liquids

The viscosity of all liquids increases with pressure. Most
data suggest that the logarithm of q is an almost linear
function of pressure in a range of 1 000 to 4 000 bars.
For water and mercury, the increase of viscosity is very
little, especially at lower temperatures. For oils, Bondi
[32] observed that, as a rule of thumb, an increase in
pressure of 100 bars has about the same effect on
viscosity as a decrease in temperature of 3 K.

The pressure dependency of viscosity is higher for
liquids with high initial viscosity and for liquids with
more branched molecules. Other influences are the
liquid density and its change with pressure, i.e., the
liquid compressibility. Andrade [30] gave the relation-

*P
116

zP=!E Kb00 111

‘lo PO K;

,c@p-Pm (7)

where the subscripts p, 0 denote high pressure and low
pressure conditions; K� is the isothermal compressibility

K’ = l/?(�(av/@)~  which can be estimated [e.g., from
Fig. 5.1.2(3)] if no measured values are available. [Since
Fig. 5.1.2(3)  gives Z as a function of pr, one has to

calculate

where (aZ/ap,)~  is the slope of the curve and Tr = const
at pr and Tr of interest.] For c see Sec. A(c).

B. Thermal conductivity

(a) Thermal conductivity of gases

With the exceptions of hydrogen (A = 0.18 W/m K at
300 K) and helium (A = 0.15 W/m K at 300 K) the
thermal conductivities of gases and vapors are in the
range 0.01 <h < 0.025 W/m K. The thermal con-
ductivity of gases is explained by the kinetic theory as
the exchange of energy in collisions between the
molecules of a gas. Therefore, X is related to the heat
capacity per unit volume of the gas, ?Jv, the average
particle velocity u, and the mean free path I:

Usually, u and 1 are not available, but there is a close
relationship between thermal conductivity h and
viscosity r). According to the kinetic theory of gases, the
dynamic (absolute) viscosity is

N s/m2 (10)

Therefore, the following relationship should be valid:

A=+ W/m K (11)

In reality, however, a correction of this relationship
is required in order to get agreement with measured
values. Based on theoretical considerations, but with
simplifying assumptions, Eucken [33] proposed the
following correction:

&9K-5
fi 4

(12)

where K = ?p/?�.  Thus, Eucken�s correction factor
ideally should have the following values:

Monatomic gases: K = 1.67; (9K - 5)/4 = 2.50

Diatomic  gases: K = 1.40;(9K  - 5)/4 = 1.90
Triatomic gases: K = 1.33;(9K  -5)/4  = 1.74
Polyatomic gases: K --f 1 .O; (9~ - 5)/4 + 1 .O

Eucken�s relationship gives a good approach in the
pressure range from about 0.1 to 10 bars and in the
temperature range from about 80 to 1 000 K. The
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5.1.4-6 5.1 PROPERTIES OF PURE FLUIDS / 5.1.4 Transport Properties

calculated values seem to give a lower limit for actual
values, but the deviations are normally less than -20%.

(b) Tempemture dependency of the thermal
conductivity of gases

In the range of low pressures, the thermal conductivity
of gases increases with temperature. For monatomic and
diatomic gases, the rise in conductivity is almost
proportional:

For organic vapors, Owens and Thodos 1341  recommend
the relationship

m
(14)

with m = 1.786.

(c) Pressure dependency of the thermal
conductivity of gases

With increasing pressure, the thermal conductivity of
gases will also increase. At very low pressures (i.e., in the
vacuum below about 0.01 bar), the mean free path is
partly or wholly limited by the walls confining the gas
volume in question. In that range, the thermal conduc-
tivity increases linearly with pressure. Above, the in-
crease of A with pressure slows down considerably. At
atmospheric pressure, the increase is in the order of
magnitude of 1% per 1 bar of increase in pressure.

For a survey, a plot prepared by Schaefer and
Thodos [35] for diatomic gases may be used (see Fig. 3).
Note that this plot resembles very much, but is not
identical, to Fig. 1.

‘r

Figure 3 Reduced thermal conductivity X, = h/k for diatomic
gases as a function of Tr and pr from Schaefer and Thomas [ 35 J .
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Table 5 Structural increments AX for estimat-
ing the thermal conductivity of liquids’

Atomic group Ah

Unbranched hydrocarbons:
Paraffins, oletins, cyclic

Branches:
CH,
CIHI-,i-CJH,-,C,H,-

Substitutions:
F- and Cl-

Br-

I
OH-iso
Norma normal
Normal
Tertiary

Oxygen:

-I&0 (ketones, aldehydes)

II
-C-O (acids, esters)

-0- (ethers)

w-

0

Each 1
Each 2

Each 1
Maximum 3
One 4
Two 6
One 5
Each 1
One -1
Two 0
One 5

0

0

2

Each 1

�From Robbins  and Kingrea (371.

(d) Thermal conductivity of liquids

The thermal conductivity of liquids varies within a much
wider range than that of gases. Typical values are:

Organic liquids: 0.12<A<0.20W/mK
Water and other polar liquids: 0.20 < h < 0.60 W/m K
Salt molten: 1 . 0  <h<4.0 W/mK
Metal molten: 1 0  <X<lOO W/mK

At the melting point, the thermal conductivity of many
fluids will drop by 15%30% from its value in the solid
state. With increasing temperature, the thermal conduc-
tivity decreases further. For organic fluids, some equa-
tions are recommended by various authors, all based
upon a fundamental equation given by Weber [36]  :

h = & p3 (19

[Dimensions for Eq. (15) are given below.] If accuracy
is not required (deviations range from *I 5% up to
+-SO%),  Weber�s original vaue of a = 3.59 X IO-�  may be
used. For a better estimate of the constant a, Robbins
and Kingrea [37] employ a structural constant Z Ah
which is added up from structural increments listed in
Table 5, and use the following relationship:

a = 1o-4  _(36.8  - 2x AXXO.WTr)

(A&/Tb)  + ii ln (273/Tb) (16)

The factor 0.55/T,  is to be replaced by 1.0 for liquids
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with densities p = 1 000 kg/m3 and higher. The method
fails for compounds containing sulfur.

Weber�s equations are not dimensionless; i.e., the
given constants apply for h in W/m K, C, in Id/km01 K,
GV in kJ/kmol, v in m3/kmol,  and  k =  8 . 3 1 4  3
kJ/kmol  K. The index b stands for the normal boiling
point.

(e) Influence of temperature and pressure
on the thermal conductivity of liquids

The thermal conductivity of liquids generally decreases
with rising temperature up to temperatures well above
T,, i.e., in the range of hypercritical fluids. (Compare
also the liquid and hypercritical range in Fig. 3.) In a
range sufficiently below the critical temperature, the
order of magnitude of this decrease is about 1% per 10 K
of increase in temperature. With rising pressure, there is
a slight increase of thermal conductivity. Up to pressures
of about 50 bars, this effect is negligible, especially at
low temperatures. However, the influence of pressure
increases in approaching the critical temperature.

C. Prandtl number

(a) I+andtl  number of gases

In the range of low pressures, and at temperatures
between 200 and 1000 K (-80-7OO�C),  the Prandtl
number is, according to Eucken [33],

wi th  K = %’

c
(17)

In the given range, it follows that

For monatomic gases: K = 1.67, Pr = 0.67

For diatomic gases: K = 1.40, Pr = 0.73
For triatomic gases: K = 1.33, Pr = 0.76
For polyatomic gases: K + 1.0, Pr + 1.0

For estimating Prandtl numbers at higher pressures
and temperatures, one should try to determine C,, n,
and h separately.

(b) Prandtl numbers of liquids

If for a liquid, no exact values of C,, q, and X are
available, the calculation of Pr from estimated values can
sometimes be very inaccurate. In such cases, the relation-
ship

Aii
logPr=O.O270?  - 1 . 8 0 (18)

given by Gambill [38] could be used for a comparison.
This relationship is valid for all practical purposes;
deviations above +50%  are to be expected however. For
water, Gambill reports slightly different values to give a
better correlation:

ti
log Pr = 0.024 4 + - 2.20 (19)

The equations are valid for T in K, AH�  (at 7�)  in
kJ/kmol,  while log Pr denotes the decimal logarithm of
the Prandtl number.

Nomenclature for Section 5.1.4 appears at the beginning of Part 5. References appear at the end of Section 5.1.5.
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5.4.5
Surface tension

M. Schunck

A. Methods for estimating the surface tension
from physical properties of the fluid

The molecules in the boundary layer between a liquid
and its vapor are subject to different attractive forces
due to the different densities in the liquid and in the
gaseous phase. Obviously, the attraction toward the bulk
of the liquid phase is normally much higher than toward
the vapor. Thus, the surface resists any increase in area,
or in other words, it requires mechanical work to bring a
molecule from the bulk of the liquid into the boundary
layer.

The surface tension u is normally defined as the
force per unit length in the plane of the surface,
measured in N/m. The same result is obtained if u is
defined as the mechanical work (N m = J) necessary to
increase the surface by the unit of area (m�).  The order
of magnitude of the surface tension for various sub-
stances are:

Organic and inorganic liquids: 0.01 < u < 0.06 N/m
Molten salt 0.10 < u < 0.20 N/m
Metal melts 0.30 < u < 1 .OO N/m

where 1 N/m = lo3 dynes/cm.
For the surface tension of nonassociating liquids at

their normal boiling point, Walden 1391  gave the simple
equation

ub = 0.065 6 x 1o-6

in N/m, if &�,b  (the heat of vaporizatio_n  at the normal
boiling point) is given in kJ/kmol and vb (the specific

0 1983 Hemisphere  I

I f

volume of the liquid phase at the normal boiling point)
in m3 /kmol.

Also, for nonassociating liquids, Riedel [3d] gives

u = 10-3(0.133  crc - 0.281X1  - Tr)"'gTj'3p;'3 (2)

in N/m, if Tc is in K and pc in bars. The critical
parameter,

can be estimated according to Sec. 5.1.1  E.
For associating liquids, the values obtained by this

equation tend to be too high so Hakim et al. [40]
recommend at T,. = 0.6 (which is usually not far from
the normal boiling point) the equation

OO.6 = 1O-3  P;�~  T;'" (0.157 4 + 0.359 w - 1.769 x

- 0.51 o2 - 13.69 x2 + 1.298 ox)

where w is the acentric factor (see Sec. 5.1.1.E) andx is
the Stiel polar factor

x = log&(,,)  + 1.70 LI + 1.552

where log  Pr(0.6) is the decimal logarithm of the reduced
pressure at a reduced temperature of Tr = 0.6.

If the surface tension at a certain temperature is
known, the transition to a different temperature follows
from Riedel�s equation above :

m

with m = 1 l/9 = 1.22 * * . for nonassociating liquids.

blishing  Corporation

. -  -:,, - -  __ .- _ I . ,.- ,. .,I. ._I_I .__.. . -  .., .I_IY.._. -I--.� T-T”’



Atomic group APX 10) Atomic group APX 10�

Elements Special groups
C 1.60 -coo- 11.35
H 2.76 -COOH 13.13
0 3.56 -OH 5.30
N 3.11 -O- 3.56
S 8.73 =0 (ketone)
P 7.20 3 C atoms 3.97
F 4.64 4 C atoms 3.56
Cl 9.82 5 C atoms 3.29
Br 12.09 6 C atoms 3.08
I 16.06 -CHO 11.74

Hydrocarbons -NH, 7.56
CH, - 9.87 -NO, (nitrite) 13.16
CH,-CH(CH,)- 23.11 -NO, (nitrate) 16.54
-CH, - 7.11 -cow& 1 16.31
More than 12 -CH,  - 7.17 Additional increments
CH, -CH,  -CH(CH,)-- 30.57 Ethylene linkage
CH, -CH,  -CH, -CH(CH,)- 37.65 terminal 3.40
CH, -CH(CH,)-CH,  - 30.82 2,3 Position 3.15
CH, -CH,  -CH(C,  H,)- 37.26 3,4 Position 2.90
CH,-WH,), 30.31 Triple bond 7.22
CH,-CH,  -C(CH,), 36.91 Ring closure
CH, -CH(CH,)-CH(CH,)- 36.98 3-Membered 2.22
CH, -CH(CH,)-C(CH,),  - 43.31 4-Membered 1.07
C,H,- 33.72 5-Membered 0.53

6-Membered 0.14

5 . 1 5 2 5.1 PROPERTIES OF PURE FLUIDS / 5.1.5 Surface Tension

Table 1 Structural increments for the calculation of the Parachor Pa

�According to Sugden [41] and Quale [42].

According to Hakim et al. [40],  the exponent m for
associating liquids has the value

method has been established by Sugden [41] and
further developed by Quale [42].

m = 1:21 -I- 0.538 5 w - 14.61 x - 1.65 w2

- 32.07 x2 + 22.03 ax

with w and x as given above.

B. Method for estimating the surface tension
from the chemical structure

Walden [39]  describes an additive method of estimating
the surface tension based on numbers and types of
bonds in a compound. The most successful additive

In the equation

u0.25  = p 1 _ A

(- )VL VG

the �Parachor� P is added up from structural incre-
ments given in Table 1. In this table, the original values
from Quale [42] have been multiplied by 1 000-1*25  =
0.177 9010~~  in order to give u in N/m instead of
dm3/kmol.  L and G denote the liquid and gas phase.
The average deviations to be expected are +3% with
maximum deviations up to ?20%.
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5.2 PROPERTIES OF MIXTURES OF FLUIDS 5.2.1-1

5.2.4
Phase behavior of mixtures

R. N. Maddox

A. Introduction

Liquid mixtures can take on a wide variety of character-
istics. They can range from a simple, ideal, two-
component mixture such as that formed by isobutane
and normal butane, through a binary mixture with
strongly nonideal behavior such as ethyl alcohol and
water or acetone and water, to a boiling range cut of a
crude oil that has a composition so complex that it is
not normally identified in terms of mole fractions of
pure components. Because of these widely diverse
characteristics, liquid mixtures seldom are amenable to
simple rules in prediction of their characteristics. In
addition, the rules that work for one kind of mixture
probably will not work well for another. In many of the
cases that follow there will be different estimating
techniques recommended for different kinds of mix-
tures.

In the world of design today there is heavy
dependence on the digital computer for developing
property information and for carrying out many of the
design calculations. Techniques for carrying out these
calculations will be discussed briefly. Attention will also
be directed to calculations that can be carried out with a
hand calculator or slide rule and give reasonably com-
patible results with the more-detailed computer calcula-
tions.

Gibbs [I] was the first to propose criteria for
establishing the equilibrium state. His phase rule is:

F+P=C+2 (1)
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where F = number of degrees of freedom for the system
P = number of phases present
C= number of components or chemical con-

stituents present,
2 = constant needed when considering both tem-

perature and pressure as variables
The principles of the phase rule apply equally well to
single components and to mixtures. In addition, it can
be used [2-41  to describe steady-state systems that are
not really in thermodynamic equilibrium.

In engineering work many different kinds of
systems are encountered. In spite of the fact that there
may be liquid-liquid, liquid-liquid-gas, and solid-liquid-
gas systems, the combination of overriding importance
in most processing applications is vapor-liquid equi-
librium. In working with vapor-liquid equilibrium one
immediately encounters two broad categories: hydro-
carbons and nonhydrocarbons. The engineer working
with hydrocarbon systems, almost by the nature of his
systems, is working with multicomponent mixtures.
Rare, indeed, is the hydrocarbon design situation where
either a pure component or binary mixture is of prime
importance.

On the other hand, the engineer involved with
chemicals, even petrochemicals, frequently has only two
components and rarely encounters more than three with
major composition constituency. For this reason, the
fundamental approaches utilized in the two sectors tend
to be different. For this reason also, much of the
following discussion will be divided between hydro-
carbon and chemical systems.

lblkhing  Corporation
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5.2.1-2 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures

While Eq. (1) enables the engineer to specify the
necessary number of variables to make certain that the
system is in equilibrium, it does not provide much
additional information. Gibbs also formulated the free
energy and suggested that at thermodynamic equilibrium
the free energy for a given system was at a minimum.
This concept has calculational value and has been used
for both physical operations and chemically reacting
systems. Because of the sheer volume of calculations
involved, it is suitable only for digital-computer solution
and in no way can be considered to be a tool for hand
calculation. However, in complex systems such as
encountered in a Claus unit, which produces sulfur from
hydrogen sulfide [5], the concept of minimum free
energy for the system provides a means for estimating
compositions at the equilibrium state. It has been used
also for systems in physical equilibrium such as in
vapor-liquid flash calculations.

B. Vapor-liquid equilibrium

In vapor-liquid equilibrium, the overall composition of
the mixture is generally known. The problem is to relate
the instantaneous vapor and liquid compositions to the
overall composition in such a way that both a material
balance and the criteria for thermodynamic equilibrium
are satisfied.

Frequently, the vapor and liquid will not actually be
in equilibrium. However, in most cases, evaluation of
properties at the equilibrium state will be sufficiently
close for engineering needs. The criterion for equilibrium
in a vapor-liquid mixture is

fi�  =fil (2)

where f = fugacity (& = RT ln fi).  For an ideal gas,
4 = cP. For a real gas,

lim -fi= 1.0
P-4 p

F = partial molal free energy
c = constant
u = vapor
I= liquid
i = any component

Equation (2) applies individually to each component in
the mixture, whether there be two or twenty. The
problem of predicting phase compositions resolves into
relating the fugacities for each component to mixture
compositions. This discussion will concentrate on
primary variables-temperature, pressure, composition,
etc. Such things as nuclear interference, gravitational or
magnetic effects, etc., will be neglected. These things
come up only in rare instances and are beyond the scope
of this treatment.

According to the law of ideal solutions, the fugacity
for a component in the vapor can be expressed as

fi, =.t$ Fi (3)

For the same component in the liquid phase:

fil = f$% (4)

where fil= fugacity of component i in the liquid mix-
ture

fi, = fugacity of component i in the vapor mix-
ture

fi; = fugacity of component i in the pure liquid
state

fi", = fugacity of component i in the pure vapor
state

Study of Eqs. (3) and (4) immediately discloses a
potential problem: not all components in the mixture
may exist in the pure liquid state at the conditions of
the mixture. Indeed, this does present a serious problem
in many hydrocarbon cases where the lightest com-
ponent in the mixture may be well above its critical
temperature.

Because the fugacity is an �unbounded� variable,
different relationships are ordinarily used for correlation
purposes. The fugacity coefficient is such a different
variable, a bounded variable, always falling between 0
and 1.0.

An alternative form of Eq. (3) for the vapor phase is
developed using the fugacity coefficient:

I?,
7gi = F

1

where y = composition of the vapor phase
n = total pressure on the system

rgi = fugacity coefficient
By definition, y + 1.0 as rr + 0. This must be true for all
components in the mixture. The actual value of II when
rgi becomes close enough to 1.0 to be considered unity
depends upon the nature of the system. For most
hydrocarbon mixtures, at temperatures near the normal
boiling point, this pressure is less than loo-150  psi. For
mixtures containing associating materials (acetic acid-
water), there may be significant departure of the
mgacity  coefficient at pressures much less than 1 atm.

For a component in the liquid phase an alternative
is to use the activity coefficient which is defined as

74! = $ (61

where Ui is the activity of component i in the liquid
phase. The activity coefficient can also be related to the
standard state fugacity by

(7)
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures 5.2.1-3

The standard state fugacity f$ is defined at an arbitrarily
chosen pressure and composition. Unfortunately, many
workers do not clearly define their standard state for f$
and this tends to minimize the contribution of their
work.

Most equilibrium constant evaluations from the
fugacity-activity coefficient basis are developed from
one of the following expressions:

7Kj

where 71 = total system absolute pressure
PO = pure component vapor pressure
74 = activity coefficient of any component in the

liquid mixture
fil = fugacity of a pure liquid at system conditions
f[; = fugacity of any component as a pure liquid

rgi = fugacity coefficient of any component in the
vapor mixture

As a matter of interest, Chao and Seader [6] used Eq.
(11) for prediction of equilibrium constants and
enthalpies. Their correlation was the first equilibrium
constant correlation developed with the express intent
of being used on a digital computer for phase equi-
librium generation. They used the Pitzer acentric factor

[71 as a third correlating parameter in their cor-
responding states-type approach.

C. Hydrocarbon phase behavior

In estimating mixture properties there are a number of
characteristics of the mixture that can be used. Such
characteristics as critical temperature, critical pressure,
acentric factor, etc. are frequently referred to as
correlating parameters. Estimating the correlating param-
eters for nearly ideal mixtures made up of light
hydrocarbons is exceedingly difficult. Most often the
critical temperature and critical pressure for a mixture
are estimated as the Kay�s rule or mole fraction average
values; also referred to as �pseudocritical� temperature
or pressure :

Oitical  temperature

Tcm = I: s?iTci

Oitical  pressure

PCm = X ZiPci

(12)

I
20 40 60 80 100

Mole fraction, propane

Figure 1 Composition-critical temperature diagram for methane-
propane binary.

Equations (12) and (13) assume a linear relationship
between composition and the critical property in ques-
tion. Actual behavior is demonstrated by Figs. 1 and 2
for the methane-propane binary mixture. Data for
preparation of the two figures were taken from Katz et
al. [8]. Deviation of the critical temperature as shown in
Fig. 1 does not appear to be particularly significant.
However, as shown in Fig. 2 the influence of this
deviation on the critical pressure causes significant
deviations from the mole fraction average. The values
used to calculate the correlating parameters are so
different from the true values that there is good reason
for significant error to show up in values calculated
through correlations.

The acentric factor was defined by Pitzer et al. [9]
as

Cd = -(log P,” - l)+ 0.7

Eq-.---_

i-

(14)

60 80 100
Mole fraction, propane

Figure 2 Composition-critical pressure for methane-propane
binary.
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5.2.1-4 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures

where PF = reduced vapor pressure = PO/PC
0 = acentric factor

PO = vapor pressure in pascals
Edmister [lo] showed that, when vapor pressure data
are not available, the acentric factor can satisfactorily be
approximated by

w =3 log [Pcl(1.01325  x lo�)]  _ 1 o
7 TclTb  - 1.0 (15)

where PC = critical pressure in pascals
T, = critical temperature in K
Tb = normal boiling point in K

There are many instances in which the vapor-liquid
behavior of mixtures is of importance in heat transfer
calculations. While the boiling point of a pure com-
ponent is a fured temperature at given pressure, this is
pot true for mixtures. The range of temperatures at
which boiling/condensation can occur at a given pressure
is dependent on the composition. Figure 3 shows a
pressure-temperature diagram for a typical mixture of
light hydrocarbons. The overall composition of the
mixture whose behavior is depicted in Fig. 3 is constant.
The composition of the vapor and liquid phases will
change from point to point if, indeed, they do exist.
Examination of Fig. 3 immediately discloses some
significant differences between mixture and pure com-
ponent behavior. The critical temperature for a pure
component is defined as that temperature above which
the material cannot be liquefied. Obviously this defmi-
tion does not apply to the mixture whose behavior is
depicted in Fig. 3. There is quite a range of temperatures
higher than the critical temperature at which some liquid
can exist in equilibrium with the vapor. For a pure
component the critical pressure represents the maximum
vapor pressure that the component can exert. The

maximum pressure of the two-phase envelope on Fig. 3
exceeds the critical pressure by an amount that depends
on the shape of the curve.

Defining the critical temperature for a mixture
requires dependence on observations and experimental
evidence. On pressure-temperature diagrams such as
shown in Fig. 3, lines of constant percentage liquid tend
to converge to the point thought to represent the critical
temperature and pressure. The curves generated by
calculating around the P-T envelope tend to extrapolate
to the point thought to represent the critical of the
mixture. Based on these observations the critical
temperature of a mixture can be defined as that
temperature above which all of the mixture cannot be
liquefied.

Another significant difference in mixture behavior is
the existence of so-called �retrograde� regions in the
two-phase envelope. This is better illustrated by Fig. 4.
Consider a constant pressure heating path beginning at
point 1 and extending to point 2. At point 1 the mixture
would be a subcooled liquid. Heating to point A at that
pressure would result in the mixture entering the
two-phase region. Until a point approximately at B is
reached, additional heating would cause additional liquid
formation. From point B to point C there would be
vaporization of the liquid that had been formed. At
point 2 the mixture would be a single-phase dense gas.
The same hind of thing would occur on a constant
temperature-pressure decrease path beginning at point 3
and extending to point 4. This retrograde behavior has
been observed for many years in hydrocarbon reservoirs
at high temperatures and pressures. Recently, however,
Maddox and Erbar [l l] have shown that this retrograde

1
behavior can be exhibited at pressures below 3.5 MPa
and temperatures below 200 K.

Subcooled liquid Dense gas

Cricondenbar

Saturated

Constant
% liquid

/ I

CricondenthermCricondentherm

liquid

/Two phase regionTwo phase region

Temperature

Figure 3 Phase envelope for a typical natural gas mixture.
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Temperature

Figure 4 Retrograde behavior.

D. Nonhydrocarbon phase behavior

The vapor-liquid behavior of hydrocarbon mixtures has
been investigated over a wider range of temperatures and
pressures, particularly for the light hydrocarbon defined
components, than most individual components in non-
hydrocarbon mixtures. Hydrocarbons do illustrate some
liquid-phase nonidealities. However, in most cases these
are small when compared with the liquid-phase non-
idealities that can exist in mixtures containing one or
more nonhydrocarbons. Hydrocarbons, on the other
hand, tend to be processed more frequently at pressures
where pressure effects can cause serious shifts from ideal
behavior. For these reasons, most attention in nonhydro-
carbon mixtures tends to be directed to liquid-phase
nonidealities.

Figure 5 shows a F.?, or equilibrium, diagram for a
binary mixture that exhibits ideal behavior. The curve
may be used to replace traditional bubble point-dew
point calculations using Henry�s Law:

jjj = KjFj (16)

If experimentally determined equilibrium constants for
the mixture are not available, Raoult�s law may be used
in place of Henry�s law:

7$i = P/x”i (17)

Nonideal vapor-liquid phase behavior is illustrated in
Figs. 6 and 7. In Fig. 6 the nonideality is sufficient only
to cause a point of inflection in the vapor-liquid
equilibrium behavior. In Fig. 7 the Y-Z curve actually
crosses the y�=x�  line. This represents an azeotrope or
constant boiling mixture that, from a vapor-liquid
equilibrium standpoint, behaves as a pure component. In

the nonideal system the K values, or equilibrium
constants, may be expressed as

K = -yK” (18)

Predicting the occurrence of the kind of behavior
demonstrated in Figs. 6 or 7 is all but impossible.
Experimental data on the particular system must be
obtained and evaluated. Groupcontribution methods
such as those discussed in Sec. 5.2.2 do show some
promise for prediction in this area.

E. Phase behavior of mixtures
of undefined components

Mixtures of undefined composition can occur in two
ways: when they constitute the entire mixture, such as
in crude oil fractions, or when they constitute only a
portion of the total mixture, such as in most natural
gases. In either case, some experimental data are
necessary before the vapor-liquid phase behavior of the
mixture can be satisfactorily predicted.

In most cases where a crude oil or a fraction of a
crude oil constitutes the entire mixture, vapor-liquid
equilibrium behavior is desired at low pressures. In this
case the main problem becomes one of evaluating
vaporization characteristics. Edmister [lo] details a
procedure including sample calculations for making
these predictions. The integral technique treats the
mixture of undefined components as a continuum (an
excellent approximation for crude oil mixtures). It
utilizes the density, boiling range, and true boiling point
distillation to evaluate vaporization characteristics. It is
applicable to flash vaporization, continuous and batch
distillation.

o 1983 Hemisphere Publishing Corporation
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5.2.1-6 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures

Mole fraction light component in liquid

Figure 5 Equilibrium curve for ideal binary mixture.

For cases where the undefmed component con-
stitutes a small fraction of the total stream, and where
an equation of state is to be used to predict vapor-liquid
behavior, such as typical natural gas streams, more
detailed procedures are required. Every equation of state
capable of handling mixtures of undefined components
requires as input to the computer program information
concerning certain �correlating parameters.� These cor-
relating parameters will include such characteristics as
critical _ temperature, critical pressure, acentric factor,
true boiling point curve, density, UOP characterization
factor, etc. Wilson et al. [12]  discuss the importance of
characterizing undefined mixtures and describe a pro-
cedure for estimating the correlating parameters in such

Mole fraction light component in liquid

Figure 6 Equilibrium curve for nonideal binary mixture.

Mole fraction light component in liquid

Figure 7 Equilibrium curve for a binary mixture with azeo-
trope.

a way as to match experimentally determined bubble
point-dew point-percent vaporization data. Maddox and
Erbar [13] provide discussion in greater detail along
with example problems worked out in detail.

For a mixture of undefined composition, the most
generally available information is the density (specific
gravity) and the boiling range from either a simple or
true boiling point distillation. From this information,
other characteristics of the mixture can be predicted.
Kesler and Lee 1141  have presented equations that use
density and boiling point to predict the following
properties:

Ckitical  temperature

T, = 189.8 + 450.6SG  + (0.424 4 + 0.117 4SG)Tb

+ (0.144 1 - 1.006 9SG)105/Tb (1%

Ckitical  pressure

X lo-�T; P-3

Acen tic factor

w = -7.904 + 0.135 2K - 0.007 465K’ + 8.359&

+ 1.408 - 0.010 6 3 K
Tbr

for T& > 0.8 (21)
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures 5.2.1-7

Molecular weight

MW = -12 272.6 + 9 486.4SG + (8.374 1

-- 5.991 2SG)Tb + (0.555 56 0.428 24SG

-0.011433SG�) $

+ (0.171 5 - 0.138 7SG + 0.003 317SG�)

(22)

where Tb = normal boiling point (taken as the mean of
the boiling temperature range), K

SG = specific gravity (i.e., the ratio of the fluid
density to the density of water at the same
temperature, normally taken at 15.56�C)

Tbr  = reduced normal boiling point = Tb/Tc
K = Watson characterization factor = 1.216

(CABP)�3  /SG
CABP = cubic average boiling point (i.e., the cube

root of the sum of the cubes of the
maximum and minimum temperatures in
the boiling range. Note that CABP z Tb if
the boiling range is small)

T, = critical temperature, K
PC = critical pressure, Pa

Equation (21) is intended for heavy mixtures having
reduced normal boiling points greater than 0.8. For
lighter mixtures, Eq. (23) should be used to predict the
acentric factor.

(In P& - 5.927 14 +
6.069 48

w =
Tbr

+ 1.288 62 h Tbr

- 0.169 347 T&)/(15.251  8 - 15*z; 5

- 13.472 1 In Tbr + 0.435 77 T&)

where Pi, = reduced vapor pressure at Tb.

(23)

Example
Calculate the properties of a 260°-315.6�C  (533.15-

588.75 K) boiling point range cut of a mid-continent
crude oil which has a specific gravity of 0.842 3.

Solution
The first step in the solution is evaluation of the

Watson characterization factor, K. This value is evalu-
ated at the average of the boiling range, the mid-boiling
point Tb (i.e., 560.95 K). The error introduced by this
assumption will normally be small.

K = 1.216 q=
0.842 3

= 11.90 (24)

The critical temperature can be evaluated from Eq. 19,

T, = 189.8 + 450.6(0.842 3) + [0.424  4

+ 0.117 4(0.842 3)] X 560.95 + [0.144 1

- 1.006 g(O.842  3)] g

= 189.8 + 379.5 + 293.5 - 125.5 = 737.3 K

560.95
Tbr = 737.3  =  0 . 7 6 1

The critical pressure can be estimated by use of Eq.
(20):

lnP,=  1 7 . 2 0 1 9 - E -
C
0.436 4 + F

+ O*;$=) 10-3Tb  + (4.757, + F
+ 1.530 2

SG2

X lo-�T;  = 17.201 9 - 0.067 2 - 3.158 4

+ 0.659 1 - 0.289 6

In PC = 14.345 8

PC = 1.699 X lo6 Pa

pbr =
�*�13 ’ lo5 = 0 059  62
1.699 X lo6 �

Since the reduced boiling point is less than 0.8, Eq. (23)
will be used to evaluate the acentric factor:

w = (ln(0.059 2) - 5.927 141 + 6.069 48/0.761

+ (1.288 62 ln 0.761) - [0.169  347(0.761)6] )/

X [15.251  8 - (15.687 5/0.761)

- (13.472 1 In 0.761) + 0.435 79(0.761)6]

= -(-2.826 83 - 5.927 14 + 8.011 4 0.351 95

-- 0.032 89)/(15.251 8 20.614 32 + 3.679 53

+ 0.084 64)

-1.127 41 = o 782 3
w = -1.598 35 *

The molecular weight for the fraction is

MW = -12 272.6 + 9 486.4(0.842 3) + [8.374  1

-5.991 2(0.842 3)] (560.95) + [0.555  56

- 0.428 24(0.842 3) 0.011 433(0.842 3)2- ]

x
(

1.343 7 -$g g+ [0.171  5
*)

- 0.138 7(0.842 3) + 0.003 817(0.842 3)2

X % = -12 272.6

+ 7 990.4 + 1 866.7 + 2 096.9 + 553.3

MW = 234.6
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5.2.1-8 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures

The true critical temperature of mixtures of natural gas
rich in methane can be estimated through use of Fig. 8.
(Figure 8 is taken after the chart in the API Technical
Data Book-Refining [16]). The method requires esti-
mation of the weight average API gravity. The API
gravity is related to specific gravity by the formula: AF�I
gravity = (141S/SG)  - 131.5. For most components,
values of density (and, hence, specific gravity) from Sec.
5.5.1 can be used. However, the following values must
be used for the indicated components:

260
0.36

0.35

280
0.34

0.33
300

0.32

Effective Effective
Component API gravity specific gravity

320
0.31

Methane 440 0.241 IL
Ethane 213 0.410 9 .5Y  5
Carbon dioxide 42 0.816 2 0.30 340 e m
Nitrogen 43.6 0.808 �0 E

(D a
>
.!2

Proper use of Fig. 8 is illustrated in the following t
D

(5 0.29
&a

example. 2 360
z
r�

Estimate the true critical temperature of the natural �G
$

.g

gas consisting of methane (0.914 mole fraction), ethane v) E
0.28

(0.061 mole fraction), propane (0.011 mole fraction)
and carbon dioxide (0.014 mole fraction).

380

True critical
temperature, K 160

25=

a. i

250

245
150 E.

.r
240 z

Solution
1. Obtain the molecular weight for each component

from Sec. 5.5.1 and calculate the mole fraction average
molecular weight by summing the product of the mole
fraction and molecular weight for each component:

Mole Mole weight, Mole fraction X
Component fraction kg/kmole molecular weight

Methane 0.914 16.042 14.66
Ethane 0.061 30.068 1.83
Propane 0.011 44.094 0.49
Carbon dioxide 0.014 44.011 0.62

Mole fraction average molecular weight 17.60

2. Calculate the weight fraction of each component
by dividing the product of the mole fraction and the
molecular weight for each component by the mole
fraction average molecular weight (e.g., for methane,
weight fraction = 14.66/17.60 = 0.833).

3. Calculate the weight average API gravity.

0.27

400

0.26

420

0.25
440

Figure 8 Critical temperature of natural gas mixtures.

4. Calculate the molal average boiling point.

Weight Weight fraction X
Component API gravity fraction API gravity

Methane 440 0.833 366.5
Ethane 213 0.104 22.2
Propane 147.2 0.028 4.1
Carbon dioxide 42.0 0.035 1.5

Weight fraction average API gravity = 394.3

Boiling point x
Component Boiling point, K mole fraction

Methane 111.42 101.8
Ethane 184.52 11.3
Propane 231.1 2.5
Carbon dioxide 194.65 2.7

Mole fraction average boiling point = 118.3

5. Read the mixture true critical temperature from
Fig. 8. Draw a line between 394.3 on the left hand
(weight, average API gravity) scale and 118.3 on the right
hand (mole fraction average boiling point) scale and read
off the critical temperature(206 K) from the curved scale.

References for Section 5.2. I appear at the end of Section 52.5.
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5.2 PROPERTIES OF MIXTURES OF FLUIDS 5.2.2-1

5.2.2
Thermodynamics properties

R. N. Maddox

A. Light hydrocarbons

There are reasonably reliable charts available from
which equilibrium constants for light hydrocarbons can
be obtained. Perhaps the best, and most widely used,
are those published by the Gas Processors Association
[17].  Values from the charts, if properly used, will
agree closely with the values obtained from a good
equation of state. In addition, they are easily and
quickly used and ideal for hand calculations.

If more accurate equilibrium constants are desired,
or if equilibrium conditions are being predicted by
computer, an equation of state is used for estimating
the equilibrium constant values. The most widely used
equations of state for light hydrocarbons are the Soave
version of the Redlich-Kwong (SRK) [18-201, the
Starling version of the Benedict-Webb-Rubin (BWR)
[21],  and the Peng-Robinson (PR)  [22].  Each has
advantages and disadvantages,  proponents and
opponents. More importantly, different computer solu-
tions for each equation may yield equilibrium
constants that are significantly different. Erbar and
Maddox [23]  have made comparison calculations for
simple equilibrium flash calculations that differed by as
much as 20%. The same equation of state was used for
all calculations, the programming of the solution was
different.

Equilibrium coefficients are calculated from the
equation of state using one of the Eqs. 5.2.1(8)-
5.2.1(11). All thermodynamic quantities may be
related to each other by mathematical manipulation.
The fugacity coefficient is related to pressure, volume,
temperature, and compressibility factor by

where R is the universal gas constant, Z is the com-
pressibility factor = PV/RT,  and ni is the number of
moles of component i in the mixture.

To develop the equations for calculating the
fugacity coefficient, the basic equation of state is
differentiated and substituted into Eq. (1). A direct
analytical solution for the fugacity coefficient results
once the constants have been evaluated, if the volu-
metric behavior of the system is known.

Prediction of enthalpies and entropies is handled
differently. Ideal gas values for these variables are known
rather accurately. The calculation is broken into two
steps: an isobaric influence of temperature and an iso
thermal influence of pressure. Mixture values for ideal gas
behavior are taken as the composition weighted average.

The equations necessary for use in the SRK equa-
tion are shown in Table 1. The SRK is a two-constant, or
two-parameter, equation. The constants A and B can be
determined from the correlating parameters for each
component in the mixture.

The equations for the Peng-Robinson equation are
shown in Table 2. It also is a two-constant equation of
state.

The BWR equations are shown in Table 3. They
have eleven constants that must be evaluated for each
component. More PVT data are required for determina-
tion of the eleven constants than would be required for
the two-constant equations.

The kii  terms that appear in the equations are the

0 1983 Hemisphere Publishing Corporation



5 . 2 . 2 - 2 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.2 Thermodynamic Properties

Table 1 Equations for SoaveRedlich-Kwong  equation of state

Z” -zz +  ( A  --B-P)Z-AB  = o . o

accxP
A=-.

R’T”
E=bG; b = xyibi

RTci R=T”.
bi= nbp; a,i = 0.421412

c i pci

&, = 0.086 61; a;; = 1 + mi(l - T;;“)

(aCOr)i  = i Xj&’ a$”  ffP” 9’o I�(1  -k$
j=l

Table 2 Equations for Peng-Robinson equation of state

R T ap=--
u - b  u(u+b)+b(u-b)

z”-(I--B)z2  t/j-Ba-2B)Z-(All--B”--B’)=O.O

2 >iaik
A

lxl@i =;(z-l)-ln(z-n-- ( )i

20 a
-; ln~:;:;f;)

$=z- 1+

X iXj(aciacjCqclj)l�a  (1 - kq)
aPA=-

i i R’ T’

b = CXibi &g

R’ T’.
aci = 0.451 24 2

Pci
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.2 Thermodynamic Properties 5.2.2-3

Table 3 Equations for Benedict-Webb-Rubin equation of state

p = pRT  +

Bo = XjBoi b = ~~~xixjxkb” bf/’ bi3
.

A0 = ~~xix,aXa:;:(:  ” kij)a = ~~~xixjx~~‘a~‘a~’
i j i j k

co = ~>ixjc,�i�c:~(l  - kij)3&  = ~~~xixjxk~:��~~�~~�

. . i j k

C = ~~~xi.TjXkC~3c~i3c~3

i j i j k

Do = CCxixjDyfDrf(l  - kij)’ d = C~~xixjxkd~3d~3d~3
i j i j k

E, = CCxixjE~~E,“iZ  (1 - kij)”
i j

S--So =-ZxiR  In (RTpxi)-p
i

RThfi=RTh(pRZhi)+p(B,  +B,i)RT+  2p -(AoAoi)“*(l-kij)-
CC0 Co  i)“2 (DoDo  ill”

T1
- (1 - kij)3 +

TJ
(1 - kij)4

(E,E, iP
(1 - kij)’1 [+ f$

3(dadi)1’3
3(bZbi)“3RT-3(aZai)“3  -~

3(d2di)“3-
T4 T T

3(c�cy  pa 1 - exp(--  -YP’ ) _ cd--  7~’  )

T’ “IP’
2 1

1 -exp(-Tp*)

binary interaction parameters used to help �force fit�
data on recalcitrant mixtures.

B. Nonhydrocarbons

Techniques used to predict vapor-liquid equilibrium
behavior of nonhydrocarbons must be capable of describ-
ing a variety of nonideal behaviors. For this reason, they
tend to be different from those used for the relatively
well-behaved hydrocarbon systems. The currently used
techniques for developing the activity coefficients needed
for vapor-liquid equilibrium determinations for the
mixtures involve the use of group contributions. In this

approach, the individual molecule is considered to be
made up of specific functional groups, The behavior of the
molecule can be estimated by summing the characteristics
of the functional groups. There are three techniques for
allocating the group characteristics, similar in principle
but differing in detail. All three will be discussed. The
analytical solution of groups (ASOG) procedure [21-241
was actually developed in two steps. The first step was to
express the activity coefficient at infinite dilution (r&) as

In & = f(nat  nb> (2)

where n, = nb are the groups making up molecules in
the binary mixture.

The second step in the development of ASOG, and
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the currently most widely used, considers the activity
coefficient to be made up of two contributions, one
based on molecular size and one based on molecular
interactions. The activity coefficient is calculated as the
algebraic sum of these two contributions:

log YQi = log Ye �  log pi (3)

While this procedure sounds simple, the application is a
little more complicated, involving the following steps:

1. Determine the number of size groups (-CH2-,
-CHs, -CH-, -CO-, -OH) in the molecular struc-
ture for each component in the mixture.

2. The size term Ri is calculated from the number
of size groups for each component and the composi-
tion of each component in the mixture:

(4)

where Si is the number of size groups in molecule i, Sj
is the number of size groups in molecule j, and ?i is
the mole fraction of component j in the mixture.

3. Calculate the size contribution to the activity
coefficient for each component:

log di = log Ri - 0.434(1  - log Ri) (5)

4. From the composition of each pure component
in the mixture and the number of each type of
interaction group, calculate the composition of each
interaction group in the mixture by

(6)

where X, is the composition of interaction group K,
UK is the number of interaction groups of type K.

5. Obtain the interaction parameter Ak for each
function group in the mixture. Some interaction
parameters are tabulated in Sec. 5.5.4. If not listed
there, the interaction parameters can be obtained by
regression analysis of experimental data.

6. Calculate the group activity coefficients from

hl rK =-In  XQAK, + 1 -
c c

XQAKQ
(7)

Q QC hAa,??I

7. Calculate the standard state group activity co-
efficients (I�;)  using Eq. (7) for a solution containing
each component of the mixture. If a component has
only one kind of interaction group, such as water or
benzene, the standard state activity coefficient will be
1.0. Other components will have a standard state
activity coefficient for each interaction group.

8. Calculate the group interaction to the activity
coefficient by

h & = xvKi ln r~ - cvKi ln rz (8)
K

9. Calculate the activity coefficient from Eq. (3).
The important point of the ASOG approach is that the
group parameters depend on the group, not the
arrangement of the group in the molecule.

Example

Using the ASOG procedure calculate the composi-
tion of the vapor in equilibrium with a 20-mole  %
solution of n-butanol in water. The temperature at
which a solution of this concentration would boil is
92.25�C  for 1-atm pressure.

Since the ASOG procedure considers the CHs and
CHa groups to be equivalent, n-butanol contains four CH2
groups and one OH group. In the ASOG procedure, water
is treated as one size group but as 1.4 interaction groups.

For a 20-mole  % solution of n-butanol in water,
the size terms are (let 1 be n-butanol and 2 be water)

R1
5

= =5 X 0.2 + 0.8 X 1 2*777 �

R2 = $ = 0.555 6

The size contributions to the activity coefficient can
now be calaculated:

ln s = 1 - 2.777 8 + $2.777 8) = - 0.756 1

ln -yf = 1 - 0.555 6 + n(0.555 6) = - 0.143 3

Calculate the mole fraction of each interaction group
based on the specified 20-mole % n-butanol solution.

XCH,
4 x 0.2

= =
4 X 0.2 + 1 X 0.2

+
0.8 X 1.4

0.377 4

&,H = 0.622 6

The interaction parameters can now be determined
from Table 5.5.4(l).

All = 1, Al2  = 0.305

Aal  = 0.014 7, AZ2 = 1.0

The group activity coefficients can now be calculated.

ln rl = - In (0.377 4 + 0.622 6 X 0.305)

0.377 4
0.377 4 + 0.622 6 X 0.305

0.622 6 X 0.014 7

- >0.622 6 + 0.377 4 X 0.014 7

= 0.566 9 + 1 - 0.665 3 0.014 6- = 0.887 0
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ln r2 = - ln(0.622 6 + 0.377 4 X 0.014 7)

+ ( �  - 0.622 6
0.622 6 + 0.377 4 X 0.014 7

0.377 4 x 0.305

- 0.377 4 + 0.622 6 X 0.305 >

= 0.465 0 + 1 - 0.991 2 - 0.202 9 = 0.270 9

For pure n-butanol the group mole fractions are

&H, =
4x 1 .0

4 x 1.0 + 1 x 1.0 = Oe8

&,, = 0.2

The standard state group activity coefficients in n-
butanol are

ln I�:  = - ln(0.8 + 0.2 X 0.305)

+ ( l - 0.8 - 0.0140.2 x 7
0.8 + 0.2 X 0.305 0.2 + 0.8 X 0.014 7

= 0.149 7 + 1 - 0.929 2 - 0.013 9 = 0.206 6

ln I�,*  = - ln(0.2 + 0.8 X 0.014 7)

+ ( l 0.2-
0.2 + 0.8 X 0.014 7

0.305-
0.8 + 0.2 X 0.305

=1.5523+1.0-0.9445-0.2834=1.3244

For pure water the mole fraction of CH2 is 0 and the
mole fraction of OH is 1.0. Using these concentrations
the standard state activity coefficients are

lo:=-lrqo+ 1.0X0.305)

+

(

1 _ o + 1.0 x 0.014 7
1+0

)

= 1.187 4 + 1 - 0.014 7 = 2.172 7

In r: = 0.0

The group interaction contribution to the activity
coefficient is

ln ry = (4 X 0.887 + 1 X 0.270 9)

- (4 X 0.206 6 + 1 X 1.324 6)

= 3.818 9 - 0.826 4 - 1.324 4 = 1.668 1

ln l-f = (0 X 0.887 + 1.4 X 0.270 9)

- (0 X 2.172 7 + 1.4 X 0) 0.379 3=

The activity coefficients for n-butanol and water in
20-mole  % solution are

0 1983 Hemisphere 1
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y1 = exp (1.668 1 - 0.756 1) = 2.489 3

-y2 = exp (0.379 3 - 0.143 3) = 1.266 3

The activity coefficient may be related to vapor and
liquid composition by

Palmer [27]  gives equations for the vapor pressure
of n-butanol and water:

n&OH  log Pe = 9.067 429 - 2$$ri :

Hz0 log Pe = 7.966 81 - 2i2s��o�;1t

Perry et al. [30]  give the constant boiling azeo-
tropic temperature for n-butanol and water as 92.25�C.
At this temperature the vapor composition in equi-
librium with the 20% liquid solution would be

2.489 3 + Yl
0.2 X 278.38

y1 = 0.192 9

1�266 3
Y2

= 0.8 X 572.43 y2 = 0.807 1

The calculated vapor composition is very nearly the
same as the liquid composition. This actually repre-
sents a region of partial immiscibility for the n-
butanol-water system. In detailed calculations using
ASOG [27], Palmer indicates that the group contribu-
tion approach does very well in predicting this vapor
composition and region of partial miscibility.

Cunningham [28]  presented the essentials of the
parameters from the group contribution (PFGC)  pro-
cedure, and the equation of state is

(9)
I

i

where

I i

n = number of moles
b = volume of occupied lattice sites
V = volume

C~H = universal constant = 12.0
\k = group fraction
h = group interaction term
i = group property
j = group property
I =molecular  property and equals the number of lat-

tice sites per group

Iblisbing  Corporation
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The third group contribution method to be con-
sidered is UNIFAC developed by Prausnitz and co-
workers [29]. It has the advantage that mixture
properties can be estimated from pure-component
measurements without need for mixture data. In
fashion similar to ASOG, the activity coefficient is
considered to be composed of two parts: one due to
differences in size and shape of the molecules in the
mixture (the combinatorial portion) and one due to
energy interactions (the residual portion).

in yi = In Tic + In $ (10)

where R stands for residual and C for combinatorial.
The combinatorial portion of the activity coeff-

cient is calculated directly from the values tabulated in
Sec. 5.5.4 using the relationship

In # = In ; + 5 qi In 2 + 12i - $ c;iilj (11)
i I

i

w h e r e  li = Z/2(ri - qi) - (li - l), ri = CKV~RK  is a
measure of molecular van der Waals  volume, z = 10,
v$)= number of K groups in molecule i, RK,  QK are
values tabulated in Sec. 5.5.4, Oi is the area fraction =
q$i/ZqjZ,  qi = ZKV$&, is a measure of molecular
surface area, @i = Vgi/Xrpj  is the segment fraction,
similar to volume fraction.

The residual portion of the activity coefficient is
calculated by

(12)

where I�,  is the group residual activity coefficient and
I�$)  the residual activity coefficient of group K in a
solution containing only molecule i

The group activity coefficients in Eq. (12) are
calculated from

(13)

where 0, = Q,X,/ZQ,,X,,  is the fraction of group
m, X, is the mole fraction of group m in the mixture,
9, = exp (- a,,/T) is the group interaction parame-
ter, and amn is the group interaction parameter tabu-
lated in Sec. 5.4.4. Note awn #a,,,,, .

The chronological steps in solution of the
UNIFAC equations are as follows:

1. Using Table 5.5.4(2) identify the kind and
number of groups in each molecule in the solution.

2. Calculate the parameters for molecular volume
and molecular surface area from

0 1983 Hemisphere I lblishing Corporation

ri = c lfRK
K

qi = 1 u$‘QK
K-

3. Calculate the parameter Qj from

Qi = ; (ri - qi) - (ri - 1 .O)

4. Calculate the segment fractions and area frac-
tions based on the specified composition

Q = rixi
2kjXi

5. Calculate the combinatorial portion of the
activity coefficient from Eq. (11).

6. For the pure components calculate the area
fractions and group interaction parameters from Table
5.5.4(3). (Note that 0, is not the same as Oi that is
used in calculating the combinatorial portion of the
activity coefficient.)

Qmxm
em = ~Q,X,,,

- amn
9, = exp 7

7. Calculate the pure component residual activity
coefficients from Eq. (13).

8. Repeat steps 6 and 7 for the specified solution
concentration.

9. Calculate the residual portion of the activity
coefficient using Eq. (12).

10. Calculate the activity coefficient for each
component in the mixture using Eq. (10).

Example

Calculate the activity coefficients for the 20%
n-butanol in water solution for the same conditions as
used in the ASOG example.

From Table 5.5.4(2) the �groups� in the mixture
are:

n-Butanol: 1 CH3 ; 2 CH2 ; 1 COH

Water: 1 Hz0

The volume and surface area parameters for these
groups are:

Group RK QK

CH3
0.9011 0.848

CH2
0.6744 0.540

COH 1.2044 1.124
H20

0.92 1.400
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Denoting n-butanol as component 1 in the mixture
and water as component 2, the parameters for molecu-
lar volume and molecular surface area may be calcu-
lated:

rl = 0.901 1 + 2 X 0.674 4 + 1.204 4 = 3.454 3

r2 = 0.920 0

q1 = 0.848 f 2 X 0.540 + 1.124 = 3.055

q2 = 1.40

The area fractions and volume fractions can now be
calculated as can the parameter Q

01 3.052
X

0.2= =
3.052 X 0.2 + 1.4 X 0.8

0.352 8

O2 = 0.647 2

a’1 3.454
3 x 0.2

= =
3.454 3 X 0.2 + 0.92 X 0.8

0.484 2

a2 = 0.515 8

I1 = S(3.454  3 - 3.052) - (3.454 3 - 1.0)

= - 0.442 8

Z2 = 5(0.92  - 1.4) - (0.92 - 1 .O) = - 2.32

The combinatorial portion of the activity coefficient
can now be calculated from Eq. (11).

- 0.442 8
0.352810.2

-
0.2(- 0.442 8) + 0.8(2.32)

= - 0.959 7

ln$=ln(~)+ [ 5 X  1.4ln(a)]

- 2.32 -
0.515 810.8

0.2(-  0.442 8) + 0.8(2.32)

= 0.083 5

The next step in the calculation is to determine
the residual portion of the activity coefficient through
use of Eqs. (12) and (13). The first step is to
determine the residual activity coefficient for a solu-
tion containing only n-butanol and then only water. In
this portion of the calculation subscript 1 will refer to
CH3, subscript 2 to CH2, subscript 3 to COH, and
subscript 4 to water. For pure n-butanol the area
fractions for use in Eq. (13) are

01 1.0 X 0.848= =0.848 + 2 X 0.54 + 1 X 1.124 o�277 9

02 = 0.353 9
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O3 = 0.368 3

Group interaction parameters may be determined
from Table 5.5.4(3). Using these values and the
temperature of 92.25�C reported for the azeotrope, the
group interaction coefficients are

\k13 = \k13 = exp
931.2

- -
365.4

=0.0782

\k32 = \k31 = e x p
1 6 9 . 7

365.4 = 50.628

qzs = \k14 = exp
145.2

- -  =  0 . 0 1 8  8
365.4

\kdl = \ka2  = exp
657.7

- -  =  0 . 1 6 5  3
365.4

\I�% = exp 320.8  =365.4 2.405 9

*43 = exp
2 8 7 . 5

=365.4 0.455 3

Both the pure component activity coefficient and
the activity coefficients in solution are calculated using
Eq. (13). For the three groups in n-butanol (CH,,
CH2, COH) the expanded form of Eq. (13) is

ln r(l) = Q, 1 - In (Ol\kll  + 02*21  + 03*31)

02 *22-

019,2  + 02\k22  + @3*32

lnr$r)=Q3 1 -In (01*13  + @2*23 + 035T33)

01+31-

01911  + 02\k21 + 03*31

02 *32-

01912  + 02\k22 + @3\k32

03 *33
-

Ol\kl3  + @2*23 + 03*33 1

- .--._-.  *-. . �-II--  . . .fl-.---  ._
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Using these equations and the area fractions and
interaction parameters calculated earlier, the pure
component activity coefficients for n-butanol can be
calculated as follows:

In I$�)  = 0.848 1 - In (0.277 9 X 1 + 0.353 9 X 1

+ 0.368 3 X 0.628 5)

0.277 9 X 1-
0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 5

0.353 9 x 1
- 0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 5

0.368 3 X 0.078 2
- 0.277 9 X 0.078 2 + 0.353 9 X 0.078 2 + 0.368 3 X J

= 0.293 6

ln I-$�)  = 0.540[  ] = 0.186 9

In ry) = 1.124 1 1 - In (0.2779 X 0.078 2

+ 0.353 9 X 0.078 2 + 0.368 3 X 1)

0.277 9 X 0.628 5
- 0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 5

0.352 9 X 0.628 5
- 0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 5

0.368 3 X 1

- 0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 15
= 0.597 2

For pure water, In I$�)  = 0.0.
The residual portion of the activity coefficient

must now be calculated for a 20% solution of n-
butanol in water. For this solution the group mole
fractions in the mixture are

0.2 Xl
x1 = 0.2 X 4 + 0.8 X 1 = o*125

X2 = 0.25 X3 = 0.125 X4 = 0.50

Based on these mole fractions the area fraction for
each group can be calculated:

@� 0.125 X 0.848=
0.125 X 0.848 + 0.25 X 0.54 + 0.125 X 1.124

+ 0 . 5 X  1.4=0.098

O2 = 0.124 8

O3 = 0.1299

0, = 0.647 2

Earlier in the solution, Eq. (13) was expanded for
the three groups occurring in n-butanol. This expansion
shows a number of terms that recur in the calculations
for each activity coefficient. For this reason these

terms will be evaluated separately and utilized in the
activity coefficient calculations which follow them.

C31\kll  + 02\k21  + 03*31  + 04\ka1  = 0.098 X 1

+ 0.1248X 1 + 0.1299 X 0.628 5

+ 0.647 2 X 0.165 3 = 0.411 4

01 \kt2 + 02\k22  + 03\k32  + Od\k, = 0 . 0 9 8

X 0.078 2 + 0.124 8 X 1 + 0.129 9 X 0.628 5

+ 0.647 2 X 0.165 3 = 0.411 4

01\k13  + @2\k23  + 03\k33  + 04\k43  = 0 . 0 9 8

X 0.078 2 + 0.124 8 X 0.078 2 + 0.129 9 X 1

+ 0.647 2 X 0.455 3 = 0.442

Ol\kl�,  + 02\kM + 03\kM + Oz,\k~ = 0.098

X 0.018 8 + 0.124 8 X 0.018 8 + 0.129 9

X 2.405 9 + 0.647 2 X 1 = 0.963 9

In rl = 0.848 1 - In 0.411 4 - s

0.124 8 0.129 9 X 0.078 2- - -
0.411 4 )

= 1 1 1 1 7
0.442 *

In r2 = 0.707 9

In r3 = 0.486 9

ln I�z,  = 0.198 9

The residual portion of the activity coefficient is
calculated for each component by Eq. (12):

ln fl = l(1.111 7 - 0.293 6) + 2(0.707 9 - 0.186 9)

+ l(O.486  9 - 0.597 3) = 1.749 8

ln yf = 0.198 9

The activity coefficients for n-butanol and water in
a 20% solution of n-butanol in water are calculated
from Eq. (10):

ln yl = 1.749 8 - 0.959 7 = 0.790 1 yl = 2.203 6

ln y2 = 0.198 1 + 0.835 = 0.281 6 y2 = 1.325 2

From the ASOG example we know that &, o =
572.43 and &@H  = 278.38. If we assume that there
is ideal behavior in the vapor phase, the composition
of the vapor phase is

I$i = ylI?le = 2.203 6 X 0.2 X 278.38

= 122.7 mm Hg

y1 = 0.168
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nF2 = y2z2fi = 1.325 2 X 0.8 X 572.43 generalized predictive procedure the UNIFAC pro-

= 606.9 mm Hg
cedure seems to give excellent results.

Although cumbersome for hand calculations, the
y2 = 0.832 group contribution procedures are readily program-

The agreement here is not quite as good as with
the ASOG procedure. However, the ASOG constants
contain more �fitting� for specific behavior. For a

mable for digital computer solutions. If extensive use is
to be made of any of them, computer solution is
recommended.

Nomenclature for Section 5.2.2 appears at the beginning of Part 5. References appear at the end of Section 5.2.5.
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52.3

R. N. Maddox

n Estimating the properties of mixtures requires, in
general, knowledge of the properties of the pure
components of which the mixture is comprised. The
effort is to combine these pure component properties
in such a way as to yield the properties of the
mixture. In many instances, mixture properties are
�well behaved,� and reasonably accurate prediction of
properties is easily accomplished. There are cases,
however, in which mixture properties behave badly and
prediction is difficult. There are mixtures of relatively
common materials for which properties go through a
maximum or minimum that cannot be predicted a
priori, and that are impossible to predict from pure
component properties. As a simple example [30]
consider that the density of a mixture of acetic acid
and water goes through a maximum with composition.
The author�s experience indicates that this behavior
will be at all temperatures to the mixture critical,
although the composition at which the maximum/
minimum exists may shift with changes in temperature.

The methods discussed below will deal with the
problem of predicting mixture properties from those of
the pure components. However, when methods are
available, attention will also be given to techniques for
predicting mixture properties directly.

A. Liquid density

Mixture density predictions are usually based on
weighted averages from composition. The correct
procedure requires only that attention be given to
keeping dimensional consistency in the calculations. If

0 1983 Hemisphere 1
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pure component densities are available on a mass/
volume basis, the correct procedure is

Pmix = xuiPi (1)

If, on the other hand, pure component values are
available for molar volumes, then

Pmix = Si/Ji (2)

The dimensional consistency of each is clear. For Eq.

(1):

For Eq. (2):

where u = volume fraction of one component in mix-
ture

V = volume of one component
i = any component

mix = mixture
The Rackett  equation [31] can be used for mix-

ture density. It does require a limited amount of
mixture density data for application. In this use it is
written as

p = AB-(1 -T/c)��

where A, B, and C are constants. If sufficient data are
available to obtain reliable values for the constants by
nonlinear regression, Eq. (3) can be used to extend

lblishing Corporation
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B. Viscosity

There are no reliable techniques for estimating mixture
viscosity in the absence of experimental data. If the
system is well behaved and the mixture viscosity varies
monotonically between the viscosities of the pure
components, a mole fraction or mass fraction average
will generally come within 15% of the mixture
viscosity. The great danger,. however, is that the mix-
ture will exhibit either a maximum or a minimum. If
this happens, the values estimated by averaging may be
in error by a substantial margin. The simple acetone-.
water binary mixture displays a viscosity maximum
with composition in which the mixture viscosity is

5.2.3-2 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysical Properties

density data over a wide temperature range. The
constants are composition specific and can be used for
only one mixture composition.

There are no a priori ways to estimate the density of
hydrocarbon mixtures of undefined composition. Gener-
ally, the density at ambient conditions and the boiling
range of the fraction are known. Figure 1 [32] can be
used to determine the density of the undefined mixture
at other temperatures.

Unless data are collected in the critical region,
density is influenced very little by pressure change. For
this reason process engineering requirements will
normally be satisfied by taking into account tempera-
ture changes while neglecting pressure changes.
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Figure 1 Density for mixtures of undefined components
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more than 100% higher than that for either pure
component. Simple mass fraction averaging obviously
cannot be used on such a system. Unfortunately, there
is no way to predict such behavior except for experi-
mental measurements.

Reid and Sherwood [33] suggest for binaries the
use of a modification of the procedure suggested for
pure components by Souders [31] :

1% (1% 10 VLm)  = PLm (i;yy$- 2 . 9  ( 4 )

where nLm = mixture viscosity, CP
? = mole fraction
I = viscosity constant calculated from Table

1 [341
pan = mixture density in g mole/cm3

M = molecular weight
Equation (4) can be used to predict the viscosity

of binary mixtures in the absence of either pure
component or mixture data. If there is no maximum
or minimum in the viscosity-composition curve, errors
should be in the 20-25% range for mixtures of hydro-
carbons and nonpolar, nonassociating materials; mix-
tures of polar and/or associating components will
display larger errors, and may be completely unreliable.

If a limited amount of experimental data for the

mixture is available, it may be extrapolated to higher
or lower temperature by plotting log viscosity as a
function of reciprocal temperature. This technique
must be used with caution because the log n - l/T
relationship is truly linear only for a very few pure
materials, and even fewer mixtures.

For mixtures of undefined composition, minimal
information is necessary before the viscosity can be
estimated. If the density and true boiling point for the
fraction are known, the procedure recommended by
the American Petroleum Institute [35] can be used. In
this procedure, Fig. 2 is used to estimate the kinematic
viscosity at temperatures of 100� and 200°F. These
kinematic viscosities are then plotted on graph paper
(very nearly log v versus l/T) to obtain viscosities at
other temperatures.

Amin and Maddox [36-391  made an extensive
study of viscosity-temperature behavior for crude oil
fractions. They concluded that oil mixtures followed
the log Y- l/T linear relationship, but that other
materials, even pure components, did not. By regres-
sion analysis of data from the literature and other
sources, Amin and Maddox developed an equation
relating kinematic viscosity for crude oil fractions to
easily measured and generally readily available informa-
tion. Their equation is

Table 1 Values for determining viscosity constant in Eq. (4)

Group values

CH, 55.6 OH 57.1 N 37
H 2.7 c o o 90 Cl 60
C 50.2 COOH 104.4 BI 79
0 29.7 NO, 80 I 110

Structural value+

Double bond

5-C ring
6-C ring

Side group on 6-C ring:
Molecular weight less than 17

Molecular weight more than 16

Ortho and para
Meta

- 15.5 R\CHCH�R +8
I \

-CH=CHCH,X  +  4

R R
- 24
- 2 1

R

R-A-R + 13 �CHX +6
- 9

Ii d

- 17 H-C-R + 10

6

+3
+1 CH, -C-R +5

A

�X  is a negative group.

0 1983 Hemisphere Publishing  Corpo~tion

II



5 . 2 . 3 - 4 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysicsl Properties
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Figure 2 Viscosity for mixtures of undefined components.

u =Aexp BT (5)

where v = kinematic viscosity in centistokes
A = constant=(223  T;".56a -4.038)KIB
B = constant In B=4.924+ O.O0454T,

Tb = 50% boiling point in K
T = temperature, K

Example

Estimate the viscosity of a 200°-500�F  boiling
range cut of a crude oil at a temperature of 93.4�C.
The cut is from a typical mid-continent U.S. crude oil,

0 1981 Hemisph .e 1
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has a 50% boiling point of 415.22 K, and a UOPK of
11.95 [38] .

Equation (5) will be used to estimate the viscosity
of the crude. The constants A and B in the equation
are evaluated as:

B = exp (4.924 + 0.004 54 X 415.22) = 906.05

A = (223 X 415.22-�=  - 4.038) = 0.042 5

Using these constants in Eq. (5) the kinematic
viscosity of the crude oil is estimated as

v = 0.042 5 exp 93 490+6f;3  l5 = 0.503 3 cs

The value of kinematic viscosity based upon experi-
mental measurements of the absolute viscosity and
density is 0.481 3 CS [38].

If the viscosity of the fraction were desired at
10 000 psia, Fig. 3 would be employed. The experi-
mentally determined density for the fraction at 93.4�C
is 0.707 g/cm3. Using this, the absolute viscosity is

r) = VP = 0.503 2 X 0.707 = 0.356 CP

On Fig. 3, go vertically from 10 000 psia until a
viscosity of 0.356 CP is reached and then proceed
horizontally until the reference line is reached. From
the reference line proceed parallel to the curved lines
until a UOPK factor of 11.95 is reached. From a K of
11.95 proceed horizontally to the left-hand axis and

Figure 3 Effect of pressure on viscosity of mixtures of unde
fiied liquid components. From Lockhart and Lenoir [40].
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysicd  Properties 5.2.3-5

read off the viscosity ratio of 1.75. The absolute
viscosity of the fraction at 93.4�C  and 10 000 psia is

q = 0.356 X 1.75 = 0.623 CP

At moderate conditions the influence of temperature
on gas viscosity is more significant than that of
pressure. However, at extreme pressure there can be a
significant influence of pressure on gas mixture
viscosity. The procedure recommended by Dean and
Stiel [14] appears to be the best way for predicting
viscosity of gas mixtures under high-pressure condi-
tions. Their recommended equation is

(77,  - &)im = 1.08  [exp (1.439~~)

- exp (- 1 .l 1 l~~~~s)] (6)

where q,,, = high-pressure mixture viscosity in PP
T& = low-pressure mixture viscosity in PP

Prm = pseudoreduced mixture density

Pm = mixture density in g mole/cm3
pcm = pseudocritical mixture density in g mole/

3

�$,  = ;f&Jgzp,�g

In their evaluation of Eq. (6) Dean and Stiel evaluated
the pseudocritical values for the mixture according to
the modified Prausnitz and Gums rules [42].

Zcm = cYizci
i

@>

Vcm = ZYiVci (9)

P
ZcrnRTcrn

cm = Vcm
(10)

CjziM,
P cm = &iivci (11)

Equation (6) has not been extensively tested. However,
on the few binary mixtures used by Dean and Stiel Eq.
(6) gave exceptional agreement with experimental
measurement.

Example

Estimate the viscosity at 200 atm and 100°C of a
mixture of ethane and propylene containing 50.1 mole
% ethane. At 100°C and 1 atm Vargaftik [43]  reports
a value by Golubev [44] of 110.3 X 10e6  g/cm for the
viscosity of the mixture.

The first step in the solution is to obtain the
critical parameters for the two components in the gas
mixture:

0 1983 Hemisphere F
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Ethane
Propylene

T,,K V~,m3/moIe Z, M

305.4 0.148 0.285 30.07
305.0 0.181 0.273 42.08 1

From these values properties of the mixture are calcu-
lated according to the stated mixing rules:

Mm = 0.501 X 30.07 + 0.499 X 42.081 = 36.06

Tcm = 0.501 X 305.4 + 0.499 X 365 = 335.1

Vcm = 0.501 X 0.148 + 0.499 X 0.181 = 0.165

Zcm = 0.501 X 0.285 + 0.499 X 0.273 = 0.279

P 0.279 X
0.083 14 X 335.1

=
cm

=
0.016 5

218.55 kg/m3

36.06
P c m = - = 218.55 kg/m3

0.165

In order to use Eq. (6) the density of the gas mixture
at 100°C and 200 atm must be estimated. This can be
done through the use of the compressibility factor
determined by the use of reduced temperature and
pressure:

T
r

= 373.15 200
-=l.ll -
335.1

P, = 46*5  = 4.30

Z = 0.635

PV = ZnRT

200 X 1.013 25 X V = 0.083 14 X 0.635 X 373.15

V = 0.097 2 m3/kg mole

P m = 10.29 kg mole/m3 = 370.94 kg/m3

370.94
--= 1.6973

PRm - 218.55

From Eq. (6) the mixture viscosity at 200 atm is

(qm - 110.3)0.033  4 = l.O8[exp 1.439 X 1.697 3)

- exp (- 1.111 X 1.697 31*858)]

= 1.08(11.501  - 0.051)

77m - 110.3 = 370.24

qrn = 480.5

The experimental value reported by Golubev is
500 X 10e6  g/cm.

C. Thermal conductivity

Early efforts at estimating mixture thermal conductivi-
ties used weighted averages based on mass or molecular

blisbing Corporatim

H



5 . 2 . 3 - 6 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Themophysid  Properties

fractions. As these were shown to be inadequate, more
sophisticated (usually empirical) models were sug-
gested. Jamieson and Irving [45]  suggested a procedure
based on weight fractions:

hmix = X1X1 + x2h2  - (x2  - X1X1 - fib2 Cl21

where 2 represents the component with larger thermal
conductivity. Equation (12) gives better accuracy with
nonaqueous mixtures. Errors wilI normally be less than
10% unless the mixture displays a minimum or maxi-
mum with composition.

Li [46] assumed: (1) Energy transport in the
liquid state is by collision among molecules. Colhsion
is due primarily to oscillation of neighboring molecules
and the frequency of collision is approximately propor-
tional to the number and size of neighboring mole-
cules. (2) The interaction thermal conductivity is the
harmonic mean of pure component values. The thermal
conductivity then is

where

Z+i = 1.0

Li indicates that, for nonaqueous mixtures, critical
volume may be substituted for molar volume without
seriously influencing the accuracy of Eq. (13).

Example

Estimate the thermal conductivity of a mixture of
methanol and water which contains 20 mole % water at
6O�C.  The molecular weight of methanol is 32.042 and
the density at 60°C  is 0.755 5 g/cm [47]. The molecu-
lar weight of water is 18.016 and the density at 60°C
is 0.983 g/cm3 [48].  Equation (13) in expanded form
for a binary mixture is

Calling methanol component 1 and water component 2
the molecular volumes are

v1 - - - 32.042 =
0.755 5

42.44 cm3/g mole

18.016
vz =0.983= 18.32 cm3/g mole

The superficial volume fractions for each component
are

o 1983 Hemisphere 1
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42 0 . 2  1 8 . 3 2
X

= =
0.2 X 18.32 + 0.8 X 42.44

0 . 0 9 7 4

$1 = 0.902 6

The thermal conductivity interactions are

Xl1  =
2(l)

0.188-r + 0.188-l
= 0.188

x12 =
2(l)

1(0.188-�  + 0.652-l)
= 0.291 9

Xl3 = 0.652

The mixture thermal conductivity then becomes

X, = 0.902 6 X 0.902 6 X 0.188

+ 0.902 6 X 0.097 4 X 0.291 9

+ 0.097 4 X 0.902 6 X 0.291 9

+ 0.097 4 X 0.097 4 X 0.652 = 0.210 7

According to Li [46] the experimental thermal con-
ductivity determined by Rastorguev and Ganier [49]
was 0.216 W/mK.

If the procedure of Jamieson and Irving in Eq.
(12) is to be used the first step is to calculate the
weight fractions: for methanol

x1 = 0.8 X 32.042 =
0.2 X 18.016 + 0.8 X 32.042

0.876 8

For water

x2 0.2 x 18.016= =0.2 X 18.016 + 0.8 X 32.042 o�123 2

The thermal conductivity for the mixture then
becomes

A,,, = 0.123 2 X 0.652 + 0.876 8 X 0.188

- (0.652-0.188)(1  - 0.123 2)0.123 2

A, = 0.020 8

Li indicates that, for nonaqueous mixtures, critical
volume may be substituted for molar volume without
seriously influencing the accuracy of Eq. (13).

For mixtures of undefined hydrocarbon com-
ponents the thermal conductivity may be estimated by

X = 1.744 X 1O-2  - 1.493 X IO-�  T (14)

where X is the thermal conductivity in W/m2  K/m and
T is the temperature in K.

Equation (14) provides only one thermal conduc-
tivity value regardless of boiling range, density, or
Watson characterization factor. This seems an over-
simplification and has been shown experimentally to
be incorrect [50]. However, it will provide estimates
of thermal conductivity for crude fractions that are
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysid  Properties 5.2.3-7

generally within f 25% of the true thermal conduc-
tivity of the mixture. It is limited to boiling range cuts
distilled from raw crude. It should not be used for
internal refinery streams that contain substantial
quantities of unsaturated hydrocarbons.

The effect of pressure on liquid thermal conduc-
tivity is small over normal pressure ranges.

D. Heat capacity

There are no techniques for estimating the heat
capacity of mixtures without knowledge of pure
component values. When pure component data are
available, the mixture value is taken as the unweighted
average of the pure component values, keeping in mind
the necessity for dimensional consistency. This
approach ignores heat of mixing and similar effects.
For this reason, large errors could be generated when
the heat of mixing is nonzero. For hydrocarbons and
nearby homologs, the assumption is good and heat
capacities should be within 10% although few mixture
heat capacity data are available for comparison.

For undefined mixtures, liquid heat capacity may be
estimated by use of Fig. 4 which was adapted from a chart
by Maxwell [51]. Density and true boiling point range
for the mixture are required for use of Fig. 4. At pseudo-
reduced temperatures below 0.85, the isobaric heat
capacity of undefined mixtures can be estimated as [52]  :

C, =A1 +A2T+A3T2

where Cp is the isobaric heat capacity for the liquid
petroleum fraction in Btu/lb OF.

A3 = - 1.171 26 + (0.023 722 + 0.024 907 SG)K

+ (1.149 82 - 0.046 535 K)
SG

AZ = 10-4(1.0 + 0.824 63dK)

A2 = - lo-*(l.O  t 0.824 63K)

T, = reduced temperature, T/TPc
T = temperature in OR

Tpc = pseudocritical temperature, �R
K = Watson characterization factor (see p. 5.2.1-7)

SG = specific gravity 60F/60F

E. Specific heat capacity of gas mixtures

For mixtures of ideal gases the heat capacity can be
estimated as either the mole fraction or weight fraction
average depending upon which heat capacity is avail-
able. The methods suggested in Sec. 5.4 can be used to
obtain the pure component values.

For mixtures of real gases the departure from ideal
gas behavior must be accounted for. Figure 5 shows
the molal heat capacity departure of real gases from
ideal gas behavior as a function of reduced temperature
and pressure [53].

Example

Estimate the heat capacity of a gas mixture that is
40 mole % methane and 60 mole % ethane. The
mixture is at 40°C  and at a pressure of 7 MPa. From
the GPA data book [54] the molal ideal gas state heat
capacity for methane is 36.21 and for ethane 54.21
kJ/kg  mole K.

The solution first requires estimating the mole
fraction average heat capacity, critical temperature, and
critical pressure. The calculation is shown in the follow-
ing table.

Y 300 500 700 900
Volume avg. boiling point, K

300 350 400 450 500 550 600 650 700 750 800
Temperature, K

Figure 4 Specific heat capacity of hydrocarbon liquid mixtures C,, = (C, + B) -B.
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5.2.3-8 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysical Properties

Mole CP, TCI Tcm* P P
Comp fraction kj/kg mole K Cpm  Kq K I&a h$

G 0.4 36.21 14.48 1 9 0 . 6 16.2 4.60 1.84
G 0.6 54.21 3 2 . 5 3  3 0 5 . 9 1 8 3 . 5  4 . 8 8 2.93

47.01 259.7 4.77

Critical temperature and pressure values were taken from the American Petroleum
Institute [55].

The reduced temperature is

The reduced pressure is

7
Pr=== 1.47

Using these values at reduced temperature and pressure
the heat capacity departure as read from Fig. 5 is

C, - C,*  = 9.7 Btu/lb mole OR = 40.6 kJ/kg mole K

Figure 5 Real gas molal heat capacity departure. From
Leyderson et al. [55].

The real gas mixture heat capacity is

c Pm - 47.01 = 40.6 = 87.61 kJ/kg  mole K

F. Mixtures of undefined components

Figure 6 is taken after the work of Fallon and Watson
[56]  as presented in Standards of Tubular Exchanger
Manufacturers Association [57]. It provides the
specific heat capacity of petroleum fractions as a
function of the Watson characterization factor and
temperature. The specific heat capacity values from
Fig. 6 are for low-pressure use and compare with the
ideal gas state heat capacity for pure components.
Figure 5 can be used to adjust these values for real gas
pressure effects if pseudocritical values are estimated as
outlined in Sec. 5.2.1(B).

I 1

I 1 I I

300 400 500 800 700 800
Temperature, K

Figure 6 Specific heat capacities of vapor mixtures of unde-
fined hydrocarbon compomiits.

Nomenclature for Section 5.2.3 appears at the beginnbzg  of Part 5. References appear at the end of Section 5.2.5.
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5.2 PROPERTIES OF MIXTURES OF FLUIDS 5.2.4-1

52.4
Inter facialtension

R. N. Maddox

n In the literature, there is great confusion in using
terms to describe the �pulling� on molecules at the
interface between two phases. In this discussion
�surface tension� will be applied to those instances
when the gas phase is air; interfacial tension will apply
to instances when the gas phase is the equilibrium
vapor of the liquid. Liquid-liquid and liquid-solid
phases will not be considered.

For most process design applications, the quantity
of interest is the interfacial tension. Seldom do we
have process fluids under conditions such that they are
in contact with air at atmospheric pressure. Most pure
component measurements, until recently at least, were
made on the laboratory bench and the engineer is
limited to the use of surface tension.

For binary mixtures, when pure component values
of surface tension are known, the mixture surface
tension may be estimated by simple mole fraction
average :

um= 2
XiCJi (1)

When the mixture is at high pressure, or when pure
component values are not available, the Macleod-
Sugden [56]  relationship can be used to estimate
mixture surface tension:

umlf4 = i(PiHpLmzi  - P VmYi) (2)

where P is the Parachor number and m is the mixture
property. If density values for the mixture are not
available, but it is made up of defined components, a

modification [57]  of the Macleod-Sugden equation
may be used:

Pm r&-l
urn - -

RDm r& + 2

where RD  is the molar refraction and n is the refrac-
tive index. Mixture values of RD,  P, and n are taken as
mole fraction averages.

There is little to choose in accuracy among the
three estimating techniques. They are subject to errors
as large as 10%. None of the three is recommended for
aqueous mixtures.

Because of the polar characteristics of water,
aqueous mixtures present a special problem for
estimating surface tension. Three different phases may
be encountered-the vapor phase, the liquid phase, and
the boundary phase-which may have quite different
characteristics from the bulk of the liquid. For estimat-
ing surface tension of aqueous mixtures, the procedure
of Tamura et al. [58] is recommended.

114 =um (&7g4 + J/:u,�4 (4)

Kv is the superficial volume fraction of water in the
surface layer and is defined as

For calculating the superficial surface volume fractions,
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5.2.4-2 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.4 Interfacial  Tension

equilibrium between the surface and bulk phases is
assumed.

C=B+D (7)

J/Q,B = log -
9,

(8)

c = log
(cr>Q
-

It,�
(9)

x0 vo
$, = xuwvw  + zovo

(11)

(12)

where 2 = bulk mole fraction of component
V = molar volume of component in cm3/g mole
u = surface tension
T = temperature, K
q = constant depending on type and size of

organic component. Values in Table 1.
9 = superficial volume fraction
o = a subscript denoting organic component
w = a subscript denoting water
u = a superscript denoting the surface zone

between the liquid and vapor phase
Reid et al. [58] report errors less than 10% when q is
less than 5 with errors as large as 20% for values of q
larger than 5. Equation (4) can be applied to organic
mixtures by letting q equal the ratio of molar volumes
of solute to solvent.

Example

Calculate the interfacial tension of a 30 mole %
acetone-water mixture at 150�F.  According to Miller
[59]  the surface tension of water is 66.84 dynes/cm
and the surface tension of acetone is 17.62 dynes/cm
at 150°F (65.6�C).  The molecular weight of acetone
and water are 58.1 and 18.016, while the densities are
0.737 9 and 0.980 3 [60].

The molar volumes are calculated from the
molecular weight and density:

vo = - 58.1 =
0.737 9

78.74 cm�/g mole

180 16
vw=o.980=

18.38 cm3/g mole

The superficial volume fractions for water and acetone
are calculated from Eqs. (11) and (12):

d�w 0.7 X 18.38= =0.7 X 18.38 + 0.3 X 78.74 o�352 �

J/o 0.3 X 78.74= =0.7 X 18.38 + 0.3 X 78.74 oh47 4

Using a value of q = 2 for acetone from Table 1 the
constant B is evaluated from Eq. (8):

B = log w = log 0.191 8 = - 0.717 2

and the constant D from Eq. (1):

D = 0.441 &
20

- 66.84(78.74)2�3
. 1

= 0.002 604(161.85 - 1 227.9) = - 2.776

The constant C is evaluated from Eq. (7):

C = B + D = - 0.717 2 - 2.776 = - 3.493 2

However, constant C is also expressed in terms of the
interphase composition in Eq. (9). Since by definition
the superficial volume fractions must sum to unity

$I; + l)�,  = 1.0

The superficial volume fractions at the interface can be
calculated by combination of Eqs. (7) and (9).

1% (ti�,)q

J/O
= - 3.493 2

1% <s”,>2
I- ti”, = - 3.493 2

Solving for the superficial volume fractions at the
interface:

I//�,  = 0.017 8

44 = 0.982 2

Table 1 Values of constant q for use with procedure of Tamura et al. [ 581

Materials 4 Example

Fatty acids, alcohols Number of carbon atoms Acetic acids, q = 2
Ketones One less than the number of Acetone, q = 2

carbon atoms
Halogen derivatives Number of carbons times ratio Chloroacetic acid,

of fatty acids of molal  volume of halogen
derivative to parent fatty acid

q = 2 vb (chloroacetic acid)
vb (acetic acid)
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.4 Interfacial Tension 5.2.4-3

The mixture interfacial tension at 150°F can now be
calculated from Eq. (4);

um1�4  = 0.017 8(66.84)�/4  + 0.982 2(17.62)V4

um = 18.12 (experimental value is 23.1)

of 23.1 dynes/cm which differs by more than 20%
from the calculated value.

Surface tensions for mixtures of undefined com-

ponents can be estimated through the Parachor
number.  Equation (2)  is  used with the  Parachor
number being determined by [61]

Miller [59]  gives an experimentally determined value P = 40 + 2.38 (mol. wt.) (13)

Nomenclature for Section 5.2.4 appears at the beginning of Part 5. References appear at the end of Section X2.5.
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5.2 PROPERTIES OF MIXTURES OF FLUIDS 5.2.5-l

52.5
Diffusion coefficients

R. N. Maddox

A. Introduction

Diffusion refers here to transport of a material within
one phase due to molecular characteristics alone: there
is no external force or turbulence causing the trans-
port. Diffusion can be caused by gradients within the
phase created by a number of variables. The only case
considered here is diffusion caused by a concentration
gradient. In a binary mixture, if component A diffuses
from position 1 to position 2 at a given rate, then to
maintain equal molal flow, component B must diffuse
at the same rate in the opposite direction. If F” is the
molal flux, the diffusion coefficient is defined as

Fz = - CDABVxA

F”’ = - CDBAVxBB

where C = total molar concentration
F”’ = the molar flux due to diffusion

D = the diffusion coefficient
The activity corrected diffusion coefficient is

A D A B

AB = (a In aA)/@ ln ?A)

(1)

(2)

(3)

For gases, DAB = AAB  because concentration effects
are much less for gases than for liquids.

B. Diffusion in liquids

For diffusion of components through dilute solutions,
the equation proposed by Wilkie and Chang [62]  is
recommended:

D
1.17 x lo-l6 (&f#T

AB =
VBW

where DAB = diffusion coefficient of solute A in low
concentrations in solvent B (m2/s)

fiB = molecular weight of solute B
T = temperature (K)

qB = ViscOSity  Of the solvent B at temperature
T (Ns/m2)

4 = the associated factor for solvent B (= 2.6
for water; = 1:O  for nonassociated
solvents)

??i, = molar volume of solute at its normal
boiling point (m3 /kmol)

For nonassociated solvents, Eq. (4) can be used
with a value of 1.0 for 4.

Tyn [64]  developed a nomograph for estimating
diffusion coefficients for various solute-solvent com-
binations at different temperatures. His approach was
to assume a linear relationship between the tempera-
ture at which a liquid mixture will have a given
diffusion coefficient and the temperature at which
water exhibits the same coefficient. His nomograph is
shown in Fig. 1. X and Y coordinates for different
components are shown in Table 1. The use of the
nomograph is best illustrated with an example (see
below).

Example

Calculate the liquid diffusion coefficient for
methanol solute in water solvent at 15°C. Here,
fiB =18.016,qB=l.l46X  10-3,@=2.6,T=288.15K
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Figure 1 Nomograph for estimating liquid diffusion coefficients

and (from the table for methanol in Sec. 5.5.1) �ZA  =
32.00/751 .O = 0.042 6 m3 /k mole.

Using Eq. (4), the diffusion coefficient is:

DAB =
(1.17 X lo-�jX2.6  X 18.016)�� (2.88.15)

(1.146 X 10-3)(0.0426)o.6

= 1.34 X 10e9  m2/s

According to Bretsznajder [65] the experimental value
is 1.28 X 10m9  m2/s.

If Fig. 1 is to be used, the values of X and Y must
be determined from Table 1. For the methanol-water
system the X coordinate is - 12.0 and the Y co-
ordinate is 80. These two points are connected with a
straight line. From the intersection of that straight line

Table 1 Mixture coordinates for use with Fig. 1

Binary liquid mixture

No. Solute Solvent x Y

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Methane
Ethane
Propane
Butane
Pentane
Cyclohexane
Cyclopentane
Methylcyclopentane
Acetylene
Benzene
Toluene
Ethyl benzene
Methanol
Ethanol
n-Propanol

kPropano1
n-Butanol
t-Butanol
Ethyleneglycol
Acetone
Manitol
Ahniue
Acetamide
Butylamide
Foramide
Glycoamide
Propioamide
Urea
Triethyleneglycol
Iodine

Water - 11.5 76.5
Water - 16.0 63.8
Water - 21.0 62.5
Water - 22.0 56.8
Water - 2 3 . 0 51.0
Water - 2 1 . 5 41.0
Water - 19.0 46.0
Water - 2 2 . 0 41.0
Water 0.0 70.0
Water - 15.0 55.0
Water - 21.5 45.5
Water - 21.5 41.0
Water - 12.0 80.0
Water - 14.0 50.5
Water - 19.5 56.0

16
17
18
19
20
21
22
23
24
25
26
21
28
29
30

Water - 20.0 53.0
Water - 2 1 . 0 50.0
Water - 2 7 . 0 60.0
Water - 16.0 51.0
Water - 11.0 44.5
Water - 2 7 . 0 24.0
Water - 22.0 40.5
Water - 18.0 64.0
Water - 22.5 59.5
Water - 11.0 73.5
Water - 17.0 49.0
Water - 2 2 . 0 63.5
Water - 13.5 58.0
Water - 2 8 . 0 41.0
Ethanol - 10.5 47.5

31 Water Ethanol - 19.0 53.5
32 Acetic acid Carbon tetrachloride - 2.5 35.5
33 Formic acid Carbon tetrachloride + 4.5 44.5
34 Benzene Carbon tetrachloride - 6 . 5 41.0
35 Cyclohexane Carbon tetrachloride - 8 . 0 36.5
36 Heptane Benzene + 3.0 63.0
31 Methanol Benzene + 25.5 100.0
38 Ethanol Benzene + 12.0 92.0
39 Benzoic acid Benzene - 7.5 43.0
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.5 Diffusion Coefficients 5.253

Table 1 Mixture coordinates for use with Fig. 1 (Contimed)

Binary liquid mixture

No. Solute Solvent X Y

40 Acetic acid Toluene + 7.0 64.5
41 Formic acid Toluene + 19.5 52.5
42 Cyclohexane Toluene + 1.5 81.0
43 Methylcyclohexane Toluene + 5.0 69.0
44 Aniline Toluene + 1.0 67.0
45 Acetic acid Acetone + 23.0 84.0

46 Water Acetone + 49.5 97.0
47 Chloroform Acetone + 26.5 92.0
48 Iodine n-Octane + 16.0 69.0
49 Toluene Aniline - 36.0 28.0
50 Benzene Heptane + 21.5 93.0
51 Toluene Heptane + 28.5 87.0
52 Acetone Chloroform + 8.0 66.5
53 Toluene Methylcyclohexane - 3.0 50.0
54 Carbon tetrachloride Cyclohexane - 1.5 50.0
55 Iodine Cyclohexane 0.0 53.0
56 Benzene Cyclohexane - 1.5 63.0
57 Toluene Cyclohexane - 2.5 42.0
58 Chlorobenzene Bromobenzene - 7.5 33.5
59 Toluene Chlorobenzene - 1.0 49.0

with the 15°C horizontal line, extend vertically to the
curve labeled �water� and then horizontally to the
right-hand axis to read a diffusion coefficient of:

DAB = 1.25 X 10e5 cm2/s

C. Diffusion in gases

For gaseous diffusion coefficients in binary mixtures,
the procedure of Fuller et al. [67]  is recommended.
They utilized a group contribution approach to define
special �diffusion volumes� which are used to predict
diffusion coefficients from:

where DAB = binary diffusion coefficient, m2 /s
Ui  = special diffusion parameters to be

summed over atoms, groups, and struc-
tural features of the diffusing species

$ = molecular weight, kg/kmole
P = pressure, bar

Example

Determine the gas phase diffusivity of methane
through water vapor at a temperature of 352.3 K and

one atmosphere (1.013 bar) pressure. The molecular
weight of water is 18.016 and the molecular weight of
methane is 16.043. Using values from Table 2 the
special molecular diffusion volumes for methane and
water are calculated as:

uHzo = 12.7

vCH, = uc + 4 ,,H = 16.5 + 4(1.98) = 24.42

Using Eq. (8) the diffusivity of methane gas through
water vapor is calculated as

Table 2 Diffusion volumes for use with Eq. (8)

Atomic and structural diffusion volume increments

C
H
0
(N)

16.5 (Cl) 19.5
1.98 (3 17.0
5.48 Aromatic or heterocyclic rings - 20.2
5.69

Diffusion volumes of simple molecules

HZ 7.07 c o , 26.9
JA 6.70 N,O 35.9
He 2.88 NH, 14.9
N* 17.9 H,O 12.7
0, 16.6 (CC%  F,) 114.8
Air 20.1 (SF, ) 69.1
Ne 5.59
Ar 16.1 (Cl, 1 37.7
Kr 22.8 67.2
(Xd 37.9 41.1
c o 18.9
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5.2.5-4 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.5 Diffusion Coefficients

D A B

= 1.013 X lo-�  (352.3)�.75(1/18.016  + 1/16.043)�2

1.013(12.71�3  + 24.42�3)2

= 0.358 9 X 10m4  m2/s

Fuller et al. report an experimental measurement by
Schwertz and Brown of 0.356 X lob4 m2/s.

Nomenclature for Section 5.4.5 appears at the beginning of Part 5.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.1-l

5.3.4
Disperse compositions

Z. P. Shulman

A. General statements

Non-Newtonian behavior is inherent in the majority of
moderately and strongly concentrated suspensions and
emulsions: lubricants, fuel liquid mixtures (carbon, peat,
mazut, shale), liquid-disperse rocket and nuclear fuels,
paper, ceramic, concrete, asphalt, and food masses, etc.
Dilute polymer solutions and disperse compositions are
generally characterized by the Newtonian viscosity
depending only on the volume content of the prescribed-
shape particles but not on the stress-strain state. The
rheological properties, hydrodynamics, and convective
heat transfer of non-Newtonian media are beyond the
scope PC W- =xztion. They are considered in detail in
monographs ] I -5, and in review [6]. Note that at
present there are no general and reliable methods for
calculating the rheological properties of compositions by
the prescribed individual properties and the content of
their components.

The relationships used below for thermophysical
properties are based on the simplest physical models
disregarding disposition of phases, surface phenomena,
particle contacts, and structurization. Nevertheless,
simplicity being their advantage, they allow quite reli-
able qualitative estimates.

B. Two-component compositions

Depending on the relationships between individual
thermal conductivities, compositions may be grouped
into four classes [7] :

Relations given in Sec. 5.3.1 also refer to the mixtures of
solid particles, powders, and porous media.

Class I: h, 9 b or b/&j  > 100;
Class II: b % h, or &f/Xc  > 100;
Class III: 1 < h&d < 100;
Class IV: 1 <b/Xc < 100.

Indices c and d denote continuous and discrete phases.
The systems of Classes II and IV are those most
encountered, e.g., metal suspensions. At present there
are no correlations that are equally valid to the above
four classes.

When&>&

1 2-=
h J-G(b - bC)bc  + B&i - &)I

tan-�  f

(1)

When b > X,

+1-B

x,
(2)

Here B = dm and G = -m are the parameters
for the disperse phase content. Equation (2), within
b %- hc, reduces to the simple formula, not including
hd,
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5.3.1-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.1 Disperse Compositions

For spherical particle dispersions (Classes I, III, and
IV) with volume concentrations zd < 0.1, the Maxwell
formula [8] is sufficiently accurate:

Equation (4), at b >> A,, is simplified to

(4)

Suspensions of nonspherical well heat-conducting
particles (Class II) are governed by the Hamilton formula

PI :
x = b,[b + (n - 1h - (n - I)& - id)zdl

b + (n - 1)x, + & - xdbd
(6)

Here n = 3/JI, where $ is the sphericity factor. For
spherical particles 9 = 1. For multicomponent composi-
tions we have

1 - 2 Z&i - l)(hi - Xj)

x = Al
i=2

1 + j2 zi(X1  - Wh + (4 - l)h

(7)

Here ni = 3/J/i  is the nonsphericity factor for the ith
component. The first component is usually a solid phase.
Depending on the thermal conductivity ratios for the
components, three-phase compositions may be divided
into seven classes:

class I: &, /& > 100; )h, /X, > 100. These sys-
tems are composed of good heat-conducting particles
and may be treated as two-phase compositions of Class
11 with volume Content Zd = zd, + Zd, . The CdCUlatiOn
is made using Eqs. (3) and (7).

CZassZZ: &,I& > 100; 10<bd,l&  < 100. Equa-
tion (7) or Eqs. (2) and (3) are used for two-phase
mixtures. Since b & & and Q, 9 bd, , the composition
may be considered to be two-phase with particle
dispersion of phase 2 in the initial continuum as medium
and component 1 as disperse phase.

c7usszzz:  lo<&&  <lOO;  lo<&&  <loo.
The calculation is made by Eq. (7) or (2). In this case

zc* = Zd, + Z,; zd = zdi and &j = &j,  .
class IV: Ad,/& - 10; Ad,/& - 10.
CIass v: &&lx,  - 10; Ad, /x, - 1.
cih$ VI:  &&/h,  - hd,/& - 1.
Thermal conductivity of liquid compositions of

Classes IV-VI is calculated by the formulas adopted for
Class III, i.e., by Eqs. (7) and (2). Equation (1) is also
valid for the mixtures of Class VI.

Ciizss  VII: hid,  /& < 1 and/or h,& < 1. Thermal
conductivity of the compositions of this class can be also
calculated by Eqs. (l), (2), and (7).
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Figure 1 Effect of uranium oxidation degree on thermal con-
ductivity of nuclear suspension.

C. Nuclear fuel suspensions

In these suspensions [lo]  uranium oxide particles are
dispersed in liquid metals, namely, in sodium or sodium
potassium mixture. Since both components possess good
thermal conductivity, 5 < A,-/~ < 10. However, the
direct use of Eq. (1) can give errors due to disregard for
the uranium oxidation degree, i.e., due to the stoichio-
metric shift to higher oxides up to UaOs inclusive (Fig.
1). Nuclear third-class suspensions are governed by

(8)

(9)

These equations are based on the representation of
isotropic compositions of cubic [Eq. (S)] and spherical
[Eq. (9)]  particles covered uniformly with liquid films.
The parameter, s = 1 - (1 - ~)l�~,  denotes the relative

100
Na

E NaK
E ,
2-
c-t
510 -

j
- u0200

lJ0 2.06
-

E -
sE
i

I I I I
500 600

tenipe70r:ture
800 T.

Figure 2 Thermal conductivity of nuclear suspension com-
ponent vs. temperature.

blishing  Corporation

--- _-



5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.1 Disperse Compositions 5.3.1-3

liquid-phase dimension expressed in terms of the
porosity. Figure 2 shows temperature dependencies of
thermal conductivity for nuclear composition com-
ponents while Fig. 3 illustrates the experimental veritica-
tion of the theory. The porosity e, the liquid-phase to
suspension-volume ratio, is related to the volumetric
fraction of a solid phase by Z,J = 1 - E. Thermal
conductivity of nuclear fuel suspensions is sharply raised
with increasing solid-phase content. Equations (8) and
(9) agree well with experiment.

D. Petroleum

Petroleum represents a polyfractional multicomponent
system. Its density ranges from 730 to 1 040 kg/m3.
Heavy (non-Newtonian) petroleum @ > 900 kg/m3),

Figure 3 Thermal conductivity of typical nuclear suspensions
vs. uranium dioxide content (solid phase).

Figure 4 Petroleum thermal conductivity vs.
resins.

paraffins and

containing a great number of solid hydrocarbons (par-
affins, resins, asphaltenes), possesses highly anomalous
viscosity and viscoplasticity. Petroleum is subjected to
various thermal effects during production, storage, trans-
portation, refining, and utilization. In particular,
petroleum, mazut, and bitumen are heated before being
pumped.

Large-scale production and consumption of petro-
leum predetermine the importance of its thermophysical
properties. Cragoe�s formula [Eq. 5.3.3(3)]  is still
widely useful for non-Newtonian petroleum but gives
underestimated values of thermal conductivity for heavy
Middle-Asia petroleum [l I]. Also, with increasing
density the value of A increases rather than diminishing.
The function h(7)  also differs from Cragoe�s formula. In
particular, thermal conductivity of resinous petroleum
decreases with heating (Fig. 4). For paraffin petroleum
X(T) is an increasing function, which can be attributed
to paraffin-particle melting. The slope of the above
temperature dependencies is affected by the composi-
tion of solid hydrocarbons.

Nomenclature for Section 5.3. I appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.2-l

53.2
ClassificatKlubricants

Z. P. Shulman

n In power plants and heat exchangers, lubricants are
used as test media, specifically, high-temperature heat
carriers, heat-insulating materials, fuel mixtures, etc.
[12-171.

Organic petroleum oils are a mixture of hydro-
carbons and their derivatives. Animal and plant oils are
primarily used as additives to petroleum oils. Synthetic
oils serve as petroleum oil substitutes at very low and
high temperatures for cases of elevated fire danger, etc.
The oil quality is improved by alloying additives such as
antiwear and viscosity additives, set point additives (for
lowering solidification temperature), detergents, anti-
corrosion additives, etc. At positive temperatures, oils
serve as Newtonian fluids. PolymeJ thickening of oils
produces a viscous anomaly.

Plastic lubricants consist of a homogeneous medium
(oil) and a solid phase: fatty acid salts (soaps), solid
hydrocarbons, silica gels, and bentonites  with additives
and solid additions (graphite, metal powders, etc.). Very
long particles form a mobile structure that undergoes
reversible destruction beyond the yield stress, and the
lubricant flows as a rheologically complex nonlinear
viscoplastic fluid [3] .

Oil lubricant-cooling liquids (LCL) alloyed with
additives are used in metal processing as well as in heat
exchangers and hydraulic systems. In aqeuous LCLs, the
emulsifying agent envelopes oil particles and prevents
their coalescence. Emulsions may be weakly non-
Newtonian and Newtonian fluids.

References appear at the end of Section 53.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.3-l

53.3
oils

Z. P. Shulman

A. Design relations The empirical formulas for the temperature range
273 < T< 423 K are presented by Cragoe [20],

Presently, the Predvoditelev-Vargaftik formula [ 18, 191
is widely used:

A = acpj@i’/3p4f3 (1)

h = 0.118&. [l - 0.000 54(T - 273)] W/m K

(3)
and Smith [21],

where a is _the coefficient equal to 4.28 X lo-*  kg-II3
m3/s and M is the mean molecular mass in kg/mol. As
compared to experiment, Eq. (1) gives a mean error as
small as 11% at fim < 200, as small as 25% within
200 <$,,, < 400, and 50-70%  within 400 <ii?,,, < 600.

Based on Eq. (l),  for 223 < T< 273 K, the
following relationship [27] is derived:

,=,,,[I +$T~:;~fi7-1�3  4-4�3  ( 2 )

where T, is the critical temperature and Tsoad is the
solidification temperature. For nine different mineral
oils, Eq. (2) gave an error less than 2%.

Table 1 Oil properties�

x = 0.137/J& K [ 1 - 0.000 54(T - 273)] W/m K

(4)

In all the above equations the density is expressed in
kg/dm3.

Over the temperature range 293 < T< 423 K,
specific heat is calculated by the equations of Cragoe

PO],
cp = 4 2ooA(p+)- 1’2 + 3.78(T - 288) J/kg K (9
and Fortsh and Whitman [22],

cp = [l 450 + 3.72(T - 273)]  (2.1 - p�) J/kg K
(6)

Material Name
Country
or firm

Temperatures,
K L, W/m K) �AK-

K X 107, ak,
m�/s K-1

Mineral oils

Oils with additives

kit-12 U.S.S.R. 293-388 0.130 1.20 0.75 2.53
tic-20 U.S.S.R. 393-380 0.133 1.26 0.71 1.95
nrrl-38 U.S.S.R. 293-373 0.154 2.99 0.77 2.05
RAX-SO Oliofiat 293-385 0.136 1.24 0.74 1.33
EP-50/S Oliofiat 293-385 0.136 0.45 0.76 1.77
H C-20+4%PIB  20 U.S.S.R. 293-373 0.129 0.79 0.64 1.76
HC-20+2%PIB  118 U.S.S.R. 293-373 0.126 0.79 0.59 0.73

�From Pikus [23].
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5.3.3-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.3 Oils

p+ is the dimensionless density with respect to water at
T= 288 K. (A = 0.425 for paraffin oils; A = 0.415 for
mixed oils; A = 0.405 for nephtenic oils; Am = 0.415.)
As compared to experiment, the error obtained by Eqs.
(3)-(6) is on the average as small as 15%.

B. Temperature dependencies

According to the available numerous data, at positive
(above 0°C) temperatures, h(T), K(T), and p(T) are
decreasing functions, while ~~(7�)  is an increasing func-
tion. Usually linear approximations are used:

The apparent viscosity of oils is substantially (by a
factor of 10 and more) affected by polymer additives.
The investigation of oils thickened with polyisobutelenes
(PIB 118, M, = 11.8 X 104; and PIB 20, M,,, =
2 X 104) (see Table 1) revealed a decrease (up to 20%)
in thermal conductivity and thermal diffusivity with
increasing molecular weight of the polymer and its
content in the oil.

D. Synthetic oils

ai =aoi[l rt: q(T- To)] (7)

ai is the thermophysical parameter. Indices 0 and i stand
for the initial and current temperatures and oi are
constants. In Table 1 the oils most widely used in this
country and their foreign analogs are listed.

The properties of synthetic oils [24]  studied over the
temperature range 303-393 K are presented in Table
5.3.4(l). Note that within the range 213 < T<303 K
the temperature dependencies become nonlinear. The
use of Cragoe�s formula, Eq. (3), gives markedly larger
errors than in the case of mineral oils.

Nomenclature for Section 5.3.3 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.

C. Polymer additives
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.4-l

5.3.4
Plastic lubricants

2. P. Shulman

A. Design relations I Table 2 Anisotropy of thermal conductivity of lub-
ricants’

Plastic lubricants with thickening agents, over the
temperature range 293 < T < 413 K, are governed by
the proposed interpolation formulas [25]. For hydro-
carbon lubricants,

Lubricant h,

Svnthetic

o.97P3 7C'.18(T-273)1 (1)
Contl*onb 0.122 0.115 0.153 1.25 0.96 1.33

x = x0 [l + -0.005 Lubricant 0 0.171 0.153 0.210 1.23 0.89 1.37

cp = cp, [l + 1 .035c�.og  - 0.005 7C'.s6(T-273)](2)

and for lubricants with soaps and other thickening
agents

X = ho [l + 4.25C1.80  - 0.001 57C0."(T  - 273)]

(3)

cp = cp, [l + 80C 3~13  - 0.012C1.g8(T  - 273)] (4)

where  X0 and cp, are the properties of the liquid
medium and C is the thickening agent concentration.

Table 1 Lubricant properties’

�Unidirectional orientation is performed by pressing the lub-
ricant through the plane channel with a shear velocity of 300 ss�
at T= 293 K. Here h,, hit, and hl are thermal conductivities of
the isotropic state, parallel and normal to the orientation axis.
From Luikov [26].

bSolidol.

Equations (l)-(4) correlate the known experimental
data with an error less than 5%. The data for plastic
lubricants with different kinds of thickening agents are
given in Table 1.

Material Name
Country Temperatures,
or firm K h, W/m K

Synthetic cooling X@-22C-16 U.S.S.R. 303-393 0.160 1.33 1.903 1.64 986.0 0.744
oils @M-5, 6An U.S.S.R. 303-393 0.146 1.51 1.605 0.79 967.1 0.881

�Fuchs� BDR 303-393 0.116 0.89 1.915 1.95 887.7 0.746
Plastic lubricants connJjon  c U.S.S.R. 293-413 0.148 1.71 2.220 1.40 937.0 0.600
(a) Sow YHkion-1 U.S.S.R. 293-413 0.154 1.38 2.361 1.15 932.0 0.600
(b) Inorganic CUOJl U.S.S.R. 293-413 0.143 1.39 2.052 1.55 949.0 0.600
(c) Hydrocarbon I-OH-54rl U.S.S.R. 293-333 0.143 1.85 2.302 1.43 888.0 0.500

ah x lo�,
K-�

CP>
kJ/kg K

cucpx  103,  P
K-� k/m�

�p  x 103,
K-�

�From Tatevosov [ 241 and Froishteter [ 251,
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5.3.4-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.4 Plastic Lubricants

B. Anisotropy of thermal conductivity I thermophysical properties of these lubricants sub-
stantially are altered. In particular, a shear-velocity-

Platelike, filamentous, needlelike, rodliie and, striplike
elements contained in lubricants are oriented in the
shear flow. In this case, both the rheological  and

depend&t anisotropy of thermal conductivity arises.
Quantitative estimates are presented in Table 2.

Nomenclature for Section 5.3.4 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.5-l

5.3.5
Lubricant-cooling liquids

Z. P. Shulman

A. Oil lubricantcooling liquids

The effect of sulfur, chloride, and phosphorus additives
on the thermophysical properties of these lubricants is
studied in [23, 311.  Temperature dependencies are
governed by Eq. 5.3.3(7). The additives (up to 20%) are
shown to affect inconsiderably (by no more than 12%)
thermophysical properties.

I etc.). The following empirical formulas are known:
Fillippov�s [28]  formula is

x = AlXl + Azxz - 0.72(X1 - X2)x1x2

and Missenard�s [29]  formula is

(1)

X=hl l-z2
[

1 - Al/X2

1 - zi��(1  - Al/h,) 1 (2)

B. Aqueous lubricantcooling liquids

In calculations these are usually considered as binary
solutions: water + concentrate (emulsol, synthetic oil,

Indices 1 and 2 denote water and concentrate (emulsol
and oil), respectively; x1 and x2 are mass fractions of
water and concentrate; z1 and z2 are volumetric
fractions.

Table 1 Properties of aqueous lubricant-cooled liquids�

Volumetric
LCLS Country content of

Number (oil, emulsol) or firm emulsol (oil), % h, W/m K K, ma /s

1 UCON H-660 Union Carbide 100 0.257-0.261 (0.91-0.95)  x lo-�
Chemicals

UCON H-660 + H,O Union Carbide O-100
Chemicals

A = hH,O(;:;;;O) K = K�2�(2;l;~;;.7)

2 BM-2 U.S.S.R. 100 0.355-0.423 (0.87497) X lo-�

B I(-2+H,O U.S.S.R. O-100 A = hH,0(2.f;  ::;.8) K = KHzO($ :45)

3 Hoes l/449 BDR 15 0.194-0.184 (0.87-0.77) X lo-�

Hoes l/449 + H,O BDR o-15 A = h%O(lf9::;:.1) K = KW�(;; :�;:.,)
�Temperature range is 293-353 K. From Novichenok [31].
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5.3.5-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / Lubricant-cooling Liquids

Filippov�s formula, Eq. (l), gives the smallest error
(up to 10%) for �oil in water� emulsions and synthetic
oil solutions.

C. Concentration-temperature dependencies

Empirical formulas are suggested to express the char-
acteristics of lubricant-cooled liquids (LCLs)  in terms of

the known water properties and volumetric emulsol (oil)
fractions at a given concentration temperature [31].
These formulas are specified in Table 1. As compared to
experiment, the calculation error does not exceed 5.5%
for thermal conductivity and 7.2% for thermal dif-
fusivity.

Nomenclature for Section 5.3.5 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.6-l

53.6
Polymers

Z. P. Shulman

A. General statements u2 ++p& (1)
In this section, the following abbreviations are used:
polyvinylacetate @�VA),  polystyrene (PS), polymethyl-
methacrylate (PMMA), polyethylene (PE),  polyamide
(PA), polyvinylchloride (PVC), polypropylene (PP),
polyisobutylene (PIB), and polycarbonate (PC). Poly-
mers form a class of high-molecular compounds with a
linear (chain) structure of molecules. The molecular
structure may be amorphous (PS,  PMMA, etc.) or more
or less ordered (crystalline) (PA, PE, etc.). Polymers may
be grouped in three states:

Here u =p-� is the specific volume, i the universal gas
constant, p the pressure, n the internal (van der Waals)
pressure, and M the molecular mass of the structural unit
of a polymer chain. The values of the constants for
several polymers are given in Table 1.

At atmospheric pressure (n >> p), the state equation
can be simplified to

(2)

State I: elastorigid (glassy) (PMMA,  PS, PVC) For slow (equilibrium) expansion I& = 22 GN/m� and
State II: soft (highly elastic) with large reversible for very fast (nonequilibrium) expansion kn = 32

deformation (rubbers and resins) GN/m2 [32].  When I@ is constant, this implies a sharp
State III: plastoviscous (viscofluidity) with irrevers-

ible stress deformation (noncured resins).
increase in the internal pressure at a transition from
equilibrium to nonequilibrium conditions.

At different temperatures and depending on the rate
of deformation, the same polymer can be in each of
three states without changing its chemical structure. The
boundaries of the states are specified by glass transition
temperature Tg and melting temperature TM. Wide-
spread thermoplasts are rigid at room temperature and
fluid at high temperatures. These properties simplify the
production of workpieces by casting, stamping, and
extrusion. The high elastic state is implemented in the
intermediate range T, < T < TM.

For compressibility,

Table 1 State equation parameter8

Material 3, kg/m01 TT,  N/m� b, dm3/kg

The above specific features of polymers sub-
stantially affect their thermophysical properties. The
data for amorphous polymers can be satisfied with the
state equation [32]  :

PS
PMMA
Ethylcellulose
Cellulose

acetobutyrate
PE

104 180 0.822
100 210 0.734
60.5 230 0.720

54.4 280 0.688
28.1 320 0.875

�From McKelvey [ 301.
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5.3.6-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.6 Polymers

and thermal expansion,

the following relationships are suggested:

0-l =(n+p)�(g.  +-ii) (3)

(4)

B. Heat capacity

Heat capacity specifies the mobility of the recurring
elements of a macromolecule with phase (crystallization,
melting) or physical (glassy) transitions. As a rule, glassy
polymers obey the linear function ~~(0. A positive
jump Acp = 11.3-12.2 J/mol K is observed near Tg.
Empirical relationships Acp  Tg = 115 kJ/kg and AK Tg =
0.113 [32] are very useful. With crystalline polymer
melting, cp strongly increases and then sharply decreases
to a value that still exceeds the heat capacity of the solid
polymer. For the melts, the linear relationship is valid:

‘+ = CpJ,,,,K  +  2 . 1  1 +J T
( ->

(9

1.35
PE high-
prassure-

Figure 1 Thermal conductivity and specific volume of some
polymers vs. temperature.

(/ I I I I I
2.4 2.7 30 33 3.6 3.9

1135

lg M

Figure 2 Molecular mass effect on thermophysical properties
of polyorganosiloxanes.

k and & are the total mass and mass of the side groups
of the recurring chain of a macromolecule, respectively.

Thus, the heat capacity of melted polymers with
developed side groups (PP, PS, etc.) increases much
faster with heating against the linear polymers (PE, PA,
etc.). The heat capacity ratio for constant volume and
pressure takes the form:

T K2
CP

-cv=PP
(6)

C. Thermal conductivity

Amorphous polymers are characterized with a smeared
maximum near Tg, Fig. 1. The thermal conductivity of
crystalline polymers is much higher when in a glassy
state than in a highly elastic one. However, according to
the relationship from [33], the quantity X decreases
with heating

where A and B are constants. On approaching Tg, X first
sharply decreases and then remains constant or changes
slightly with heating.

D. Specific volume u

For amorphous polymers the plot of u(T) [33]  is of the
form of rounding-off curves. Crystalline polymers in a
glassy state obey the linear function u(T) and strong
nonlinearity in the melting region beyond which the
proportionality u - T holds. Specific volume increments
are less, the lower the degree of crystallinity  or the
higher the side group mass, Ms.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.6 Polymers 5.3.6-3

E. Polyorganosiloxanes -150 K) and a very high boiling point (up to 900 K).
Their thermal conductivity linearly decreases with heat-

These  l iquids  [34] are  widely  used as  high-  and

low-temperature heat carriers, coolants, and consistent
lubricants having a very low melting temperature (at

ing and rises with increasing molecular mass. The reverse

is valid for heat capacity (Fig. 2).

Nomenclature for Section 5.3.6 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.7-1

5.3.7orientymers

Z. P. Shulman

A. General statements

Polymer materials [34]  are widely used as electric,
thermal, and cooling insulators or as elements under-
going thermal effects. To estimate correctly the strength,
operating and thermal characteristics we need to allow

(a)

Draw ratio,e

Figure 1 Anisotropic thermal conductivity of some polymers
vs. degree of uniaxial draw.

for their dependence on the rheological  factor and, in
particular, for mechanical history (orientation during
production with one or another draw velocity).

The thermal conductivity of oriented polymers is a
tensor quantity which is dependent on the strain
direction relative to the heat flux vector. Figure l a
illustrates a noticeable increase in hii  along the draw
axis and a decrease in XI in the transverse direction. In
semicrystalline polymers, the orientation causes high
anisotropy of the thermal conductivity which decreases
with lower temperature. Thus, with relative draw E = 13,
All/h1  = 10 for high-density polyethylene, while at
T< 10 K this ratio is 1.5.

B. Design relations

The relationship between thermal conductivities for
isotropic (nondeformed) and oriented states of amor-
phous material is well governed by

3hc’ = Xi’ + 2X:’ (1)

The reverse proportionality between tensor components
of thermal conductivity and linear thermal expansion is
also established.

Table 1 comprises experimental and theoretical data
for most typical amorphous polymers. Semicrystalline
polymers at T> 30 K and E < 5 are well described by
the modified Maxwell model, Eq. 5.3.1(4).  The quality
of workpieces, in particular, their strength characteristic,
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5.3.7-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.7 Oriented Polymers

Table 1 Anisotropy of oriented polymer properties”

Material
Draw degree
E, %

Thermal expansion
coefficient X lo-�, K-� Thermal conductivity, W/m K

KII Kl KO �o  talc AlI Al

PS 400 7.35 7.98 7.77 7.74
PMMA 157 5.59 8.58 7.59 7.59

275 4.07 9.30 7.56 7.59
PVC 85 4.45 7.68 6.61 6.63

165 2.44 8.63 6.57 6.63
PC 67 2.31 8.25 6.27 6.25

0.173
0.238
0.280
0.218
0.279

0.154 0.160 0.163
0.182 0.200 0.197
0.168 0.195 0.197
0.149 0.168 0.168
0.139 0.167 0.168
0.184 0.234

�From Novichenok [ 341.

is markedly improved in the case of film and fiber draw temperature, and degree of draw. Figure lb is a plot of
due to molecule orientation. The properties of manu- the thermal conductivities of eight kinds of vulcanized
factures depend on rheological  conditions: draw velocity, rubber fibers versus e.

Nomenclature for Section 5.3.7 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.8-l

5.3.8
Effect of external electric

and magnetic fields

Z. P. Shulman

n Suspensions sensitive to external electric and mag-
netic fields [35] have a wider application in power plant
seal systems, nuclear power plants, vacuum devices, heat
exchangers, etc. The response of these suspensions to the
external field effect exhibits itself in powerful structur-
ing that noticeably changes their rheological  and thermo-
physical properties.

A. Electrorheological disperse systems

These are suspensions of dielectric particles, primarily of
silica in nonpolar, weakly electroconducting media. In
the electric field, these suspensions sharply end reversely
alter the yield stress and apparent viscosity. Most studied
are four-component systems containing both the polar
activator adsorbed on the particle surface that intensifies
structuring and the surfactant that controls suspension
consistency.

The growing electric field intensity markedly in-
creases the thermal conductivity of suspensions. With
increasing content of the activator there appears a set of
stable bridges in these suspensions, and heat transfer
occurs primarily along intimately contacting adsorptive
shells of particles. Heat conduction along the bridges is
enhanced due to decreasing thermal resistance of inter-
particle contacts [36]. Figure 1 shows the effect of
three main factors (particle concentration, activator
content, and electric field intensity) on thermal conduc-
tivity of a typical aerosil suspension in cetane. It is
found that the quantity h is twice as much as in the
electric field. The knee of the curve (c < 3%) is
attributed to electric convection. The unique specific
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Figure 1 Effect of solid phase and activator content on thermal
conductivity of electrorheological suspension.

features of electrorheological suspensions are proposed
to be useful in recuperative heat exchangers [37]  .

B. Magnetorheological suspensions (MRS)

These suspensions are formed by dispersing ferri- and
ferromagnetics (magnesite, carbonyl iron, nickel, y-iron
oxide) in highly viscous fluids. Surfactants are added as
consistency controllers. The strength of structures is
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5 . 3 . 8 - 2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.8 Electric and Magnetic Fields

specified by particle magnetization and interaction in
the external magnetic field [38].  Thermophysical prop-
erties greatly depend on suspension composition, magni-
tude and orientation of the field. Of special importance
is the reciprocal orientation of the magnetic field relative
to the heat flux.

In MRS at rest, the anisotropy of thermal conduc-
tivity is markedly pronounced, thereby increasing in
co-directional thermal and magnetic fields and de-
creasing in transverse fields (Fig, 2). This effect is
enhanced with growing magnetic field strength and can
be related to a contribution to dipole-dipole interaction
to the interparticle contact density (Fig. 2b). The data
for co-directional thermal and magnetic fields are well
correlated in terms of specific particle interaction
energy, edd =12/c  where I is the MRS magnetization
[39]  and c is the ferromagnetic concentration.

121 1 1+11111  � ���
~ o-J�-

10-j edd J/m3
I I

50 1 0 0  H.rtA/m

Figure 2 Anisotropy of magnetorheological  suspension thermal
conductivity on magnetic field.

Simultaneous action of magnetic and shear fields
markedly enhances thermal conductivity of MRS. The
authors of [39] suggest that the shear flow induces
cascade �disintegration� of aggregates. Increasing
parallel interparticle couplings substantially increase the
instantaneous area of total dynamic contacts, whose
thermal resistance is less than the one for a fmed layer,
thereby intensifying heat transfer primarily in the field
direction.

C. Ferrofluids

Ferrofluids [40]  show promise for use as high effective
heat carriers. A specific temperature dependence of
magnetization promotes good mixing even with no
gravity forces, since different forces act upon nonuni-
formly heated liquid volumes from the external mag-
netic field side. With nonuniform magnetic fields avail-
able, the gravity force can be partly or completely
compensated under the earth conditions, thus artificially
creating one or another degree of imponderability in a
nonisothermal medium.

For several coIloids  using magnesite Fe304, the
following linear relationship is valid:

A

G=1+3c

AM - xo
&$f + 2ho

(1)

hoJM = 6.27 W/m K is the thermal conductivity of the
liquid and solid phases and c is the volumetric particle
concentration. Up to c < 18% the quantity X is inde-
pendent of the magnetic field intensity within experi-
mental accuracy.

Nomenclature for Section 5.3.8 appears at the beginning of Part 5.
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5.4 PROPERTIES OF SOLIDS 5.4.0-l

54.0
Introduction

M. Schunck

W In contrast to the sections on the properties of
fluids, this section deals mainly with the materials from
which the heat exchangers themselves could be fabri-
cated and only selectively with solid materials that could
also be handled in heat exchangers, e.g., pebble heaters.
This narrows considerably the range of materials to be
treated.

For the more common materials such as metals and
alloys, graphite and silicon carbide, refractories and
glasses as well as organic polymers, most of the required
values are tabulated in the suppliers� catalogs and in the
literature. Where such knowledge is lacking (e.g., where
the tables do not cover the materials or the temperature
range of interest), the problems of predicting physical
properties begin.

The solid state is a state of much higher regularity

than that of gases and liquids. Therefore even the pre-
diction of simple properties such as density or thermal
conductivity requires the knowledge of other prop-
erties-the availability of which is far less probable
(e.g., lattice constants of the crystal) than that of the
property in question itself.

Methods of predicting physical properties on such
a basis are very interesting from a scientific point of
view, but they are obviously of no use for the engineer
who is in the course of designing heat exchanger equip-
ment. The objective of this section is therefore to pro-
vide general rules of material behavior rather than pre-
dicting exact values. The calculations in which tabulated
or estimated property values may be used are explained
in Part 2 of this handbook.
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5.4 PROPERTIES OF SOLIDS 5.4.1-1

54.1
Densofsolids

M. Schunck

H For a material with unknown density (i.e., mass per
unit volume, p, in kg/m3) rarely more than the simplest
facts will be available. Thus these have to be taken as
the basis for deriving an estimated density.

A. Metal alloys

The densities of the pure metals are related to their
places in the Periodic table but are not strictly parallel
to their atomic masses. The density of alloys can be
estimated as the composed density according to the
mass fractions of the single elements in the alloy:

1
PA = Xl /PI + x2 lP2  + X3lP3

(1)

where pi is the density of the single component and PA
the density of the alloy.

However, it has to be noted that the same alloy
often can exist in different crystal structures such as
face-centered and bodycentered cubic patterns. For
the same or nearly same composition, this results not
only in slightly different densities but also in largely
different coefficients of thermal expansion.

The coefficient of linear thermal expansion (the
fraction of elongation caused by the unit of tempera-
ture change, (Y, in m/m K) ranges from 0.02 X 10e4
(Fe + 36% Ni) to 0.26 X 10e4 m/m K (Mg) with
most values around 0.1 X low4 m/m K. CY  is generally
larger close to the melting point. In alloys, irregularities
of the coefficient of thermal expansion are to be ex-
pected.

0 1983 Hemisphere I
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B. Graphite and carbon

The densities of graphite and carbon range from 1 500
to 2 000 kg/m3 depending upon the degree of regularity
and of porosity resulting from the methods of manufac-
turing. Graphite and carbon can be made impervious by
filling the pores with resins. Such an impregnation will
increase the density up to about 2 000 kg/m3. For heat
exchangers serving the temperature range up to 150°C,
these are the commonly used materials.

Within certain limitations, the carbonizing or
graphitizing process can be repeated after impregnating
in order to produce an essentially impervious or even
glassy material with a density about equal to that of
the normal impregnated material. The coefficient of
linear thermal expansion is about

a = 10-4a + 0.4 X 1O-8  T m/m K (2)

with T in �C  and where a = 0.01 for carbon, a = 0.02
for impervious carbon, and a = 0.04 for pure and
impervious graphite.

C. Refractories (oxides and silicon carbide)

Refractories consist mostly of oxides of AI, Si, Mg, Fe,
Ti, Cr, Zr, but also of Sic and ZrC. The densities of
the pore-free materials vary between about 2 600 kg/m3
(Si02)  and 3 700 kg/m3  (A1203)  to over 4 200 kg/m3
(40% Cr203)  and 4 700 kg/m3 (90% ZrG,).  The po-
rosity is normally about 25% and in insulating materials
up to 80%.

The mean coefficient of linear thermal expansion
is normally in the range 0.05 X 10-4-0.08  X low4
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5.4.1-2 5.4 PROPERTIES OF SOLIDS / 5.4.1 Density of Solids

Figure 1 Linear thermal expansion of different refractory ma-
terials as a function of temperature [ 11.

m/m K, but is sometimes about 20% greater in an inter-
mediate temperature range between 300 and 700°C.
Refractories containing MgO have higher values (0.15 X
10W4-0.20  X 10m4  m/m K) while those containing Sic
have lower values (0.04 X 10V4 m/m K). For illustra-
tion, see Fig. 1.

It must be mentioned that leaps (or steps) in the
thermal expansion of some materials are observed be-
cause of the reversible or permanent changes in the
lattice structure of the crystals that occur with high-
temperature and low-temperature modifications. SiOz
has many modifications with densities between 2 200
and 2 650 kg/m3  (see Fig. 2). Clay brick shows a shrink-
age at higher temperatures due to sintering and glassi-

2700-1

2,001
300 500 1000 1500 1700

TEMPERATURE, K

Figure 2 Change of density for different modifications of SiO,
during heating, cooling, and transformation processes. Modified
from [l].

fying of the material. This can sometimes be compen-
sated by a sufficient content of SiOz  which at the same
time will expand.

D. Organics

Organic solids that could be used in the construction of
heat exchangers, such as FTFE, have densities around
1 100 kg/m3.  The coefficient of linear thermal expan-

sion is usually around 1 X 10e4  m/m K.

Nomenclature for Section X4.1  appears at the beginning of Part 5. References appem  at the end of Section 5.4.4.
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5.4 PROPERTIES OF SOLIDS 5.4.2-1

5.4.2
Specificheatf  solids

M. Schunck

H Every solid-metallic, nonmetallic, crystalline, or
even amorphous-can be considered as a more or less
regular three-dimensional lattice of atoms. Each of them
is fured in its position by elastic forces that are functions
of the atomic distances and the properties of the neigh-
boring atoms. By far the most Important contribution to
the internal energy of a solid is the energy stored in the
thermal vibration of its atoms in the lattice. These vi-
brations of an average atom are three dimensional and
may be resolved into three independent vibrations
parallel to the three coordinate axes.

Similar to the kinetic theory of gases, the kinetic
theory of solids assigns to each component the energy

E T
- = kT
z

joules per average atom

where k/z = k is the Boltzmann atomic constant with
the value 1.380 X 1O-23 J/K per single atom. (In gases
the energy assigned to each degree of freedom is kT/2
due to the absence of elastic forces.)

_ & consequence, a solid with the mass M, containing
ML/Mat  atoms, should have the internal energy content

uM=3i!fkT=3+!f  J
at at

(1)
The internal energy content per unit of atomic mass,
iiat, is then

iiat = ukat = 3i?T (2)
At constant volume, all added heat will increase the
internal energy, and thus the specific heat at constant
volume per unit of atomic mass, ZUat, should be

= 3E = 24.95 J/atom K

0 1983 Hemisphere I

For calculating cp from c, the work of thermal expan-
sion of the solid has to be taken into account:

cp =c, += J/kgK
K

This expression is in analogy with the similar expression
for ideal gases:

where av/aT  = pv
P represents @/K)T
fl is the volumetric thermal expansivity = l/

v(av/aT),  in K-l
K is the compressibility = 1 /u(au/ap),  in m2 /N
v is the specific volume in m3 /kg

Since it is very unlikely that /3 and K are known for
a solid with unknown specific heat, this formula can
serve to provide a better understanding only. Depending
mostly upon the compressibility, the specific heat
capacity at constant pressure for most solids is in the
range of about O-15%  higher than that at constant
volume. This is in good agreement with the Dulong-
Petit law, first published in 1819. Dulong and Petit had
discovered that the atomic heat of many solids were
about the same, with an average value of about Spat =
26.7 J/atom K.

The Dulong-Petit law, simple as it is, applies only
in the range above room temperature with exceptions
even there. At lower temperature the specific heat of
solids decreases rapidly. This is illustrated in Fig. 1
which shows atomic heats at constant volume for some
materials in a temperature range from 0 to 400 K.
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5.4.2-2 5.4 PROPERTIES OF SOLIDS / 5.4.2 Specific Heat of Solids

25
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0 I+0 80 120 160200240280320360L00

TEMPERATURE, K

Figure 1 Atomic heats at constant volume as a function of
temperature. From Worthing [2].

TlQ

Improvements in the theory were made by Einstein
who introduced Planck�s constant h = 6.625 X lo-% J s
and a characteristic frequency v in s-l , replacing kT in
Eq. (1) by the expression hv/(ehV’kT  - l), which be-
comes equal to kT in the higher-temperature range but
approaches zero together with temperature.

Figure 2 Atomic heat at constant volume, according to Debye�s
theory, as a function of T/Q where 0 is the Debye temperature.
Simplified from Schroedinger [4].

At low temperatures, Einstein�s method gave too
low specific heats, but its relative success proved that
the quantum theory also applies to lattice waves. In
consequence, there is a quantum of energy for a lattice
wave, now named a phonon in analogy to the photon
which is the quantum of energy of an electromagnetic
wave.

For low temperatures, approximately up to T = 0.1
0 (sometimes only up to T = 0.02 O), c, rises as T3
(“T’ law�). The Debye  temperatures for some materials
are given in Table 1. The rule seems to be valid also for
alloys and chemical compounds. Deviations of normally
+lO%  for c, and of +15%  for cp are to be expected, but
there are some materials for which the deviations are
much greater, e.g., Li.

Debye improved Einstein�s theory by a more
elaborate method. He also employed the quantum value
of vibrational energy-the phonon-but as degrees of
freedom he defined the possible number of standing-
wave trains per unit volume and frequency. The theo-
retical deduction is beyond the scope of this book (see
Kittel [3]),  however, Debye�s  theory results in a diagram
&at versus a dimensionless temperature,  T/O, with 0
representing the Debye temperature, which is in very
good agreement with experimental values of ZUat  for
various materials. (See Fig. 2.)

Debye�s  theory considers only the most important
contribution to the specific heat of solids, that of the
lattice vibrations. However, there are many other phe-
nomena that may cause a solid to absorb additional
heat, e.g., the changes in modification of a crystal or
other changes in the atomic structure (order-disorder
phenomena).

Table 1 Debye  temperatures 0 for some materials’

Metal 0 I Metal 0

There are methods of calculating 0 from other
material properties, but the basic values for these will
rarely be available. For the present purpose it is there-
fore recommended that 0 be obtained by the rule

I% 88
Hg 9 1
Cd 168
Na 172
& 215
Ca 226
Zn 235
cu 315

0 = 3T,,, =From Schroedinger [4].

where To., is the temperature where �E;,  is 70% of its
final value or ZU at = 17.5 J/atom K.

Al
Fe
Other

KBr
KC1
NaCl
C

398
4.53

177
230
281

1860

Nomenclature for Section 5.4.2 appears  at the beginning of Part 5. References appear at the end of Section 54.4.
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5.4 PROPERTIES OF SOLIDS 5.4.3-l

5.4.3
Thermal conductivity of solids

M. Schunck

n Thermal conductivity is defined as the ratio of the
flux of thermal energy in a given direction to the tem-
perature gradient in the same direction:

L
A = aTId

W/m K

where 4 is the flux of thermal energy in W/m�.  This is,
of course, also true for a fluid as long as no convective
heat transport has to be considered. In a gas, the kinetic
theory of gases provides an easy explanation for the
thermal conductivity X, relating it to the heat capacity
per unit volume of the gas cP, the average particle
velocity u, and the mean free path I:

h = &lz (2)

In solids, as in gases and liquids, the thermal energy
is mainly stored in the motional  energy of the atoms,
but in solids they are fured to their respective positions
within the lattice by elastic forces. Explaining thermal
conductivity is therefore explaining the different kinds
of interaction by which the lattice vibrations are trans-
mitted throughout a crystalline or amorphous solid
when the equilibrium is distorted by a temperature
gradient.

At moderate temperatures, i.e., up to about 1 000
K, there are mainly two possible vehicles for the trans-
port of heat through a solid body:

1. The elastic forces in the lattice which cause the
atoms to arrange their vibrations in trains of standing
waves. The quantum of energy of such a standing wave
is called a phonon. Since an otherwise undisturbed
lattice wave travels through a regular lattice without

change of momentum, the phonons can be treated much
like particles.

2. Free electrons which as �electron gas� circulate
between the atoms, picking up energy in collisions  with
vibrating atoms and delivering energy to other vibrating
atoms. Free electrons are present in electric conductors
(metals, graphite, silicon carbide) and, to some degree,
in semiconductors.

In the temperature range above about 1 000 K,
enough photons are stimulated to take part in the trans-
port of heat, especially in materials transparent to infra-
red radiation. The photons are also to be considered as
particles, and the contribution of each of the three types
of carriers to the thermal conductivity would then be

hi = ?jCiViIi (3)

Since there are no elementary means of calculating the
mean free path I for the different types of carriers, the
above relationship can be used in a very general way
only.

For further discussion, the solid materials will be
divided into electrical conductors, electrical noncon-
ductors or insulators, and semiconductors.

A. Thermal conductivity of electrical insulators

In electrical insulators (e.g., refractory materials such as
SiOz,  A1203,  etc.) up to about 1 000 K, phonons are
the only carriers of thermal energy. At low temperatures
(say below 30 K) they are nearly independent of each
other. This means that their average free path is only
limited by irregularities of the crystalline structure. In
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5 . 4 . 3 - 2 5.4 PROPERTIES OF SOLIDS / 5.4.3 Thermal Conductivity of Solids

a high-purity single crystal the mean free path in this
temperature range can reach a few millimeters, but even
the presence of different isotopes can scatter the pho-
nons or limit their free path.

As long as the mean free path of the phonons is a
function of the configuration of the crystal, 1 can be
considered a constant. The velocity of sound, v, is essen-
tially independent of temperature, and thus the conduc-
tivity

x=&d

will vary with the specific heat c, which in this range
varies as T3 according to Debye�s  theory. More-regular
crystals will show higher values of A than less-regular
ones, and in glasses X will be much lower than in any
crystal.

With increasing temperature the mean free path of
the phonons will be limited more and more by collisions
with other phonons. These interactions between pho-
nons and phonons, according to Peierls [5] can be
classified as �normal� processes (which do not give rise
to thermal resistance) and Umklapp (reversing) processes
in which momentum is lost. The probability of the
occurrence of Umklapp processes rises as T, thus de-
creasing the mean free path and the thermal conductivity
as T-�.

With increasing importance of phonon-phonon
interactions at higher temperatures, the effect of crystal
regularity on the thermal conductivity decreases. At
about 1 000 K the thermal conductivity of a very regular
crystal and of a glass are in the same order of magnitude.
On the other hand, the very disordered crystal structure
of a glass will result in comparatively very short mean
free paths even at low temperatures, and in a wide range
of temperature h will therefore vary as c, i.e., increase
approximately according to Debye�s  theory (see Sec.
5.4.2).

At temperatures of about 1 000 K the thermal con-
ductivity of ceramic materials in their nonporous body
is in the order of magnitude of 2 W/m K, glasses gener-
ally somewhat lower. Apparently the lighter elements
in the compounds are more favorable to a high thermal
conductivity than the heavier ones.

At temperatures above 1 700 K the transport of
heat due to internal radiation becomes important,
especially in refractories containing a large amount of
glassy matter. The thermal conductivities of some non-
porous refractory materials are shown in Fig. 1.

Very often the thermal conductivity of refractory
material is reduced by a certain degree of porosity-the
effect of which is mainly determined by the distribution
and shape of the pores in the solid body and by the
thermal conductivity of the gas in the pores. As a rough
rule, a 1% increase in porosity will increase the thermal
resistance (A-�) by about 5%. This rule is valid up to a
porosity of about 60%,  and for a temperature up to

0 LOO BOO 1200 1600 2000
TEMPERATURE, K

Figure 1 Thermal conductivities of some (nonporous) oxidic
materials as functions of temperature. From Kingery [6].

about 1 200 K. At higher temperatures the radiative
heat transfer through the pores becomes important,
contributing an apparent thermal conductivity that
varies as T3. At temperatures above 1 700 K an increase
in porosity will therefore cause an increase of thermal
conductivity.

Hydrogen and helium have much greater thermal
conductivities than all other gases. Their presence in the
pores will therefore markedly increase the thermal con-
ductivity of a porous refractory material. The effect of
gas convection in the pores increases with the size of the
single pore and with the pressure of the gas. It should
also be noted that any condensation and vaporization
within the pores of an otherwise insulating material wilI
considerably contribute to the transmission of heat.

B. Thermal conductivity of electrical
conductors

In metal lattices, the valence electrons can circulate
more or less freely among the atoms, thus being able to
transmit electric charge, i.e., to produce electrical con-
ductivity. Their mean free path is limited at very low
temperatures mainly by impurities and irregularities of
the lattice. At higher temperatures the interactions
between electrons and vibrations of the atoms-
phonons-also become more and more important. In
very pure crystals, this effect begins at very low tem-
peratures. Metal alloys, due to their less-regular lattice,
show a much lower electrical conductivity at low tem-
peratures than pure metals do. So the decrease due to
electron-phonon interactions becomes obvious in a
higher temperature range only. The change of electrical
conductivity between room temperature and the tem-
perature of liquid helium (4 K) can vary between about
a factor of 10 000 for very pure metals and 2 in specific
alloys.

By their ability to interact with lattice vibrations,
the free electrons will pick up energy from vibrating
atoms and transmit it to other atoms, thus increasing
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5.4 PROPERTIES OF SOLIDS / 5.4.3 Thermal Conductivity of Solids 5.4.3-3

their vibrational energy. On the average, this results in
a transmission of heat in the direction of the negative
temperature gradient. Due to the relatively high velocity
of the electrons and their relatively large mean free path,
their contribution to the thermal conductivity is nor-
mally much higher (5-50 times) than that of the pho-
nons, in spite of their very small contribution to the
specific heat.

The exchange of energy between phonons and
electrons is subject to quantum effects which allow the
number of electrons participating in the exchange of
energy with phonons increase as T. Even at room tem-
perature only about 1% of the free electrons of a metal
are engaged in the transport of heat. Therefore, at very
low temperatures (up to 15 or 30 K) where the electron
free path is only limited by lattice imperfections, the
thermal conductivity of metals varies as temperature,
whereas in the same temperature range the electrical
conductivity varies as T-’ . The state of electrical super-
conductivity is not accompanied, for a similar reason,
by an infinite thermal conductivity because the fraction
of electrons participating in the superconduction no
longer contributes to the thermal conductivity.

At higher temperatures the number of electrons
contributing to the transport of thermal energy con-
tinues to rise as T, but at the same time their mean free
path decreases by phonon-electron interactions. The
first phenomenon will dominate over the whole tempera-
ture range in metals that start out with a high density
of lattice imperfections, thus resulting in a permanent
rise of thermal conductivity with increasing temperature.
On the contrary, in pure metals the thermal conductivity
reaches a maximum at the temperature of commence-
ment of phonon-electron interactions followed by a
decrease of thermal conductivity over the rest of the
temperature range (see Sec. 5.5.6). For temperatures
over about 150 K the thermal conductivity X and the
electrical conductivity u are related to each other by the
Wiedemann-Franz-Lorenz law

(4)

where L is the Lorenz number = 2.45 X IO-�  W a/K2
from theoretical considerations. Practical values of L
range between 2.3 X lo-*  and 3.2 X lo-*  W a/K�.

The fact that h/T  and not X must be compared with
u is explained by the temperature dependency of the
fraction of electrons participating in the energy ex-

Table 1 Experimental valueti  of the Lorenz number
L = X/(02-)

Metal Temperature (K) LX loa

Al

MO

W

Fe

R

cu

&

Au

Pb

21.2
313.2
90.2

213.2
90.2

213.2
90.2

213.2
20.1

213.2
21.2
83.2

273.2
90.2

213.2
21.2
83.2

213.2
21.8

291.2

1.77
2.23
1.16
2.61
2.00
3.06
1.60
2.47
1.09
2.51
0.77
1.57

1.62
2.31
1.85
2.05
2.35
1.48
2.45

OFrom  D�Ans  and Lax [ 71.

change with phonons. Some values of L are tabulated
in Table 1.

C. Thermal conductivity of electrical
semiconductors

Electrical semiconductors take an intermediate position
between metals and insulators. Thus their thermal
conductivity can be estimated as the sum of their lattice
conductivity hr and their electron conductivity X,. The
latter can be calculated by the Wiedemann-Franz-
Lorenz law:

h = A, + A, = h, + LoT

with L = 2.45 X 10e8  W Q/K�.

(5)

It should be added that there is an additional effect
in semiconductors which can also contribute to the
thermal conductivity: bipolar diffusion. At sufficiently
high temperatures (above room temperature, but
markedly only over 800 K) an increasing number of
electron-hole pairs can be thermally generated. These
pairs will recombine on the average at places of lower
temperature, thus delivering their energy of generation.

Nomenclature for Section 5.4.3 appears at the beginning of Part 5. References appear at the end of Section 5.4.4.
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5.4 PROPERTIES OF SOLIDS 5.4.4-1

54.4
Emissiz solids

M. Schunck

A. General introduction

Within the limits of Plan&s quantum theory, any kind
of energy input to an atom or molecule can cause one
or more of its electrons to rise to a higher-energy state.
In returning to a lower state the electron wiIl emit a
photon-the quantum of electromagnetic radiation-the
energy of which is

Eq=hv  J (1)

where h is Planck�s quantum constant = 6.62 X lOma�
J s and v the frequency of the electromagnetic wave in
s-l.

As long as only single atoms are considered there
are a limited number of discrete states of energy, the
differences of which correspond with the frequencies of
the photons that can be emitted or absorbed. These
frequencies or spectral lines are characteristic for the
kind of atom in question.

It is also possible that a photon is absorbed with
a higher frequency than the highest frequency corre-
sponding to the differences in the energy levels of the
atom. In such a case an electron will leave the atom,
becoming a free electron; the atom is therefore ionized.
Vice versa recombination of a cation with an electron
may give rise to the emission of a photon of higher
frequency. This kind of emission has a continuous
spectrum of frequencies. Low-frequency (infrared)
photons can also be emitted or absorbed by vibrations
or rotations of dipole molecules, thus creating emission
or absorption bands.

In solids, there is a great variety of additional
interaction effects which tend to widen the spectral

0 1983 Hemisphere I

H

lines, make them overlap, and thus produce a more or
less continuous spectrum of radiation frequencies. The
ideal emitter of thermal radiation-the black body-has
a completely continuous spectrum. It is ideal since there
is no other body or surface which at a given temperature
will emit more radiative energy in any range of frequen-
cies than the black body. The name �black body� ori-
ginates from the fact that surfaces covered with platinum
black or with lamp black come very close to the ideal
emitter. White frost is also very �black,� except in the
visible range of wavelengths.

From experimental work and theoretical considera-
tions Stefan in 1879 and Boltzmann in 1884 concluded
that the total rate of emission from a black body is pro-
portional to the fourth power of its absolute tempera-
ture :

&, = oT4 W/m2 G-9

Where u is the Stefan-Boltzmamr  constant, 5.67 X 10m8
W/m2  K.

Planck�s efforts to find an explanation for the dis-
tribution of energy over frequency observed in the
spectrum of a black body resulted in the quantum
theory presented in 1900. He derived the following
theoretical equation for the monochromatic emissive
power of a black body as a function of wavelength:

where EM is the emissive power per unit of radiating
surface and wavelength

c is the velocity of light in vacua, 2.998 X 10�
4s

kidlhlg  t3xporation
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5.4.4-2 5.4 PROPERTIES OF SOLIDS / 5.4.4 Emissivity of Solids

h is Planck�s quantum constant, 6.62 X 10ms�
J s

k~ is the Boltzmarm constant, 1.384 X 1O-23
J/K

T is the temperature of the radiating surface,
lIlK

h is wavelength = c/v, in m
Figure 1 has been obtained by solving the above

equation for several temperatures. It also illustrates
Wien�s displacement law developed in 1893. According
to this law the wavelength X, with the maximum mono-
chromatic emissive power is proportional to T-�  , or
h, T = const. It must, however, be emphasized that
Wien�s displacement law is only valid for black and
�gray� radiators. There is no real surface that reaches
100% of the theoretical black body radiation. Stefan
had used a surface covered with platinum black, but
later it was found that a hollow enclosure, externally
insulated and heated to a constant and equal tempera-
ture must act like a nearly ideal black body if thermal
radiation escapes through a comparatively small peep-
hole.

Since the curves in Fig. 1 show the absolute maxi-
mum possible thermal radiation at each temperature
and wavelength, they give the emissive power of a sur-
face with the �emissivity� of 1 (or loo%), where the
emissivlty is defined as the ratio of emissive power of a
real surface to that of the black body. The emlssivity of
real surface is in all cases less than 1. If it is the same
(say 0.6 or 60%) for all wavelengths and for all direc-
tions of space, then the surface is called a �gray surface,�
even if this property is only present in a certain tempera-
ture range.

,0°1
LOO -

300 -

200 -

100 -

n -
- 0 1 2 3 4 5 6

WAVELENGTH ‘h,  pm

Figure 1 Monochromatic emissive power of a black body radia-
tor as a function of wavelength.

WAVELENGTH h. wrn

Figure 2 Typical data for the variation of monochromatic
emissivity with wavelength.

For many technical purposes, surfaces can be
treated as gray with a sufficient accuracy. But most
surfaces deviate differently for different wavelengths
due to resonance effects similar to the radiation bands of
a gas, and also the emissivity will vary depending upon
the angle of radiation. Hence it is sometimes necessary
to define (a) total emissivity (all directions, all wave-
lengths), (b) normal  total emissivity (all wavelengths
but direction only normal to the surface), and (c) mono-
chromatic or spectral emissivity (EA  for a given wave-
length). Figure 2 shows typical data for the variation of
monochromatic emissivlty with wavelength.

The total emissive power per unit area of a surface
is therefore

/

k=O¶

E = W%b a W/m2 (4)
A=0

The interactions between thermal vibrations and pho-
tons are independent of the direction of energy transfer,
i.e., any process that can emit an electromagnetic wave
can also be reversed by absorbing the same kind of
wave. Therefore, all radiation impinging on a black body
will be absorbed by it. Real surfaces, however, will
absorb only a part of the radiation and reflect the rest
of it, the ratio between absorbed energy E, and total
impinging energy Et being defined as absorptivity
cr = E,/E,.

In 1860, Kirchhoff established the law that emis-
sivity E and absorptivity CY  at the conditions of thermal
equilibrium must be equal for any kind of surface. This
law not only illustrates the reversibility of the process
creating or absorbing radiation, but also follows from
the condition that a particle inside an isothermal radi-
ating enclosure cannot be heated by radiation to a
temperature above that of the enclosure. Once the
temperatures are equal the particle must lose as much
energy by radiation as it gains by absorption. Kirchhoff�s
law applies not only to total emissivity and absorptivity
but also to the values at given frequency and/or direc-
tion.
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5.4 PROPERTIES OF SOLIDS / 5.4.4 Emissivity of Solids 5.4.4-3

The process of absorbing and emitting radiation
takes place in a more or less extended layer of matter
beneath the surface of a body. According to the
Lambert-Bouguer law, layers of equal thickness will
absorb equal fractions or percentages of the impinging
radiation. By definition, the fractional reduction of the
radiative energy transmitted through a layer of matter
with a thickness of one wavelength X, (measured in
the material) is e-4nK, where K is the absorption index.
Materials with large values of K absorb the radiation in
very thin layers; those with extremely low values of K

may even be transparent.
Large values of the absorption index K do not go

along with high absorptivities (a) or emissivities (E),
however. On the contrary, if all transmitted radiation is
absorbed in a very thin layer near the surface, then most
of the impinging radiation will not be absorbed at all
but will be reflected. This statement may appear to be
contradictory, but it applies to all kinds of waves and
can be verified most easily with mechanical models.

In 1860, Lambert stated that the rate of emission
from a radiating surface often varies as cos r9 if 9 is the
angle of emission, i.e., the angle between the normal to
the radiating surface and the considered pencil of radia-
tion. If the radiating surface is thought of as the plane
of a hole in a radiating hollow enclosure, then Lambert�s
cosine law is immediately obvious, since the projection
of the radiating surface on a plane perpendicular to the
direction of radiation will decrease as cos 9. Thus a
radiating piece of tube of uniform temperature with
a surface obeying the Lambert cosine law would look
like a radiating rectangle or slot. For illustration see
Fig. 3.

In other words, Lambert�s cosine law states that the
rate of radiation from a surface in a given direction per
unit of the solid angle and per unit of the projection of
the surface on a plane normal to the pencil of radiation
(instead of the unit area of the surface itself) is a con-
stant. It is defined as the �intensity� of radiation, and
with this definition the polar diagram for the distribu-

Figure 3 Demonstration of Lambert’s cosine law with the con-
ditions at a radiating slot.

“GRAY” eO.6 “BLACK” ~=l

1.0 0.8 0.6 0.4 02 0 0.2 04 0.6 0.8

80°

-E(P-
Figure 4 Directional distribution of the emissivity of gray and
black Lambert  radiators.

tion of intensity over the angle of radiation is a semi-
circle for a Lambert radiator.

With the intensity of black body radiation at a given
temperature taken as unity, the directional distribution
of the emissivities of all real surfaces must be curves
within this semicircle where gray Lambert  radiators are
represented by parallel semicircles. See Fig. 4. The
intensity of radiation defined above will also not change
with distance, since the unit of the solid angle is inde-
pendent of distance. However, the definition applies
also if the solid angle is subtended at the observer�s
eye. In this case, the solid angle decreases reciprocal to
the square of the distance in the same way as the flux of
radiation, and the ratio of flux to solid angle again re-
mains constant. This explains the fact that two equal
radiators of equal temperature but in different distances
appear to the observer as equal in color and brightness.
The same is true for all optical images of a radiator
which could be produced with lenses or mirrors.

For the radiation impinging on a partially reflecting
surface (e.g., a gray one), the directional distribution
of the reflected fraction can vary depending upon the
structure of the surface. If the roughness is very small
the surface will be a specular reflector. With increasing
roughness the reflected radiation will become more and
more diffuse but will still have a specular component.
This will apply as long as the surface irregularities have
small slopes such that in large measure the reflected
beams do not hit the surface again. With increasing
slopes, the surface irregularities convert into cavities
where multiple reflections can take place. This leads to
a higher absorptivity and, in consequence, to a higher
emissivity of the surface.

B. Emissivity of metals-electrical conductors

As a result mainly of the strong interactions between
photons and free electrons, the infrared absorption
index of electrical conductors is very high; i.e., only a
very thin layer under the surface of a conducting body
participates in the exchange of radiation with the sur-
roundings. Accordingly, the reflectivity is high, and the
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5.4.4-4 5.4 PROPERTIES OF SOLIDS / 5.4.4 Emissivity of Solids

emissivity (which is equal to the absorptivity) is low.
(The high absorption index goes along with low absorp-
tivity , see above .)

For wavelengths over 3 p (3 X 10e6  m), the
monochromatic emissivity values are generally lower
than 0.2 and decrease with increasing wavelength. In
the visible range and in the near infrared the relation-
ships become quite complicated. Many metals show a
sudden rise of emissivity/absorptivity  much like absorp-
tion bands in fluids. In this range, no simple and reliable
rules for estimating the emissivity exist, except for
judging the appearance in regard to its reflectivity
p=l-e=l--cw.

Typical emissivities are:

polished silver 0.02
polished aluminum 0.05
polished iron 0.1
bright cast iron 0.2
aluminum paint 0.3

Up to temperatures of about 900 K, where essentially
no radiation in the visible range is emitted, the total
normal emissivity of metals, el, can be related to the
specific electrical resistivity, po, by the following equa-
tion:

el = 0.35Tp:.’ (5)

with Tin kelvin and p. in !E? m.
Since only the layer immediately below the physical

surface emits and absorbs radiation, the surface condi-
tions have a great influence on the radiative properties
of electrical conductors. Even very thin oxide layers
change the visual appearance of surfaces, and thus
affect the emissivity/absorptivity.  They generally give
rise to a higher emissivity.

Since the emissivity/absorptivity  is related to wave-
length, the total absorptivity depends on the spectral
distribution of the impinging radiation, being greater
for shorter wavelengths, i.e., for higher temperatures
of the radiation emitter. The total normal absorptivity
al(Te,b,  Ta,,)  of an electrical conductor at tempera-
ture Ta,,, absorbing radiation from a black emitter
at temperature Te,b is often calculated at the geometric
mean temperature Tm given by:

Tgm = (Te,b  X Ta,,)�.s (6)

The directional distribution of the emissivity/
absorptivity of metals and electrical conductors deviates
strongly from that of a Lambert  radiator since the
emissivity is small in the normal direction but increases
rapidly with increasing angle of radiation, 6, for 8 values
greater than 40�.  This effect goes along with increasing
polarization of the emitted radiation. At an angle 9
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Fiire 5 Directional distribution of the emissivity/absorptivity
of metallic radiators. From Schmidt (81.

close to 90�,  one could thus expect an emissivity of
about E = 0.5. See Fig. 5.

Therefore, the reflectivity p = I - E = 1 -a! of a
metal decreases with increasing angle of incidence, and
it is the difference in the directional distribution of the
reflectivity which enables us to see a difference, even in
diffuse illumination, between a rod of polished metal
and a rod painted white.

Very thin layers or sheets of metal (thickness on the
order of magnitude of one wavelength) show a marked
decrease in reflectivity, caused by a decrease in the
absorption index. In consequence, they begin to become
transparent at much larger thicknesses than could be
expected in regard to their absorption index observed
otherwise.

C. Emissivity of electrical nonconductors

Because of a lack of free electrons, electrically noncon-
ducting materials have low absorption indexes K (see
Sec. A). The interaction between thermal vibrations
and radiation is mostly effected by electric dipoles
unless, at higher frequencies (i.e., shorter wavelengths)
electrons in the atoms can be stimulated. Accordingly,
these materials have large emissivities in the infrared
above h = 2-3 /.nu [(2-3) X low6  m)] , sometimes only
above X = 10 cun (MgO). See Fig. 6.

Ion crystals like NaCl show optically  active vibra-
tions of the anion lattice and the cation lattice relative
to each other in the medium and far infrared. These
cause bands of �metallic� reflectivity in the respective
frequency ranges. Oxides also show marked bands of

W’cJ7
: 0 . 6
- 0.5

� � � � � � �
5 6 7 8 9 l0 11 12

WAVELENGTH A. wm

Figure 6 Monochromatic normal emissivity of electrical non-
conductors as a function of wavelength. From Sieber (91.
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5.4 PROPERTIES OF SOLIDS / 5.4.4 Emissivity of Solids 5.4.4-S

reflectivity in the near infrared for the dual-atom light
oxides MgO,  CaO, and BaO.  For the heavier molecules,
such as &OS, these bands are in the medium and far
infrared and are thus much less important for thermal
radiation.

In the visible range, and in the near infrared, the
emissivities of insulators vary widely (like that of metals)
and can best be estimated from their visual appearance.
The radiative properties of insulators are also dependent
of temperature. The electron levels are all fully occupied
and therefore unable to absorb or emit energy at normal
temperatures. At sufficiently high temperatures, how-
ever, the electrons are stimulated to jump to higher
energy levels, thus providing an electron gas (i.e., free
electrons) that has the ability to emit and absorb radia-
tion with a continuous spectrum in the visible and
ultraviolet range.

Generally, with increasing temperature the absorp-
tion/emission bands of oxides become wider, and their
maxima change to longer wavelengths. Many of them do
not show a red or yellow heat when they are heated up,
but not too far from the melting point they begin to
emit a nearly white radiation with an intensity not much
inferior to that of a black body.

A similar effect is known from the Auer incan-
descent mantle for gas lighting. This mixture of thorium
oxide and cerium oxide has a very small emissivity in
the infrared but a large one in the visible range. Thus, at
a given heat input, it does not loose much energy by
infrared radiation and therefore reaches a higher tem-
perature with accordingly higher emission in the visible
range. Even small contents of the dark oxide Fe203 in
light oxides such as A1203  will increase the emissivityl
absorptivity considerably.

If a surface receives radiation from a source of
higher temperature, the transmitted energy depends on
the monochromatic absorptivity of the colder surface
and on the monochromatic emissivity of the source.
If the source is a black radiator and the receiving surface
is at a constant temperature, then an apparent absorp-
tivity of the surface for radiation of varying temperature
can be given. See Fig. 7.

Of course, the receiving surface also emits radiation
corresponding with its temperature and monochromatic
emissivity. This is one reason why tanks are often
painted white: the white paint has a low emissivityl
absorptivity in the visible range of wavelengths, where
the maximum energy is transmitted from the sun. But
in the infrared, the white paint is nearly equivalent to
a black radiator and is therefore able to emit a maximum
of energy in the range of wavelengths typical for its
actual temperature. Thus, the heating up of a tank due
to sunshine is minimized.

The directional distribution of the emissivityl
absorptivity of insulators is very different from that of
conductors, being much more like that of a Lambert
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Figure 7 Effect of the temperature of a (black body) source
of radiation on the absorptivity of various surfaces at ambient
temperature. From Sieber [9].

radiator. Again, however, the effect of polarization
causes a decrease to zero of the emissivity for angles
of emission approaching 90�. See Fig. 8. As the figure
indicates, the ratio between total and normal emissivity,
Q/E,,  is in the range 0.93-0.98.

In transparent matter, e.g., glasses, the impinging
radiation is partially reflected, partially transmitted, and
partially absorbed. The absorption is then defined by
the Lambert-Bouguer absorption index K (see Sec. A) or
by the Lambert-Beer absorption coefficient 6 which is
defined by

E(x) = E(O) -crr (7)

where E(0) is the energy of radiation entering the sur-
face (x = 0) unreflected, and x is the coordinate of
thickness in the penetrated layer. & is usually given in
cm-�, and it is related to K(X)  for a given wavelength
hby

(If 6 is given in cm-�, then X must be given in cm also.)
In Fig. 9 an example is shown. A value of a! = 0.1 means

0 -GLASS
E -CLAY
F -COPPER OXIOE
G -WET ICE

Figure 8 Directional distribution of the emissivity/absorptivity
of electrically nonconducting radiators. From Schmidt [ 81.
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Figure 9 Monochromatic absorption of window glass as func-
tions of wavelength at different temperatures. From Pepperhoff
[lOI.

that a sheet of window glass with a thickness off in. =
0.635 cm will transmit 93.8% of the entering radiation.

D. Emissivity of scattering absorbing materials

In refractories and similar materials, the emissivity is not
only a function of the kind of material but also of the
grain size, this influence being more important in ma-
terials with larger values of emissivity. See Fig. 10. Pro-
ceeding from a transparent, single crystal to a material
with finer and finer grain, first the emissivity/absorptivity
increases with decreasing transparency. Next, as the
grain becomes still finer, the reflectivity will increase
with the emissivity/absorptivity now decreasing accord-
ingly. In other words, the Lambert-Bouguer absorption
index K increases with the internal surface area.

In the light oxides (MgO,  AlZ03),  the grain size is
also important for the influence of temperature on
emissivity-the influence being greater with larger grain
size and vanishing at grain sizes below about 3 p.

If single particles are suspended in a gas or in a
transparent medium, then the impinging radiation will
be scattered and lose energy with much the same effect
as by absorption. The Lambert-Beer absorption coeffi-
cient can then be replaced by an extinction coefficient 7.
The decrease of the radiation in its original direction
will then be

dE=+
dx (9)

” 0.6c

TEMPERATURE, K
Figure 10 Influence of temperature and grain size on the total
emissivity of refractory materials. From Pepperhoff [lo].

or

E(x) = E(0)eeTX (10)

As long as the center-to-center distances between the
particles are more than 3-4 radii, the extinction coeff-
cient T is determined by the sum of the individual
particle contributions.

For particle diameters larger than about two wave-
lengths, the single particles act as independent emitters/
absorbers with the sum of their cross sections per unit
volume. Very small particles with diameters below one-
quarter of a wavelength will cause an extinction coeffi-
cient that is proportional to the total particle volume per
unit volume and inversely proportional to wavelength.

If a surface is covered with pigments, the shape of
the pigment particles must be considered. Flat-pigment
particles are in most cases oriented parallel to the sur-
face during the process of application or curing of the
coating. This phenomenon can greatly increase the
reflectivity if the pigment is reflecting, and vice versa.

Nomenclature for Section 5.4.4 appears at the beginning of Part 5.
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54.5
Elastic properties

S. F. Pugh

A. Introduction

Solids deform when subjected to stresses. The strain is
defined as the degree of distortion per unit length, e.g.,
the change in length per unit length of a wire when
subjected to a tensile stress. The stress is defined as the
applied force per unit area. A material is said to show
perfectly elastic behavior when the stress-strain relation-
ship is perfectly reversible. Furthermore if the strain is
proportional to the applied stress then the behavior is
known as linear elastic. Most engineering materials show
approximately linear elastic behavior up to the onset
of plastic deformation. Such behavior was originally
described by Hooke and is therefore sometimes known
as Hookean.

An important part of mechanical engineering design
involves the computation of the distribution of strains
in a structure when subject to the stresses imposed in
service. Stresses may be imposed by fluid pressure or
by fluid motion and also by nonuniform thermal expan-
sion during changes in temperature. Elastic properties
are traditionally regarded as being non-structure sensitive
but there is one important aspect in which this is not
true. The individual grains or crystals of metals are
elastically anisotropic. Thus the elastic constants are a
function of the orientation of the grain with respect to
the orientation of the imposed stresses. The process of
manufacture of components tends to introduce a certain
degree of preferred orientation of the individual grains
composing the structure and thus to introduce elastic
anisotropy. It is probable that the existence of various
degrees of preferred orientation in test specimens has
led to the rather wide scatter in data for the elastic

0 1983 Hemisphere I

If

properties of metals and alloys. Because this scatter can
introduce errors of as much as 20% in some cases in
computing strains, the subject is dealt with in depth in
this section. Table 5.5.8(3) should be regarded only as
an example of the type of information in the literature.
There is no reason to suppose, for example, that steels
with 59% chromium should differ significantly in
Young�s modulus from those containing slightly smaller
or larger amounts of chromium as shown in that table.

Design codes require that stresses are less than the
yield stress in a range in which structural materials are
assumed to show linear elastic behavior. The behavior
of real materials, however, is only approximately elastic
so that on loading and unloading below the yield stress
a narrow hysteresis loop is generated. For this reason
materials have a nonzero damping capacity. The extent
of the departure from elastic behavior becomes greater
as the stress increases. Increases in the duration of load-
ing and rise in temperature usually cause increased
departure from elastic behavior. For many design pur-
poses, perfect linear elastic behavior is assumed. The
finer points of stress-strain behavior are included in this
section since they could become very important. For
example, the damping capacity of a heat exchanger
tube might increase by an order of magnitude when the
tube is pressurized. Similarly the elastic constants and
damping capacity show significant changes when the
temperature is increased in service, causing discrepancies
between the behavior during testing cold and unpres-
surized and in service.

The present section therefore not only describes
and defines the various ideal linear elastic moduli that
are used in elementary engineering design but also indi-
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cates  the major sources of error that can arise when the
elastic behavior of real materials is not understood. The
application of elastic properties in design and analytical
procedures is discussed in Part 4 and includes calculation
of stress-strain distributions in complex structures,
linear elastic fracture mechanics, and vibration studies.

B. Static and dynamic properties

Since the velocity of sound is not infinite in metals, the
sudden application of a stress causes initially only a
local response. The stress must be maintained for a time
that is long compared with the time for the stress wave
to travel throughout the specimen and for the vibrations
to die out before the external strain becomes steady in
a perfectly elastic solid. Where a problem specifically
involves the rapid application of stress for short times or
the application of rapidly alternating stresses to a per-
fectly elastic solid, the problem can be treated by con-
sidering the specimen to be divided into small elements
of volume, each sufficiently small for the stress and the
strain throughout each element of volume to be re-
garded as uniform.

It is commonly supposed that the elastic constants
of real materials are physical properties which are not
structure sensitive and therefore depend only on a
linear average of the interatomic force-interatomic
distance relationship (interatomic potentials). Inspection
of tabulated data in standard reference books indicates
that this assumption is only approximate. For example,
there is a consistent difference in the elastic properties
of materials in the annealed and in the cold worked
conditions. A significant part of the contribution to the
total strain suffered when a stress is applied arises from
time-dependent, thermally activated relaxation processes
involving movements of some atoms by one or more
interatomic distances. For a stress�hpplied in the nomi-
nally elastic range, most of the atoms would move with
respect to their neighbors by a much smaller distance-
typically less than 0.1% of the interatomic distance.

The relative contribution to the total strain of the
atoms undergoing large movement is greater at high
stresses and at elevated temperatures. The structure-
sensitive and timedependent nature of the elastic pro-
perties under such conditions becomes even more
obvious. Values for Young�s modulus of steel at 600°C
may differ by a factor -2 between quasistatic and
acoustical conditions, or between creep-resistant steel
and soft steel [ 1 ] .

All the elastic properties of a given material vary
with temperature. When a material is heated it expands
and the overall interatomic distance increases, with a
corresponding reduction in the interatomic forces. Thus,
part of the reduction in elastic mqduli is not time de-
pendent. In addition, however, the increased availability
of thermal energy at elevated temperatures increases

the number of relaxation processes that can occur, and
so there is a further increased time-dependent strain
contribution. Thus the dynamic properties change less
rapidly with temperature than the quasistatic properties.
For example, the quasistatic value of Young�s modulus
for steel drops by 50% between room temperature and
6OO�C,  while the drop is only about 25% when mea-
sured by an acoustical technique [I] .

C. The stress-strain curve

Two important types of load extension curve are illu-
strated in Figs. 1 and 2. Such curves are generated
typically by applying a gradually increasing tensile
load to a standard specimen (Fig. 3). For each applied
load the extension (elongation) of the specimen is
measured between gauge marks on the plain shank of the
specimen. The load can be converted to stress by divid-
ing by the current value of the cross section for each
load as the load increases. The extension can be con-
verted to a single value of strain only while the strain
remains uniform along and across the specimen.

A specimen is said to show elastic behavior when
for each stress state there is a unique set of strains. Thus
for example, the length of a tensile specimen showing
perfect elastic behavior is the same for a given stress
whether approached from a higher or lower stress. In
real materials the behavior can only approximate true
elastic behavior since the damping capacity inevitably
has a nonzero value, and therefore there must be some
elastic hysteresis. Above the elastic limit the unloading
curve can be distinguished experimentally from the
loading curve.

In the following definitions stress is equivalent to
intensity of stress and is the load (force) applied to unit

D

e

Fire 1 Applied tensile load L versus resulting extension e.
A-linear elastic region; B-limit of proportionality; C-0.1%
proof stress = load/cross sectional area of specimen. The broken
line is drawn parallel to A to intersect the extension axis at 0.1%
extension (strain). D-maximum load; F-point of fracture..
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L

F i r e  2 Load-extension curve for a material showing an upper
yield point G and lower yield extension H. Other labels are as
for the previous figure.

area. The dimensions of stress are the same as those of
pressure and hence in SI units are measured in pascals.
Strain is equivalent to intensity of strain and is the
displacement per unit length caused by applying a
stress. It is a dimensionless quantity.

On the load extension curves, Figs. 1 and 2, A is
the linear elastic region. In this region strain is propor-
tional to stress; i.e., the material obeys Hooke�s law.
Point B, Fig. l-the lowest stress at which departure
from a straight line can be detected-is the limit of
proportionality. Beyond B the material may still show
approximate elastic behavior. In many materials depar-
ture from linearity is gradual and therefore it is not
easy to detect the point B experimentally. For such
materials a point C, called the proof stress is defined,
where the strain exceeds that for linear elastic behavior
by an arbitrary amount such as 0.1% (0.1% proof stress).

Other types of material, particularly the ferritic
steels, show a sudden departure from linear elastic be-
havior when the stress is increased to the point G, Fig.
2, called the upper yield stress, where there is a drop in
load followed by a region of constant load, the lower
yield stress, a regime of inhomogeneous plastic strain. The
upper yield stress is increased as the duration of the ap-
plied load decreases [2]. The maximum load (point D)
divided by the original cross-sectional area of the speci-
mens is known as the ultimate tensile strength (UTS).

D. Elastic properties of isotropic materials

Young�s modulus E, also known as the tensile modulus,
the modulus of extensibility, or the elastic modulus, is

Figure 3 Standard, plain, round tensile test specimen. I is the
gauge length; A and B are gauge marks.

the tensile stress divided by the strain in the direction of
the applied stress, measured in the stress range in which
behavior is linear elastic. It is the constant of propor-
tionality in Hooke�s law and is also the slope of the
linear part of the true stress-strain curve. The dimen-
sions are the same as those for stress (pressure).

The shear modulus G, also known as the torsion
modulus or the modulus of rigidity is given by the shear
stress divided by the shear strain. A shear stress applied
to an isotropic specimen or a cubic metal causes change
in shape without change in volume. The shear stress is
taken as the magnitude of the applied force divided by
the area to which the shearing force is applied. The
strain is measured as the tangent of the angle 0 in Fig. 4.

The bulk modulus K, or modulus of compressibility,
is defined as the applied hydrostatic pressure increase
divided by the resulting proportional decrease in volume,
-dV,,‘lV. It differs entirely from the shear modulus in
that for isotropic material and for cubic metals it is a
measure of resistance to change in volume with no
change in shape.

Poisson�s ratio v is a dimensionless quantity given
by the change in lateral strain divided by the change in
longitudinal strain when a uniaxial stress is applied along
the length of a specimen. Values of u range in principle
from zero, that is, no lateral contraction when a tensile
stress is applied, up to a value of +, that is, no change in
volume when a tensile stress is applied. No metals pos-
sess the extreme values. A value of zero would imply
a highly directional chemical bonding. Beryllium does
approach this value in that v = 0.06. A value of i would
imply a material with a rigidity modulus equal to zero.
The very ductile metals such as gold, silver, and lead
have values of about 0.4. Liquids would have the values
of&

For fully isotropic materials there are only two in-
dependent parameters in this group. Given values of any
two of them, it is possible to calculate the remainder
using the relationships given below.

For the shear modulus,

G= 3K(l--2~)  E 3EK
2(1 +u) =-

=-
2(1 +u) 9K-E (1)

L-

Figure 4 Broken line indicates the new position after the shear-
ing load L is applied to the area A. The shear modulus G = L/
A tan 0.
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For Young�s modulus,

For the bulk modulus,

K=2W+d=  E EG
3(1 - 2v) 3(1 -2v)=  9G-3E

For Poisson�s ratio,

E--G 3K-E 3K-2G
v=-=6K=2G 6K+2G

(79

(3)

In materials not showing a marked yield point, just
beyond the limit of proportionality the slope of the
curve in Fig. 1 is less than the slope in the linear region.
A tangent to a true stress-strain curve would indicate
the response when small stresses are superimposed on a
large static stress. The local value of the slope is known
as the tangent modulus. It might be of some significance
in heat exchanger design.

The secant modulus is the slope of a line joining a
point on the stress-strain curve to the origin. For very
soft materials some of the low static values of Young�s
modulus that have been published are probably more
correctly described as secant moduli.

E. Elastic anisotropy

As mentioned in Sec. A, the properties of a commercial
material are determined by the combined effects of the
properties of the individual grains-individual single
crystals-of which the material is composed. The indi-
vidual grains are generally anisotropic in their elastic
properties [3],  i.e., the strain generated depends on
the orientation of the applied stress with respect to the
crystal orientation of the grain. The degree of anisotropy
varies from one group of materials to another. Also
fabrication processes including deformation and anneal-
ing stages introduce varying degrees of preferred orienta-
tion of the grains and hence the final products them-
selves may show varying degrees of elastic anisotropy.
The nature of elastic anisotropy in metals is discussed
here.

For a general single crystal of low symmetry the
complete stress tensor relates stress to strain as a func-
tion of crystal directions.

A special notation is used for single crystal elastic
constants. The three orthogonal crystal axes are repre-
sented by numbers:

x=1 y=2 2=3

The shorthand notation for the coefficients relating
stress to strain is

ll=l 22=2 33 = 3

23=4 31=5 12=6

Thus Cl1 = Cl,,, , CM = C,,, , C, = Clz12 ,etc. Hooke�s
law for the xy shear is

Q12  = G212e12

i.e.,

%y = G%y

The general form of the stress tensor in the short-
hand notation for a crystal of the lowest symmetry is

Uf = Cfjej

where i takes the values l-6 down the rows and j takes
the values 1-6  across the columns.

For single crystals of most metals the symmetry is
such that some of the coefficients are zero while others
have common values. For example, for single crystals of
a close-packed hexagonal metal such as titanium the
coefficients reduce to

-Cl1 Cl2 Cl3 0 0 0

Cl2 Cl1 Cl3 0 0 0

Cl3 Cl3 c33 0 0 0

0 0 0 c,o 0

0 0 0 0 c,o

0 0 0 0 0 c,

i.e., CM = Css, C2,  = Cir, etc. ,  and where CM =
i(Cri - C,,). The Hooke�s law equations are for hexa-
gonal metals:

ux,  = Cl1  kx + Cl2 ‘yy + Cl3 Ezz

uyy = Cl2  E, + Cl 1 Eyy + Cl3 %

oz.7 = Cl3 ex$  + Cl3 eyy + c33  f,

uyz = G4eyz %x  = G4h

uxy = c66 %y C66 = g11 - Cl21

The elastic constants are unchanged if the axes are
rotated about the hexad,  z axis, which has sixfold
symmetry. Young�s modulus takes extreme (different)
values for tension in the direction of the hexad axis and
in directions at right angles to it.

Three different shear moduli are possible:

1. CM, the mode for shear on the basal plane;
2. C, = i(C,, - C12),  the mode for prismatic

shear;
3. c* = cl1 + cl2 + 2c33  -4cl3,  a Complex  shear

corresponding to a change in axial ratio at constant
volume.

Values for the c coefficients of hexagonal metal
single crystals are quoted in Table 5.5.8(l).

The face-centered-cubic and body-centered-cubic
metal single crystals have a higher degree of symmetry.
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The c coefficients take only three different values, be-
cause the x, y, and z axes are equivalent. Thus,

Cl1 = c33 Cl2 = Cl3 c, =c,

Anisotropy of the shear modes are still possible; thus
+(Cll -Cl*)  # CM.  T h e  r a t i o  $(Cll  - C12)/C44  i s
known as the anisotropy ratio, and for isotropic ma-
terial equals unity. Some values of the c coefficients for
cubic metals are shown in Table 5.5.8(2).

If materials for structural applications consist of
a fine-grain structure in which individual crystals have
random crystal orientations a pseudomacroscopic elastic
isotropy is achieved. Working processes, such as those
involved in the drawing of tube or wire, introduce some
degree of preferred orientation and hence some elastic
anisotropy is introduced.

Since the individual grains of a polycrystalline aggre-
gate of most materials are elastically anisotropic, applica-
tion of an external stress gives rise to an internal stress
pattern. Thus the stress and strain states of the indivi-
dual grains are not the same as the macroscopic average
state of the specimen. In addition, most structural
materials contain distributed second-phase particles
having different elastic moduli from those of the matrix
phase, which give rise to further internal stresses.

F. Anelasticity-damping capacity

When a metal specimen is subjected to stress cycles,
energy is absorbed. Similarly, a single impact sets up
vibrations that gradually die away because energy is
absorbed during each cycle.

Some of the energy-absorbing processes arise from
the movement of solute atoms and crystal defects. Thus
damping is both a structure-sensitive and temperature-
sensitive property. The processes giving rise to damping
have been described in detail by Zener [4]. While many
of the processes involve a monotonic increase in damp-
ing with increase in temperature and absolute stress
level [4, 51, others show sharp peaks as a function of
temperature at constant frequency or as a function of
frequency at constant temperature [4, 61. One of the
major contributions to damping in metals involves
relaxation processes at grain boundaries. For this reason
a single crystal even of a very soft metal may have very
low damping capacity. Contributions to damping can

5.4.5-S

arise from the flow of heat evolved when a metal under-
goes elastic strain, and also from thermally activated
processes including hopping of solute atoms from one
lattice position to another, the bowing of dislocations,
and atomic movements at the grain boundary.

Damping capacity can be expressed as dE/E,  the
fraction of the maximum strain energy dissipated per
cycle; or X, the logarithmic decrement; or as tan 6 where
6 is the angle of lag between strain and stress; or as Q-�  ,
defined for oscillatory electrical circuits; or as Af/f,  the
ratio of the width of the resonance at half amplitude to
the resonant frequency. When the damping capacity is
small these quantities are all simply related as follows:

AE 1 -2nAf
- =2h=2ntan6 =2nQ-  - GfE

For structural materials AE/E  may range from about
10m3  to 5 X low2 but for single crystals of pure metal it
may be near lo-�.  It is not possible to make generalized
statements since the damping capacity is a function of
vibration frequency, temperature, and the absolute
stress level imposed. Typically, in structural materials
there may be an order of magnitude increase in damping
capacity of a given material between room temperature
and about 600°C. At room temperature there may be an
increase in damping capacity by an order of magnitude
when the static stress level is raised from 0 to 240 MPa
[51.

Since damping is a structure-sensitive property, the
damping capacity of a material will be a distributed
quantity. However, there are not sufficient data avail-
able, particularly at working temperatures and stresses,
to derive the appropriate statistics..

Following the fabrication of a heat exchanger, there
may be changes in the damping capacity of the structure
due to processes such as shakedown when the internal
stresses are redistributed and from aging processes in the
metal. However, the absorption of energy in materials
of construction of a heat exchanger is unlikely to make
a major contribution to the total damping from all
other sources.

Some of the energyabsorping processes during vi-
bration may give rise to cumulative changes in structure.
At the tips of flaws and other stress-concentrating fea-
tures the structural changes may constitute the first
stages in fatigue crack growth.
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5.51
Properties of saturated fluids

R. N. Maddox

W This section contains tabular information for pure saturated phase, consider the enthalpies. The liquid
component thermophysical properties. Properties are enthalpy behaves �normally� until a point approxi-
tabulated at each of 10 temperatures as evenly spaced as mately at A is reached. In the region of the critical, the
is feasible between normal boiling point and critical enthalpy increases more rapidly with temperature than
temperature. So far as possible experimental data were at lower temperature and pressure. At the critical, pre-
used in the compilation. The user should check the sumably the liquid enthalpy increases with no change
reference for each property before use as this will enable in temperature. If this seems strange, consider the vapor
him or her to ascertain whether the data were experi- enthalpy. At approximately point B, the vapor enthalpy
mentally measured or calculated from a generalized no longer increases with temperature, but actually begins
correlation. to decrease as the temperature is increased.

The properties tabulated are for the saturated vapor
and/or liquid. At low vapor pressures these values will
be essentially the same as those for the superheated
gas or subcooled liquid. However, as the critical is
approached there can be substantial deviation of the
saturated properties from those one would normally
expect to encounter. For this reason, values at satura-
tion pressures greater than approximately 7% of the
critical value should be used with extreme caution.

The behavior of the enthalpy is reflected in the spe-
cific heat capacity. For the saturated liquid, the heat
capacity in the region of the critical becomes very large,
reflecting the enthalpy  increase with little or no change

Figure 1 shows a typical pressureenthalpy diagram
for a single pure component. The critical point is indi-
cated, as are the saturated vapor and liquid lines. As the
temperature on the material is increased, the pressure
must also increase to maintain the material in the
saturated state. For this reason most of the properties
for the saturated liquid and vapor are different from
those frequently measured in the laboratory, or pre-
dicted by correlations. At low reduced pressures and
temperatures, these differences are normally small and
can be neglected. As the temperature and pressure
approach the critical, however, the differences become
larger and must be taken into account. Enthalpy

As an example of the behavior of properties for the Figure 1 Typical pressure-enthalpy  diagram for pure component.
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5.5.1-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

in temperature. The saturated vapor enthalpy actually
becomes negative to accommodate the decrease in
enthalpy as the material approaches its critical tempera-
ture.

Values from the tables may be interpolated. How-
ever, there should be no extrapolation to higher tem-
peratures and/or pressures.

Guidelines for interpolation of data are as follows:

Saturation (vapor) pressure values at intermediate
temperatures can be interpolated by use of the linearity
of log vapor pressure with reciprocal absolute tempera-
ture, For most of the compounds, particularly at tem-
peratures removed from the critical temperature, this
line should be straight.

Liquid density. Over restricted ranges of tempera-
ture liquid density, except in the region of the critical,
should be plotted as a straight line function of tempera-
ture. In the region of the critical there will be some
curvature.

Vapor density values should plot as a reasonably
straight line with temperature.

Liquid enthalpy should plot as a smooth curve func-
tion of temperature.

Vapor enthalpy values should plot as a smooth
curve function of temperature.

Heat of vaporization values can be satisfactorily
interpolated by plotting heat of vaporization as a func-
tion of temperature.

Liquid heat capacities plot satisfactorily as smooth
curves as a function of temperature.

Vapor heat capacities plot satisfactorily as smooth
curves as a function of temperature.

Liquid viscosity can be interpolated by plotting log

viscosity as a function of reciprocal absolute tempera-
ture. Contrary to most conceptions this will not, in
general, be a straight line. However, curvature will be
slight and will allow satisfactory interpolation of values.

Vapor viscosity values plot satisfactorily as smooth
curves as a function of temperature.

Liquid thermal conductivity values can be plotted
satisfactorily as a function of temperature. The line will
not be straight. However curvature is slight and should
allow for satisfactory interpolation.

Vapor thermal conductivity values can be inter-
polated by plotting as a function of temperature.

Liquid Bandtl  number. Values for liquid Prandtl
number can be interpolated by plotting as a function of
temperature.

Vapor Pmndtl  numbers can be interpolated by
plotting as a function of temperature.

Inte&cial  tension values can be interpolated by
plotting as a function of temperature.

Coefficient of thermal expansion values can be in-
terpolated by plotting as a function of temperature.
Coefficient of thermal expansion is based on the density
at the normal boiling point.

Naturally, mathematical interpolation is possible
for any of the values. The only thing that must be done
is to use the appropriate equation for interpolation of
values. This may be a source of trouble in some cases
(liquid viscosity, for example) where the equation used
does not truly linearize the property value. Analysis
of the error between calculated and tabulated values will
show if the errors are too large.

Preceding the saturation tables is a table of conver-
sion factors.
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Conversion factors for saturation property tables�

2uantity Symbol unit Abbreviation
Equivalent in
pure 81.

Equivalent in
British units

0 ther
equivalents

Saturation temperature
Saturation pressure
Liquid phase density
Vapor phase density
Liquid phase enthalpy
/apor phase enthalpy
Ieat of vaporization
Liquid specific heat capacity

Tsat
psat
PQ
p&r
hi?
htr
%Q
c~.Q

Vapor specific heat capacity cP,g

Liquid dynamic (absolute)
viscosity

Vapor dynamic (absolute)
viscosity

Liquid thermal conductivity

r)Q

%

hQ

Vapor thermal conductivity

Liquid Prandtl number
Vapor Prandtl number
Surface tension
Coefficient  of thermal expansion

for liquid phase

kelvin
kilopascals
kilograms per cubic meter
kilograms per cubic meter
kilojoules per kilogram
kilojoules per kilogram
kilojoules per kilogram
kilojoules per kilogram

per kelvin
kilojoules per kilogram

per kelvin
micronewtons second

per square meter
mlcronewtons second

per square meter
milhwatts  per square meter

per kelvin-per-meter
milliwatts per square meter

per kelvin-per-meter
dimensionless
dimensionless
millinewtons per meter
l/kilokelvin

K
kPa
kg/m3
kg/m�
kJ/kg
kJ/k
kJ/k
kJ/(kg K)

kJ/(kg  K)

MNs/ma

rNs/m�

(mW/m�Y(Klm)

(mW/maMKlm)

-
-
mN/m
kK-�

K
lo3 N/m�
kg/m�
kg/m�
lOa J/kg
10�  J/kg
10s J/kg
lo3 J/(kgK)

lo3 J/&K)

10e6 Ns/m�

10e6 Ns/m�

We6 W/,m3)/W/m)

(10V6 W/m�)/(K/m)

-
-
lo-�  N/m
lo-�  K-�

1.8OR
0.145 1 lbf/ina
0.062 43 lb/ft3
0.062 43 lb/ft3
0.429 9 Btu/lb
0.429 9 Btu/lb
0.429 9 Btu/lb
0.238 8 Btu/(lb�F)

0.238 8 Btu/(lbOF)

0.002 419 Ib/(ft h)

0.002 419 lb/(ft h)

0.000 577 8 (Btu/hft�>/cF/ft,

0.000 577 8 (Btu/hft�,/eF/ft,

-
-
-
0.000 555 6�R-�

-
0.01 bar
0.001 g/cm�
0.001 g/cm�
0.238 8 d/g
0.238 8 Cal/g
0.238 8 Cal/g
0.238 8 cal/(g�C)

0.238 8 cal/(g�C)

0.001 centipoise

0.001 centipoise

-

-

-
-
1 dyne/cm
-

�To  obtain the quantity in the desired units, multiply the quantity in the table by the factor preceding the units. For example, a density of 1 000 kg/m3  corresponds to a density in British
units of 1 000 X 0.062 43 = 62.43 lb/ft3.



5.5.14 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Tabular information on saturated properties is given
for the following compounds:

HYDROCARBONS
Pamffins

Methane
Ethane
Propane
Dimethyl  propane (neopentane)
i-Butane
n-Butane
iPentane
n-Pentane
n-Hexane
n-Heptane
nectane
n-Nonane
n-Decane

Cyclics
Cyclopentane
Cyclohexane

Aromatics
Benzene
Toluene
m-Xylene
o-Xylene
p-Xylene
Ethyl benzene

Unsafurafes
Acetylene
Ethylene
Propylene
1,3-Butadiene
1,ZButadiene

ALCOHOLS
Methanol
Ethanol
lPropano1
2-Propanol
n-Butanol

tButy1 alcohol
Phenol

REFRIGERANTS
Refrigerant 12
Refrigerant 13
Refrigerant 21
Refrigerant 22

MISCELLANEOUS
Ethyl ether
Methyl-t-butyl ether
Ethylene oxide
Propylene oxide
Methyl acetate
Ethyl acetate
Chloroform
Aniline
Acetic acid
Acetone
Dowtherm  A
Dowtherm  J

INORGANICS  AND ELEMENTS
Air
Ammonia
Argon
Carbon dioxide
Carbon monoxide
Carbon tetrachloride
Chlorine
Fluorine
Helium
Hydrogen
Hydrogen chloride
Hydrogen fluoride
Hydrogen sulfide
Mercury
Neon
Nitrogen
Oxygen
Water

METHANE=

Chemical formula: CH,
Molecular weight: 16.042
Normal boiling point: 111.42 K
Melting point: 90.66 K

Critical temperature: 190.55 K
Critical pressure: 4 64 1 kPa
Critical density: 162 kg/m3

Tsat9 K
Psat, kPa

111.42 120 130 140 150 160 170 180 185 190
101 192 367 638 1033 1 588 2 338 3 288 3854 4552 [II

-~ ~~~ ~

PQ > kg/m3 424.3 412.0 396.7 379.8 361.0 339.3 312.3 271.9 240.0 182.0 t11
pg, kg/m� 1.79 3.26 5.95 10.03 16.08 25.03 38.57 59.14 76.28 120.9 [II
hQ> kJ/kg 716.3 747.0 784.1 821.9 860.0 901.4 948.4 1011.1 1057.0 1133.4 [l]
h,, kJ/kg 1228.1 1241.8 1255.7 1 267.2 1 274.9 1 277.6 1 273.3 1 258.9 1 245.0 1 203.2 [l]
Gg,Q,  kJ/kg 511.8 494.8 471.8 445.3 414.9 376.2 324.9 247.8 188 69.8 111
Cp,Q, kJ/(kg K) 3.43 3.53 3.63 3.77 3.94 4.12 5.16 7.45 11.3 70.5 [3,91
cp,g.  kJ/(kg K) 2.07 2.11 2.19 2.33 2.53 2.90 3.62 5.95 6.33 277.5 [I, 111
1)Q,  dsh' 106.5 86.05 71.65 61.26 52.24 44.54 37.69 30.98 26.92 19.34 ill
vg, uNs/m2 4.49 4.84 5.28 5.74 6.27 6.89 7.69 8.89 9.84 12.96 111
hQ,  (mW/m*  )/(K/m) 193 118 163 148 133 118 103 88 80 73 PI
kg, (mW/m*  )/(K/m) 12.1 12.9 16.4 19.6 23.0 27.6 33.1 39.9 45.3 62.0 PI
PrQ 1.88 1.70 1.60 1.56 11.55 1.56 1.89 2.62 3.80 18.8 1121
%! 0.77 0.79 0.71 0.68 0.69 0.72 0.83 1.33 1.38 58.01 (121
o, mN/m 13.5 11.5 9.28 7.22 5.31 3.58 2.06 0.81 0.33 0.01 VI
Pe,a>kK-’ 2.27 3.46 4.37 5.18 6.58 8.87 14.2 32.8 58.6 385 (101

�See page 5.5.1-3 for definition of symbols and page 5.5.1-2 for discussion of interpolation methods.
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

ETHANE

5.5.1-S

Chemical formula: CH,CH,
Molecular weight: 30.068
Normal boiling point: 184.52 K
Melting point: 89.88 K

Critical temperature: 305.5 K
Critical pressure : 4 9 13 kPa
Critical density: 212 kg/m�

Tsat9 K
Psat, @a

184.52 200 210 230 240 260 210 280 290 300
101 217 334 700 968 1712 2 208 2 801 3510 4 365 111

PQ, kg/m3 546.45 529.10 516.79 489.7 1 474.60 440.14 419.81 396.35 364.56

pg,  kg/m3 2.04 4.09 6.21 12.75 17.56 31.65 42.03 55.96 77.10
hQ, kJ/kg 399.52 437.50 462.53 415.34 541.41 598.79 629.79 663.10 700.28

h,, kJ/k 889.19 903.74 912.82 929.18 935.72 943.27 943.23 941.14 930.10

d,Q,  kJ/k 489.67 466.24 450.29 414.84 394.31 344.48 313.44 278.04 229.82
Cp,Q, kJ/(kg K) 2.42 2.48 2.54 2.66 2.70 3.00 3.18 3.42 3.80

cp,g,  kJ/& K) 1.40 1.48 1.54 1.70 1.79 2.13 2.42 2.94 3.31

qQ, rNsW 168 139 124 99.4 88.8 70.8 61.6 54.0 46.0

qg, IrNs/m* 6.00 6.59 7.03 7.89 8.42 9.85 10.9 12.1 14.2
AQ,  (mW/m�YWlm) 157 146 140 126 117 99.2 92.1 83.9 76.0
kg, (mW/m*  )/W/m) 8.6 10.3 11.5 14.1 15.5 18.6 20.7 22.8 26.1

PrQ 2.59 2.37 2.26 2.10 2.05 2.14 2.12 2.2 2.23

p�g 0.98 0.95 0.94 0.95 0.97 1.13 1.27 1.56 1.80
CJ, mN/m 15.86 13.28 11.71 8.51 6.85 4.28 3.14 2.00 1.14

oe,Q,  kK-� 2.01 2.31 2.58 3.32 3.80 5.46 6.67 9.40 15.9

316.25
119.18
753.08
892.31
139.23

9.5 1
36.1
19.0
67.4
32.0

5.64
0.43
96.2

111
ill
[II
PI
ill
[3,51
VI1
[41
14,151
[71
12,141
[I21
[121
161
[lOI

PROPANE

Chemical formula: CH,CH,CH,
Molecular weight: 44.094
Normal boiling point: 231.10 K
Melting point: 85.47 K

Critical temperature: 370.00 K
Critical pressure: 4 264 kPa
Critical density: 225 kg/m3

Tsat? K 231.1 248.06 259.83 275.24 291.83 317.42 330.70 351.23 359.61 367.18

Psat 9 kPa 101 203 304 507 810 1520 2 026 3 039 3 545 4 052 111

PQ, kg/m3 582 562 549 528 504
pg, kg/m3 2.42 4.63 6.77 11.0 17.5
hQ, kJ/kg 421.2 459.7 485.2 522.5 563.1
h,, kJ/kg 847.4 866.7 879.2 895.6 911.0
b&Q. kJ/kg 426.2 407.0 394.0 373.1 347.9
Cp,Q>  kJ/(k  K) 2.24 2.32 2.38 2.47 2.58
cp,g.  kJ/(k  K) 1.37 1.51 1.65 1.88 2.27
r)Q.  uNs/m* 208.7 177.4 154.9 134.5 114.7
qg,  rNs/mZ 6.0 7.0 7.3 7.5 8.5
hQ, (mW/m3)/G/m) 134 124 117 108 99
Ag, (mW/m*  )/(Klm) 10.7 12.8 14.1 15.9 17.8
PrQ 3.49 3.26 3.15 3.08 2.99

P�s 0.77 0.83 0.85 0.89 1.08
O, mN/m 15.5 14.25 13.2 9.5 7.5
&,a, kK� 2.01 2.21 2.45 2.90 3.60

460
33.9
631.8
929.5
297.7
2.78
3.37
85.7
9.6
84
21.7
2.84
1.49
4.6
5.19

434 381 347
47.1 80.4 104
672.8 745.7 781.7
937.4 942.4 934.9
264.6 196.7 153.2
3.27 4.27 6.62
4.14 6.16 7.01
72.4 51.2 41.0
10.3 12.1 14.9
76 64 59
23.9 28.1 31.0
3.07 3.41 4.60
1.78 2.65 3.37
3.0 1.4 1.0
6.52 15.2 23.1

300
150
829.0
915.6
86.6

11.42
25.4
20.1

36.1

6.36
0.4

ill
[II
PI
111
111
[L 31
[I, 9,111
141
[41
161
12,141
1121
I121
VI
1101
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5.5.1-6 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties o f Saturated Fluids

DIMETHYL  PROPANE (NEOPENTANE)

Chemical  formula: C(CH,),
Molecular weight: 72.15
Normal boiling point: 282.65 K
Melting point: 256.58 K

Critical temperature: 433.78 K
Critical 3 196 kPapressure:
Critical density: 238 kg/m3

-

T Ksat* 282.65 305 320 335 350 365 380 395 410 433.78

Psat, kPa 101.3 215 362 482 676 945 1 280 1 700 2 200 3 196

PQ, kg/m3 603 575 558 543 519 497 472 443 407 238
pg,  kg/m3 3.28 6.38 9.91 14.5 20.7 29.0 40.2 55.8 79.1 238
hQ, kJ/k -111 - 5 0 - 2 5 13 51 91 128 175 221 329
h,, kJ/kg 204 237 260 282 305 327 347 366 379 329

[511
[51,621
1671
[63,62,

691
[511
[701
163,621
[71,331
f9951,

141
134,51,

221
[51,221
1121
1121
v31
[lOI

ug,Q,  kJ/k 315 297 284 269 254 236 219 191 158
Cp,Q, kJ/(kg K) 2.14 2.27 2.37 2.48 2.63 2.77 2.96 3.20 3.59
cp,g,  kJ/(k  K) 1.65 1.80 1.91 2.03 2.16 2.32 2.53 2.85 3.51
VP. uNs/m* 280 211 169 140 112 94 82 69 61
qg, t.Wm2 6.89 7.44 7.88 8.27 8.73 9.25 9.87 10.3 11.8

36
36

AQ,  (mW/m’)/(K/m) 90 84 80 76 72 67 63 58 54 42

Ag, (mWlm�)/(K/m) 13.2 15.0 16.3 18.0 19.8 21.6 24.2 26.6 30.8

Pr Q 6.66 5.70 5.01 4.57 4.09 3.89 3.85 3.81 4.06

p*g 0.86 0.89 0.92 0.93 0.95 0.99 1.03 1.10 1.34
a,mN/m 12.9 10.6 9.11 7.67 6.21 4.93 3.65 2.45 1.34
Pe,Q, kK’ 1.80 2.11 2.38 2.72 3.18 3.83 4.81 6.41 9.99

42

ISOBUTANE

Chemical formula: (CH,), CHCH,
Molecular weight: 58.12
Nonual  boiling point: 261.4 K
Melting point: 113.55 K

Critical temperature: 408.1 K
Critical pressure: 3 647 kPa
Critical density: 221 kg/m3

T Ksat* 261.4 285 300 315 330 345 360 375 390 408.1

Psat,  kPa 101.3 233 355 553 805 1 132 1540 2 066 2 697 3 647 111

PQ, kg/m3 594 567 550 529 508 485 455 422 371
pg,  kg/m3 2.87 6.33 9.81 14.6 21.2 30.0 42.2 59.7 87.3
hQ, kJ/kg 232.5 286.1 323.3 360.5 397.7 437.3 481.5 528.0 574.5
h,, kJ/k 591.8 623.4 646.6 667.6 686.2 704.8 721.1 737.3 744.3
+q,Q>  kJ/kz 365.2 337.3 323.3 307.1 288.5 267.5 239.6 209.3 169.8
Cp,Q, kJ/kz  K) 2.12 2.34 2.45 2.56 2.68 2.79 2.95 3.16 3.59
cp,g,  kJ/(kg K) 1.53 1.69 1.81 1.94 2.09 2.28 2.55 3.00 4.18
I~Q, CtNs/m’ 240 190 145 116 101 86 74 61 44
vg, rNs/m2 6.7 7.4 8.0 8.6 9.1 9.7 10.4 11.3 12.9
AQ, (mW/m*  )/W/m) 100 92 87 83 80 71 73 68 61
Ag,(mW/mz)/(K/m)  11.6 14.4 16.3 18.3 20.4 22.7 25.2 27.9 31.2
hQ ^ 5.09 4.83 4.08 3.58 3.38 3.12 2.99 2.83 2.59

p’g 0.88 0.88 0.89 0.91 0.93 0.97 1.05 1.22 1.73
o,mN/m 14.1 11.4 9.7 8.1 6.5 5.0 3.6 2.3 1.1
Pe,Q,  Mm’ 1.87 2.22 2.52 2.91 3.44 4.20 5.40 7.56 12.8

221
221
697.8
697.8

111
[II
1151
[I51
1151
[55,581
[6X 621
171,331
fl, 141
1341
164,221
1121
[I21
[651
[lOI

34
34
42.4
42.4
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

n-BUTANE

5.5.1-7

Chemical formula: CH, CH, CH, CH,
Molecular weight: 58.12
Normal boiling point: 272.66 K
Melting point: 134.82 K

Critical temperature: 425.16 K
Critical pressure: 3 796 kPa
Critical density: 225.3 kg/m�

Tsat, K 273.15 289 305 321 337 353 369 385 405 425.16
Psat,  kPa 103 184 304 469 706 1 023 1526 1925 2739 3797 1561

PY, kg/m� 603 587 571 551 529 504 475
pg, bh� 2.81 4.81 7.53 11.6 17.4 25.1 35.6
he, kJ/kg -1 194 -1 158 -1 121 - 1 0 8 1  - 1 0 4 0 - 9 9 7 - 945
hg, kJ/ks - 8 0 9 - 7 8 9 - 7 6 9 - 7 4 7 - 7 2 5 - 7 0 6 - 6 8 1

b,Q,  kJ/kx 385 369 352 334 315 291 264
Cp,Q>  kJ/(k  K) 2.34 2.47 2.59 2.68 2.80 2.95 3.11
c~,~> kJ/(k K) 1.67 1.76 1.88 2.00 2.15 2.33 2.62
w, dWm2 206 179 154 131 112 95 80
qg, wNs/m� 7.35 7.81 8.32 8.87 9.44 10.20 11.25
AQ,  (mW/m�YWm) 114.6 109.8 104.9 100.1 95.1 90.4 85.5
kg, (mW/m*  )/W/m) 13.69 15.19 16.82 18.57 20.47 22.49 24.69
PrQ 4.20 4.02 3.80 3.51 3.30 3.11 2.89

b 0.90 0.90 0.93 0.96 1.00 1.06 1.19
CJ, mN/m 14.8 12.8 11.0 9.10 7.29 5.54 4.03
Pe,n> kK-� 1.73 2.01 2.37 2.80 3.45 4.31 7.31

441 388 225.3 [461
51.3 80.7 225.3 [561
- 8 9 6 - 8 2 1 - 6 6 5 1561
- 6 6 3 - 6 4 8 - 6 6 5 1561
233 173 1461
3.36 3.80 [461
3.03 4.76 [561
65 51 141
12.17 16.30 141
80.7 14.6 48.1 PI
27.24 31.2 48.7 PI
2.72 2.59 WI
1.42 2.48 1121
2.75 1.34 [461
9.87 10.0 [lOI

ISOPENTANE

Chemical formula: (CH,),C(CH,),
Molecular weight: 72.146
Normal boiling point: 301.0 K
Melting point: 113.25 K

Critical temperature: 460.4 K
Critical pressure: 3 380 kPa
Critical density: 236 kg/m�

Tsat) K 301.0 325 340 355 370 385 400 415 430 460.4

Psat, kPa 101.3 217 328 476 667 913 1 222 1603 2070 3 380 111

PQ,  kg/m3 613 586 569 552 532 511 488 461 428

pg,  kg/m3 3.07 6.30 9.41 13.5 18.9 26.2 36.0 49.3 68.3
hQ>  kJ/kg 290.8 348.9 383.8 423.3 465.2 504.7 546.6 588.5 639.1
hg, kJ/k 632.1 669.9 693.1 716.4 739.7 765.3 783.9 807.1 825.1

&g,Q>  kJ/ks 341.9 321.0 309.3 293.1 274.5 260.6 237.3 218.6 186.0
cp, Q, kJ/(kg W 2.29 2.43 2.53 2.62 2.71 2.80 2.91 3.05 3.24
cp,g, kJ/& K) 1.72 1.86 1.96 2.08 2.20 2.34 2.54 2.81 3.28
VP, Ds/m� 201 163 146 126 111 97 84 71 60
vg, dWm2 7.4 8.0 8.5 9.0 9.5 9.9 10.5 11.2 12.2
AQ, (mWlm*  J/(KlmJ 103 95 91 87 84 80 15 70 63
kg, (mW/m*  )/W/m) 14.7 17.4 19.3 21.5 23.4 25.0 27.6 29.4 33.4

PrQ 4.47 4.17 4.06 3.79 3.58 3.40 3.22 3.05 2.99

�g 0.87 0.86 0.86 0.87 0.89 0.93 0.97 1.07 1.20
CI, mN/m 14.0 11.5 9.9 8.4 7.0 5.6 4.3 3.0 1.9
&,Q,  kK-� 1.73 2.03 2.27 2.58 2.99 3.54 4.36 5.66 8.10

236 PI
236 ill
790.8 1151
790.8 [151

1151
[55,581
L 621
[71,331
[IS,141

48.3 [34,221
48.3 [15,46,

221
[121
I121
1651
[lOI

0 1983 Hemisphere Publishing Corporation

MH

7. .- .- -. .-. _ ..-. __
---T---  -..

- -. ..��_..I___.,
-r---P�  �--�-�



5.5.1-8 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

nPENTANE

Chemical formula: CH,(CH,),CH,
Molecular weight: 72.151
Normal boiling point: 309.2 K
Melting point: 143.4 K

Critical temperature: 469.6 K
Critical pressure: 3 369 kPa
Critical density: 273.3 kg/m�

T Ksat9

Psat, kPa

309.2 335 350 365 380 395 410 425 440 469.6

101.3 227 341 492 688 935 1 249 1634 2 103 3 370 [II

PQ, kg/m3 610.2 582.9 566.0 548.0 528.9 507.9 484.1 456.5 423.5 280.9 ill
pg, kg/m3 3.00 6.36 9.41 13.51 18.99 26.11 36.21 49.73 68.96 184.1 ill
his kJ/kr! 319.8 383.8 423.3 458.2 504.7 546.6 588.5 637.3 686.2 846.7 iI51

h,, kJ/kg 678.0 721.1 744.3 767.6 790.8 814.1 837.4 855.9 876.9 846.7 [l51

DJlg,p,  kJ/kg 358.2 337.3 321.0 309.4 286.1 261.5 248.9 218.6 190.7 [I51

cp,p,  kJ/h K) 2.34 2.52 2.62 2.12 2.82 2.94 3.06 3.20 3.44 155,581

cp.g,  kJ/(kg K) 1.79 1.96 2.05 2.16 2.28 2.48 2.66 2.96 3.37 [46,201

VP,  dWm� 196 159 140 123 108 95 83 72 60 111
qg, t.Nm� 6.9 7.6 8.1 8.5 9.0 9.5 10.2 11.1 12.4 VI
AQ, (mW/m�)/(K/m) 107 98 93 88 83 79 75 71 69 47 1461

As, (mW/m�)/(K/m) 16.7 19.3 21.0 22.8 24.8 26.7 29.0 31.7 34.9 47 1461
Prp 4.29 4.09 3.94 3.80 3.67 3.53 3.36 3.16 2.84 iI21
4 0.74 0.77 0.79 0.81 0.83 0.88 0.94 1.03 1.19 iI21
u, mN/m 14.3 11.3 9.7 8.1 6.7 5.2 3.8 2.8 1.6 [511
&,a, kK-� 1.40 1.93 2.21 2.52 2.92 3.54 4.48 5.95 15.5 WI

n-HEXANE

Chemical formula: CH, (CH,), CH,
Molecular weight: 86.178
Normal boiling point: 341.88 K
Melting point: 177.83 K

Critical temperature: 507.44 K
Critical 3pressure: 031 kPa
Critical density: 232.8 kg/m�

Tsat* K 341.88 370 385 400 415 430 445 460 475 507.44

Psatv kPa 101.3 228 331 465 638 854 1 124 1457 1859 3 031 ill

PP, kg/m3 613 585 568 551 532 511 488 463 432 233 VI
pg, kg/m� 3.3 7.0 10.0 14.1 19.5 26.7 34.7 48.6 66.2 233 111
hQ, kJ/kg 395.4 465.2 507.1 546.6 586.2 632.7  676.9 725.7 774.6 930.4 [I51
hg, kJ/k 728.0 776.9 802.5 830.4 856.0 879.2  907.1 930.4 953.7 930.4 [I51
G,tz, kJ/kg 332.6 311.7 295.4 283.8 269.8 246.5  230.2 204.7 179.1 iI51

cp,p,  kJ/(k K) 2.39 2.58 2.68 2.78 2.89 3.00 3.12 3.26 3.46 155,581

cp,g,  kJ/(kg K) 1.91 2.07 2.18 2.28 2.39 2.51 2.66 2.92 3.32

VP. Ddm'

1461

202.2 158.9 145.7 128.5 113.6 99.9 87.4 75.6 64.3
vg, Ds/mZ

111
7.3 7.9 8.4 8.8 9.4 10.1 10.9 11.9 13.3

AQ, (mW/m�)/Wlm)  1 0 0 . 4
[ll

91.0 87 82 78 74.5 67.8 63.0 56.0 49.8
kg, (mW/m*  )/W/m)

ilk461
16.7 18.8 20.4 22.4 24.2 26.2 28.5 30.4 33.8 49.8 1461

Pr Q 4.81 4.51 4.49 4.36 4.19 4.01 3.99 3.83 3.97 1121
%? 0.83 0.87 0.91 0.91 0.92 0.97 1.02 1.14 1.31
u, mN/m

[I21
13.33 10.57 9.13 7.71 6.35 5.02 3.78 2.66 1.63

Pe,n, kK-�
[II

1.28 1.86 2.17 2.46 2.88 3.41 4.14 5.41 20.0 1101
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

n-HEPTANE

5.5.1-9

Chemical formula: CH,(CH,),CH,
Molecular weight: 100.198
Normal boiling point: 371.6 K
Melting point: 182.6 K

Critical temperature: 540.6 1 K
Critical pressure: 2 736 kPa
Critical density: 234.1 kg/m3

Tsat? K 371.6 380 400 420 440 460 480 500 520 540.6

Psat s kPa 101.3 130 219 349 529 721 1094 1513 2046 2736 ill

PQ , kg/m3 614 606 585 563 540
pg,  kg/m’ 3.46 4.36 1.23 11.5 17.4

h?, kJ/k 453.6 474.5 530.3 586.2 639.7
h,, kJ/k 765.3 786.2 823.4 860.6 897.8
ug,Q, kJ/kg 319.7 311.7 293.1 274.4 258.1
Cp,Q, kJ/(k  K) 2.57 2.61 2.72 2.82 2.93
cp,g,  kJ/(kg K) 1.98 2.01 2.15 2.26 2.41
VP,  rNslm� 201 186 159 135 115
ng, fiNs/m� 7.3 7.1 8.3 9.0 9.7
AQ, (mW/m�YW/m) 98.0 95.5 88.8 82.9 76.1
�g,  WV/m�  )/W/m) 18.0 18.4 20.1 22.6 24.9
PrQ 5.27 5.08 4.87 4.59 4.43

4 0.80 0.84 0.89 0.90 0.94
u, mN/m 12.6 11.8 10.0 8.3 6.6
&,n>  kK-� 1.6 1.7 1.90 2.2 2.1

512 484 448 397 234 PI
25.6 37.8 56.5 88.3 234 [ll
702.5 760.6 825.7 895.5 1 0 0 4 . 8  [15]
937.4 972.3 1009.5 1 035.1 1 0 0 4 . 8  [15]
234.9 211.7 183.8 139.6 1151
3.03 3.19 3.39 3.85 1551
2.51 2.12 3.05 3.60 [461
97 82 67 54 41 111
10.7 12.1 14.0 17.6 41 ill
69.9 61.1 52.0 41.8 [46,611
27.7 29.9 33.0 36.0 [461
4.21 4.28 4.31 4.97 1121
0.97 1.10 1.29 1.76 1121
5.1 3.6 2.2 0.8 PI
3.2 4.2 6.8 24.5 1101

n-OCTANE

Chemical formula: CH, (CH,),  CH,
Molecular weight: 114.224
Normal boiling point: 398.8 K
Melting point: 216.35 K

Critical temperature: 568.8 K
Critical pressure: 2 486 kPa
Critical density: 232 kg/m3

Tsat* K

Psat, kPa

398.8 415 435 455 475 495 515 535 555 568.8

101.3 156 252 386 569 809 1 127 1535 2052 2486 ill

PP, kg/m3 611
pg. kg/m3 3.80
hp,  kJ/k 514.1
h,, kJ/k 814.1
dg,Q,  kJ/k 300.0
Cp,Q, kJ/(kg K) 2.50
cp,g,  kJ/(kg K) 2.11
VP,  ~Ns/m� 203

rig, fiNs/m� 1.4
hQ, (mW/m*  )/W/m) 98
As,  (n-N/m2  )/W/m) 18.4

PI8 5.18 4.88 4.64 4.39 4.16 3.96 3.71 3.54 3.63

prg 0.85 0.85 0.87 0.92 0.96 1.04 1.21 1.41 2.41
u, mN/m 11.9 10.5 8 . 9 7.3 5.8 4.4 2.9 1.8 0.55
&?,a>  kK- � 1.62 1.79 2.05 2.39 2.88 3.60 4.82 6.96 15.9

595 575 553 529 502 470 432 373
5.67 8.98 13.7 20.4 29.9 44.0 65.0 105
558.2 609.4 667.6 725.7 786.2 851.3 921.1 990.9
844.3 883.9 923.4 965.3 1 004.8 1 046.7 1081.6 1 109.5
286.1 274.5 255.8 239.6 218.6 195.4 160.5 118.6
2.61 2.74 2.89 3.03 3.18 3.36 3.60 4.23
2.19 2.30 2.42 2.56 2.73 2.96 3.30 4.80
174 149 126 107 91 75 61 48
7.9 8.5 9.2 10.0 11.1 12.5 14.7 19.4
93 88 83 78 13 68 62 56
20.3 22.5 24.3 26.7 29.1 31.6 34.4 38.6

232 111
232 [II
1088.6 [15]
1088.6 [15]

1151
[55,58]
146,621
111

111,141
47.7 115,461
47.7 [15,46,

221
WI
1121
ill
IlO1
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5.5.1-10

n-NONANE

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: CH, (CH1),CH,
Molecular weight: 128.26
Normal boiling point: 423.97 K
Melting point: 219.7 K

Critical temperature: 594.63 K
Critical pressure: 2 289 kPa
Critical density: 234 kg/m�

Tsat> K 423.97 435 455 475 495 515 535 555 575 594.63
psat7 kPa 101.3 134 214 338 496 717 965 1 320 1750 2 289 I15,761

PP, kg/m’ 614 602 581
pg. kg/m3 3.94 5.18 8.22

hi, kJ/kg 195 226 282
h,, kJ/k 490 513 555

560
12.6
340
598

535
18.7
402
640

510 479
27.3 39.6
464 529
683 724

444 394 234
58.0 89.8 234
594 664 754
762 792 754

ug,Q,  kJ/k 295 287 273 258 238 219 195 168 128
cp,Q>  kJ/(k  K) 2.72 2.77 2.87 2.97 3.10 3.23 3.38 3.59 4.00
cp,g,  kJ/(k  K) 2.24 2.30 2.40 2.51 2.63 2.77 2.95 3.25 4.05
7)Q,  ds/m* 213 177 153 132 112 94 78 63 50
qg,  CtNs/m� 7.4 7.6 7.9 8.3 8.7 9.1 9.7 10.6 12.2
hQ,  WV/m* )/W/m) 95 92 87 82 77 72 66 60 55 49

kg, (mWWMK/m) 20.8 22.0 24.1 26.4 28.7 31.2 33.8 36.6 40.0 49

PrQ 6.10 5.33 5.04 4.78 4.51 4.22 3.99 3.77 3.64

%! 0.80 0.79 0.79 0.79 0.80 0.81 0.85 0.94 1.24
o, mN/m 11.3 10.4 8.86 7.33 5.86 4.46 3.13 1.90 1.81

&,a, kK-� 1.60 1.71 1.94 2.27 2.70 3.33 4.36 6.31 11.7

[I51
i621
1671
[6X62,

691
1151
[701
[6X  621
11,711
[15,141
134,689

221
[68,221
1121
[I21
~231
WI

n-DECANE

Chemical formula: CH, (CH,),  CH,
Molecular weight: 142.3
Normal boiling point: 447.4 K
Melting point: 243.5 1 K

Critical temperature: 617.6 K
Critical pressure: 2 096 kPa
Critical density: 235.9 kg/m3

Tsat9 K
Psat, kPa

447.31 460 480 500 520 540 560 580 600 617.6
101.3 141 227 329 479 675 927 1 250 1650 2 096 [15,761

PP,  kg/m3 621 608 588 564 538 513 479 445 392 235.9 [151
pg, kg/m3 4.13 5.60 8.73 13.2 19.4 28.1 40.7 59.6 93.1 235.9 [621
k?, kJ/kg 265 299 357 416 476 538 603 673 743 824 [671
h,, kJ/kg 542 569 613 658 702 746 789 829 859 824 [63,62,

691
dg,Q.  kJ/kg 277 270 256 242 226 208 186 156 116 [151
Cp,Q,  kJ/(kg K) 2.79 2.85 2.94 3.06 3.16 3.29 3.44 3.65 4.06 [701
cp,g, kJ/(kg  K) 2.33 2.39 2.49 2.59 2.71 2.85 3.03 3.33 4.20 [6% 621
rlQ,  Os/m* 205 180 149 127 108 91 75 61 48 [71,331
qg, CtNslm* 8.1 8.3 8.7 9.1 9.6 10.1 10.7 11.6 13.3 164,141
hQ, (mW/m�)/(K/m) 91 88 83 78 73 68 63 58 54 49 134,689

221
A~,XmW/m*)/(K/m) 21.8 23.1 25.3 27.5 29.8 32.1 34.7 37.5 40.9 49 [a,221
PrQ 6.29 5.83 5.28 4.98 4.68 4.40 4.10 3.84 3.61 [I21
prg 0.87 0.86 0.86 0.86 0.87 0.90 0.93 1.03 1.37 1121
0, mN/m 10.64 9.68 8.20 6.77 5.39 4.07 2.83 1.68 0.67 1231
Pe,Q,  kK-� 1.61 1.70 1.99 2.30 2.71 3.41 4.58 6.60 12.8 [lOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-l 1

CYCLOPENTANE

Chemical formula: CH2((CH,CH,),)
Molecular weight: 70.135
Normal boiling point: 322.45 K
Melting point: 179.25 K

Critical temperature: 5 11.8 K
Critical pressure: 4 508 kPa
Critical density: 272 kg/m3

Tsat? K 322.4 350 370 390 410 430 450 470 490 511.8
psat, kPa 101.3 239 406 642 948 1 309 1 861 2 742 3 562 4 508 1471

PQ, kg/m’ 706 680 656 635 607 577 547 505 455
pg, k/m’ 10.8 20.0 36.3 52.1 69.2 97.5 117 141 176
hQ, kJ/kg -288.7 -217.3 -179.4 - 1 5 5 . 3  - 9 2 . 8 -44.2 - 3 . 8 62.2 127.4
h,, kJ/kg 104.9 138.6 163.9 189.6 215.4 240.5 264.1 284.1 294.9

ug,Q, kJ/k 393.6 355.9 343.3 334.9 318.2 284.7 267.9 221.9 167.5
cp,Q, kJ/(kg K) 1.92 2.05 2.12 2.22 2.37 2.53 2.73 3.04 3.78
cp,g,  kJ/(kg K) 1.34 1.47 1.61 1.79 1.93 2.11 2.40 2.81 3.91
VQ, ds/m2 320 255 200 160 128 109 92 76 58
qg,  ds/m� 7.9 8.9 9.7 10.5 11.2 11.9 12.8 13.9 15.9
AQ, (mW/m�  )/(K/m) 125 117 111 105 98 91 85 79 68
kg, (mW/m�)/(K/m) 16.3 18.5 20.8 23.2 25.7 28.4 31.3 34.8 39.0

PrQ 4.92 4.47 3.82 3.38 3.10 3.03 2.95 2.92 3.22

Pr&- 0.65 0.7 1 0.75 0.81 0.84 0.88 0.98 1.12 1.59
(I, mN/m 18.6 15.1 13.0 11.1 8.7 6.6 4.7 2.9 1.3
Pe,Q, kK-� 1.49 1.75 1.99 2.30 2.73 3.36 4.36 6.22 11.05

272
272
227.1
227.1

43
43
51.1
51.1

1471
1601
1671
163,623

691
I471
147,711
(47,621
[47,331
[47,141
171
[47,221
[I21
[I21
[47,651
1101

CYCLOHEXANE

Chemical formula: CH,((CH,CH,),)CHZ
Molecular weight: 84.132
Normal boiling point: 353.87 K
Melting point: 279.7 K

Critical temperature: 5 54.15 K
Critical pressure: 4 075 kPa
Critical density: 273 kg/m3

Tsaty K 353.87 360 385 410 435 460 485 510 535 554.15
Psat, kPa 101.3 124 234 414 689 1069 1 586 2 275 3 723 4 075 [471

PQ, kg/m3 715 710 685 660 630 590 555 510 445
pg, kg/m3 3.02 3.75 6.76 11.6 18.9 29.0 42.9 64.6 144
h kJ/kg 314.0 325.6 379.1 434.9 500.1 558.2 628.0 707.1 790.8
h,, kJ/kz 674.2 681.34 717.2 751.9 791.5 820.44 859.8 902.1 933.0
ug,Q>  kJ/k 360.2 355.7 338.1 316.9 291.4 262.2 231.8 195.0 142.2
cp,Q,  kJ/(kK) 1.84 1.86 1.93 1.99 2.07 2.13 2.23 2.49 2.82
cp,g, kJ/(kg K) 1.60 1.64 1.79 1.95 2.15 2.36 2.57 3.11 7.05
VP, CtNs/m� 400 370 280 230 190 160 135 115 95.0
qg, Os/m* 8.60 8.71 9.44 10.18 10.72 11.58 12.33 13.56 17.73
AQ, (mW/m2M(K/m) 102 100 92.6 86.5 77.9 69.2 60.6 56.5 48.3
kg, (mW/m�  )/W/m) 16.5 17.4 20.1 22.9 26.0 30.4 36.1 39.4 45.9
PrQ 7.21 6.88 5.83 5.29 5.05 4.92 4.96 5.07 5.55
%! 0.83 0.82 0.84 0.87 0.87 0.90 0.88 1.07 2.72
CJ, mN/m 18.0 17.2 13.0 11.0 8.1 5.2 2.0 1.5 0.5
Pe,Q,  kK-� 1.10 1.30 1.48 1.70 2.31 2.50 3.05 4.89 15.8

273
273
895.5
895.5

54.0
54.0
57.9
57.9

1471
[hOI
[151
1151
1471
[51
[63,201
[87,881
1431
134,251
WI
iI21
1121
[891
1101
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5.5.1-12

BENZENE

5.5 PHYSICAL PROPERTY DATA TABLES / 5 S-1  Properties o f Saturated Fluids

Chemical formula: C, H,
Molecular weight: 78.108
Normal boiling point: 353.25 K
Melting point: 278.7 K

Critical temperature: 562.6 K
Critical pressure: 4 924 kPa
Critical density: 301.6 kg/m�

T Ksat9 353.3 375 400 425 450 475 500 525 550 562.6
Psat. kpa 101.3 191 354 607 975 1484 2 166 3 060 4 218 4 924 PI

PQ , kg/m’ 823 798 767 735 699 660 615 559
pg,  kg/m3 2.74 4.90 8.87 14.8 23.6 36.1 54.2 82.0

h kJ/ks -154.3 -113.0 -62.1 - 8 . 9 47.5 106.8 169.7 238.6

hg. kJ/k 243.4 270.3 302.1 334.8 367.9 400.7 432.3 460.4

ug,Q,  kJ/h 397.7 383.3 364.2 343.7 320.4 293.9 262.6 221.8

cp,  Q, kJ/(kg  K) 1.88 1.98 2.08 2.20 2.32 2.45 2.60 2.83

cp,g,  kJ/(kg K) 1.29 1.40 1.53 1.67 1.81 2.01 2.32 2.73
I)Q, IrNs/m2 321 258 205 166 138 116 97.9 80.7

qg, rNslm2 9.26 9.87 10.7 11.5 12.5 13.7 15.0 16.8

AQ, (mW/m�MKlm) 131 126 119 112 106 100 93.5 87.1
kg, (mW/m2  )/W/m) 14.8 17.1 19.8 23.0 26.7 31.0 35.7 41.1

PrQ 4.61 4.05 3.58 3.26 3.02 2.84 2.75 2.62

Rs 0.81 0.82 0.83 0.84 0.85 0.89 0.97 1.12
a, mN/m 21.2 18.5 15.5 12.7 9.89 7.26 4.80 2.55
Pe,n, kK-� 1.15 1.37 1.67 2.02 2.49 3.13 4.32 6.98

475
133
322.8
478.5
155.7

59.6
19.1
77.4
50.2

0.65
16.0

304 El1
304 111
432.6 111
432.6 PI

PI
111
[4,20
ill
VI

62.6 121
62.6 v, 22

[W
1121
VI
WI

TOLUENE

Chemical formula: C, H,CH,
Molecular weight: 92.134
Normal boiling point: 383.78 K
Melting point: 178.16 K

Critical temperature: 594.0 K
Critical pressure: 4 050 kPa
Critical density: 290 kg/m�

T 9 K 383.78sat 400 425 450 475 500 525 550 575 594.0
Psat3  kPa 101.3 158 285 487 776 1 230 1820 2570 3 450 4 050 PI

PQ, kg/m3 778 760 733 702 670 632 590 541 469 290 11,771
pg, kg/m�  2.91 4.42 7.88 13.2 20.9 32.2 48.8 74.3 120.8 290 [621
hQ, kJ/kz  695 725 762 797 832 866 901 932 948 899 u51
h,, kJ/kg  336 381 432 488 551 604 667 734 808 899 1151
ug,Q,  kJ/kg  359 344 330 309 281 262 234 198 140 1151
cp,Q,  kJ/fig K) 1.81 1.88 1.96 2.07 2.21 2.38 2.59 2.86 3.34 [51
cp,g,  kJ/(k K) 1.13 1.18 1.25 1.33 1.42 1.54 1.71 2.04 3.33 16% 621
r)Q,  dslm' 251 220 183 153 134 118 104 92 82 50 11,251
qg, pNs/m�  9.0 9.5 10.1 10.7 11.4 12.5 13.7 15.0 17.2 50 [L141
AQ, WV/m* )/W/m)  1 1 3 108 103 98 92 86 79 72 65 37.8 11971
Ag, (mW/m�)/(K/m)  1 1 . 1 12.3 14.2 16.0 17.8 19.8 21.9 24.4 27.8 37.8 164,221
PrQ  4.02 3.83 3.48 3.23 3.22 3.27 3.41 3.65 4.21 1121
% 0.92 0.91 0.89 0.89 0.91 0.97 1.07 1.25 2.06 iI21
o, mN/m 18.0 16.3 13.8 11.4 8.99 6.74 4.62 2.66 0.95 [65 I
&,Q,  kK-�  1.38 1.43 1.67 2.07 2.52 3.11 3.98 6.15 14.3 1101
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5.5 PHYSICAL PROPERTY DATA TABLES / 5 S.1 Properties of Saturated Fluids 5.5.1-13

m-XYLENE

Chemical formula: C, H, (CH, 1,
Molecular weight: 106.168
Normal boiling point: 412.3 K
Melting point: 225.5 K

Critical temperature: 617.0 K
Critical pressure: 3 543 kPa
Critical density: 283 kg/m�

Tsat> K 412 430 455 480 505 530 555 580 605 617
Psatv kPa 101.3 162 281 472 741 1 121 1601 2 264 3 052 3 543 11,151

PQ, kg/m3 752 731 700 673 642 604 570 505 396 283

pg,  kg/m” 3.22 4.98 8.69 14.3 22.6 34.6 52.6 81.3 140 283

�Q,  kJ/k.s -34.6 - 1 . 2 50.2 114.7 172.6 233.9 299.2 371.4 460.6 516.7

h,, kJ/kg 310.8 337.9 376.8 416.1 455.2 493.5 529.5 559.8 571.1 516.7

(471
1621
F71
[63,62,

691
[471
1701
163,621
147,331
[47,141
147,341
147,221
1121
1121
147,651
[lOI

345.4 339.1 326.6 301.4 282.6 259.6 230.3 188.4 100.5
2.13 2.19 2.29 2.40 2.54 2.69 2.87 3.16 3.86
1.66 1.73 1.84 1.95 2.08 2.24 2.47 2.91 5.27
232 207 182 158 135 112 90 71 55
9.1 9.5 10.0 10.7 11.4 12.2 13.2 14.6 18.3
92 88 82 77 72 67 62 57 52
16.9 19.4 22.1 24.6 27.2 29.9 33.1 37.1 42.2
5.38 5.18 5.08 4.92 4.76 4.54 4.17 3.94 4.08
0.89 0.85 0.83 0.85 0.87 0.91 0.99 1.15 2.29
16.7 14.8 12.5 10.2 8.0 5.9 3.9 2.1 0.5
1.38 1.50 1.73 2.04 2.47 3.14 4.29 6.83 18.0

+q,Q,  kJ/kg
cp,Q, kJ/(k  K)
cp,g,  kJ/(kg K)
qQ, clNs/m*
qg, f.WmZ
AQ, (mW/m�)/W/m)
kg, (mW/m2  )/W/m)
RQ

%?
o, mN/m
Pe,a, kK-�

54
54
50
50

o-XYLENE

Chemical formula: C, H, (CH,),
Molecular weight: 106.168
Normal boiling point: 417.6 K
Melting point: 248.0 K

Critical temperature: 630.4 K
Critical pressure: 3 729 kPa
Critical density: 288 kg/ma

T Ksat* 417.56 430 455 480 505 530 555 580 605 630.4
Psat, kPa 101.3 142 249 422 655 995 1420 2 040 2 750 3 729 11,151

PQ, kg/m3 764 751 725 696 666 632 594 549 489 288
pg, kg/m’ 3.17 4.31 7.54 12.5 19.6 30.0 45.1 67.8 107 288
hQ, kJ/kg 6.5 30.4 83.2 145.0 201.7 263.7 331.0 400.6 476.9 581.2
hp kJ/kis 349.9 369.5 409.8 450.5 491.4 531.7 570.5 605.8 631.8 581.2

1471
1621
1671
W, 62,

691
1471
(701
163,621
[47,331
[47,141
[47,341
147,221
1121
1121
147,651
[lOI

Gg,Q,  kJ/k 343.4 339.1 326.6 305.5 289.7 268.0 239.5 205.2 154.9
cp,Q, kJ/(kg K) 2.16 2.20 2.30 2.40 2.52 2.65 2.81 3.02 3.44
cp,g,  kJ/(kg W 1.71 1.76 1.86 1.97 2.08 2.22 2.40 2.70 3.49
VP,  CtNsW 253 231 197 171 147 124 102 82 65
qg,  ~Ns/m* 9.2 9.5 10.2 10.8 11.5 12.2 13.1 14.3 16.3
AQ,  (mW/m*  )/W/m) 99 96 91 85 80 74 69 63 58
hg, (mW/m*  )/W/m) 18.4 19.3 21.9 24.4 27.0 29.9 33.0 36.5 40.6
PrQ 5.51 5.28 5.00 4.83 4.65 4.43 4.14 3.92 3.87

% 0.86 0.87 0.87 0.88 0.89 0.91 0.95 1.06 1.40
o, mN/m 17.9 16.4 14.1 11.4 9.2 7.0 4.9 3.0 1.3
&,a, kK-� 1.31 1.39 1.59 1.85 2.20 2.71 3.54 5.11 9.36

55
55
52
52
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5.5.1-14

p-XYLENE

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: C, H, (CH, I2
Molecular weight: 106.168
.Normal  boiling point : 4 11.5 K
Melting point: 286.4 K

Critical temperature: 616.3 K
Critical pressure: 3 510 kPa
Critical density: 280 kg/m�

T 9sat K

Psat , kPa

412 430 455 480 505 530 555 580 605 618

101.3 161 287 476 752 1 120 1590 2 270 3 100 3 510 PI

PQ, kg/m3 753 734 706 676 643 607 565 513 432 280
pg, kg/m3 3.23 5.08 8.83 14.5 22.8 34.9 52.9 81.8 142 280
ha, kJ/k -35.7 - 2 . 4 49.7 113.8 171.4 232.3 297.2 368.9 466.7 514.0
hg. kJ/kg 309.7 337.7 376.3 415.2 454.0 491.9 527.5 557.3 567.2 514.0

1471
1621
1671
163,629

691
1471
147,701
163,621
[47,331
(47,141
147,341
[47,221
v21
1121
[47,651
1101

ug,Q, kJ/kg 345.4 339.1 326.6 301.4 282.6 259.6 230.3 188.4 100.5
cp,Q, kJ/(k  K) 2.11 2.18 2.27 2.39 2.52 2.67 2.86 3.15 3.88
cp,g,  kJ/(kg W 1.64 1.72 1.83 1.94 2.07 2.23 2.46 2.92 5.51
rlQ, rNslm* 232 205 176 155 132 109 89 70 54
qg, clNs/m* 8.8 9.5 10.1 10.7 11.4 12.2 13.1 14.6 18.0
AQ, (mW/m*  )/(K/m) 98 93 87 81 75 69 63 57 52
kg, (mW/m*)/W/m) 17.1 19.7 22.1 24.6 27.2 30.0 33.0 37.1 42.3

PrQ 5.00 4.81 4.59 4.57 4.44 4.22 4.04 3.87 4.03

% 0.84 1.83 0.84 0.84 0.87 0.91 0.98 1.15 2.34
o, mN/m 16.0 14.2 11.8 10.0 7.8 5.7 3.8 2.0 0.5
@e,Q,  kK-� 1.57 1.74 1.83 1.97 2.62 3.03 4.87 12.3 42.7

53
53
49
49

ETHYL BENZENE

Chemical formula: C, H, l C, H,
Molecular weight: 106.2
Normal boiling point: 409.3 K
Melting point: 178.1 K

Critical temperature: 617.1 K
Critical pressure: 3 610 kPa
Critical density: 284 kg/m3

T Ksat? 409.3 433 453 473 493 513 553 573 593 613

Psat, kPa 101.3 189 297 447 645 903 1640 2 150 2 770 3 450 1151

PQ, kg/m" 751 727 705 682 657 630 568 529 478 388
pg, kg/m" 3.26 5.76 8.88 13.2 19.0 26.9 52.1 72.9 106 189
ha, kJ/b -42.8 9.0 53.3 101.6 159.3 207.9 306.7 368.2 427.8 481.6
hg, kJ/k 298.8 335.6 367.3 399.3 431.4 463.3 524.4 550.8 570.2 557.0

1151
1621
1671
163,629

691
[W
[51
163,621
1251
[26,141
[71
[68,221
1121
1121
PI
[lOI

ug,Q, kJ/kg 341.6 326.6 314.0 297.7 272.1 255.4 217.7 192.6 142.4
cp,Q, kJ/Wg K) 1.98 2.04 2.11 2.19 2.28 2.38 2.63 2.85 3.22
cp,g. kJ/(kg K) 1.67 1.77 1.86 1.95 2.05 2.16 2.48 2.78 3.52
UP, ds/m* 230 197 176 158 142 129 108 99 91
qg, ds/m* 9.0 9.6 10.3 11.0 11.7 12.4 13.7 14.8 16.6
AQ, (mW/m*)/(K/m) 99 95 90 85 80 75 65 60 55
Ag, (mW/m*  )/WIN 16.9 19.4 21.5 23.6 25.9 28.2 33.2 36.1 39.5
PrQ 4.60 4.31 4.13 4.07 4.05 4.09 4.37 4.70 5.32

h 0.87 0.88 0.89 0.91 0.93 0.95 1.02 1.14 1.48
o, mN/m 16.6 14.5 12.5 10.5 8.8 7.1 3.9 2.5 1.2
&,a> Id-’ 1.35 1.52 1.70 1.93 2.23 2.64 4.14 5.80 9.88

75.4
4.20
17.5
84
22.6
50
45.8
7.02
8.64
0.23
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids

ACETYLENE

5.5.1-15

Chemical formula: HCjCH
Molecular weight: 26.036
Normal boiling point: 189.2 K
Melting point: 192.2 K

Critical temperature: 308.7 K
Critical pressure: 6 240 kPa
Critical density: 230 kg/m3

T Ksat? 192.2 200 210 230 240 250 270 280 290 308.7

Psat, kPa 128 189 304 689 986 1 370 2 450 3 190 4 080 6 240 [91

PQ, k/m" 617 606 590 556 538 519 473 445 411

pg, kg/m3 2.16 3.11 4.86 10.8 15.6 22.1 41.0 54.0 73.2

4, kJ/kg - 369.5 -351.8 -331.6 - 2 7 1 . 6  - 2 3 6 . 1  - 2 0 2 . 0 - 136.2 -100.5 -66.2
h,, kJ/kg 214.8 222.9 230.9 248.6 254.4 257.6 257.0 252.8 238.8
bg,Q> kJ/k 584.3 574.7 562.5 520.2 490.5 459.6 393.2 363.3 305.0

cp,Q>  kJ/h K) 3.09 3.12 3.15 3.27 3.35 3.46 3.87 4.25 5.14
cp,g,  kJ/& JQ 1.47 1.51 1.59 1.80 1.93 2.14 2.64 2.93 3.39

QQ, Ds/m* 169 156 146 127 116 99.6 79.9 66.9 56.9

qg, Ds/m* 7.35 7.67 8.10 8.68 9.03 9.44 10.5 11.2 12.1
AQ, @W/m*  )/W/m) 55.9 54.3 51.9 48.0 48.3 44.9 43.0 42.2 41.5

kg,  (mW/m*  )/(K/m) 11.2 12.0 13.1 15.4 16.9 18.5 22.6 25.0 28.3

PrQ 9.34 8.96 8.86 8.65 8.39 7.68 7.19 6.75 7.04

%! 0.96 0.97 0.98 1.01 1.03 1.09 1.23 1.31 1.45
o, mN/m 19.1 17.6 15.6 11.8 9.92 8.12 4.64 3.11 1.73

Pe,Q,  kK-� 2.21 2.45 2.79 3.56 4.02 4.73 7.28 8.97 15.6

231 191
231 191
104.7 191
104.7 [91

191
113,241
(91
]32,331
W141
[34,351
[3,221
[I21
1121
127,281
v91

ETHYLENE

Chemical formula: H,C:CH,
Molecular weight: 28.052
Normal boiling point: 169.43 K
Melting point: 104 K

Critical temperature: 282.65 K
Critical 5pressure: 060 kPa
Critical density: 220 kg/m3

T Ksat> 169.43 183 193 203 213 223 233 243 263 281

Psat,  kPa 101.3 213 341 518 755 1 063 1453 1938 3 240 4899 PI

PQ, k/m"

pg, kg/m3

hQ, kJ/kg
h,, kJ/k
dg,Q, kJ/kg
cp,Q, kJ/(kg K)
cp,g,  kJ/(h  K)
'IQ, ~Nslm*
qg, pNs/m*
AQ, @W/m*  )/(K/m)
kg. (mW/m*  )/(K/m)
PrQ

%
o, mN/m
&,Q, kK-�

5 6 7 . 9 2  5 4 7 . 9 5  532.88
2.09 4.24 6.60
-662.49 -624.50 -600.49
-179.97 -163.61 -155.64
482.52 460.89 444.85
2.32 2.46 2.54
1.31 1.35 1.40
162.0 138.5 124.1
6.04 6.56 6.96
192 178 168
6.44 7.62 8.62
1.96 1.91 1.88
1.23 1.16 1.13
16.46 13.99 12.23
2.52 2.83 3.12

517.17 500.61 482.84 463.41
9.81 14.01 19.47 26.58
-578.48 -552.50 -526.51 -498.48
-151.12 -145.06 -141.54 -140.04
427.36 407.44 384.97 358.44
2.61 2.67 2.73 2.80
1.47 1.56 1.67 1.82
112.1 102.6 94.4 86.4
7.37 7.81 8.29 9.82
158 147 137 126
9.71 11.0 12.4 14.0
1.85 1.86 1.88 1.92
1.11 1.10 1.11 1.14
10.52 8.88 7.29 5.78
3.47 3.88 4.50 5.40

441.61 385.64 287.43 [9]
36.12 69.58 152.70 [9]
-468.50 -396.51 -301.15 [9]
-140.71 -152.62 -213.38 [9]

327.79 243.89 94.56 PI
2.93 3.89 191
2.02 2.91 191
77.6 55.9 28.7 [41
9.44 11.30 16.25 PI
116 94.7 77.0 [21
15.9 21.9 191
1.96 2.30 [I21
1.20 1.50 iI21
4.35 1.80 0.16 i61
6.70 10.4 WI
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5.5.1-16 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

PROPYLENE
-

Chemical formula: CH,CH:CH,
Molecular weight: 42.078
Normal boiling point: 225.45 K
Melting point: 87.9 K

Critical temperature: 364.8 K
Critical pressure: 4 610 kPa
Critical density: 233 kg/m3

Tsat? K 225.45 240 255 270 285 300 315 330 345 365
Psatv kPa 101.3 187 333 530 820 1 210 1710 2410 3190 4610 111

PQ, kg/m3 611 587 575 556 535 509 481 443 390 233 1461
Pg,kdm3 2.15 3.93 6.68 10.70 16.4 24.4 35.6 51.7 77.2 233 WI
hp. kJ/k -309.0 -273.7 -237.3 -199.8 -161.2 -121.3 -79.8 -36.2 10.4 119.5 [671
hg, kJ/kg 130.2 150.0 164.8 182.3 196.3 212.0 229.7 220.2 210.5 119.5 [46,6X

691
u&Q, kJ/k 439.2 423.7 402.1 382.1 357.5 333.3 309.5 256.4 220.9 ill
cp,Q, kJ/(k  K) 2.39 2.45 2.55 2.64 2.72 2.85 3.10 3.40 3.77 (461
cp,g,  kJ/(k  K) 1.31 1.40 1.49 1.62 1.78 1.96 2.23 2.62 3.71 [461
w, dWm* 151 132 108 101 99.2 90.3 80.9 78.7 61.1 32 [461
qg, ccNs/m’ 6.62 7.14 7.53 8.04 8.74 9.26 10.1 11.4 12.7 32 1461
A~,(mW/m’)/Wlm) 119 111 104 98.6 93.6 90.9 88.0 83.3 76.1 49.3 [341
Ag, (mW/m*)/(K/m) 9.52 11.2 13.0 14.9 17.1 19.4 22.2 25.4 29.6 49.3 168,221
PrQ 3.03 2.91 2.65 2.70 2.88 2.83 2.85 3.21 3.03 WI
P's 0.91 0.89 0.86 0.87 0.91 0.94 1.01 1.18 1.69 WI
0, mN/m 16.5 14.7 12.6 10.5 8.7 6.5 5.1 3.4 2.0 1461
Pe,Q, kK-’ 1.99 2.22 2.52 2.90 3.42 4.17 5.32 7.38 12.2 1101

1,2-BUTADIENE

Chemical formula: CH,CH:C:CH,
Molecular weight: 54.09
Normal boiling point: 284.0 K
Melting point: 137.0 K

Critical temperature: 443.7 K
Critical pressure: 4 500 kPa
Critical density: 246.8 kg/ma

Tsat? K
psat, kPa

284.0 300 315 330 345 360 375 390 400 443.7
101.3 189 265 445 661 945 1310 1770 2140 4500 [46,761

PQ, kg/m" 651 643 625 605 585 563 537 507 485
pg, kg/m’ 2.32 4.04 6.43 9.80 14.4 20.7 29.2 40.7 50.8
hQ, kJ/kg -197 - 1 6 6 -131 - 9 4 - 5 7 - 1 9 19 61 88
hp kJ/k 237 257 275 293 311 327 341 354 359

dg,Q,  kJ/k 434 423 406 387 368 346 322 293 271
cp,Q, kJ/(k JO 2.20 2.24 2.30 2.41 2.49 2.60 2.72 2.87 3.01
cp,g,  kJ/(k  JO 1.48 1.56 1.65 1.75 1.87 2.01 2.18 2.43 2.68
VP, dWm* 200 185 170 150 134 116 100 85 76
qg, dWm* 7.40 7.78 8.27 8.76 9.26 9.77 10.4 11.0 11.5
AQ, (mW/m*  )/W/m) 126 119 113 107 102 98 93 88 82
Ag, (mW/m* HK/qO 12.5 14.1 15.8 17.5 19.3 21.2 23.3 25.6 27.3
PrQ 3.62 3.48 3.46 3.38 3.27 3.08 2.92 2.77 2.79

%T 0.88 0.86 0.86 0.88 0.90 0.93 0.97 1.04 1.13
CT,  mN/m 18.0 15.7 13.9 12.1 10.4 8.65 7.00 5.30 4.10
&,Q, kK-� 1.71 1.89 2.10 .2.35 2.66 3.77 4.11 4.85 5.74

246.8 (461
246.8 1621
255 [671
255 l46,62,

691
[461
[461
146,621

43 [46,331
43 146,141
49 i341
49 [68,22 1

1121
iI21
1461
[JOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

1,3-BUTADIENE

5.5.1-l 7

Chemical formula: CH, :CHCH:CH,
Molecular weight: 54.088

Normal boiling point: 268.69 K
Melting point: 164.24 K

Critical temperature: 425.15 K
Critical pressure: 4 330 kPa
Critical density: 245 kg/m3

T Ksat, 268.69 285 300 315 330 350 370 390 410 425.15
Psat, @a 101.3 184 298 458 676 1 080 1 630 2370 3350 4330 111

PQ,  kg/m3 650 631 612 593 572 541 507 464 405 245 ill
og, kg/m3 2.53 4.41 6.97 10.5 15.5 26.7 38.7 53.5 101 245 [II
h kJ/k 493.3 529.0 563.0 598.4 635.0 686.5 741.5 800.1 867.5 111
h,, kJ/kz 908.7 928.4 946.4 964.4 981.7 1003.8 1023.2 1038.3 1041.4 ill
dg,Q, kJ/hz 415.4 399.4 383.4 366.0 346.7 317.3 281.7 238.2 173.9 111
cp,p,  kJ/(k K) 2.14 2.22 2.29 2.37 2.47 2.63 2.81 3.03 3.28 [I,51
cp,g, kJ/(kg KJ 1.42 1.53 1.63 1.74 1.87 2.07 2.35 2.92 4.54 [30,201
VP,  crNs/m* 200 164 138 117 99.5 84.3 71.3 61.7 53.4 11,251
vg, dWm2 7.57 8.43 8.91 9.41 9.94 10.7 11.6 12.6 15.0 126,141
hQ, (mW/m�)/W/m) 126 117 110 103 95.6 86.6 78.0 69.8 62.0 53.7 [71
kg, (mW/m*  MKlm) 9.54 12.3 14.7 17.3 19.9 23.7 21.5 31.6 37.8 53.7 [31,221
PIQ 3.40 3.11 2.87 2.69 2.57 2.56 2.57 2.68 2.83 t121
�g 1.13 1.05 0.99 0.95 0.93 0.93 1.02 1.16 1.30 [I21
(I, mN/m 16.6 14.5 12.7 10.9 9.12 6.86 4.73 2.15 1.00 t61
&,Q, kK-� 1.79 1.98 2.20 2.45 2.84 3.5.7 4.88 7.64 20.0 t101

METHANOL

Chemical formula: CH, OH
Molecular weight: 32.00
Normal  boiling point: 337.85 K
Melting point: 175.15 K

Critical temperature: 513.15 K
Critical pressure: 7 950 kPa
Critical density: 275 kg/ma

Tsat, K 331.85 353.2 373.2 393.2 413.2 433.2 453.2 473.2 493.2 511.7

Psat > kPa 101.3 118.4 349.4 633.3 1076 1 736 2 678 3 970 5 675 1175 ill

PQ, kg/m" 751.0 735.5 714.0 690.0 664.0 634.0 598.0 553.0

pg, kg/m3 1.222 2.084 3.984 7.142 12.16 19.94 31.86 50.75
hQ, kJ/k 0.0 45 108 176 249 328 413 506
hg. kJ/k 1 101 1115 1 130 �1 144 1171 1 171 1 169 1151
bg,Q,  kJ/kg 1 101 1070 1022 968 922 843 756 645
Cp,Q. kJ/(k  K) 2.88 3.03 3.26 3.52 3.80 4.11 4.45 4.81
cp,g, kJ/(kg KJ 1.55 1.61 1.69 1.83 1.99 2.20 2.56 3.65
VP. rWm* 326 271 214 170 136 109 88.3 71.6

PrQ 5.13 4.67 4.15 3.61 3.34 2.82 2.56 2.42

% 0.94 0.91 0.90 0.92 0.94 0.97 1.04 1.35
o, mN/m 18.75 17.5 15.7 13.6 11.5 9.3 6.9 4.5
Pe,Q,  I&-� 0.42 1.20 1.69 2.00 2.49 3.15 4.21 6.40

11.1 11.6 12.4 13.1 14.0 14.9 16.0 17.4 20.1 26.0
191.4 187.0 181.3 178.5 170.0 164.0 158.7 153.0 147.3 142.0
18.3 20.6 23.2 26.2 29.7 33.8 39.4 46.9 60.0 98.7

490.0 363.5
86.35 178.9

482

5.40
58.3 41.6

1.81
2.1 0.09
17.2

ill
ill
[841
t1041
[IO51
[61
[31
11,m

1061
14,211
121
[2,22,

1071
1121
1121
[II
[lOI
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5.5.1-18

ETHANOL

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: CHsCH,  OH
Molecular weight: 46.1
Normal boiling point: 351.45 K
Melting point: 158.65 K

Critical temperature: 516.25 K
Critical pressure: 6 390 kPa
Critical density: 280 kg/m3

T sat>K 351.45 373 393 413 433 453 473 483 503 513

Psat,  kPa 101.3 226 429 753 1 256 1960 2 940 3 560 5 100 6 020 111

PQ, kg/m" 757.0 733.7 709.0 680.3 648.5 610.5 564.0 537.6 466.2 420.3 [iI
pg, kg/m3 1.435 3.175 5.841 10.25 17.15 27.65 44.40 56.85 101.1 160.2 [I, 621
hQ> kJ/kg 202.5 271.7 340.0 413.2 491.5 576.5 670.7 722.2 837.4 909.8 ill
hg>  kJ/ks 1165.5 1198.7 1225.5 1247.2 1264.4 1215.3 1269.0 1259.0 1 224.6 1 190.3 [l]

ug,Q>  kJ/kg 963.0 927.0 885.5 834.0 772.9 698.9 598.3 536.7 387.3 280.5 [II
Cp,Q, kJ/(kg K) 3.00 3.30 3.61 3.96 4.65 5.51 6.16 6.61 11951
cp,g,  kJ/(kg K) 1.83 1.92 2.02 2.11 2.31 2.80 3.18 3.78 6.55 [3,20,

1061
rlQ>  ctNs/m� 428.7 314.3 240.0 185.5 144.6 113.6 89.6 79.7 63.2 56.3 WI
vg, clNs/m� 10.4 11.1 11.7 12.3 12.9 13.7 14.5 15.1 16.7 18.5 IL 211
hQ, (mW/m2  J/(K/mJ 153.6 150.7 146.5 141.9 137.2 134.8 129.1 125.6 108.0 79.11 [31
kg, (mW/m2)/Wlm) 19.9 22.4 24.5 26.8 29.3 32.1 35.3 37.8 43.9 50.7 I29 22,

1071
prQ 8.37 6.88 5.91 5.18 4.90 4.64 4.28 4.19 (121
%! 0.96 0.95 0.96 0.97 1.02 1.20 1.31 1.51 2.49 1121
o, mN/m 17.7 15.7 13.6 11.5 9.3 6.9 4.5 3.3 0.9 0.34 ill
&,a, kK-� 1.41 1.60 1.90 2.41 3.13 4.18 6.06 7.56 16.0 1101

1 PROPANOL

Chemical formula: CH, CH, CH, OH
Molecular weight: 60.1
Normal  boiling point: 370.95 K
Melting point: 184.15 K

Critical temperature: 536.85 K
Critical 5pressure: 050 kPa
Critical density: 273 kg/ma

-

T K 373.2sat? 393.2 413.2 433.2 453.2 4 7 3 . 2  4 9 3 . 2 513.2 523.2 533.1

Psat,  kpa 109.4 218.5 399.2 683.6 1 089 1 662 2 426 3 402 3 998 4 689 [ll

PQ, kg/m3  732.5 711 687.5 660 628.5 592.0  548.5 492.0 452.5 390.5 111
pg,  kg/m3  2.26 4.43 8.05 13.8 22.5 35.3 55.6 90.4 118.0 161.0 111
hQ, kJ/k 0.0 65 139 222 315 433 548 691 [841
h,, kJ/k  687 710 733 766 802 860 904 955 [104]
‘+y,Q, kJ/k  687 645 594 544 486 427 356 264 209 138 [11
cp,Q> kJ/(k K) 3.21 3.47 3.86 4.36 5.02 5.90 6.78 7.79 if51
cp,g,  kJ/@ K) 1.65 1.82 1.93 2.05 2.20 2.36 2.97 3.94 [5,20,

1061
VP, ds/m* 447 337 250 188 148 119 90.6 70.0 61.4 53.9 [1,71
vg, IrNs/m* 9.61 10.3 10.9 11.5 12.2 12.9 14.2 15.7 17.0 19.3 17,211
hp, (mW/m�)/(K/m) 1 4 2 . 4 139.2 138.4 133.5 127.9 120.7  111.8 100.6 94.1 89.3 [�51
Ag, (mW/m*  )/(K/m) 20.9 23.0 26.2 28.9 31.4 34.7 38.0 43.9 47.5 53.5 ]7,22,

1071
PrQ 10.1 8.40 6.97 5.14 5.81 5.82 5.50 5.42 iI21
% 0.76 0.82 0.80 0.82 0.85 0.88 1.11 1.41 1121
o, mN/m 17.6 16.15 14.42 12.7 10.77 8.85 6.35 4.04 2.6 0.96 161
&,Q, kK�  1.33 1.57 1.91 2.43 3.15 4.14 5.82 9.19 13.6 1101
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids

2-PROPANOL

5.5.1-19

Chemical formula: (CH,  )z CHOH
Molecular weight: 60.1
Normal boiling point: 355.65 K
Melting point: 194.15 K

Critical temperature: 508.75 K
Critical pressure: 5 370 kPa
Critical density: 274 kg/m3

Tsaty  K 355.65 373 390 408 425 443 459 478 498 508

Psat,  kPa 101.3 200 380 580 925 1 425 2 025 3 039 4 052 5 369

PQ, kg/m3 732.3 712.7 683.0 660.0 630.1 597.4 566.0 514.8

pg. kg/m3 2.06 4.15 7.73 14.3 21.00 32.78 46.40 72.3

hp, kJ/h 0.0 60.1 121.8 190.2 257.6 331.8 400.1 484.0
hg, kJ/k 677.8 688.0 736.8 767.9 796.1 822.9 841.7 851.5

ug,Q,  kJ/kg 677.8 627.9 615.0 577.7 538.5 491.1 441.6 367.5
cp,Q>  kJ/(kg  K) 3.37 3.55 3.71 3.88 4.04 4.20 4.34 4.49
cp,g, kJ/(kg  K) 1.63 1.71 1.80 1.94 2.15 2.37 2.83 3.97

VP, dQ/m� 502
qg, rNs/m* 9.08
hQ, (mW/mz)/(K/m)  1 3 1 . 1
A~, (mW/m*)/(K/m)  1 9 . 8

376 295 230 184 147 122 93.5 72.5
9.80 10.3 10.9 11.4 11.9 12.5 13.7 15.2
127.5 124.3 122.8 120.1 117.3 115.8 113.2 110.7
22.2 24.6 27.1 29.3 31.8 34.9 38.9 42.3

P*Q

%
o, mN/m
&,a,  kK-�

12.9 10.5 8.81 1.27 6.19 5.27 4.57 3.71
0.75 0.75 0.75 0.78 0.84 0.89 1.01 1.40
18.6 17.2 14.2 11.84 9.4 6.9 4.97 2.6
1.4 1 1.81 2.27 2.65 3.20 3.95 5.10 7.76

[l, 181

460.5 288.0
108.4 252

284.5 82.5

1.05
37.3

28.2
107.7
47.1

0.000

11,181
[I, 181
1841
[JO41
11,191
[I81
114,20,

1061

111
11,211
ill
[I, 22,

1071

WI
[=I
[1,271
1101

n-BUTANOL

Chemical fommJ.a:  C, H, CH, CH, OH
Molecular weight: 74.12
Normal boiling point: 390.65 K
Melting point: 183.2 K

Critical temperature: 561.15 K
Critical pressure: 4 960 kPa
Critical density: 270.5 kg/m3

Tsat, K 390.65 410.2 429.2 446.5 469.5 485.2  508.3 530.2 545.5 558.9

Psat 3 kPa 101.3 182 321 482 759 1 190 1 830 2 530 3 210 4 030 iI81

PQ, kg/m3 712 688 664 640 606 581 538 487 440 364 VI
P@ kg/m�  2.30 4.10 7.9 12.5 23.8 27.8 48.2 14.0 102.3 240.2 1181
hQ, kJ/b 0.0 64.8 135.0 206.8 315.3 399.6  541.9 700.2 (841
h,, kJ/kg  591.3 629.8 672.3 716.5 784.1 836.8  924.4 1015.3 [JO41
bg,Q,  kJ/ks 591.3 565.0 537.3 509.7 468.8 4 3 7 . 2  3 8 2 . 5 315.1 248.4 143.0 [191
Cp,Q,  kJ/k W 3.20 3.54 3.95 4.42 5.15 5.74 6.71 7.76 161
cp,g,  kJ/(kg K) 1.87 1.95 2.03 2.14 2.24 2.37 2.69 3.05 3.97 [5,20,

1061
VP, ds/m�  403.8 346.1 278.8 230.8 188.5 144.2  130.8 115.4 111.5 105.8 r71
vg, dslm2 9.29 10.3 10.7 11.4 12.1 12.7 13.9 15.4 17.1 28.3 r7,211
AQ,  (mW/m�)/(K/m) 127.1 122.3 117.5 112.6 105.4 101.4  91.7 82.9 74.0 62.8 [cl
Ag, (mW/m2)/(K/m)  2 1 . 7 24.2 26.7 28.2 31.3 33.1 36.9 40.2 43.6 51.5 [7,22,

1071

p*Q 10.3 9.86 9.17 8.64 10.2 8.10 8.67 9.08 WI
prg 0.81 0.83 0.81 0.86 0.87 0.91 1.01 1.17 1.56 1121
0, mN/m 17.1 15.6 13.9 12.3 10.2 7.50 6.44 4.23 2.11 0.96 161
&?,a,  I&-�  1.69 1.92 2.19 2.46 2.98 3.48 4.90 8.45 14.7 IlO1
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5.5.1-20

f-BUTYL  ALCOHOL

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: (CH,),COH
Molecular weight: 74.12
Normal boiling point: 355.6 K
Melting point: 298.8 K

Critical temperature: 506.2 K
Critical pressure: 3 970 kPa
Critical density: 270 kg/m3

Tsate K 355.6 375 390 405 420 435 450 465 480 506.2

Psat, kPa 101.3 207 322 483 779 1 010 1 516 1896 2 619 3 970 ]461

PQ, kg/m3 710 688 670 647 621 596 567 533 487 270
pg, kg/m3 2.64 5.12 8.11 12.4 18.5 27.1 39.1 56.4 82.3 270
hp,  kJ/k - 1 8 2 . 0  - 1 3 0 . 7  - 7 8 . 4 -35.2 15.0 63.3 117.4 171.2 238.1 351.6
hg>  kJ/kg 324.6 355.0 378.0 400.2 421.1 440.1 456.5 468.5 472.6 351.6

Gg,Q, kJ/kg 506.6 485.7 456.4 435.4 406.1 376.8 339.1 297.3 234.5
c,,,Q, kJ/(kK) 2.90 3.06 3.19 3.34 3.47 3.62 3.79 4.01 4.38
cp,g.  kJ/(kg K) 1.81 1.92 2.02 2.13 2.26 2.42 2.64 3.00 3.73

rip, CcNs/m� 531 312 235 180 142 118 98 84 66 65
og, rNs/m� 9.4 10.0 10.4 11.0 11.5 12.1 12.8 13.6 14.8 65
AQ, @W/m3  )/(K/m) 109 104 100 96 92 88 83 77 70 53
Ag, (mWlmS)/(Klm) 17.9 19.8 21.4 23.1 24.9 26.9 29.1 31.6 34.5 53

PrQ 14.1 9.18 7.50 6.26 5.36 4.85 4.47 4.37 4.13

4 0.95 0.97 0.98 1.01 1.04 1.09 1.16 1.29 1.59
(I, mN/m 14.5 13.0 11.5 10.0 8.6 7.1 5.5 3.8 2.2
P~,Q, kK-� 1.84 2.09 2.32 3.21 3.47 3.85 4.57 5.98 9.13

1461
[62,106]

(671
]62,63,
69,106]

1461
[701
146,629

1061
[7L 331
[46,21  I
[46,341
]46,22,

1071

[=I
iI21
146,651
PI

PHENOL

Chemical formula: C, H, OH
Molecular weight: 94.1
Normal boiling point: 454.95 K
Melting point: 313.90 K

Critical temperature: 693.2 K
Critical pressure : 6 130 kPa
Critical density: 435.7 kg/m�

;$ kPa  K 455 101.3 480 216 404 505 693 530 555 1 100 580 1650 605 2 360 635 3410 4 665 720 6 693.15 129 i751

PQ, kg/m' 955 932 905 877 851 809 772 713 636 436 WI
pg, kg/m3 2.60 5.36 9.88 16.9 27.2 41.9 62.9 101 170 436 [62,106]
ha, kJ/k -153 - 9 3 - 4 1 20 80 147 206 290 399 514 [671
hg, kJ/kg 336 374 411 447 482 515 545 575 587 514 [82,62,

69,106]
ug,Q, kJ/k 489 467 452 427 402 368 339 285 188 [661
cp,Q, kJ/(kgK) 2.55 2.61 2.66 2.76 2.85 3.01 3.10 3.43 3.77 151
cp,g,  kJ/(k  K) 1.63 1.74 1.85 1.95 2.06 2.22 2.44 2.94 5.10 ]30,62,

1061

VQ, dWmZ 351 256 219 166 137 113 90.1 75.2 65.3 45.3 WI
vg, AWm� 12.8 13.5 14.3 15.2 16.2 17.3 18.6 20.2 23.4 45.3 [26,211
AQ, (mWlm�)/(K/m) 175 170 166 162 157 154 149 141 130 92 ]71
Ag, (mW/m�)/(K/m) 28.9 31.6 34.8 38.4 42.4 46.8 51.4 56.2 64.3 92 ]31,22,

1071
PrQ 5.11 3.93 3.51 2.83 2.59 2.21 1.87 1.57 1.89 PI
p’g 0.72 0.74 0.76 0.77 0.79 0.82 0.88 1.07 1.86 1121
o, mN/m 24.5 20.9 18.2 14.6 12.4 10.2 7.6 5.3 2.7 161
&-,a,  kK-' 0.91 1.05 1.27 1.34 1.83 2.41 3.25 4.72 15.6 [lOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-21

REFRIGERANT 12

Chemical formula: Ccl, F,
Molecular weight: 120.92

Normal boiling point: 243.2 K
Melting point: 118 K

Critical temperature: 384.8 K
Critical pressure: 4 132 kPa
Critical density: 561.8 kg/m�

T K 243.2sat> 260 275 290 305 320 335 350 365 384.8
Psat,  kPa 101.3 200 333 528 793 1 145 1602 2 183 2 907 4 132 r11

PP. kg/m3

pg, kglm3

hQ, kJ/ks
h,, kJ/ks
G,,Q,  kJ/k
cp, II, kJ/h W
cp,g,  kJ/(k  K)
VP, rNs/m�
vg, rNs/m�
AQ, (mW/m�  )/W/id
kg, hwlm�  )/W/m)
PrQ

p�g
o, mN/m
&,Q. kK-�

1486 1436 1 388 1 338 1 284 1 225 1 157 1075 969.7 561.8 111
6.33 11.8 19.2 29.9 44.8 65.4 94.6 136.4 203.2 561.8 Ill
473.6 488.3 501.9 516.3 531.1 546.8 563.8 582.3 603.2 649.8 111
641.9 649.8 656.6 662.9 668.8 674.0 677.8 679.9 679.0 649.8 VI
168.3 161.5 154.7 146.6 137.7 127.2 114.0 97.6 75.8 [II
0.896 0.911 0.932 0.957 0.990 1.03 1.08 1.13 1.22 131
0.569 0.614 0.646 0.689 0.746 0.825 0.920 1.22 1.68 [3,201
373 303 262 231 208 187 167 144 119 [41
10.3 11.0 11.7 12.5 13.3 14.2 15.2 16.5 18.1 (41
95.1 87.4 80.5 73.3 66.8 59.8 53.0 46.2 39.2 15.4 121
6.9 7.7 8.4 9.2 10.0 10.8 11.6 12.3 13.4 15.4 L&221
3.51 3.16 3.03 3.02 3.14 3.22 3.40 3.52 3.70 t121
0.85 0.88 0.90 0.94 0.99 1.08 1.21 1.64 2.27 [I21
15.5 13.5 11.4 9.4 7.1 5.9 4.2 2.8 1.3 t231
1.96 2.22 1.50 2.87 3.36 4.17 5.48 8.50 14.5 1101

REFRIGERANT 13

Chemical formula: CClF, Critical temperature: 302.28 K
Molecular weight: 104.47 Critical pressure: 3 900 kPa
Normal boiling point: 191.7 K Critical density: 5 7 1 kg/m�
Melting point: 93.2 K

&at, K 191.7 200 210 220 235 250 265 280 295 302.28
Psat, kPa 101.3 155 245 371 641 1060 1590 2 340 3 320 3 900

PQ, kg/m’ 1521 1489 1450 1408 1339 1 257 1 175 1066 893
pg, kg/m’ 6.89 10.3 15.8 23.4 39.9 67.2 103 166 290
hQ,  kJ/k 417.1 424.6 433.9 443.3 458.1 474.5 489.8 509.1 532.8
hg, kJ/kg 566.4 569.8 573.7 577.5 582.6 587.2 589.8 590.3 583.9

ug,Q.  kJ/k 149.3 145.2 139.8 134.2 124.5 112.7 100.0 81.2 51.1
cp,Q, kJ/Ocg  K) 1.11 1.13 1.16 1.21 1.27 1.36 1.56 1.96 3.92
cp.g,  kJ/(k  K) .529 .552 .588 .633 .696 .854 .962 1.30 2.52
17~~  dWm� 318 282 248 220 188 163 142 114 69.5
rig,  uNs/m* 9.83 10.3 10.8 11.3 12.2 13.2 14.3 15.8 19.9
AQ, (mWW)/(Klm) 99.3 95.0 89.8 84.6 77.0 69.2 60.7 48.6 34.0
kg, (mWW)/Wlm) 6.4 7.0 7.6 8.3 9.0 10.0 11.5 13.2 16.2

PIP 3.55 3.35 3.20 3.15 3.10 3.20 3.65 4.56 8.01

J% 0.81 0.82 0.84 0.86 0.94 1.13 1.20 1.56 3.10
o, mN/m 13.5 12.3 10.8 9.41 7.36 5.41 3.58 1.91 0.49
&,a, kK-� 2.51 2.66 2.92 3.30 4.20 5.55 7.50 12.3 76.0

571
571
562.0
562.0

23.6
23.6

Ill

111
ill
111
[II
[II
~3,421
[3,201
[41
141
111
[2,40,
221

[I21
1121
~231
1101
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5.5.1-22

REFRIGERANT 2 1

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: CHCl, F
Molecular weight: 102.92
Normal boiling point: 28 1.9 K
Melting point: 138 K

Critical temperature: 451.25 K
Critical 5 181 kPapressure:
Critical density: 5 25 .O kg/m�

~~~~~  :a 2 8 1 . 9  1 0 1 . 3 300 196 320 364 626 340 360 1 010 380 1 540 400 2 240 420 3 160 440 4 350 451.25 5 181 [II

PQ, kg/m3 1406 1 360 1311 1 258 1 199 1 134 1 057 962.8 823.0 525 (11
pg, kg/m3 4.62 8.55 15.48 26.14 41.93 64.94 98.91 151.1 124.1 525 VI
h?, kJ/k  509.1 528.1 549.9 572.3 595.2 618.4 642.4 668.6 701.4 748.7 VI
hg, kJ/kg  748.1 756.5 765.5 773.6 780.5 786.6 790.7 791.5 785.3 748.7 ill
bg,Q, kJ/k 239.0 228.4 215.6 201.3 185.3 168.2 148.3 122.9 83.9 [II
cp,Q,  kJ/(k K) 1.04 1.05 1.07 1.10 1.17 1.26 1.37 1.52 1.89 ]3,241
cp,g,  kJ/Os  K) 0.721 .733 .780 .832 .902 .982 1.05 1.43 2.50 13,201
VQ, Os/m�  366 311 269 235 209 187 165 135 99 141
vg, ccNs/m'  11.0 11.7 12.5 13.3 14.3 15.4 16.5 18.3 25.0 ]41
AQ, (mW/m2  )/W/m)  1 1 4 108 101 94.2 87.5 80.7 73.8 66.7 59.9 PI
Ag, @N/m2  )/(Klm) 7 . 9 8.6 9.5 10.4 11.4 12.5 13.7 15.2 16.7 [2,22,

1071

RQ 3.34 3.02 2.85 2.74 2.79 2.89 3.06 3.08 3.12 [I21
%? 1.00 1.01 1.03 1.06 1.13 1.21 1.26 1.72 3.74 1121
o, mN/m 20.1 17.6 14.7 12.1 9.4 7.0 4.7 2.6 0.73 ~231
Pe,Q, kK-�  1.64 1.85 2.11 2.47 2.95 3.78 5.32 8.50 54.0 [lOI

REFRIGERANT 22

Chemical formula: CHCIF, Critical temperature: 369.3 K
Molecular weight: 86.48 Critical 4 986 kPapxessure:
Normal boiling point : 242.4 K Critical density: 5 13 kg/m�
Melting point: 113.2 K

T K 242.4sat, 250 265 280 295 310 325 340 355 369.3

Psat, kPa 101.3 218 376 619 958 1420 2 020 2 800 3 800 4 986 111

PQ, k/m’  1413 1 360 1313 1 260 1 206 1 146 1 076 991 877 513 111
pg, kg/m3 4.70 9.59 16.1 26.3 40.6 60.9 90.2 134 208 513 PI
hQ, kJ/kz  453.6 469.3 490.2 508.1 526.3 545.2 565.3 587.3 613.2 667.3 PI
h,, kJ/h  687.0 694.9 701.0 706.7 711.5 715.0 716.9 716.0 708.9 667.3 PI
Gg,Q, kJ/k  233.4 225.6 210.8 198.6 185.2 169.8 151.6 128.7 95.7 111
cp,Q, kJ/(kg  K) 1.10 1.13 1.16 1.19 1.24 1.30 1.41 1.65 2.43 [I,391
cp,g,  kJ/(kg  K) .599 .646 .691 .747 .820 .930 1.09 1.40 2.31 ]3,201
'?Q,  lrNs/m�  332 282 251 225 204 187 172 150 119 [41
vg, rtNs/m"  10.1 10.9 11.7 12.3 13.2 14.2 15.7 16.4 18.8 141
AQ, (mW/mz  )/(K/m) 1 1 9 109 101 94.2 86.6 78.8 70.2 59.2 44.0 31.9 111
kg, (mW/m�  )/(K/m) 7 . 1 5 8.22 9.10 10.1 11.2 12.4 14.0 16.0 18.8 31.9 L&22,

1071
PrQ  3.07 2.92 2.88 2.84 2.92 3.09 3.45 4.18 6.89 iI21
pk .85 .86 .89 .91 .97 1.07 1.22 1.69 2.31 1121
CT, mN/m 18.3 15.5 13.0 10.6 8.4 6.2 4.3 2.5 1.0 VI
&,a, kK-�  2.08 2.37 2.68 3.10 3.67 4.65 6.34 9.56 25.6 [lOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-23

ETHYL ETHER

Chemical formula: (CH,CH,),O
Molecular weight: 74.10
Normal boiling point: 307.8 K
Melting point: 158.9 K

Critical temperature: 467 K
Critical pressure: 3 610 kPa
Critical density: 265 kg/m3

T Ksatr 307.75 323 343 363 383 403 423 443 458 463
Psat,  kpa 101.3 170 307 511 811 1220 1 770 2490 3 150 3490 111

PQ, kg/m3 696.2 676.4 653.2 625.0 594.2 558.0  517.9 465.8 401.8 366.3 [II
pg, kg/m3 3.16 5.08 8.92 14.77 23.49 36.38 55.51 87.31 132.0 162.0 111
hp> kJ/kg 0.0 36.6 85.9 137.0 190.3 248.6  305.0 367.1 416.1 433.0 1841
hg> kJ/kg 349.9 373.6 404.1 434.3 464.5 497.7  520.6 532.5 523.9 524.6 [IO41
ug,Q, kJ/kg 349.9 337.0 318.2 297.3 274.2 249.1  215.6 165.4 107.8 81.6 111
Cp,Q, kJ/(kg K) 2.37 2.43 2.51 2.61 2.12 2.86 3.01 3.20 3.75 4.07 Ill
cp,g, kJ/(kg K) 1.40 1.96 2.05 2.14 2.26 2.43 2.75 3.44 4.15 4.50 [30,201
VP>  I.rNsW 210 177 148 127 109 95 84 17 70 67 [1,171

I

:I

qg, wNs/m2 7.86 8.28 8.86 9.45 10.1 10.9 11.7 13.1 15.0 16.4 [4,21
AQ, (mW/mz)/(K/m) 126 120 112 104 95.6 87.5 79.9 71.4 65.3 63.3 VI
Ag, (mW/m�)/(K/m) 15.8 17.4 19.5 22.4 24.2 27.0 30.2 34.2 38.6 41.5 12722
PrQ 3.95 3.58 3.32 3.19 3.10 3.11 3.16 3.45 4.02 4.31 1121
Prg 0.70 0.93 0.93 0.90 0.94 0.98 1.07 1.32 1.61 1.78 [I21
CJ,  mN/m 15.25 13.5 11.3 9.1 7.0 4.9 3.1 1.5 0.5 0.2 [II
Pe,Q, Mm� 1.93 1.80 2.00 2.48 3.27 4.38 6.10 8.82 25.8 45.7 [lOI

METHYLbBUTYL  ETHER

Chemical formula: CH, OC, H,
Molecular weight: 88.1
Normal boiling point: 33 1.2 K
Melting point: 162.4 K

Critical temperature: 503.4 K
Critical pressure: 3 411 kPa
Critical density: 275 kg/m3

Tsat, K 331.2 340 360 380 400 420 440 460 480 503.4

Psat, kpa 101.3 133 234 386 602 897 1 290 1800 2440 3411 1751

PQ, kg/m3 706 697 673 649 623 591 556
pg, kg/m3 3.40 4.39 7.51 12.2 18.9 28.5 42.3
hp, kJ/kg -22.2 -1.7 46.5 96.6 148.7 203.1 259.8
hg, kJ/kg 292.2 306.6 339.8 373.7 407.8 441.8 474.9

~g,a>kJ/k 314.4 308.3 293.3 277.1 259.1 238.7 215.1 186.3 147.3
Cp,Q, kJ/(kg K) 2.30 2.35 2.46 2.57 2.69 2.83 3.01 3.27 3.83
cp,g,  kJ/(kg K) 1.78 1.83 1.95 2.08 2.23 2.39 2.61 2.95 3.76
'IQ,  dWm' 231 214 184 151 129 109 9 1 74 59
qg, ~Ns/m* 8.50 8.76 9.38 10.0 10.7 11.5 12.3 13.3 14.9
AQ, (mW/ma)/(K/m)  1 0 8 106 100 94 89 83 78 71 62
As, (mW/ms)/(K/m)  1 5 . 4 16.2 18.2 20.3 22.5 24.9 27.6 30.7 34.4
PrQ 4.90 4.76 4.53 4.12 3.92 3.73 3.52 3.36 3.53

%- 0.98 0.99 1.01 1.02 1.06 1.10 1.16 1.28 1.63
(I, mN/m 14.7 13.8 11.7 9.8 7.9 6.1 4.3 2.7 1.3
Pe,Q,  kK� 1.56 1.64 1.85 2.13 2.46 3.05 4.09 5.62 10.1

517 467
62.7 96.2
319.2 382
505.4 529.3

27.5 r771
275 WI
488.1 1671
488.1 V&69,

621
[79,191
[SOI
WA621

44 [71,731
44 P319211
47 (341
47 [58,221

1121
1121
[651
1771
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5.5.1-24 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1  Properties of Saturated Fluids

ETHYLENE OXIDE

Chemical formula: ((CH, ), )O
Molecular weight: 44.054
Normal boiling point: 283.5 K
Melting point: 161 K

Critical temperature: 469 K
Critical pressure: 7 194 kPa
Critical density: 315 kg/m3

Tsat, K 283.5 300 320 340 360 380 400 420 440 469

Psat, kPa 101.3 186 359 621 1030 1660 2480 3450 4830 7 194 I471

PQ,  kg/m3 889 866 835 804 760 721 691 682 584 315
pg. k/m3 1.94 3.44 6.33 10.8 17.5 27.2 41.1 61.6 93.9 315
JQ, kJ/k - 4 4 0 -409 -367 -333 - 2 8 9 - 2 3 8 -183 - 1 2 9 -65 66
hg, kJ/kg 129 144 161 178 193 206 215 219 211 66

dh,,p, kJ/k 569 553 528 511 482 444 398 348 276

cp,Q. kJ/& K) 1.96 2.01 2.09 2.19 2.32 2.48 2.68 2.92 3.21
cp,g.  kJ/(kg K) 1.09 1.17 1.28 1.40 1.55 1.73 1.99 2.47 3.40
’IQ, tiNs/m� 284 245 210 182 160 142 128 116 105 47
vg, dWn2 9.0 9.6 10.3 11.0 11.7 12.5 13.4 14.4 15.9 47

AQ,  (mW/m’)/W/m) 158 152 144 135 127 119 110 102 93 69
kg, hW/m*  )/(K/m) 11.5 13.6 16.3 19.3 22.5 25.1 29.9 34.5 40.4 69
Prf2 3.52 3.24 3.04 2.93 2.92 2.97 3.12 3.34 3.63

PTA! 0.85 0.83 0.81 0.80 0.81 0.86 0.89 1.01 1.34
(J, mN/m 25.87 23.24 20.10 17.03 14.03 11.11 8.29 5.59 3.05
&,P, kK-� 1.60 1.76 1.98 2.30 2.71 3.30 4.20 5.76 9.26

I901
[621
[671
[30,62,
691

[471
[51
[30,621
125,471
[27,47,
211

[7,471
[31,471
[I21
[I21
I821
[lOI

PROPYLENE OXIDE

Chemical formula: CH, (CHCH,)O
Molecular weight: 58.08
Normal boiling point: 307.5 K
Melting point: 161 K

Critical temperature: 482.2 K
Critical pressure: 4 920 kPa
Critical density: 312 kg/m3

Tsat7 K 307.5 320 340 360 380 400 420 440 460 482.2

Psat , kPa 101.3 159 297 496 814 1 230 1 790 2480 3450 4920 [471

PP, kg/m’ 812 796 769 740 709 675 636 491 531
pg, kg/m’ 2.38 3.57 6.39 10.7 17.2 26.6 40.5 61.1 95.9
hp,  kJ/k -293 -271 - 2 2 0 -177 -135 - 8 6 - 3 7 33 106
h,, kJ/k 184 198 220 242 263 282 298 309 307

312 1901
312 F21
200 V71
200 [30,62,

691
[471
[51
[30,621

48 [251
48 126,479

211
71 17,471
71 [31,471

1121
1121
I821
[lOI

dg,p, kJ/k 477 469 440 419 398 368 335 276 201
cp,Q, kJ/(kg K) 2.06 2.10 2.18 2.29 2.42 2.60 2.81 3.07 3.38
cp,g>  kJ/(kg  K) 1.32 1.39 1.49 1.62 1.76 1.94 2.19 2.63 3.83
w, rNs/m2 278 251 217 191 171 155 143 133 125
vg,  Ds/m’ 9.1 9.5 10.2 10.8 11.5 12.3 13.1 14.1 15.5

kz, (mW/mzNK/m)  1 4 7 143 135 128 120 113 105 96
Xg, (mW/mz)/(K/m)  1 2 . 1 13.3 15.5 17.8 20.5 23.5 26.9 31.3
PrQ 3.90 3.69 3.49 3.41 3.44 3.57 3.84 4.23

% 0.99 0.99 0.98 0.98 0.99 1.02 1.07 1.18
o, mN/m 19.9 18.2 15.5 12.9 10.4 8.0 5.7 3.5
&,a, kK-� 1.59 1.71 1.9 2.24 2.64 3.27 4.26 6.22

88
47.4
4.79
1.25
1.6
19.4
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids 5.5.1-25

METHYL ACETATE

Chemical formula: CH, CO, CH,
Molecular weight: 74.08
Normal boiling point: 330.3 K
Melting point: 174.45 K

Critical temperature: 506.8 K
Critical pressure: 4 687 kPa
Critical density: 325 kg/m3

T Ksat> 331 350 370 390 410 430 450 470 490 506.8
Psat 7 kPa 101.3 200 359 537 854 1 344 1930 2 688 3 723 4 687 1471

PQ, kg/m3 875 850 820 780 750 715 680
pg, kg/m” 2.83 5.16 8.87 14.5 22.7 34.6 52.2
hp,  kJ/k -173.4 -136.1 -96.5 -57.7 -17.8 26.7 76.4
hg, kJ/kz 228.5 249.1 269.8 289.8 308.8 326.0 340.2
dg,Q, kJ/ks 401.9 385.2 366.3 347.5 326.6 297.3 263.8
cp,p>  kJ/(kz  K) 1.92 1.99 2.08 2.18 2.32 2.46 2.65
cp,g>  kJ/(kg K) 1.19 1.25 1.35 1.45 1.57 1.72 1.95
w, CtNsW 260 225 192 168 145 121 99
rig, CtNs/m2 8.9 9.5 10.1 10.7 11.4 12.1 13.1
AQ, (mW/ma)/(K/m) 157 146 133 122 110 98 86
Ag, (mW/m’)/(K/m) 14.2 15.7 17.5 19.5 21.7 24.1 27.0
PrQ 3.18 3.07 3.00 3.00 3.04 3.05 3.06
4 0.75 0.76 0.78 0.80 0.82 0.86 0.95
0, mN/m 19.4 17.0 14.7 12.0 9.4 6.9 4.6
fle,Q, kK-’ 1.64 1.84 2.11 2.46 2.95 3.67 4.86

620 540 325 1471
79.3 127.8 325 I621
126.7 196.4 254.6 [671
348.6 342.9 254.6 163,621
221.9 146.5 [471
2.94 3.58 1701
2.38 3.86 147,621
80 62 56 147,711
14.1 16.1 56 147,211
74 61 50.3 I47,221
30.4 35.3 50.3 147,221
3.18 3.64 [I21
1.10 1.76 1121
2.4 1.1 [47,65  1
7.22 14.4 1101

ETHYL ACETATE

Chemical formula: CH, CO, C, H,
Molecular weight: 88.10
Normal boiling point: 350.25 K
Melting point: 189.55 K

Critical temperature: 523.25 K
Critical pressure: 3 832 kPa
Critical density: 307.7 kg/m3

Tsat> K 350.25 370 390 410 430 450 470 490 510 523.25

Psat 9 kPa 101.3 193 310 510 792 1 172 1655 2 275 3 172 3 832 1471

PQ , kg/m’

pg. kg/m3

kz, kJ/k
hg> kJ/k

ug,Q, kJ/kg 364.3 347.5 332.9 316.1 295.2 267.9 238.6 192.6 117.2

cp,Q,  kJ/fkit  K) 2.10 2.17 2.28 2.36 2.50 2.64 2.82 3.09 3.76

cp,g,  kJ/(kg K) 1.46 1.54 1.63 1.73 1.85 2.00 2.25 2.68 4.52

VP, AWm� 255 221 193 158 134 111 90 72 56 57
c, Ds/m2 8.9 9.5 10.1 10.7 11.4 12.2 13.0 14.3 16.4 57
AQ, @W/m�  )/K/m) 125 118 111 104 98 92 85 71 66 48.2
As,  (mW/m�  )/(K/m) 15.8 17.4 19.3 21.5 23.5 25.8 28.5 32.0 36.5 48.2

Prk2 4.28 4.08 3.96 3.59 3.42 3.19 2.99 2.89 3.19

% 0.82 0.84 0.85 0.86 0.90 0.95 1.03 1.20 2.03
(I, mN/m 17.4 15.0 12.6 10.0 7.8 5.8 3.9 2.3 0.14
&,Q, kK-� 1.65 1.86 2.14 2.50 3.02 3.79 5.17 7.80 17.4

830 800 770 740 705 670 625 570 475 307.7
3.20 5.63 9.45 15.1 23.4 35.5 54.2 81.3 134.5 307.7
-89.7 -47.3 - 6 . 7 35.7 81.3 131.7 182.0 241.7 315.8 362.8
274.6 300.2 326.2 351.8 376.5 399.6 420-h 434.3 433.0 362.8

1471
[621
[671
[63,62,

691
1471
147,701
[63,621
171,331
147,141
134,221
(47,221
1121
[I21
[I21
1101
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5.5.1-26

CHLOROFORM

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: CHCl,
Molecular weight: 119.4
Normal boiling point: 334.5 K
Melting point: 209.9 K

Critical temperature: 536.4 K
Critical 5 470 kPapressure:
Critical density: 498 kg/m3

Tsat,  K 334.5 360 380 400 420 440 460 480 505 536.4

Psat, kPa 101.3 221 374 599 914 1 321 1 893 2 598 3725 5 470 [911

PQ, kg/m3 1415 1 361 1333 1282 1 248 1 184 1114 1050 969 498 1901
pg, kg/m’ 4.50 9.33 15.3 23.4 36.1 53.0 77.3 109 158 498 [621
hQ, kJ/k  -108 - 7 9 -61 -41 -17 4 27 45 67 136 [671
hg, kJ/k  141 154 164 173 181 188 194 197 197 136 [62,63,

691
ug,c, kJ/b  249 233 225 214 198 184 167 152 130 [661
cp,Q,  kJ/h KI 1.00 1.03 1.07 1.11 1.15 1.21 1.32 1.43 1.59 151
cp,g> kJ/(kg  K) 0.60 0.63 0.66 0.69 0.73 0.79 0.87 1.00 1.28 [62,631
t7Q, dWm’ 400 342 299 261 220 197 181 165 150 65 1 2 5 1
vg, dWm2 11.2 12.2 13.0 13.7 14.6 15.5 16.5 17.9 19.8 65 [26,211
AQ, (mW/ms)/(K/m) 1 1 1 107 103 98.4 94.2 91.3 81.6 73.3 6 9 . 1 26.8 171
Ag, (mW/ms  )/(K/m) 8.7 1 9.74 10.6 11.5 12.5 13.5 13.6 15.9 17.5 26.8 131,221
prQ 3.60 3.29 3.11 3.01 2.69 2.61 2.93 3.22 3.45 WI
% 0.17 0.79 0.81 0.81 0.85 0.91 1.06 1.13 1.45 1121
o, mN/m  22.5 18.6 16.0 13.6 11.2 9.5 6.8 5.9 3 . 1 161
&,Q, kK-' 1.38 1.58 1.78 2.03 2.36 2.82 3.54 4.63 6.86 [lOI

ANILINE

Chemical formula: C, H, NH,
Molecular weight: 93.06
Normal boiling point: 457.55 K
Melting point: 267.05 K

Critical temperature: 699.0 K
Critical 5pressure: 301 kPa
Critical density: 340 kg/m3

-

T Ksat> 457.5 500 525 550 575 600 625 650 675 699.0
Psat,  kPa 101.3 276 456 716 1 080 1 5 6 0  2 2 0 0 3 010 4050 5 300 [II

PP, kg/m' 875 828 800 769 736 699 658 608 541 340
pg, kg/m3 2.56 6.62 10.7 16.7 25.3 37.5 55.1 81.7 128 340
hQ, kJ/b -114 - 1 0 53 137 184 254 323 396 473 584
h,, kJ/b 357 427 468 509 549 589 623 653 669 584

dg,Q, kJ/k 471

cp,Q,  kJ/(kg K) 2.37
cp,g, kJ/(k K) 1.74
LIP. rrNs/m* 303
vg, dWm2 11.8
AQ, (mW/m�)/W/m) 154
Ag, (mwlm�  )/W/m) 23.5

prQ 4.66

47 0.87
0, m.Wn 25.2
&,a, kK-� 1.17

437 415 372 365 335 300 257 196
2.52 2.61 2.71 2.84 2.97 3.13 3.36 3.84
1.89 1.99 2.09 2.20 2.35 2.55 2.90 3.95
213 178 152 132 117 104 94 86 71
13.1 13.9 14.7 15.6 16.5 17.6 19.0 21.1 71
146 141 136 131 126 121 116 111 70
28.1 30.9 33.8 36.8 40.1 43.6 47.8 53.1 70
3.68 3.29 3.03 2.86 2.76 2.69 2.72 2.98
0.88 0.89 0.91 0.93 0.97 1.03 1.15 1.57
19.9 16.9 14.0 11.2 8.5 5.9 3.6 1.5
1.42 1.62 1.88 2.24 2.17 3.62 5.26 9.82

[471
1621
[671
[63,62,
691

[471
1701
[63,621
[251
[26,211
[71
[31,221
(121
[I21
[651
UOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids 5.5.1-27

ACETIC ACID

Chemical formula: CH, CO, H
Molecular weight: 60.05

Normal boiling point: 391.15 K
Melting point: 289.85 K

Critical temperature: 594.75 K
Critical pressure: 5 790 kPa
Critical density: 350.6 kg/m3

Tsat> K 391.15 420 440 460 480 500 520 540 560 594.75

Psat , @a 101.3 230 382 427 898 1 320 1 890 2630 3590 5790 111

PQ, kg/m3 939 900 874 846 815 782 743 691 642 350.6
pg, kg/m3 1.93 4.53 7.56 12.0 18.4 27.3 39.9 57.8 85.0 350.6
hp,  kJ/kg 260 326 372 420 413 524 480 643 710 854
hg, kJ/kg 642 703 740 115 807 834 850 874 882 854
ag,Q>  kJ/kg 382 377 368 355 334 310 270 231 172
=p,Q. kJl(kg W 2.42 2.55 2.66 2.76 2.91 3.04 3.21 3.43 3.82
cp,g>  kJ/(kg  K) 1.39 1.49 1.58 1.69 1.82 1.99 2.24 2.66 3.59

[II
[62,106]
1971
1971
P51
[701
[63,62,

1061
P8,331
[98,211
[59,58,

521
[SC 22,

1071
[=I
1121
[l, 271
1101

w, AWm� 372 216 232 194 166 138 115 95 76
vg, Ds/m* 10.4 11.4 11.9 12.4 13.0 13.7 14.4 15.3 16.5
AQ, (mW/mzYW/m) 158 150 143 137 131 125 118 112 105 9 3

%, (mW/m’ )/W/m) 20.7 23.8 26.3 29.0 32.2 35.9 40.3 45.9 53.6 93

5.70 4.69 4.32 3.91 3.69 3.36 3.13 2.91 2.76
0.70 0.71 0.71 0.12 0.73 0.76 0.80 0.89 1.11
18.1 15.3 13.5 11.6 9.7 7.9 6.0 4.28 2.47
1.40 1.52 1.63 1.87 2.24 2.15 3.62 5.15 8.0

PrQ

Prg
(J, mN/m
Pe,a, kK-�

ACETONE

Chemical formula: CHsCOCH,
Molecular weight: 58.1
Normal boiling point: 329.25 K
Melting point: 179.95 K

Critical temperature: 508.15 K
Critical pressure: 4 761 kPa
Critical density: 273 kg/m3

Tsat> K

Psat, kPa

329.25 340 360 380 400 420 440 460 480 508.15
101.3 152 274 4352 731 1 082 1637 2279 3252 4761 PI

PQ, kg/m3 750 736 710 683 655 625 590 553 504 273
pg, kg/m3 2.23 3.11 5.49 9.13 14.5 22.3 33.6 50.3 77.2 273
hQ> kJ/kg - 2 5 8 - 2 3 3 - 1 8 0 -131 - 7 4 -32 23 79 138 251
kg> kJ/kg 248 261 285 308 330 350 367 379 380 257

11021
1621
W71
[13,62,
691

[103,19]

WOI
[13,621
[103,13,

331
[38,211
[34,86,

221
w, 221
[I21
1121
[lOl, 271

1101

ug,Q, kJ/kg 506 494 465 439 414 382 344 300 242
Cp,Q, kJ/(kg  K) 2.28 2.32 2.42 2.53 2.65 2.83 3.03 3.29 3.76
cp,g,  kJ/(kg  K) 1.41 1.46 1.55 1.66 1.79 1.95 2.18 2.54 3.38
11Q. tiNs/m’ 235 213 188 165 141 119 9 9 80 64 49

vg,  dWnz 9.4 9.8 10.4 11.1 11.8 12.6 13.5 14.4 15.8 49
AQ,  (mW/m’VW/m) 142 137 129 121 112 104 96 a7 77 58

Ag, (mW/m2)/Wlm) 12.7 14.1 16.1 18.5 21.2 24.2 27.2 31.0 36.0 58
PrQ 3.77 3.61 3.53 3.49 3.34 3.24 3.12 3.03 3.13

% 1.04 1.01 1.00 1.00 1.00 1.02 1.08 1.18 1.48
0, mN/m 18.4 17.0 14.5 12.1 9.6 7.1 4.6 3.1 1.6
Pe,Q,  kK- � 1.65 1.81 1.92 2.18 2.50 3.04 3.82 5.13 9.22
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5.5.1-28 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

DOWTHERM A

Chemical formula: (C,H,),O  (73.5%); (C,H,),  (26.5%)
Molecular weight: 166
Normal boiling point: 530.25 K
Melting point: 285.15 K

Critical temperature: 770.15 K
Critical pressure: 3 134 kPa
Critical density: 315.5 kg/m3

T K 530.25sat> 555 580 605 630 655 680 700 730 770.15

&at, kpa 101.3 170.4 270 411 600 848 1 170 1470 2040 3 134 I1081

PQ, kg/m3 851.9 826 799 770 740 706 670 637 573 315.5 W31
pg, kg/m3  3.96 6.47 10.0 15.2 22.0 31.8 45.1 60.1 100 315.5 W31
hQ, kJ/kg  465 522 580 642 703 769 835 890 970 [108,39]
h,, kJ/kg  761 806 850 897 942 990 1035 1070 1110 [108,39]
fig.Q,  kJ/kg  296 284 270 255 239 221 200 180 140 [108,39]
Cp,Q,  kJ/(kg  K) 2.24 2.32 2.40 2.47 2.53 2.59 2.69 2.83 3.26 (108,391
cp,g, kJ/(k K) 1.83 1.91 1.97 2.03 2.10 2.16 2.24 2.34 2.54 [108,39]
rlQ, rNs/m3 273 236 206 180 160 145 132 124 115 (108,110]
vg, rNs/m’  10.1 10.6 11.2 11.7 12.2 12.7 13.3 13.9 14.5 [108,93,

1101
AQ, (mW/m�  )/W/m)  112 109 106 103 100 97 94 91 88 [108,93]
A~, (mW/m*)/(K/m)  20.4 22.6 24.8 27.2 29.8 32.6 35.6 38.8 42.0 (108,931
Pr  5.46Q 5.02 4.66 4.32 4.05 3.87 3.78 3.86 4.26 WI
h 0.91 0.90 0.89 0.87 0.86 0.84 0.84 0.84 0.88 In 931
o, mN/m 1831
&,a, kK-' 1.20 1.33 1.50 1.70 2.02 2.41 2.93 3.73 6.85 WI

DOWTHERM J

Chemical formula: C,, H,,
Molecular weight : 134
Normal boiling point: 454.26 K
Melting point: < 235.37 K

Critical temperature: 656.15 K
Critical pressure: 2 837 kPa
Critical density: 273.82 kg/m�

Tsaty K 454.26 480 500 520 540 560 580 600 620 656.15

Psat 9 kPa 101.3 187 279 351 536 804 1 070 1460 1870 2837 I1091

PP, k/m’

pg,  kg/m3

hQ, kJ/k
hg, kJ/kg
dg,Q.  kJ/k
cp,Q. kJ/(k K)
cpa, kJ/(k  W
VP, Dslm�
ng, dWm*
AQ,  (mW/maY(K/m)
kg, (mW/m�)/W/~~)
PI Q

%
(T,  mN/m,
&,a, kK-�

729.3 705.3 683.5 660.9 636.6
3.75 6.70 9.79 14.2 20.3
330 394 444 497 552
635 684 721 760 799
305 290 277 263 241
2.40 2.51 2.58 2.66 2.75
1.91 2.00 2.06 2.12 2.17
172 149 133 121 109
8.60 9.05 9.40 9.75 10.10
118.5 117.0 115.6 114.2 111.8

3.48 3.20 2.91 2.82 2.68 2.60 2.52 2.43 2.39

1.20 1.46 1.64 1.73 2.20 2.76 3.54 4.69 7.52

609.5 580.8 545.4
28.7 39.5 63.9
609 665 721
838 876 910
229 211 189
2.84 2.95 3.08
2.24 2.29 2.34
101 93 85
10.45 10.80 11.15
110.4 109.0 107.6

505.3
96.4
779
931
158
3.25
2.39
78
11.40
106.2

273.8 wg1
273.8 NW

[109,110]
[log, 1101
[109,110]
[ 109,110]
[ 109, loo]
[log, loo]
[log, 931
[log1
[831
WI
1831
1831
[lOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-29

AIR

Chemical  formula: N, (78.1%); 0, (20.9%); AI (0.9%)
Molecular weight: 28.96
Normal boiling point: 78.9 K
Melting point: ?

Critical temperature: 132.6 K
Critical pressure: 3 769 kPa
Critical density: 3 13 kg/m�

T K 78.9sat9 85 90 95 100 110 115 120 125 132.6
Psat 7 kPa 101.3 192 304 457 662 1 260 1670 2160 2740 1521
Peon,  kPa 0.721 1.45 2.40 3.75 6.60 11.2 15.2 20.1 26.1 37.69 1521

PQ, kg/m3  876 847 822 796 768 705 669 627 569 [521
pg. kg/m�  3.27 6.26 9.98 15.2 22.4 45.1 62.8 87.3 123 313 [521
hQ, kJ/kg -124.6 -113.1 -103.5 -93.5 -83.3 -61.9 -50.3 -37.5 -22.0 1521
h,, kJ/kg 76.9 81.6 84.8 87.4 89.3 90.1 88.4 84.8 78.2 31.4 [521
ug,Q>  kJ/kg 201.5 194.7 188.3 180.9 172.6 152.0 138.7 122.3 100.2 1521
Cp,Q>  kJ/(kg K) 1.87 1.91 1.94 1.99 2.05 2.14 2.48 2 . 9 2 4.59 PI
cp,g,  kJ/&g  K) 1.05 1.07 1.09 1.13 1.26 1.56 1.92 2.46 3.38 r11
11Q. rNs/m2  183 142 116 91 82 63 55 48 41 (11
qg, rNs/m�  5.6 6.0 6.4 6.8 7.3 8.5 9.0 9.8 10.9 ill
hQ,(mW/m’)/(K/m)  1 4 8 137 128 120 111 94 85 71 66 111
Ag, (mW/m�  ~/~K/m~  7.4 7.8 8.4 9.2 10.1 12.5 13.9 15.2 17.4 r11
Pr  2.31Q 1.98 1.76 1.61 1.51 1.43 1.60 1.82 2.85 (121
%T 0.79 0.82 0.83 0.84 0.91 1.06 1.24 1.59 2.12 WI
u, mN/m 9.64 8.29 7.26 6.22 5.22 3.34 2.45 1.62 0.88 [541
&,a, IX-’ 5.5 6.0 6.6 7.3 8.4 12.5 16.0 21.5 33.0 1101

AMMONIA

Chemical formula: NH,
Molecular weight: 17.032
Normal boiling point: 239.75 K
Melting point: 195.45 K

Critical temperature: 405.55 K
Critical pressure: 11290 kPa
Critical density: 235 kg/m3

Taat,  K 239.75
Psat I kPa 101.3

-.

PQ, kg/m3 682

pg, kg/m� 0.86
hQ,  kJ/kg 808.0
h,, kJ/kg 2176

u&Q, kJ/k 1368
Cp,Q,  kJ/&tW 4.472
cpa, kJ/(kg K) 2.12
VP. dslm� 285
qg,  &/ma 9.25
AQ,  (mWm�V(K/m)  6 1 4
hg, (mW/m�)/(K/m) 1 8 . 8
PrQ 2.06

prg 1.04
u, mN/m 33.9
h,Q,  kK-� 1.90

250 270 290 310 330 350 370 390 400
165.4 381.9 775.3 1424.9 2 422 3870 5 891 8606 10 280

669 643 615 584 551 512 466 400
1.41 3.09 6.08 11.0 18.9 31.5 52.6 93.3
854.0 945.7 1 039.6 1135.7 1235.7 1341.9 1451.5 1591.4
2 192 2 219 2 240 2251 2255 2 251 2202 2099
1 338 1213 1 200 1115 1019 899 744 508
4.513 4.585 4.649 4.857 5.066 5.401 5.861 7.74
2.32 2.69 3.04 3.44 3.90 4.62 6.21 8.07
246 190 152 125 105 88.5 70.2 50.7
9.59 10.30 11.05 11.86 12.74 13.75 15.06 17.15
592 569 501 456 411 365 320 275
19.8 22.7 25.2 28.9 34.3 39.5 50.4 69.2
1.88 1.58 1.39 1.36 1.32 1.34 1.41 1.43
1.11 1.17 1.25 1.31 1.34 1.49 1.70 1.86
31.5 26.9 22.4 18.0 13.7 9.60 5.74 2.21
1.98 2.22 2.63 3.18 4.01 5.50 8.75 19.7

344
137
1675.3
1982
307

39.5
19.5
252
79.4

0.68
29.2

[II

VI
Ill
111
PI
VI
131
[L 91
[41
[l, 41
PI
[2,161
[121
WI
161
1101
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5.5.1-30

ARGON

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids

Chemical formula: Ar
Molecular weight: 39.944
Normal boiling point: 87.29 K
Melting point: 83.78 K

Critical temperature: 150.86 K
Critical 4 898 kPapressure:
Critical density: 536 kg/m3

T K 87.29sat> 94.4 101.4 108.5 115.5 122.6 129.7 136.7 143.8 150.9

Psat, @a 101.3 201.6 362.2 601.5 938.2 1 393 1987 2 138 3 702 4 898 VI

PQ, k/m”  1 393 1 348 1301 1251 1 197 1 137 1068 986.7 877.6 535.6 VI
pg, kg/m�  5.18 10.9 18.6 30.2 46.4 68.9 100.2 146.8 222.4 535.6 VI
hQ, kJ/kg  -116.1 -108.8 -101.1 -92.9 -84.2 -14.9 -64.5 -53.0 -40.2 -2.4 111
h,, kJ/kg  43.5 45.8 47.6 48.7 49.0 48.2 46.0 41.7 33.3 -2.4 111
Gg,Q, kJ/k 159.6 154.6 148.9 141.6 133.2 123.1 110.6 94.7 73.5 VI
cp,  Q, kJ/(k K) 1.083 1.168 1.200 1.218 1.257 1.358 1.559 1.923 2.011 [3,91
cp,g,  kJ/(kg  K) 0 . 5 4 8 0.569 0.626 0.665 0.745 0.866 1.067 1.509 2.951 PI
'IQ. &/ma  260.5 211.9 176.6 150.8 131.1 116.1 101.7 84.2 63.9 27.9 141
qg, pNs/m�  7.43 8.04 8.69 9.39 10.2 10.5 12.1 13.6 15.8 21.9 [41
AQ, (mW/m�)/(K/m)  1 2 3 . 2 114.9 106.5 98.7 90.1 81.1 71.9 63.4 53.6 30 PI
Ag, (mW/m*  )/(K/m) 6 . 0 9 6.63 1.23 7.92 8.70 9.67 11.1 12.9 15.4 30 PI
PrQ 2.29 2.15 1.99 1.86 1.83 1.94 2.21 2.55 2.40 WI
Q! 0.67 0.69 0.75 0.79 0.87 0.94 1.16 1.59 3.03 WI
u, mN/m 14.50 12.77 11.28 9.35 7.73 6.18 4.71 3.34 2.61 1.75 VI
&,a,  kK-�  4.58 5.01 5.50 6.41 7.80 9.61 12.6 16.8 23.1 41.8 1101

CARBON DIOXIDE

Chemical formula: CO,
Molecular weight: 44.011
Normal boiling point: 194.65 K
Melting point: 216.55 K

Critical temperature: 304.19 K
Critical pressure: 7 382 kPa
Critical density: 468 kg/m3

Tsat, K 216.55 230 240 250 260 270 280 290 300 304.19

Psat, kPa 518 891 1282 1787 2 421 3 203 4 159 5 315 6 712 7 382 VI

PQ, kg/m3 1 179 1130 1089 1 046 998 944 883 805 676 468 ill
Pg, kg/m3 15.8 20.8 32.7 45.9 63.6 88.6 121 172 268 468 111
hQ,  kJ/k -206.2 -181.5 -162.5 -142.6 -121.9 -99.6 -75.7 -47.6 -10.8 42.8 111
h,, kJ/k 141.1 148.5 151.7 151.1 148.6 142.9 134.9 122.8 96.3 42.8 111
+-,Q, kJ/k 347.3 330.0 314.2 293.1 270.5 242.5 210.6 170.4 107.1 [II
‘+,Q,  kJ/@g W 2.15 2.08 2.09 2.13 2.24 2.42 2.76 3.63 7.69 P,ll
cp,g,  kJ/(k  K) 0.89 0.98 1.10 1.20 1.42 1.64 1.94 3.03 9.25 FJ> 11
Q, ~Nslm� 250 200 166 138 117 102 90.8 79.0 59.6 31.6 [9,41
vg, IrNs/m* 11.0 12.0 12.7 13.5 14.3 15.2 16.5 18.7 22.8 31.6 141
AQ. (mW/m�)/Wm) 177 160 146 134 122 110 98 86.1 74.1 47.5 11921
hg, (mW/m2)/(K/m) 11.5 12.9 14.2 15.7 17.4 19.7 22.9 28.0 39.2 47.5 PI
PrQ 3.04 2.60 2.38 2.19 2.15 2.24 2.56 3.33 6.19 1121
p'g 0.85 0.91 0.98 1.03 1.17 1.27 1.40 2.02 5.38 [I21
u, mN/m 17.1 13.8 11.4 9.16 7.02 5.01 3.19 1.61 0.33 PI
Pe,Q, kK-' 2.86 3.60 4.18 4.91 6.00 7.63 10.2 18.2 57 1291
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-31

CARBON MONOXIDE

Chemical formula: CO Critical temperature: 133.16 K
Molecular weight: 28.011 Critical pressure: 3 498 kPa
Normal boiling point: 8 1.66 K Critical density: 301 kg/m3
Melting point: 68.16 K

T K 81.66sat7 90 95 100 105 110 115 120 125 133.16

hat, kPa 101.3 245 437 548 776 1070 1433 1875 2 423 3 498 111

PQ, kg/m’ 789 751 728 702 675 646 613 514 526 301 [II
pg, klm3 4.40 9.99 15.4 22.4 31.0 42.6 57.2 77.5 153 301 111
hQ>  kJ/k  150.4 168.6 179.8 192.3 204.1 216.1 227.1 239.3 258.1 314.33 (11
h,, kJ/k  366.0 369.7 371.2 372.9 374.3 374.6 374.0 370.9 363.7 314.33 (11
bg,Q, kJ/kg  215.6 201.1 191.4 180.6 169.6 158.5 146.9 131.6 105.6 111
Cp,Q>  kJ/& K) 2.15 2.17 2.20 2.26 2.34 2.46 2.61 2.19 3.02 [51
cp,g,  kJ/& K) 1.22 1.35 1.52 1.60 1.79 2.03 2.42 3.18 5.25 ]13,201
qQ> Ds/m*  154 120 105 93.5 83.9 75.9 69.1 63.3 58.3 v51
qg, rNs/m�  7.08 7.51 7.80 8.11 8.44 8.80 9.23 9.78 11.7 (26,211
AQ, (mWm*  )/W/m)  1 4 1 125 116 107 98.2 89.3 80.3 71.4 62.5 PI
Ag, (mW/m�)/(K/m) 6 . 8 9 8.22 8.93 9.71 10.5 11.5 12.6 14.0 18.4 [2,221
RQ 2.35 2.08 1.99 1.97 2.00 2.09 2.25 2.47 2.82 1121
P% 1.25 1.23 1.33 1.34 1.44 1.55 1.77 2.22 3.34 (121
U, mN/m 9.47 7.73 6.71 5.71 4.13 3.18 2.86 1.97 1.13 161
&,a,  kK-�  5.46 6.65 7.52 8.44 9.63 11.6 14.9 20.7 31 IlO1

CARBON TETRACHLORIDE

Chemical formula: CCI,
Molecular weight: 153.8
Normal boiling point: 349.85 K
Melting point: 250.25 K

Critical temperature 556.35 K
Critical pressure: 4 560 kPa
Critical density: 588 kg/m3

Tsat K 349.9 370 390 410 430 450 470 495 525 556.35

Psat, kPa 101.3 184 307 413 701 1 020 1 390 2 020 3 160 4 560 111

PQ, kg/m” 1484 1442 1 397 1 351 1 303 1 250 1 199 1107 989 588

pg, kg/m3 5.44 9.40 15.2 23.4 34.8 50.3 71.2 108.5 184.5 588
hQ, kJ/kg - 3 6 -17 -1 16 38 53 72 92 123 177
hg> kJ/kg 159 169 179 188 197 205 212 218 221 177

M&Q,  kJ/k 195 188 180 172 159 152 140 126 98
Cp,Q, kJ/(k  K) 0.92 0.94 0.97 1.01 1.06 1.14 1.24 1.36 1.57

cp,g,  kJ/(kg K) 0.58 0.60 0.62 0.65 0.68 0.73 0.80 0.91 1.30
VP>  CtNslm� 494 407 352 309 274 241 205 154 98
ng, rNs/m� 11.9 12.5 13.3 14.1 14.9 15.7 16.7 18.9 21.0
AQ, (mW/m* YW/m) 92 87 83 78 74 70 65 57 45
%, @W/m*  )/W/m) 8.6 9.3 10.0 10.7 11.5 12.3 13.2 14.3 16.3
PrQ 4.94 4.40 4.16 4.08 3.93 3.92 3.91 3.67 3.42

P�s 0.80 0.81 0.82 0.85 0.88 0.93 1.01 1.20 1.67
u, mN/m 20.2 17.6 15.4 13.1 10.9 8.8 6.9 4.4 2.0
&,a, kK-� 1.36 1.50 1.68 1.90 2.19 2.58 3.14 4.30 7.83

63
63
25
25

111
1621
V71
[30,62,

691
WI
]51
[30,621
[25,331
[1,201
VI
11,221
VI
1121
ill
WI
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5.5.1-32 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

CHLORINE

Chemical formula: Cl, Critical temperature: 417.15 K
Molecular weight: 70.914 Critical pressure: 7 710 kPa
Normal boiling point: 239.11 K Critical density: 5 7 3 kg/m 3
Melting point: 172.65 K

Tsat> K

hat. kPa

239 261 283 305 328 350 372 394 411 416

101.3 241 501 928 1 575 2 501 3 769 5 452 7 036 7 634 PI

PP, k/m’ 1 563 1503 1439 1 370 1 295 1213 1 116 992.1
pg, k/m’ 3.69 8.20 16.2 28.9 48.5 78.1 123.8 202.0
hp, kJ/ks 237.7 258.8 280.5 302.6 325.6 349.9 377.0 409.7
hg. kJ/k 525.4 533.9 541.7 548.1 552.8 554.8 553.0 543.9
ug,p. kJ/kg 287.7 275.1 261.2 245.5 227.2 204.9 176.0 134.2
cp,p,  kJ/(k K) 0.949 0.954 0.962 0.973 1.01 1.10 1.40 1.93
cp,g, kJ/(kgW 0.497 0.528 0.579 0.644 0.748 0.985 1.40 1.98
w, ctNs/m� 496.5 428.6 372.6 331.3 285.5 270.5 248.5 230.0
ng, ds/m� 10.9 12.5 13.6 14.8 16.0 17.5 19.5 22.3
AQ, (mW/m2 )/Wm) 163 154 143 132 120 107 93.6 76.8
hg, (mWlm2  )/W/m) 6.9 7.8 8.7 10.0 11.5 13.1 15.7 19.5
Prfz 2.89 2.66 2.52 2.45 2.41 2.79 3.71 5.76

% 0.79 0.85 0.91 0.95 1.04 1.32 1.72 2.26
o, mN/m 26.90 23.58 19.96 16.53 13.14 9.64 6.34 3.13
&,a, kK-� 1.69 1.95 2.27 2.70 3.38 4.16 6.08 10.5

838.9 700.8
329.0 468.4
444.2 467.3
523.4 499.8
79.2 32.5

4.40
217.6
28.0
59.8
26.5

4.65
0.76
26.0

214.2
35.9
48.8
34.0

0.12

[ll
ill
[II
Ill
[II
[61
[3,201
[71
14,141
PI
P,221
WI
iI21
[61
[lOI

FLUORINE

Chemical formula: F, Critical temperature: 144 K
Molecular weight: 38.00 Critical pressure: 5 320 kPa
Normal boiling point: 85.2 K Critical density: 5 35 kg/m5
Melting point: 53 K

Tsat? K 85.2 95 100 105 110 117.5 122.5 127.5 132.5 142.5

Psat v kPa 101.3 278 428 634 903 1439 1 903 2470 3 159 4 987 [II

PP, kg/m3 1524 1435 1393 1 349 1 303 1 229 1 174 1112 1040
pg, kg/m3 8.30 14.4 21.7 31.7 44.9 72.0 97.2 130.5 176.8
h, kJ/k -359.8 -342.5 -333.8 -324.9 -316.1 -302.2 -292.4 -282.0 -270.9
h,, kJ/kl: -168.2 -164.2 -162.4 -161.1 - 160.5 - 160.9 - 162.3 -165.0 -169.5
Mg,p, kJ/k 191.6 178.3 171.4 163.8 155.6 141.3 130.1 117.0 101.4
Cp,Q, kJ/(k K) 1.55 1.60 1.65 1.72 1.83 2.04 2.23 2.47 2.75
cp,g, kJ/Wg  K) 0.795 0.881 0.945 1.03 1.14 1.35 1.60 2.22 3.61
VP,  rNs/m� 237 183 163 147 133 117 108 99.8 93.0
c, IrNs/m� 7.23 8.57 9.09 9.62 10.2 11.2 11.9 12.9 14.2
hp, (mW/m*YWlm~ 158 143 135 128 121 114 102 94 85
kg, (mW/m* )/W/m) 7.0 8.3 8.9 9.5 10.5 11.8 13.2 15.0 17.0
PrQ 2.33 2.77 1.99 1.98 2.01 2.09 2.36 2.62 3.01

% 0.82 0.91 0.97 1.04 1.11 1.28 1.44 1.91 3.01
(r, mN/m 14.25 12.13 11.03 9.92 8.79 7.06 5.87 3.91 3.38
&,a, kK-� 6.30 6.59 6.88 7.55 8.52 10.6 12.5 16.2 23.2

749.0
378.8
-236.8
-192.4
44.4
3.47

89.5
21.4
53
26.5
5.86

0.56

111
ill
111
PI
PI
[3,51
[30,201
WI
14,141
PI
[2,221
1121
[=I
[61
PO1
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids 5.5.1-33

HELIUM

Chemical formula: He
Molecular weight: 4.002 6
Normal boiling point: 4.21 K
Melting point: 0.95 K

Critical temperature: 5.19 K
Critical pressure: 2 290 kPa
Critical density: 69.3 kg/m3

T Ksat>
Psat 9 kPa

4.21 4.3 4.4 4.5 4.6 4.7 4.8 4.9 5.0 5.19
101.3 111 120 132 144 157 169 184 199 229 [II

PP, kg/m3 125.0 123.6 122.0 119.5 117.0 114.4 111.0 106.5 101.0

pg, kg/m3 11.58 12.43 13.13 14.12 15.07 16.08 16.95 18.08 19.16

hp, kJ/kg 0.00 0.42 0.50 0.53 0.57 0.62 0.69 0.82 1.02

h,, kJ/ktz 20.9 20.72 20.20 19.33 18.57 17.42 16.29 14.62 13.62

dg,Q, kJ/k 20.9 20.3 19.7 18.8 18.0 16.8 15.6 13.8 12.0

cp,p,  kJ/(kg W 4.48 4.77 5.11 5.53 5.94 6.57 7.53 9.08 11.5
cp,g,  kJ/(k  K) 5.19 5.19 5.19 5.19 5.19 5.19 5.19 5.19 5.19
VP, Ds/m� 36.5 36.3 36.1 36.0 35.8 35.5 35.4 35.1 34.9
vg, dWm* 1.09 1.11 1.13 1.16 1.18 1.20 1.22 1.25 1.27
AQ, (mW/m�)/W/m) 31.2 32.4 33.9 35.4 37.0 38.7 40.5 42.3 44.3
kg, (mWW)/(Klm) 8.3 8.45 8.60 8.79 8.95 9.1 9.28 9.43 9.62
PQ 5.23 5.37 5.44 5.62 5.75 6.19 6.58 7.95 9.06

Prg 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.69 0.69
o, mN/m 0.111 0.099 0.087 0.075 0.063 0.061 0.040 0.028 0.019
Pe,Q,  kK-* 117 144 177 214 256 306 384 528 806

69.3 111
[1111
WI
I851
t11
[II
130,921
v51

1.31 14,931
171
[31,931
1121
112,931
161
1101

HYDROGEN

Chemical formula: H, Critical temperature: 33.23 K
Molecular weight: 2.016 0 Critical pressure: 1 316 kPa
Normal boiling point: 20.38 K Critical density: 3 1.6 kg/m3
Melting point: 13.95 K

T K 20.38sat> 21 23 25 27 29 30 31 32 33.23
Psat, kPa 101.3 121 204 321 479 685 808 946 1 100 1 316 Ill

PP, kg/m”  71.1 70.4 67.9 65.0 61.6 57.4 54.9 51.7 47.5 31.6 [II
pg, kg/m�  1.31 1.56 2.49 3.88 5.81 8.60 10.5 13.0 16.6 31.6 111
hQ, kJ/kg 262 268 291 317 348 384 406 431 463 561 [II
hg, kJ/k  718 721 729 732 730 719 710 6 9 4 671 561 [II
ug,p, kJ/k 456 453 438 415 382 335 304 263 208 111
Cp,Q, kJ/(kg K) 9.74 10.2 11.8 13.7 16.4 21.1 25.5 33.8 55.8 [II
cp,g, kJ/(kg K) 11.7 11.9 13.0 14.6 17.5 23.3 28.9 39.7 69.1 Ill
'?Q, rWm* 12.7 12.0 10.5 9.05 7.84 6.76 6.27 5.67 5.00 3.38 111
qg, t.Wm’  1.12 1.17 1.30 1.43 1.56 1.74 1.86 2.00 2.19 3.38 ill
AQ, (mW/m*  MKlm) 119 121 126 127 122 112 106 100 91 60 [31
Ag, (mW/m�)/(K/m)  1 6 . 3 16.9 19.2 22 25 29 31 35 40 60 131
PrQ  1.04 1.02 0.99 0.98 1.05 1.27 1.51 1.92 3.07 WI
p% 0.80 0.82 0.88 0.95 1.09 1.40 1.73 2.27 3.78 1121
o, mN/m 1.92 1.81 1.47 1.13 0.796 0.483 0.333 0.207 0.106 (11
Pe,n,  kK-�  15.9 16.8 20.6 26.3 35.1 52.0 68.4 95.3 172.9 [lOI
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5.5.1-34

HYDROGEN CHLORIDE

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: HCl
Molecular weight: 36.461
Normal boiling point: 188.05 K
Melting point: 158.93 K

Critical temperature: 324.6 K
Critical pressure: 8 309 kPa
Critical density: 450 kg/m3

Tsar9 K 188.05 200 215 230 245 260 275 290 305 324.65

Psat, kpa 101.3 180 370 670 1 100 1 800 2 700 3 800 5 500 8 309 1451

PQ, kg/m3 1 190 1 155 1115 1070 1020 970 925 845 755
pg,  kg/m3 2.5 5 10 15 25 40 55 90 140
hQ,  kJ/kg 0.0 20 45 71 99 130 164 203 247
hg, kJ/kg 442 452 461 467 473 478 480 478 465
ug,Q.  kJ/k 442 432 416 396 374 348 316 275 218
cp,Q, kJ/(k K) 1.61 1.66 1.74 1.84 1.95 2.15 2.34 2.67 3.28
cp,g,  kJ/(k K) 0.85 0.87 0.91 0.96 1.04 1.16 1.36 1.74 2.74
‘IQ, Ns/m* 407 332 259 204 160 126 101 77 60
qg, ~Ns/m* 9.0 9.6 10.4 11.2 12.1 13.0 14.1 15.1 16.8

AQ, (mW/m2)/(K/m) 337 323 305 285 264 242 219 195 169
Ag, (mW/m�  Y(K/m) 8.6 9.3 10.5 12.0 13.5 15.6 17.8 21.6 26.9

PrQ 1.94 1.71 1.48 1.32 1.18 1.12 1.08 1.05 1.16

Prg 0.89 0.90 0.90 0.90 0.93 0.97 1.06 1.22 1.71
o, mN/m 23.2 21.0 18.3 15.5 12.9 10.2 7.7 5.2 2.8
Pe,n,  kK-� 2.31 2.49 2.72 3.30 3.81 4.00 5.91 9.52 30.55

450 [451
450 ]451

]831
1841
1661
]5,70]
[30,621

34 [25,451
34 [ 26945,

211
61 ]7,451
61 ]31,22,

1071
WI
1121
161
1101

HYDROGEN FLUORIDE

Chemical formula: HF
Molecular weight: 20.063
Normal boiling point: 292.69 K
Melting point : 190 K

Critical temperature: 461.15 K
Critical 6pressure: 485 kPa
Critical density: 290.0 kg/m�

T K 292.69sat> 305 325 345 365 385 405 425 445 461.15

Psat, @a 101.3 152 285 500 820 1 320 2 100 3 150 4 800 6 490 ]451

PQ, kg/m3  968 945 905 862 816 765 710 640 545 290 [451
pg, kg/m3 2.0 3.5 5.0 10.0 14.0 20 28 45 88 290 1451
h& kJ/kg  0.0 37.9 101.6 168 239 316 400 493 598 1841
hg, kJ/kg  330 407.9 536.6 653 769 896 1 010 1068 993 ]851
h,Q, kJ/k  330 370 435 485 530 580 610 575 395 ]661
cp,Q> kJ/(kg  K) 3.04 3.12 3.26 3.44 3.68 4.00 4.41 4.92 5.56 ]51
cp,g,  kJ/(kg K) 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 r30,921
mz, dWm�  215 191 161 139 121 106 93 81.6 71.2 39.8 [25,451
vg, ccNs/m*  10.9 12.2 13.5 14.5 15.4 16.3 17.2 18.1 18.9 39.8 ]26,45,

931
AQ, (mW/m�)/(K/m)  402 387 362 335 310 283 255 227 199 ]7,451
Ag, (mW/m�)/(K/m) 2 1 . 0 21.8 23.0 24.3 25.6 26.9 28.3 29.6 30.9 32.0 [31,45,

931
Pre 1.63 1.54 1.45 1.43 1.44 1.50 1.61 1.77 1.99 2.22 [I21
% 0.76 0.82 0.85 0.87 0.88 0.88 0.88 0.89 0.89 112,931
O, mN/m  8.65 7.85 6.75 5.6 4.6 3.5 2.5 1.6 0.7 161
oe,Q,  Me’ 1.93 2.13 2.45 2.91 3.54 4.40 6.08 9.9s 27.6 1101

0 1983 Hemisphere Publishing Corporation

tE#l



5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids

HYDROGEN SULFIDE

5.5.1-35

Chemical formula: H, S
Molecular weight: 34.08
Normal boiling point: 212.8 K
Melting point: 187.6 K

Critical temperature: 373.15 K
Critical pressure: 8 937 kPa
Critical density: 346 kg/m�

T K 212.8sat? 220 240 260 280 300 320 340 360 373.15
Psat.  kPa 101.3 140 325 680 1020 2000 3 250 4890 7 050 8937 (451

PP,  kg/m3  965 955 915 875 830 780 720 650 565 346 [41
pg, kg/m3 2.0 2.6 5.5 11.0 21.0 35.0 55.0 95.0 160.0 346 1451
h kJ/k -356 -341 -301 - 2 5 6 - 2 0 7 - 1 6 1  - 1 0 4 - 4 2 45 68 1671
hg, kJ/k  199 204 219 230 239 244 241 228 190 68 [63,  62,

691
ag,Q. kJ/k  555 545 520 485 445 405 345 270 145 1451
Cp,Q, kJ/(kg K) 1.83 1.85 1.91 2.00 2.13 2.35 2.64 3.10 4.38 r701
cp,g,  kJ/(kg  Q 1.02 1.03 1.08 1.16 1.28 1.45 1.77 2.48 6.45 [45,63,

621
rlQ, PNslm�  423 378 272 205 162 130 110 87 66 40.5 r45,331
vp Ds/m*  9.2 9.6 10.5 11.4 12.4 13.5 14.8 16.5 19.2 40.5 [45,211
AQ,  (mW/m2)/(Klm)  233 224 199 175 153 131 107 85 62 49.5 [45,221
kg, (mW/m�)/Wlm) 9 . 1 9.6 11.1 12.9 14.7 17.0 19.8 24.1 30.5 49.5 [45,22,

1071
PrQ  3.32 3.12 2.61 2.34 2.26 2.33 2.71 3.17 4.66 WI
R&T  1.03 1.03 1.02 1.03 1.08 1.15 1.32 1.70 4.06 PI
a, mN/m  29.0 27.5 23.5 19.6 16.0 12.5 9.2 5.5 2.2 (451
&,Q,  kK-�  1.86 1.98 2.31 2.69 3.34 4.40 6.10 8.99 31.5 1101

MERCURY

Chemical formula: Hg Critical temperature: 1 763.2 K
Molecular weight: 200.5 1 Critical pressure: 15 1 000 kPa
Normal boiling point: 630.1 K Critical density: 5 500 kg/m3
Melting point : 234.32 K

Tsat9 K 630.1 650 700 750 800 850 900 950 1000 1050
Psat* kPa 101.3 145 316" 620 1 120 1880 2990 4530 6580 9230 111

PQ, kg/m3

pg,  kg/m3

h, kJ/kg
h,, kJ/k
dg,Q,  kJ/k
Cp,Q>  kJ/(k  K)
cp,g,  kJ& K)
VP,  Ds/m�
vg, rNs/m�
AQ, (mWm* NKlm)
kg, W+�W  NK/m)
PrQ

prg
o, mN/m
Pe,Q,  I&�

12 737 12688 12 567 12 444 12 318 12 190 12059 11927 11791
3.91 5.37 10.9 20.1 34.2 54.6 82.7 119.9 167.7
91.8 94.5 101.3 108.2 115.2 122.3 129.5 136.9 144.4
386.7 388.7 393.6 398.4 403.0 407.4 411.6 415.5 419.1
294.9 294.2 292.3 290.2 287.8 285.1 282.1 278.6 274.7
0.136 0.136 0.137 0.138 0.140 0.142 0.144 0.146 0.149
0.104 0.104 0.105 0.106 0.107 0.108 0.109 0.111 0.113
884 870 841 816 794 776 760 746 736
61.7 63.5 68.6 73.5 78.4 83.5 88.4 93.2 98.0
121.9 123.6 128.0 131.9 135.1 137.8 141.8 144.5 146.9
10.4 10.8 11.7 12.6 13.5 14.4 15.3 16.2 17.2
0.987 0.957 0.900 0.854 0.823 0.800 0.772 0.754 0.744
0.617 0.612 0.616 0.618 0.621 0.626 0.630 0.637 0.644

0.194 0.193 0.195 0.203 0.212 0.221 0.230 0.241 0.253

11650 [l]
227.3 HI
153.8 [II
423.0 PI
269.2 [II
0.153 111
0.116 111
723 ill
103.0 111
147.9 [l, 481
18.1 VI
0.748 WI
0.660 WI

1501
0.269 1101
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5.5.1-36

NEON

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1  Roperties of Saturated Fluids

Chemical formula: Ne
Molecular weight: 20.183
Normal boiling point: 27.09 K
Melting point: 24.5 K

Critical temperature: 44.4 K
Critical pressure: 2 654 kPa
Critical density: 483 kg/m�

&at, K 27.1 29 31 33 35 37 39 41 43 44.4

Psat, kPa 101.3 174 284 439 646 916 1 260 1688 2 216 2 654 111

PQ , kg/m3 1 205 1 170 1131 1089 1043 992 932 859 754 483 111
pg,  kg/m’ 9.57 15.7 25.0 38.0 56.0 80.8 115.3 164.5 243.5 483 [11
hp, kJ/kg 5.01 9.00 13.38 17.96 22.74 27.70 32.93 38.67 46.32 Ul
hg, kJFg 91.11 92.23 93.00 93.27 92.94 91.85 89.83 86.58 81.13 VI
Lvlg,p, kJ/kg 86.1 83.2 79.6 75.3 70.2 64.2 56.9 47.9 34.8 [ll
cp,n, kJ/(k K) 1.87 1.92 1.97 2.05 2.14 2.29 2.49 2.77 3.23 VI
cp,g,  kJ/W K) 1.31 1.42 1.61 1.84 2.02 2.42 3.06 4.45 8.08 [3,20,

371
TIP,  dWn’ 127 105 92.5 77.9 65.9 56.6 47.3 38.6 27.8 16.7 IL 41
vg, crNs/m� 4.63 5.04 5.43 5.83 6.12 6.82 7.43 8.47 11.9 16.7 [41
An, (mW/m’)/(K/m) 113 110 108 102 96.5 88.6 78.9 67.3 50.3 33 PI
hg, (mW/ma)/(K/m) 7.7 8.5 9.3 10.2 11.1 12.4 13.9 16.0 22.8 33 121
PrQ 2.10 1.83 1.69 1.57 1.46 1.46 1.49 1.59 1.69 1121
%f 0.79 0.84 0.94 1.05 1.11 1.33 1.64 2.36 4.22 [W
a, mN/m 4.78 4.15 3.50 2.87 2.26 1.69 1.15 0.65 0.20 [L 61
Pe,n, kK-� 1.47 1.66 1.91 2.23 2.68 3.32 4.47 7.10 31.0 [lOI

NITROGEN

Chemical formula: N,
Molecular weight: 28.016
Normal boiling point: 77.35 K
Melting point: 63.15 K

Critical temperature: 126.25 K
Critical pressure: 3 396 kPa
Critical density: 304 kg/m3

Tsatp K 77.35 85 90 95 100 105 110 115 120 126
Psat 9 kPa 101.3 290 360 540 718 1083 1467 1940 2 515 3 357 VI

PQ, kg/m” 807.10 771.01 746.27 719.42 691.08 660.5 626.17 583.43 528.54
pg, kg/m’ 4.621 9.833 15.087 22.286 31.989 44284 62.578 87.184 124.517
hi, kJ/k -120.8 -105.7 -95.6 -85.2 -74.5 -63.8 -51.4 -38.1 -21.4
h,, kJ/kg 76.8 82.3 85.0 86.8 87.7 87.4 85.6 81.8 74.3
ag,Q,  kJ/kg 197.6 188.0 180.5 172.2 162.2 150.7 137.0 119.9 95.7
Cp,Q,  kJ/W K) 2.064 2.096 2.140 2.211 2.311 2.467 2.711 3.180 4.347
cp,g, kJ/(k K) 1.123 1.192 1.258 1.350 1.474 1.666 1.975 2.586 4.136
1)Q,  IrNsh� 163 127 110 97.2 86.9 78.5 70.8 59.9 48.4
vg, ecNs/m� 5.41 5.60 6.36 6.80 7.28 7.82 8.42 9.25 10.68
AQ, (mW/m�)/Wm) 136.7 122.9 112.0 104.0 95.5 88.0 80.2 70.4 62.8
Ag, (mW/m�)/(K/m) 7.54 8.18 9.04 9.77 10.60 11.69 14.50 20.76 30.91
PrQ 2.46 2.17 2.10 2.07 2.10 2.20 2.39 2.71 3.35

% 0.81 0.82 0.89 0.94 1.01 1.11 1.15 1.16 1.43
o, mN/m 8.85 7.20 6.16 4.59 3.67 2.79 1.98 1.18 0.52
&,a, kK-� 5.65 6.46 7.26 8.47 9.69 12.1 15.7 23.0 37.5

379.22
237.925
17.4
49.5
32.1

19.1
19.1
52.8
51.11

0.01

PI
111
r11
111
[II
191
PI
[41
[4,91
[I, 91
PI
WI
[I21
[27,281
1101
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OXYGEN

Chemical formula: 0,
Molecular weight: 32.00
Normal boiling point: 90.18 K
Melting point: 54.35 K

Critical temperature: 154.77 K
Critical pressure: 5 090 kPa
Critical density: 405 kg/m3

T K 90.18sat* 97 104 111 118 125 132 1 4 0 146 154
Psat , kPa 101.3 196 352 583 908 1 348 1 924 2 782 3 591 3 939 [II

PQ, kg/m3 1135.72 1 102.05 1065.07 1025.64 982.32 934 .58  880 .28  808 .41 737.56 557.10 [l]
pg, kg/m3  4.48 8.23 14.14 22.79 35.03 52.05 75.81 116.12 163.34 304.41 [l]
h, kJ/kg  -133.4 -122.1 -110.3 -98.2 -85.4 - 7 1 . 8  - 5 7 . 8  - 3 8 . 9 -23.2 10.6 ill
hg, kJ/kg  78.9 83.8 88.0 91.2 93.3 93.9 92.8 88.4 81.4 56.7 111
Mg,Q.  kJ/kg  212.3 205.9 198.3 189.4 178.7 165.7 150.1 127.3 104.6 46.1 111
Cp,Q.  kJ/Oe K) 1.63 1.66 1.70 1.76 1.86 2.00 2.22 2.63 3.28 111
cp,g,  kJ/(kg  K) 0.96 1.00 1.05 1.12 1.23 1.36 1.68 2.27 3.63 PI
7)Q, pNs/m�  195.83 161.75 136.55 116.80 101.20 89.00 80.15 69.66 60.65 42.48 PI
qg, AWm�  6.85 7.50 8.35 9.36 10.6 11.24 13.35 15.8 18.5 26.9 191
hQ, (mW/m�)/(K/m) 1 4 8 139 130 121 111 102 92.5 82.0 71.2 [II
A,, (mW/m�)/(K/m) 8 . 5 9.5 10.5 11.7 13.4 14.8 16.9 20.1 23.6 35.2 PI
PrQ 2.16 1.93 1.79 1.70 1.70 1.75 1.92 2.23 2.79 1121
% 0.77 0.79 0.84 0.90 0.97 1.03 1.33 1.78 2.85 19.93 1121
U, mN/m 13.19 11.53 9.88 8.27 6.71 5.20 3.77 2.23 1.18 0.40 [61
@e,Q,  kK-�  4.26 4.71 5.39 6.30 7.38 9.65 11.9 17.6 29.0 545.0 WI

WATER

Chemical formula: H, 0 Critical temperature: 647.3 K
Molecular weight: 18.015 6 Critical pressure: 22 129 kPa
Normal boiling point: 373.15 K Critical density: 3 15 kg/m3
Melting point: 273.15 K

T Ksat, 373.15 400

Psat , kPa 101.3 247
430
571

460 490 520 550 580 610 647.3
1 172 2 185 3 773 6 124 9 460 14 044 2 2  1 2 9  [57]

PQ, kg/m3 958.3 937.5 910.3 879.4 844.3 803.8 756.1

pg,  kg/m3 0.597 1.370 3.020 5.975 10.95 18.90 31.52

hQ, kJ/kg 419.10 533.0 662.1 793.5 929.4 1 070.9 1 220.5

hg, Wkg 2 675.8 2 716 2 754.9 2 783.9 2 800.9 2 801.9 2 783.1

fig,11 , kJ/kg 2 256.7 2 183 2 092.8 1 990.4 1871.5 1731.0 1 562.6
Cp,Q,  kJ/oCg  K) 4.22 4.24 4.28 4.45 4.60 4.84 5.07

cp.g, W(kg K) 2.03 2.16 2.35 2.70 3.17 3.84 4.87
99, dWm� 277.53 218.9 175.73 147.24 126.6 111.05 99.21
qg, dWma 12.55 13.57 14.716 15.86 17.00 18.14 19.33
AQ, (mW/m�)/CK/m)  679.0 685.7 683.3 671.3 646.0 618.3 580.9
Q, (mW/m2)/(K/m)  2 5 . 0 28.1 31.6 36.6 42.3 50.1 60.2
fiQ 1.72 1.35 1.10 0.98 0.90 0.87 0.87

prg 1.02 1.04 1.09 1.17 1.27 1.39 1.56
u, mN/m 58.91 53.50 47.16 40.66 33.90 26.96 19.66
fle,Q, kK-� 0.78 0.91 1.02 1.24 1.89 2.00 2.70

697.2 619.5 315 [441
51.85 87.5 315 [441
1 384.0 1572.9 2 100 [441
2 734.3 2 637.1 2 100 [441
1 350.3 1064.2 0.0 (44 I
5.70 8.12 [441
6.71 11.2 111
89.40 78.60 23.1 I441
20.51 21.68 23.1 1441
536.6 464.0 914 r571
77.3 111.4 914 [571
0.950 1.38 WI
1.78 2.17 WI
12.71 6.26 0.0 ill
3.92 7.85 WI
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REFERENCES  AND NOTES FOR SECTION 5.5.1  TABLES

1. Vargaftik, N. B., Tables on the Thermophysical Properties of Liquids and Gases, 2d ed., Hemisphere Publishing Corp., Washington,
D.C., 1975.

2. Touloukian, Y. S., Liley, P. E., and Saxena, S. C., Thermophysical Properties of&fatter,  vol. 3, IFI/Plenum, New York, 1970.
3. Touloukian, Y. S., and Makitu, T., Thermophysical Properties of Matter, vol. 6, IFI/Plenum, New York, 1970.
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25, pp. 133-135,1976.
8. Weast, R. C., ed., Handbook of Chemistry and Physics, 54th ed., Chemical Rubber Co., Cleveland, 1974.
9. Liquide, L., Gas Encyclopaedziz,  Elsevier Scientific Publishing Co., Amsterdam, Netherlands, 1976.

10. Estimated from liquid density data by the equation:

p=l- vz--1
vb p T, - j-1

where vbp = liquid volume at boiling point.
11. Erbar, J. H., CPA K & H Program, Gas Processors Association, Tulsa, Oklahoma, 1977. Calculated from the GPA K & H version of

the Soave-RedIich-Kwong equation of state.
12. Calculated by the equation:

CPU
K

13. Reid, R. C. Prausnitz, J. M., and Sherwood, T. K., The Properties of Gasesand  Liquids, 3d ed., McGraw-Hill, New York, 1977, pp.
629665.

14. Jossi, J. A., Stiel, L. I., and Thodos, G., The Viscosity of Pure Substances in the Dense Gaseous and Liquid Phases, AZChE  J., vol.
8, pp. 59-63,1962.
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16. Groenier, W. S., and Thodos, G., Viscosity and Thermal Conductivity of Ammonia in the Gaseous and Liquid States, J. Chem.  Eng.

Data, vol. 6, pp. 240-244,196l.
17. Extrapolate the experimental data using:

18. Timmermans, J., Physico-Chemical Constants of Pure Organic Compounds, Elsevier Publishing Co., pp. 303-325, New York, 1950.
19. Watson, K. M., Thermodynamics of the Liquid State, Ind. Eng. Chem., vol. 35, pp. 398-400, 1943. Calculated by the Watson

relation

where n = 0.38
20. Edmister, W. C., Applied Hydrocarbon Thermodynamics, p. 56, Gulf Publishing Co., Houston, Texas, 1961.
21. StieI, L. I., and Thodos, G., The Viscosity of Polar Substances in the Dense Gaseous and Liquid Regions, AIChE J., vol. 10, pp.

275-277,1964.
22. Stiel, L. I., and Thodos, G., The Thermal Conductivities of Nonpolar Substances in the Dense Gaseous and Liquid Regions, AIChE

J., vol. 10, pp. 26-29, 1964.
23. Brock,  J. R., and Bird, R. B., Surface Tension and the Principle of Corresponding States, AK’hE  J., vol. 1, pp. 174-177, 1955.
24. Yuan, T. F., and Stiel, L. I., Heat Capacity of Saturated Nonpolar and Polar Liquids, Ind. Eng. Chem. Fundam.,  vol. 9, pp. 393-

400,197o.
25. Miller, J. W., Jr., Gordon, R. S., and Yaws, C. L., Correlation Constants for Chemical Compounds-Liquid Viscosity, Chem. Eng.,

vol. 86, no. 24, pp. 157-159,1976.
26. Miller, J. W., Jr., Gordon, R. S., and Yaws, C. L., Correlation Constants for Chemical Compounds-Gas Viscosity, Chem. Eng.,

vol. 86, no. 24, pp. 155-157,1976.
27. The Macleod relation between surface tension a and the difference of liquid and vapor densities; a”4 = [P] (PL, - pV) is used to

extrapolate the experimental data. The parachor [P] is obtained from plotting experimental a1’4 vs. @L - pV).
28. Jasper, J. J., The Surface Tension of Pure Liquid Compounds, J. Phys. Chem. Ref: Data, vol. 1, pp. 841-1009, 1972.
29. Estimated from liquid density data by the equation:

VI - v,P-&--
m p  Tz -T,

where Vmp = liquid volume at melting point.
30. Borreson, R. W., Schorr, G. R., Yaws, C. L., Correlation Constants for Chemical Compounds-Heat Capacities of Gases, Chem.

Eng., Aug. 16, pp. 79-81,1976.
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Chem. Eng., Nov. 22,pp. 153-155,1976.

32. Reid, R. C., Prausnitz, J. M., and Sherwood, T. K.. The Properties of Gases  und  Liquids, 3d ed., pp. 442-443, McGraw-Hill, New
York, 1977.

33. Letsou, A., and Stiel, L. I., Viscosities of Saturated Nonpolar Liquids at Elevated Pressures, AIChEJ.,  vol. 19, pp. 409-411,1973.
34. Robbins,  L. A., and Kingrea, C. L., Estimate Thermal Conductivity, Hydrocarbon Proc. Pet. Ref., vol. 41, no. 5, pp. 133-136,

1962.
35. Thermal conductivities above T, = 0.9 are extrapolated from estimated values.
36. SBPT, the sublimation temperature. At the melting point the vapor pressure is greater than 760 mmHg,  so there is no normal boil-

ing point.
37. The pressure corrections are made by a corresponding states method. Since neon has quantum effects, the reported values might

have large errors.
38. Stiel, L. I., and Thodos, G., The Viscosities of Polar Gases at Normal Pressures, AZChE  J., vol. 8, pp. 229-232, 1962.
39. The value of the last point is obtained by extrapolation.
40. Chang, H.-Y., Thermal Conductivities of Gases at Atmosphere Pressure, Chem. Eng., vol. 80, no. 9, pp. 122-123, 1973.
41. No experimental data available. The values obtained by estimation methods appeared to be too low to be correct.
42. Reid, R. C. Prausnitz, J. M., and Sherwood, T. K., The Properties of Gases and Liquids, 3d ed., pp. 156-157, McGraw-Hi& New

York, 1977.
43. Stiel, L. I., and Thodos, G., The Viscosities of Nonpolar Gases at Normal Pressures, AZC’hE  J., vol. 7, pp. 611-615, 1961.
44. Raznjevic, K., Handbook of Thermodynamic Tables and Charts, 1st ed., Hemisphere Publishing Corp., Washington, D.C., 1976.
45. Horvath, A. L., Physical Properties of Inorganic Compounds SI Units, Crane, Russak & Company, New York, 1975.
46. Gallant, R. W., Physical Properties of Hydrocarbons, vol. 1, Gulf Publishing Co., Houston, Texas, 1970.
47. Gallant, R. W., Physical Properties of Hydrocarbons, vol. 2, Gulf Publishing Co., Houston, Texas, 1970.
48. Touloukian, Y. S., Powell, R. W., Ho, C. Y., and Klemens, P. G., Thermophysical  Properties of Mutter, vol. 1, IFI/Plenum, New

York, 1970.
49. Physical property data for mercury are available for temperatures below 800°C only.
50. No interfacial tension data are available above 200°C.
5 1. GPSA Engineering Data Book, Gas Processors Suppliers Association, Tulsa, Oklahoma, 1977.
52, Perry, R. H., and Chilton, C. H., Chemical Engineer’s Handbook, 5th ed., McGraw-Hill,  New York, 1973.
53. Since air is a mixture, the normal boiling point is taken as the temperature at which the liquid boiling pressure is 1 atm.
54. Estimated by the method of Brock  and Bird [23] with simple mole-fraction average critical constants for air. Air composition as-

sumed to be 78% nitrogen, 21% oxygen, and 1% argon.
55. Estimated by fitting fourth-order polynomial for the liquid enthalpy data and using C, = AHL/AT.
56. Das, T. R., and Kuloor, N. R., Thermodynamic Properties of n-Butane, Indian J. of Tech., vol. 5, pp. 33-39,1967.
57. Eighth International Conference on The Properties of Steam, Giens, France, September 1974, Release on Thermal Conductivity of

Water Substance, December, 1977, International Association for the Properties of Steam, Brown Univ., Providence, Rhode Island.
58. Reid, R. C., Prausnitz, J. M., and Sherwood, T. K., The Properties of Gases and Liquids, 3d ed., McGraw-Hill, New York, 1977,

pp. 156-157.
59. Sakiadis, B. C., and Coates, J., Studies in Thermal Conductivity of Liquids, AIChE  J., vol. 1, pp. 275-288, 1955.
60. Calculated from Z = Z�  (T,, Pv) + wZ’(T,,  P,).
61. Reid, R. C., Prausnitz, J. M., and Sherwood, T. K., 77ze Properties of Gases and Liquids, McGraw-Hill  New York, 1977, pp. 519-

524.
62. Lee, B. I., and Kesler, M. G., A Generalized Thermodynamic Correlation Based on Three-Parameter Corresponding States, AIChE

J.,vol. 21,~~. 510-527, 1975.
63. Thinh,  T. P., Duran, J. L., Ramalho, R. S., and Kaliaguine, S., Equations Improve Cj Predictions, Hyd. Proc., vol. 50, pp. 98-104,

January 1971.
64. Yoor, P., and Thodos, G., Viscosity of Nonpolar Gaseous Mixtures at Normal Pressures, AIChE  J., vol. 16, pp. 300-304, 1970.
65. Reid, R. C., Prausnitz, J. M., and Sherwood, T. K., The Properties of Gasesand  Liquids, 3d ed., McGraw-Hi& New York, 1977, pp.

605608.
66. Gorin, C. E., and Yaws, C. L., Correlation Constants for Chemical Compounds-Heat of Vaporization, Chem. Eng.,  vol. 83, pp. 85-

87,1976.
67. Calculated by subtracting heat of vaporization from vapor enthalpy.
68. Misic, D., and Thodos, G., The Thermal Conductivity of Hydrocarbon Gases at Normal Pressure, AIChE J., vol. 7, pp. 264-267,

1961.
69. The enthalpy assumed zero for ideal gas at a temperature of �K.
70. Lyman, T. J., and Danner, R. P., Correlation of Liquid Heat Capacities with a Four-Parameter Corresponding States Method,

AZChE  J., vol. 22, pp. 759-765,1976.
71. Van Velzen, D., Cardozo, R. L., and Langenkamp, H., A Liquid Viscosity-TemperatureChemical Constitution Relation for

Organic Compounds, Ind. Eng. Chem. Fundam.,  vol. 11, pp. 20-25,1972.
72. Measured by Fluid Properties Research, Inc., Oklahoma State University, Stillwater, Oklahoma, 1979.
73. Lydersen, A. L., Estimation of Critical Properties of Organic Compounds, University of Wisconsin College of Engineering, Eng.

Exp. Stn. Rep. 3, Madison, April 1955.
74. Obtained by summing the atomic weights of all the atoms in the molecule.
75. Gomez-Nieto, M., and Thodos, G., Generalized Treatment for the Vapor Pressure Behavior of Polar and Hydrogen-Bonding Com-

pounds, Can. J. Chem. Eng., vol. 55,pp.445-449,1977.
76. Gomez-Nieto, M., and Thodos, G., Generalized Vapor Pressure Equation for Nonpolar Substances, Ind. Eng. Chem. Fundam.,  vol.

17, pp. 45-51,1978.

0 1983 Hemisphere Pablishing  Corporation

Mm



5.5.1-40 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

77. GUM, R. D., and Yamada,  T., A Corresponding States Correlation of Saturated Liquid Volumes, AIChE  J., vol. 17, pp. 1341-
1345,197l.

78. Rihani, D. N., and Doraiswamy, L. K., Estimation of Heat Capacity of Organic Compounds from Group Contributions, I&. Eng.
Chem. Fundam.,  vol. 4, pp. 17-21,1965.

79. Chen, N. H., Generalized Correlation for Latent Heat of Vaporization,J.  Chem. Eng. Dutu,  vol. 10, pp. 207-210,196s.
80. Bondi,  A., Estimation of the Heat Capacity of Liquids, Ind. Eng. Chem. Fundam.,  vol. 5, pp. 442-449,1966.
81. Stiel, L. I., and Thodos, G., The Viscosity of Polar Gases at Normal Pressures, AIChE J., vol. 8, pp. 229-232,1962.
82. Kudchadker, A. P., Alani,  G. H., and Zwolinski,  B. J., Critical Constants of Organic Substances, vol. 68, pp. 729-735,1968.
83. No data available.
84. Calculated by integrating the heat capacity equation, which is obtained by fitting the heat capacity data to a quadratic equation,

with temperature:

T

&!I=
I

Cp dT

TO

where T, = normal boiling temperature, and H at TO  is assumed to be zero. Larger errors may occur for a reduced temperature
greater than 0.8.

8.5. Calculated by the differences between vapor and liquid enthalpy.
86. Vines, R. G., and Bennett, L. A., The Thermal Conductivity of Organic Vapors. The Relationship Between Thermal Conductivity

and Viscosity, and the Significance of the Euken Factor, J. Chem. Phys., vol. 22, pp. 360-366,1954.
87. Dixon, J. A., and Schiesser, R. W., Viscosities of Benzened.6  and Cyclohexanedl2,J. Phys. Chem., vol. 58, pp. 430-432, 1954.
88. Geist, J. M., and Cannon, M. R., Viscosities of Pure Hydrocarbons, Znd. Eng. Chem. Anal. Ed., vol. 18, pp. 611-613,1946.
89. Chase, J. D., Private communication, May 1979.
90. Shah, P. N., and Yaws, C. L., Densities of Liquids, Chem. Eng., pp. 131-133, Oct. 25,1976.
91. Patel, P. M., Schorr, G. R., Shah, P. N., and Yaws, C. L., Vapor Pressure, Chem. Eng., pp. 159-161, Nov. 22,1976.
92. Ideal gas-heat capacities. No reliable method can be used to correct them to saturated pressure.
93. Low pressure (usually 1 atm) properties. No rehabile  method can be used to correct them to saturated pressure.
94. At a pressure of 26 atm, helium wilJ not solidify unless external pressure is applied.
95. Liquid enthalpies obtained by plotting the specific heat (liquid) and the temperature and integrating them numerically.
96. Mathews, J. F., Critical Constants of Inorganic Substances, C�hem. Rev., vol. 72, no. 1, 1972.
97. Chase, J. D., Private communication, June 1979.
98. Perry, J. H., Chemical Engineer’s Handbook, 3d ed., McGraw-Hill, New York, 1950.
99. Fugasi, P., and Rudi,  C. E. J., Specific Heats of Organic Vapors, Znd.  Eng. Chem., vol. 30, p. 1029,1938.

100. Chow, W. M., and Bright, J. A., Jr., Heat Capacities of Organic Liquids, Chem. Eng. Bog., vol. 49, pp. 175-180, 1953.
101. Livingston, J., Morgan, R., and Owen, F. T., The Weight of a Falling Drop and the Laws of Tate, J. Am. Chem. Sot., vol. 33, p.

1713,191l.
102. International critical tables.
103. Pennington, R. E., and K. A. Kobe, The Thermodynamic Properties of Acetone, J. Am. Chem. Sot., vol. 79, pp. 3OO-305,1957.
104. Calculated by the summation of liquid enthalpy and heat of vaporization.
105. Physical Data, Chemical Engineering Sub. Series, vol. 2a, Engineering Sciences Data, London, 1975.
106. The LeeResler  calculation was proposed for nonpolar or slightly polar substances. Large errors may occur when applied to highly

polar compounds.
107. Since there is no reliable generalized correlation to correct the pressure effect on gas thermal conductivity, the Stiel-Thodos corre-

lation, which is probably the best generalized correlation at present for nonpolar substances, is used for polar compounds also.
However large errors may occur when applied to highly polar compounds.

108. Dowtherm, A Heat Transfer Fluid, Form No. 176-1337-78, Functional Products and Systems Department, Dow Chemical Co.,
Michigan.

109. Dowtherm, A Heat Transfer Fluid, Form No. 176-1240-78R,  Functional Products and Systems Department, Dow Chemical Co.,
Michigan.

110. High temperature values are obtained by extrapolation.
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5.52
Properties of superheated gases

R. N. Maddox

n The tables in this section provide information on tropy in kJ/(kg K), and u is internal energy in kJ/kg. These
several gases of industrial importance. In the tables, IJ is tables were excerpted from a very helpful manual, �Ther-
specific volume in m3/kg, h is enthalpy in kJ/kg,  s is en- modynamic Properties in SI� by W. C. Reynolds [ I] .

Table 1 Properties of gaseous helium-4’

Value at different temperatures, K
Pressure,
MPa Property 40 70 100 300 500 700 1000 1500

0.101 325 u, m�lkg 0.821 9
h, kJ/kg 219.62
s, kJ/&g  K) 19.465 0

0.20 u, m3 /kg 0.417 3
h, kJ/kg 219.59
s, kJ/(kg K) 18.047 0

0.50 u, d/kg 0.168 1
h, kJ/kg 219.49
s, kJ/&g  K) 16.127 1

1.0 0, m3 /kg 0.085 00
h, kJ/kg 219.35
s, kJ/Ocg  K) 14.660 0

2.0 v,m�lkg 0.043 50
h > kJ/kg 219.24
s, kJ/&g  J0 13.169 0

4.0 u, m3 Fg 0.022 88
ha kJ/kg 219.93
s, kJ/Ocg  K) 11.645 0

7.0 v, m3 /kg 0.014 21
h, kJ/kiz 223.35
s, kJ/Ocg  K) 10.4014

10 v, msFg 0.010 83
h, kJ/ks 228.94
s, kJ/OrgK) 9.617 3

(See footnote on page 5.5.2-2.)

1.438
375.63
22.375 5

0.729 8
375.81
20.961 6

0.293 6
376.35
19.054 2

0.148 1
377.25
17.607 6

0.075 44
379.06
16.154 6

0.039 10
382.80
14.689 7

0.023 55
388.84
13.495 3

0.017 35
395.47
12.729 3

2.053 6.153 10.25 14.35 20.50 30.75
531.50 1570.19 2 608.80 3 647.41 5 205.32 7 801.84
24.228 6 29.934 3 32.587 1 34.334 4 36.186 6 38.292 2

1.042 3.119 5.196 7.273 10.39 15.58
531.75 1570.51 2 609.12 3 647.72 5 205.62 7 802.12
22.815 7 28.522 0 31.174 7 32.922 0 34.774 2 36.879 8

0.418 4 1.249 2.080 2.911 4.157 6.234
532.51 1571.51 2 610.10 3 648.68 5 206.54 7 802.99
20.911 0 26.619 0 29.271 7 31.018 9 32.871 1 34.976 6

0.210 7 0.626 1 1.041 1.457 2.080 3.118
533.79 1573.16 2 611.74 3 650.27 5 208.07 7 804.45
19.469 0 25.179 7 27.832 3 29.579 5 31.431 6 33.537 1

0.106 8 0.314 6 0.522 1 0.729 6 1.041 1.560
536.33 1576.46 2 615.00 3 653.45 5 211.14 7 807.34
18.024 7 23.740 9 26.393 5 28.140 6 29.992 5 32.097 9

0.054 90 0.158 8 0.262 4 0.366 1 0.521 6 0.781 0
541.40 1583.04 2 621.51 3 659.80 5 217.25 7 813.13
16.576 2 22.303 2 24.955 7 26.702 5 28.554 1 30.659 2

0.032 64 0.091 97 0.151 1 0.210 3 0.299 1 0.447 1
549.09 1592.86 2 631.24 3 669.28 5 226.37 7 821.77
15.401 6 21.144 0 23.796 2 25.542 5 27.393 8 29.498 5

0.023 74 0.065 25 0.106 6 0.148 0 0.210 0 0.313 6
556.93 1 602.63 2 640.91 3 678.71 5 235.45 7 830.37
14.650 2 20.406 2 23.058 3 24.804 2 26.655 0 28.759 3
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5.5.2-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2  Properties of Superheated Gases

Table 1 Properties of gaseous helium4 (Continued)

Value at different temperatures, K
Pressure,
MPa Property 40 70 100 300 500 700 1000 1500

20

50

100

u, m�  /kg 0.007 00
h, kJ/kg 255.08
s, kJ/(kg  K) 8.152 8

u, ma/kg 0.004 65
h, kJ/kg 350.04
s, kJ/OM) 6.404 2

u, m3Fg 0.003 70
h, kJ/k 504.52
s, kJ/kzK) 5.1517

0.010 17 0.013 36 0.034 05 0.054 62 0.075 21
420.70 584.25 1634.95 2 672.86 3 709.83
11.240 9 13.186 6 18.977 0 21.628 2 23.372 8

0.157 8
7 858.75
27.325 2

0.005 83 0.007 08 0.015 27 0.023 36 0.031 49
506.54 670.41 1 730.11 2 766.57 3 800.87
9.309 5 11.257 2 17.106 1 19.754 0 21.494 1

0.106 1
5 265.41
25.222 2

0.043 74
5 352.83
23.339 2

0.064 21
7 941.55
25.438 4

0.004 27 0.004 87 0.008 90 0.012 85 0.016 83 0.022 84 0.032 94
653.87 8 14.00 1 882.29 2 917.30 3 946.88 5 492.26 8 072.99
7.922 9 9.824 6 15.718 0 18.363 0 20.095 2 21.932 4 24.025 1

=Abridged by permission, from 7?zermodynamic  Properties in SI by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 2 Properties of gaseous carbon dioxide’

Value at different temperatures, K
Pressure,
MPa Property 300 400 500 600 700 800 900 1000

1.0
(233.0)

&;.6)

20

u, m3/kg
h, kJ/kg
s, kJ/&g K)
u, ma/kg
h, kJFg
s, kJ/(kg  W
u, ma/kg
h, kJ/kg
s, kJ/&gU

5 m3/k3
h, kJ/kg
s, kJ/(kgK)

u, m3/kg
h, kJ/kg
s, kJ/(kgK)

0.053 79
419.95
1.773 7

0.025 35
409.41
1.617 4

0.007 79
366.98
1.335 1

0.074 18 0.093 76 0.113 0 0.132 2 0.151 3
513.65 613.22 718.90 829.90 945.34
2.043 0 2.264 9 2.457 4 2.628 4 2.782 5

0.036 40 0.046 54 0.056 38 0.066 08 0.075 71
508.45 610.01 716.73 828.37 944.25
1.902 5 2.128 9 2.323 3 2.495 4 2.650 0

0.013 74 0.018 24 0.022 41 0.026 43 0.030 39
492.26 600.43 710.37 823.93 941.10
1.699 3 1.940 7 2.141 0 2.316 0 2.472 4

0.006 20 0.008 85 0.011 12 0.013 25 0.015 30
463.19 584.73 700.24 816.97 936.20
1.512 7 1.784 6 1.995 2 2.175 1 2.334 3

0.002 62 0.004 26 0.005 54 0.006 70 0.007 79
403.03 555.30 681.94 804.67 927.73
1.263 4 1.605 4 1.836 6 2.025 8 2.190 1

0.170 3
1 064.46
2.922 8

0.085 29
1 063.68
2.790 7

0.034 29
1061.45
2.614 1

0.017 31
1 058.02
2.477 7

0.008  85
1 052.23
2.336 7

0.189 3
1186.61
3.051 5

0.094 84
1 186.07
2.919 6

0.038 17
1 184.53
2.743 8

0.019 29
1 182.21
2.608 6

0.009 88
1 178.42
2.469 7

aAbridged  by permission, from thermodynamic hoperties in SI by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 3 Properties of gaseous ethane’

Value at different temperatures, K
Pressure,
MPa Property 300 340 380 420 460 500 540 580

0.070 u, m3 /kg 1.180 1.340 1.499 1.658 1.816
(177.8) h, kJ/k 764.36 838.62 919.15 1 006.11 1 099.55

s, kJ/(kg  K) 4.068 6 4.300 7 4.524 5 4.741 9 4.954 3

0.101 325 u, m3/kg 0.813 2 0.924 0 1.034 1.144 1.254
(184.3) h, kJ/kg 763.73 838.14 918.77 1 005.80 1 099.29

s, kJ/OsK) 3.964 8 4.197 4 4.421 4 4.639 0 4.851 6

0.40 u, m�/kg 0.201 2 0.230 5 0.259 2 0.287 7 0.316 0
(214.3) h, kJ/k 757.62 833.52 915.14 1 002.86 1 096.86

s, kJ/&g K) 3.570 6 3.807 9 4.034 7 5.254 1 4.467 7

0.70 u, m3 /kg 0.112 2 0.129 6 0.146 5 0.163 2 0.179 6
(229.8) h, kJ/kg 751.24 828.77 911.44 999.88 1 094.40

s,kJ/(kgK) 3.400 8 3.643 3 3.873 0 4.094 2 4.309 0

1.975
1 199.46
5.162 5

1.364
1 199.24
5.059 8

0.344 1
1 197.19
4.676 8

0.195 8
1195.12
4.518 9

2.134 2.292
1305.74 1418.27
5.366 9 5.567 9

1.474 1.583
1 305.56 1418.11
5.264 3 5.465 3

0.372 1 0.400 1
1 303.80 1416.60
4.881 8 5.083 3

0.212 0 0.228 1
1 302.04 1415.07
4.724 5 4.926 4

(See footnote on page X5.2-3.)
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases 5.5.2-3

Table 3 Properties of gaseous ethane (Continued)

Value at different temperatures, K
Pressure,
MPa Property 300 340 380 420 460 500 540 580

1.0 u, m�  /kg 0.076 48 0.089 26 0.101 5 0.113 3 0.125 0 0.136 5 0.148 0 0.159 3
(240.9) h, kJ/kg 744.60 823.91 907.68 996.87 1091.93 1 193.05 1 300.27 1413.55

s, kJ/Ocg K) 3.286 5 3.534 5 3.767 3 3.990 4 4.206 4 4.417 1 4.623 4 4.825 7

2.0
(265.8)

u, ms Ikg
h, kJ/kg
s, kJ/(kg K)

(z&.5)

7.0

10

u, m�/k
h, kJ/kg
s, kJ/(kgK)

u, m3 /kg
h, kJ/kg
s, kJ/(kgK)

u, m3 /kg
h, kJ/kg
s, kJ/(kgK)

0.034 5 1 0.042 05
720.03 806.77
3.035 3 3.306 7

0.011 83 0.018 13
644.02 766.56
2.641 8 3.027 1

0.007 27
678.32
2.663 7

0.048 82 0.055 20 0.061 35 0.067 36 0.073 26 0.079 10
894.73 986.63 1083.58 1 186.08 1 294.36 1408.47
3.551 2 3.781 1 4.001 5 4.215 1 4.423 3 4.627 1

0.022 43 0.026 14 0.029 57 0.032 83 0.035 97 0.039 04
866.58 965.16 1 066.43 1171.98 1 282.52 1 398.37
3.305 4 3.552 0 3.782 3 4.002 2 4.214 8 4.421 8

0.011 06 0.013 74 0.016 04 0.018 12 0.020 09 0.021 97
817.80 930.66 1 039.90 1 150.64 1 264.88 1 383.51
3.053 1 3.335 7 3.584 1 3.814 9 4.034 7 4.246 6

0.003 97 0.006 72 0.008 92 0.010 74 0.012 35 0.013 83 0.015 23
589.90 764.34 894.94 1013.29 1 129.67 1 247.78 1 369.25
2.357 9 2.844 6 3.1719 3.441 1 3.683 7 3.910 9 4.127 9

20 u, m3 /kg 0.002 77 0.003 42 0.004 29 0.005 21 0.006 09 0.006 91 0.007 69
h, kJ/kg 532.36 668.78 808.21 941.97 1071.47 1 199.79 1 329.20
s, kJ/(kg K) 2.096 6 2.475 6 2.824 6 3.128 9 3.398 9 3.645 8 3.876 9

30 u, m31k 0.002 52 0.002 87 0.003 32 0.003 84 0.004 38 0.004 92 0.005 44
h, kJ/kg 526.36 646.92 774.99 905.97 1037.43 1 169.40 1 302.75
s, kJ/(kg K) 2.001 7 2.336 7 2.657 0 2.954 9 3.229 0 3.482 9 3.721 1

OAbridged  by permission, from ZYzermodynamic  Properties in SI by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 4 Properties of gaseous ethylene�

Pressure,
MPa Property 250 275

Value at different temperatures, K

300 325 350 375 400 425

0.101 325
(169.4)

0.20
(181.9)

0.50
(202.3)

1.0
(221.3)

2.0
(244.3)

5.0
(282.0)

u, m3 /kg
h > kJ/kg
s, kJ/OcgK)

u, m3 /kg
h, kJ/kg
s, kJ/(kgK)

u, m3 Fs
h,kJFg
s, kJ/(kg K)

u, m3 /kg
h, kJ/kg
s, kJ/(kg K)

u, m3 /kg
h, kJ/kg
s, kJ/(kg K)

u, m3 Fg
h, kJ/kg
s, kJ&gK)

0.723 9 0.798 3
636.60 672.44
3.659 2 3.795 8

0.363 0 0.401 5
634.30 670.58
3.451 4 3.589 6

0.140 6 0.156 9
627.07 664.76
3.159 9 3.303 6

0.066 16 0.075 20
614.02 654.54
2.917 8 3.072 3

0.028 09 0.034 02
581.93 631.43
2.617 6 2.806 5

0.872 5
710.12
3.926 9

0.439 5
708.57
3.721 8

0.172 8
703.78
3.439 3

0.083 77
695.48
3.214 7

0.039 12
677.50
2.966 8

0.011 37
602.17
2.502 1

0.946 4 1.020
749.81 791.63
4.053 9 4.177 8

0.477 4 0.515 1
748.50 790.50
3.849 6 3.974 1

0.188 4 0.203 9
744.46 787.04
3.569 5 3.695 7

0.092 04 0.100 1
737.54 781.16
3.349 4 3.478 7

0.043 79 0.048 22
722.94 768.96
3.112 3 3.248 7

0.014 54 0.017 00
670.35 727.99
2.720 8 2.891 8

1.094 1.167
835.64 881.87
4.299 3 4.418 6

0.552 6 0.590 1
834.66 881.00
4.095 9 4.215 5

1.241
930.30
4.536 0

0.627 5
929.53
4.333 2

0.219 2 0.234 4 0.249 6
831.65 878.36 927.19
3.818 8 3.939 4 4.057 7

0.108 1 0.115 9 0.123 7
826.57 873.91 923.25
3.603 9 3.726 1 3.845 8

0.052 49 0.056 65 0.060 72
816.15 864.87 915.31
3.378 9 3.504 7 3.627 0

0.019 17 0.021 16 0.023 04
782.62 836.57 890.92
3.042 5 3.181 8 3.313 6

QAbridged  by permission, from Thermodynamic Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.
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5.5.24 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 5 Properties of gaseous hydrogen (PARA)

Value at different temperatures, K
Pressure,
MPa Property 100 200 300 400 600 800 1200 1500

0.101 325 u, ms/kg
(20.28)

0.20
(22.81)

0.50
(27.12)

1.0
(31.26)

32.57
h, kJ/kg 11 806.0
s, kJ/CkK) 74.046

u, ms Ikg 16.51
h, kJ/kg 11 806.9
s, kJ/Rg  K) 71.242

u, m3 /kg 6.607
h, kJ/b 11 809.5
s, kJ/(kgK) 67.463

u, m’ /kg 3.307
h, kJ/kg 11 813.8
s, kJ/(kgW 64.605

u, m3/kg 1.658
h, kJ/kg 11 822.6
s, kJ/&gK) 61.747

u, m’k 0.832 9
h, kJ/kg 11 840.0
s, kJ/&g  K) 58.890

u, m3 Ikg 0.479 3
h, kJ/kg 11 866.0
s, kJ/C-ks  K) 56.584

u, m3 Fg 0.337 9
h, kJ/kg 11 892.0
s, kJ/Ck  K) 55.116

u, m3 /kg 0.172 9
h, kJ/kg 11 978.2
s, kJ/&W 52.265

u, m’Fg 0.073 91
h, kJ/kz 12 233.9
s, kJ/(kg  K) 48.508

u, m3 /kg 0.040 86
h,kJ/k 12 655.0
s, kJ/&g  K) 45.682

QAbridged  by permission, from Thermodynamic Boperties  in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

2.0

4.0

7.0

10

20

50

100

4.070
1 399.8
42.689

2.061
1 398.3
39.869

0.824 1
1 393.6
36.046

0.4119
1 386.0
33.114

0.205 9
1371.4
30.114

0.103 4
1 345.2
26.993

0.060 19
1313.9
24.349

0.043 45
1 292.9
22.615

0.025 28
1281.7
19.291

0.015 51
1456.2
15.362

0.011 92
1 850.1
12.618

8.147
2 971.3
53.475

4.130
2 971.3
50.667

1.656
2 971.5
46.880

0.830 8
2 971.7
44.008

0.418 4
2 972.3
41.122

0.212 3
2 974.1
38.213

0.124 0
2 978.3
35.834

0.088 77
2 984.2
34.299

0.047 95
3 015.9
31.274

0.024 01
3 185.6
27.268

0.016 08
3 553.2
24.3 14

12.22
4 509.6
59.729

6.194
4 510.1
56.924

2.482
4 511.6
53.143

1.245
4 514.1
50.280

0.626 1
4 519.1
47.413

0.316 8
4 529.3
44.538

0.184 3
4 544.9
42.207

0.1312
4 561.0
40.715

0.069 45
4 617.9
37.794

0.032 57
4 816.6
33.906

0.020 31
5 192.3
30.983

16.29 24.43
5 976.6 8 880.9
63.952 69.840

8.257 12.38
5 977.3 8 881.7
61.147 67.035

3.307 4.957
5 979.4 8 884.2
57.367 63.257

1.658 2.483
5 982.8 8 888.4
54.507 60.398

0.832 8 1.245
5 989.7 8 896.7
51.645 57.539

0.420 4 0.626 8
6 003.5 8 913.3
48.781 54.681

0.243 6 0.361 6
6 024.2 8 938.1
46.465 52.374

0.172 9 0.255 6
6 045.1 8 962.9
44.987 50.904

0.090 43 0.131 8
6 115.4 9 045.0
42.105 48.047

0.040 97 0.057 51
6 336.4 9 290.7
38.282 44.275

0.024 48 0.032 72
6 725.3 9 700.6
35.397 41.433

48.85
17 833.5
80.146

24.75
17 834.3
77.342

9.906
17 836.9
73.563

4.957
17 841.3
70.705

2.482
17 850.1
67.847

1.245
17 867.6
64.990

0.7 14 6
17 893.8
62.685

0.502 5
17 920.0
61.217

0.255 1
18 007.0
58.367

0.106 6
18 265.8
54.614

0.057 08
18 692.0
51.794

61.06
22 547.2
83.650

30.94
22 548.0
80.846

12.38
22 550.6
77.067

6.194
22 554.9
74.209

3.101
22 563.5
71.351

1.554
22 580.8
68.494

0.891 1
22 606.6
66.188

0.626 0
22 632.3
64.720

0.316 7
22 718.0
61.869

0.131 1
22 973.9
58.113

0.069 23
23 396.7
55.291

Table 6 Properties of gaseous mercury”

Value at different temperatures, K
Pressure,
MPa 900 1 100 1 200 1 300

0.20 u, 0.186 1 0.206 9 0.227 7 0.248 4 0.269 2 0.289 9 0.310 7 0.331 4
(670.0) h, kJ/k 353.51 363.91 374.29 384.68 395.05 405.43 415.80 426.17

s, kJ/(kg  K) 0.537 5 0.548 4 0.558 3 0.567 4 0.575 7 0.583 4 0.590 5 0.597 2

0.50 u, m3 /kg 0.074 22 0.082 58 0.090 91 0.099 24 0.107 6 0.115 9 0.124 2 0.132 5
(733.2) h, kJ/kg 353.20 363.65 374.07 384.48 394.89 405.28 415.67 426.06

s, kJ/(k K) 0.499 3 0.510 3 0.520 2 0.529 3 0.537 6 0.545 3 0.552 5 0.559 2

&09.7) h, u,  m3 kJ/k  /kg 0.036 35 2.68 92 0.041 363.21 13 0.045 373.70 32 0.049 384.16 5 1 0.053 394.61 68 405.04 0.057 85 415.46 0.062 02 425.87 0.066 18

s, kJ/(hgK) 0.470 2 0.481 3 0.491 3 0.500 4 0.508 7 0.516 5 0.523 7 0.530 4

(%S) h, u,  m3 kJ/b  /kg 0.018 351.62 27 0.020 362.32 40 0.022 372.95 53 0.024 383.52 64 0.026 394.05 74 404.55 0.028 84 415.02 0.030 93 425.48 0.033 02

s, kJ/(kgK) 0.440 7 0.452 0 0.462 1 0.471 3 0.479 7 0.487 5 0.494 8 0.501 5

(See footnote on page 5.5.2-5.)
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 6 Properties of gaseous mercury (Con hued)

5.5.2-S

Pressure,
MPa Property 900 1000

Value at different temperatures, K

1 100 1200 1 300 1400 1500 1600

$2.8) h,  u,  m3Fg kJ/kg 0.007 359.56 96 0.008 370.63 85 0.009 381.54 72 0.010 392.34 58 403.06 0.01143 0.012 413.71 28 424.32 0.013 13

s, kJ/(kg K) 0.412 2 0.422 8 0.432 3 0.440 9 0.448 9 0.456 2 0.463 0

::064) h, u,  ms  kJ/k  /kg 0.004 366.56 28 0.004 378.11 74 0.005 389.40 18 400.5 0.005 1 63 411.48 0.006 06 422.34 0.006 50

s, kJ/(kg K) 0.391 6 0.401 7 0.410 7 0.418 9 0.426 5 0.433 5

uAbridged  by permission, from i’lzermodynamic  Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 7 Properties of gaseous nitrogen’

Value at different temperatures, K
Pressure,
MPa Property 200 300 400 500 600 800 1000 1200

0.101 325 u, m�  /kg
(77.35)

0.50
(93.98)

2.0
(115.6)

5.0

10

20

40

70

100

200

h, kJ/kg
s, kJ/(kg K)

v, m�  /kg
h, kJ/kg
s, k J/(kg K)

u, m3 /kg
h , k J/kg
s, kJ/(kg KI

u, m�  /kg
h, kJFg
s, kJ/Ocg K)
v, ma/kg
h, kJ/kg
s, kJ/&g  K)
u, m3/kg
h, kJ/kg
s, kJ/k K)
u, m’lkg
h , kJ/b
s, kJ/(kg K)

u, m3 /kg
h, kJ/k
s, kJ/(kg K)

u, d/b
h, kJFg
s, kJ/(kgK)

u, m3/kg
h, kJ/kg
s, kJ/@  K)
u, m’/kg
h, kJlkg
s, kJ/Ck$)

0.584 5 0.878 6
357.00 461.14
3.982 9 4.405 1

0.117 4 0.177 9
355.05 460.25
3.501 9 3.928 6

0.058 10 0.088 90
352.58 459.16
3.287 0 3.719 5

0.028 44 0.044 40
347.60 457.00
3.062 6 3.507 0

0.010 71 0.017 75
332.45 450.83
2.733 0 3.215 4

0.005 02 0.008 95
308.56 441.78
2.434 1 2.979 7

0.002 69 0.004 70
280.28 428.93
2.116 8 2.726 1

0.001 88 0.002 78
272.71 421.05
1.8614 2.466 4

0.001 56 0.002 04
287.71 431.56
1.682 0 2.267 6

0.00142 0.001 75
309.67 451.53
1.568 9 2.146 1

0.001 21 0.001 38
393.11 534.36
1.337 1 1.911 8

1.172
565.30
4.704 8

0.237 8
564.89
4.229 7

0.119 1
564.37
4.022 2

0.059 71
563.37
3.813 1

0.024 13
560.56
3.5314

0.012 32
556.63
3.310 6

0.006 49
551.48
3.079 5

0.003 68
550.24
2.838 9

0.002 54
562.23
2.644 2

0.002 09
582.06
2.522 2

0.001 55
664.90
2.287 8

1.465 1.758 2.344
670.20 776.59 995.91
4.938 8 5.132 7 5.447 9

0.297 4 0.356 9 0.475 8
670.03 776.59 996.10
4.464 3 4.658 5 4.973 9

0.149 0 0.178 8 0.238 4
669.84 776.60 996.33
4.257 5 4.452 1 4.767 9

0.074 81 0.089 80 0.119 7
669.47 776.62 996.81
4.049 9 4.245 2 4.561 6

0.030 31 0.036 40 0.048 43
668.48 776.77 998.29
3.772 2 3.969 6 4.288 0

0.015 51 0.018 61 0.024 70
667.31 777.34 1 000.90
3.557 6 3.758 2 4.079 6

0.008 15 0.009 75 0.012 85
666.60 779.54 1 006.65
3.336 5 3.542 5 3.869 0

0.004 53 0.005 35 0.006 94
670.61 787.47 1019.85
3.107 8 3.320 9 3.655 1

0.003 02 0.003 50 0.004 42
685.58 805.40 1042.66
2.919 7 3.138 2 3.479 4

0.002 43 0.002 76 0.003 41
706.35 827.54 1 067.65
2.799 7 3.020 8 3.366 2

0.001 72 0.001 89 0.002 22
790.06 912.85 1 157.26
2.567 3 2.791 2 3.142 8

2.930 3.516
1224.55 1461.29
5.702 8 5.918 5

0.594 6 0.713 4
1 224.84 1461.63
5.228 9 5.444 7

0.297 8
1 225.20
5.023 1

0.149 4
1 225.92
4.817 0

0.060 38
1 228.12
4.544 2

0.357 2
1.462.07
5.238 9

0.030 71
1 231.86
4.337 1

0.015 88
1 239.64
4.128 8

0.008 48
1 256.13
3.918 6

0.005 31
1 282.44
3.746 9

0.004 04
1 309.89
3.636 3

0.002 54
1404.11
3.418 1

0.179 1
1462.94
5.033 0

0.072 30
1465.57
4.760 6

0.036 69
1470.01
4.554 1

0.018 89
1479.06
4.347 0

0.009 99
1497.70
4.138 7

0.006 18
1526.54
3.969 4

0.004 66
1555.93
3.860 6

0.002 86
1654.43
3.646 2

OAbridged  by permission, from Thermodynamic Roperties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
U n i v e r s i t y .
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5.5.2-6 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 8 Properties of gaseous oxygen’

Value at different temperatures, K
Pressure,
MPa Property 200 300 400 500 600 700 800 1 000

0.050
(83.94)

0.101 325
(90.19)

0.20
(97.24)

0.50
(108.8)

1.0
(119.6)

$7)

,:;�,.4)

10

20

u, m3 /kg 1.038 1.558 2.079
h, kJ/kg 374.65 466.10 559.00
s, kJ/&g K) 4.127 5 4.498 2 4.765 3

v, m’ /kg 0.511 3 0.768 8 1.026
k kJ/kg 374.39 465.97 558.94
s, kJ/&gK) 3.943 1 4.314 3 4.581 6

v, m’lkg 0.258 3 0.389 3 0.519 7
h, kJ/kg 373.89 465.73 558.82
s, kJ/(kg  K) 3.764 7 4.137 0 4.404 7

u, m5 /kg 0.102 4 0.155 4 0.207 9
h , kJ/kg 372.35 464.99 558.44
s, kJ/OcgJQ 3.521 2 3.896 9 4.165 6

v, m3 /kg 0.050 39 0.077 49 0.103 9
h, kJ/kg 369.73 463.76 557.81
s, kJ/(kgK) 3.332 0 3.713 5 3.984 0

u, m’/kg 0.024 39 0.038 53 0.051 98
h, kJ/kg 364.33 461.29 556.57
s, kJ/&g K) 3.132 8 3.526 6 3.800 7

u, m’ /kg 0.008 76 0.015 16 0.020 82
h, kJ/kg 346.74 453.93 552.90
s, kJ/&g K) 2.831 0 3.268 4 3.553 3

u, m3 /kg 0.003 61 0.007 43 0.010 46
h , kJ/kg 313.19 442.21 547.14
s, kJ/& K) 2.523 9 3.055 9 3.358 2

v, m’/kg 0.001 73 0.003 70 0.005 34
h, kJ/kg 268.46 422.72 537.55
s, kJ/0cisK) 2.183 4 2.820 2 3.151 5

2.598
654.63
4.978 6

1.282
654.60
4.795 0

0.649 8
654.54
4.618 1

0.260 1
654.37
4.379 6

0.130 2
654.09
4.198 7

0.065 20
653.52
4.016 9

0.026 24
651.86
3.774 0

0.013 27
649.30
3.586 1

0.006 82
645.22
3.391 9

3.118 3.638 4.158 5.197
753.40 855.13 959.43 1 174.09
5.158 6 5.315 3 5.454 6 5.693 9

1.539 1.795 2.052 2.565
753.39 855.14 959.45 1174.11
4.975 0 5.131 8 5.271 0 5.510 4

0.779 8 0.909 8 1.040 1.300
753,38 855.15 959.48 1174.17
4.798 2 4.955 1 5.094 4 5.333 7

0.312 2 0.364 2 0.416 2 0.520 1
753.33 855.19 959.57 1 174.33
4.559 9 4.716 9 4.856 2 5.095 7

0.156 3 0.182 3 0.208 3 0.260 3
753.25 855.25 959.73 1 174.59
4.379 4 4.536 6 4.676 0 4.915 6

0.078 32 0.091 37 0.104 4 0.130 4
753.11 855.38 960.04 1 175.13
4.198 4 4.356 0 4.495 8 4.735 6

0.031 56 0.036 81 0.042 04 0.052 44
752.69 855.78 961.00 1 176.75
3.957 8 4.116 7 4.257 1 4.497 7

0.015 98 0.018 64 0.021 26 0.026 47
752.12 856.53 962.66 1 179.50
3.773 6 3.934 5 4.076 2 4.318 0

0.008 22 0.009 57 0.010 89 0.013 50
751.58 858.40 966.22 1185.16
3.585 8 3.750 5 3.894 4 4.138 6

OAbridged by permission, from Thermodynamic Roperties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 9 Properties of gaseous propauea

Pressure,
MPa

0.050
(216.4)

0.101 325
(231.3)

0.20
(247.9)

Value at different temperatures, K

property 250 300 350 400 450 500 550 600

v, m3 /kg 0.929 1 1.123 1.315 1.505 1.695 1.885 2.074 2.263
h, kJ/kg 523.67 603.16 693.61 795.32 908.02 1031.20 1 164.24 1 306.49
s, kJ/&g K) 2.410 6 2.699 9 2.978 3 3.249 6 3.514 8 3.774 2 4.027 7 4.275 1

v, m3 /kg 0.450 9 0.549 4 0.645 5 0.740 4 0.834 7 0.928 6 1.022 1.116
h, kJ/kg 521.02 601.52 692.49 794.5 1 907.40 1 030.72 1 163.85 1306.17
s, kJ/&gK) 2.269 7 2.562 7 2.842 7 3.114 9 3.380 6 3.640 2 3.893 8 4.1414

u, m3 /kg 0.220 8 0.273 6 0.323 8 0.372 8 0.421 1 0.469 1 0.516 9 0.564 5
h, kJFg 515.70 598.29 690.32 792.93 906.21 1029.78 1 163.09 1 305.54
s, kJ/kz  K) 2.126 0 2.426 7 2.710 0 2.983 7 3.250 3 3.510 5 3.764 5 4.012 3

0.40 u, m3 /kg
(267.9) h, kJ/k

s, kJ/0cg K)
1.0 v, m3k

(300.3) h, kJ/kg
s, kJ/(kgK)

2.0 v, m3/kg
(330.4) h, kJ/k

s, kJ/&g K)
(See footnote on page 5.5.2-7.)

0.131 8 0.158 6 0.184 0 0.208 8 0.233 2 0.257 4 0.281 4
591.44 685.79 789.70 903.77 1027.87 1161.55 1 304.27
2.279 4 2.570 0 2.847 2 3.115 7 3.377 0 3.631 7 3.879 9

0.059 15 0.070 65 0.081 35 0.091 63 0.101 7 0.111 6
671.19 779.59 896.28 1 022.05 1 156.89 1 300.45
2.366 9 2.656 2 2.930 8 3.195 7 3.452 6 3.702 3

0.025 34 0.032 68 0.038 82 0.044 44 0.049 79 0.054 97
641.60 761.13 883.12 1012.06 1 148.99 1 294.01
2.172 3 2.491 6 2.778 8 3.050 4 3.311 3 3.563 5

0 1983 Hemisphere Publishing Corporation



5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases 5.5.2-7

Table 9 Properties of gaseous propane (Continued)

Value at different temperatures, K
Pressure,
MPa  Property 250 300 350 400 450 500 550 600

4.0 v, m3 /kg 0.013 16 0.017 45 0.020 85 0.023 89 0.026 73
(366.5) h, kJ/kg 7 1 4 . 1 7  8 5 3 . 8 4 990.91 1 132.70 1 280.98

s, kJ/Ocg K) 2.270 2 2.599 4 2.888 2 3.158 4 3.416 4
7.0 v, m3 /kg 0.004 18 0.008 22 0.010 80 0.012 88 0.014 73

h, kJ/kg 5 9 1 . 6 9  8 0 0 . 8 6 956.60 1 107.49 1261.33
s, kJ/&g  K) 1.906 4 2.401 9 2.730 3 3.017 9 3.285 6

10 v, m3/kg 0.002 98 0.004 95 0.006 97 0.008 62 0.010 05
h, kJ/k 5 4 4 . 1 4  7 4 6 . 9 6 921.77 1082.57 1 242.27
s, kJ/&g  K) 1.761 9 2.240 0 2.608 8 2.915 4 3.193 3

20 u, m�Fg 0.002 38 0.002 87 0.003 55 0.004 31 0.005 06
h, kJ/k 5 1 7 . 8 5  6 7 8 . 8 3 849.71 1021.44 1 192.46
s, kJ/&gW 1.6314 2.009 8 2.370 2 2.697 6 2.995 2

aAbridged  by permission, from 7%ermodynamic  Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 10 Properties of gaseous propylene’

Pressure,
MPa Property 260 300

Value at different temperatures, K

340 380 420 460 500 540

0.070
(217.6)

0.101 325
(225.4)

0.20
(241.6)

0.40
(261.0)

0.70
(279.3)

(;!i.s)

2.0
(321.9)

4.0
(357.1)

7.0

10

v, m3 /kg
h, kJ/kg
s, kJ/OcgK)

v, m3 Fg
h > kJ/kg
s, kJ/fig K)
v, ma /kg
h, kJFg
s,kJ/hK)
v, m3 /kg
h, kJFg
s, kJ/&g  K)
u, m3/kg
h, kJ/kg
s, kJ/&g  K)
v, m3 Fg
h, kJ/kg
s, kJ/&g  K)
u, m3 /kg
h, kJ/kg
s, kJ/(kg  K)
v, m”Fg
h, kJ/kg
s, kJ/kK)
v, d/kg
h, kJ/kg
s, kJ/&g  K)
v, m3 /kg
h, kJ/k
s, kJ/CkgJQ

0.722 9 0.838 5
545.62 604.29
2.492 4 2.702 1

0.496 0 0.576 7
544.60 603.51
2.416 7 2.627 3

0.245 6 0.288 0
541.28 601.00
2.273 8 2.487 3

0.139 6
595.69
2.338 3

O&75  76
587.03
2.207 5

0.049 91
577.25
2.113 6

0.953 3 1.068
668.72 738.90
2.903 2 3.098 4

0.656 6 0.735 9
668.01 738.40
2.828 9 3.024 5

0.329 5 0.370 3
666.04 736.81
2.690 6 2.887 2

0.161 4
661.96
2.545 4

0.089 33
655.54
2.421 8

0.060 39
648.73
2.337 2

0.026 08
621.71
2.141 7

0.182 6
733.55
2.744 4

0.102 1
728.51
2.624 6

0.069 89
723.31
2.544 5

0.032 12
704.43
2.371 8

0.012 56
654.01
2.132 5

0.003 14
490.13
1.649 8

1.002 63
463.63
1.557 8

1.181 1.295
815.18 897.33
3.289 2 3.475 9

0.815 0 0.893 7
814.77 896.98
3.215 4 3.402 3

0.410 9 0.451 2
813.45 895.87
3.078 9 3.266 2

0.203 4 0.224 0
810.77 893.61
2.937 5 3.125 8

0.114 5 0.126 6
806.67 890.19
2.820 0 3.009 9

0.078 91 0.087 64
802.50 886.73
2.742 5 2.934 0

0.037 34 0.042 19
787.93 874.92
2.580 7 2.778 4

0.016 41 0.019 44
754.88 849.80
2.385 2 2.601 1

0.007 16 0.009 70
689.17 807.70
2.150 4 2.420 5

0.003 99 0.005 96
618.60 762.41
1.944 9 2.272 6

1.409 1.522
985.06 1078.00
3.658 7 3.837 5

0.972 4 1.051
984.75 1 077.73
3.585 2 3.764 0

0.491 3 0.531 4
983.80 1 076.91
3.449 5 3.628 5

0.244 4
981.87
3.309 7

0.138 5
978.96
3.194 9

0.096 19
976.03
3.120 1

0.046 81
966.15
2.968 6

0.022 15
945.84
2.801 3

0.011 64
914.06
2.642 2

0.007 56
881.75
2.521 6

0.264 6
1 075.23
3.489 3

0.150 3
1072.72
3.375 2

0.104 6
1 070.20
3.301 2

0.051 29
1061.76
3.152 5

0.024 67
1 044.76
2.991 5

0.013 34
1019.08
2.844 3

0.008 91
993.83
2.737 2

=Abridged  by permission, from Thermodynamic Boperties  in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

0 1983 Hemisphere Publishing Corporation
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5.5.2-a 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 11 Properties of gaseous aif

Value at different temperatures, K
Pressure,
MPa Property 200 300 400 500 600 700 800 900 1000

0.050 u, m�/kg 1.147 1.722 2.297 2.871 3.445 4.020 4.594 5.168 5.742
(76.24) h, kJ/kg 359.56 459.96 560.79 662.81 766.71 872.87 981.41 1 092.23 1205.16

s, kJ/&K) 4.329 8 4.736 8 5.026 9 5.254 4 5.443 8 5.607 4 5.752 3 5.882 8 6.001 8
u, kJ/kg 302.22 373.86 445.95 519.25 594.44 671.89 751.72 833.83 918.04

0.101 325 v, m3 /kg 0.565 3 0.849 7 1.133 1.417 1.701 1.984 2.267 2.551 2.834
(81.82)

0.20
(88.14)

0.40
(95.78)

0.70
(103.0)

1.0
(108.2)

2.0
(119.8)

5.0

7.0

10

20

50

70

h, kJFi
s, kJ/(k  K)
u, kJ/kg
v, m3 /kg
h, kJFg
s, kJ/(kg  K)
u, kJ/kg

v, m3 /kg
h, kJ/kg
3, kJ/&g K)
u, kJ/kg
v, m3 Fg
h, kJ/kg
s, kJ/&gW
u, kJ/kg
u, m’/kg
h, kJ/kg
s, kJ/Ocg K)
u, kJ/kg
v, m’/kg
h, kJFg
8, kJ/(kg  K)
u, kJ/kg
v, m3 /kg
h, kJFg
8, kJ/&g K)
u, kJ/kg
v, m’ /kg
h, kJ/kg
s, kJ/&g  K)
11,  kJ/kg

u, m3 /kg
h, kJ/kg
s, kJ/@g  K)
u, kJ/kg

v, ms /kg
h, kJ/kg
s, kJ/&s  K)
u, kJ/kg
v, m’lkg
h, kJ/kg
s, kJ/(kg  K)
u, kJ/kg
v, m3 /kg
h, kJ/kg
s, kJ/(kg  K)
u , kJ/kg

359.31 459.85 560.73 662.79 766.70 872.88 981.43 1 092.26 1 205.19
4.126 1 4.533 7 4.823 9 5.0516 5.241 0 5.404 6 5.549 5 5.680 0 5.799 0
302.03 373.75 445.88 5 19.20 594.40 671.86 751.69 833.81 918.03

0.285 7 0.430 4 0.574 4 0.718 2 0.861 9 1.006 1.149 1.293 1.436
358.83 459.63 560.62 662.74 766.70 872.90 981.47 1 092.31 1 205.25
3.929 1 4.337 9 4.628 4 4.856 2 5.045 7 5.209 3 5.354 3 5.484 8 5.603 8
301.68 373.55 445.75 519.11 594.32 671.80 751.65 833.77 918.00

0.142 2 0.215 1 0.287 3 0.359 3 0.431 3 0.503 1 0.575 0 0.646 8 0.718 6
357.85 459.18 560.40 662.64 766.68 872.94 981.54 1092.41 1 205.37
3.726 6 4.137 5 4.428 7 4.656 8 4.846 4 5.010 2 5.155 2 5.285 7 5.404 7
300.97 373.15 445.48 518.91 594.17 671.68 751.55 833.70 917.94

0.080 69 0.122 8 0.164 3 0.205 6 0.246 7 0.287 8 0.328 9 0.370 0 0.411 0
356.37 458.50 560.07 662.50 766.65 872.99 981.65 1 092.56 1 205.55
3.560 6 3.974 9 4.267 1 4.495 6 4.685 4 4.849 3 4.994 3 5.125 0 5.244 0
299.89 372.54 445.07 518.61 593.95 671.51 751.41 833.58 917.84

0.056 09 0.085 PO 0.115 1 0.144 0 0.172 9 0.201 7 0.230 5 0.259 2 0.288 0
354.89 457.83 559.74 662.36 766.63 873.04 981.76 1092.72 1 205.74
3.452 7 3.870 5 4.163 7 4.392 6 4.582 6 4.746 6 4.891 8 5.022 4 5.141 5
298.80 371.94 444.66 518.32 593.72 671.33 751.27 833.47 917.75

0.027 39 0.042 85 0.057 67 0.072 28 0.086 79 0.101 2 0.115 7 0.130 1 0.144 5
349.87 455.63 558.67 661.90 766.56 873.23 982.14 1 093.23 1 206.36
3.235 3 3.664 9 3.9614 4.191 7 4.382 4 4.546 8 4.692 2 4.823 0 4.942 2
295.09 369.92 443.32 517.34 592.98 670.75 750.81 833.10 917.45

0.010 22 0.017 07 0.023 26 0.029 24 0.035 13 0.040 97 0.046 77 0.052 56 0.058 34
334.39 449.26 555.63 660.66 766.43 873.86 983.31 1 094.80 1 208.24
2.914 2 3.382 4 3.688 7 3.923 0 4.115 8 4.281 4 4.427 5 4.558 8 4.678 3
283.27 363.91 439.34 5 14.46 590.79 669.04 749.44 832.00 916.55

0.007 01 0.012 19 0.016 72 0.021 05 0.025 29 0.029 49 0.033 6.5 0.037 80 0.041 94
323.93 445.27 553.77 659.93 766.41 874.33 984.12 1 095.88 1 209.51
2.777 6 3.273 4 3.585 9 3.822 8 4.016 9 4.183 2 4.329 8 4.461 4 4.581 1
274.89 359.96 436.75 512.58 589.36 667.91 748.55 831.27 915.96

0.004 68 0.008 55 0.011 83 0.014 92 0.017 92 0.020 88 0.023 82 0.026 73 0.029 64
308.87 439.71 551.23 659.00 766.50 875.11 985.40 1097.53 1211.45
2.616 9 3.153 4 3.474 7 3.715 2 3.911 2 4.078 6 4.225 8 4.357 9 4.477 9
262.09 354.16 432.96 509.82 587.26 666.26 747.22 830.20 915.09

0.002 44 0.004 44 0.006 18 0.007 80 0.009 35 0.010 86 0.012 35 0.013 83 0.015 29
277.13 425.39 544.95 657.23 767.64 878.29 990.07 1 103.34 1 218.14
2.296 7 2.905 3 3.250 1 3.500 8 3.702 1 3.872 7 4.021 9 4.155 3 4.276 3
228.33 336.54 421.27 501.25 580.66 661.04 743.02 826.78 912.29

0.001 59 0.002 26 0.002 95 0.003 62 0.004 26 0.004 89 0.005 50 0.006 10 0.006 70
269.73 414.72 542.54 661.80 777.54 892.28 1 007.28 1 123.10 1 239.97
1.979 7 2.570 6 2.939 2 3.205 5 3.416 6 3.593 5 3.747 0 3.883 4 4.006 5
190.47 301.91 395.05 480.91 564.45 647.89 732.23 817.86 904.89

0.001 43 0.001 89 0.002 37 0.002 85 0.003 31 0.003 76 0.004 20 0.004 64 0.005 07
279.48 421.23 549.50 670.41 787.92 904.27 1 020.66 1137.61 1 255.56
1.878 4 2.455 4 2.825 2 3.095 2 3.309 5 3.488 8 3.644 2 3.782 1 3.906 2
179.21 288.78 383.32 471.01 556.16 640.94 726.38 812.93 900.73

(See footnote on page 5.5.2-9.)
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases 5.5.2-9

Table 11 Properties of gaseous air (Continued)

Pressure,
MPa Property 200

100 u, m3 Fg 0.001 31
h, kJ/kg 298.89
3, kJ/Ocg K) 1.7710
0, kJ/k 168.38

200 u, m3 /kg 0.001 12
h , kJ/k 374.30
s, kJ/h K) 1.550 7
u, kJ/k 151.20

Value at different temperatures, K

300 400

0.001 62 0.00195
438.15 566.11
2.337 7 2.706 4
275.91 370.94

0.001 28 0.001 45
512.21 639.81
2.111 8 2.479 4
255.87 350.61

500 600 700

0.002 28 0.002 60 0.002 92
687.97 806.89 924.73
2.978 5 3.195 3 3.377 0
459.94 546.51 632.61

0.001 61 0.001 77 0.001 93
762.39 882.84 1 002.71
2.753 0 2.972 7 3.157 5
440.54 528.59 616.37

800 900 1000

0.003 23 0.003 54 0.003 84
1 042.54 1 160.85 1 279.90
3.534 3 3.673 6 3.799 1
719.21 806.78 895.47

0.002 09 0.002 25 0.002 40
1 122.77 1243.39 1 364.71
3.317 8 3.459 8 3.587 6
704.70 793.94 884.22

=Abridged  by permission, from Thermodynamic Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 12 Properties of gaseous watef

Value at different temperatures, K
Pressure,
MPa Property 400 450 500 550 600 650 700 750

0.070 u, m�  Ikg 2.617 2.953 3.287 3.619 3.950 4.281 4.612 4.942
(363.1) h, kJ/k 2 732.7 2 830.8 2 929.1 3 028.3 3 128.7 3 230.5 3 333.8 3 438.8

s, kJ/Ocs  JO 7.670 7 7.901 9 8.109 0 8.298 0 8.472 7 8.635 7 8.788 9 8.933 7
u,kJ/kg 2 549.5 2 624.1 2 699.0 2 774.9 2 852.1 2 930.8 3 011.0 3 092.9

0.101325 u, m3/kg 1.802 2.036 2.268 2.498 2.727 2.956 3.185 3.413
(373.1) h, kJ/kg 2 729.7 2 829.0 2 927.9 3 027.4 3 128.0 3 229.9 3 333.4 3 438.4

8, kJ/0cg  K) 7.494 2 7.728 1 7.936 5 8.126 1 8.301 2 8.464 4 8.617 7 8.762 7
u, kJ/kg 2 547.2 2 622.7 2 698.1 2 774.3 2 851.6 2 930.4 3 010.7 3 092.6

1.0 u, m3 Fg 0.220 6 0.246 4 0.271 2 0.295 5 0.319 4 0.343 2
(453.1) h, kJ/kg 2 890.2 3 000.9 3 108.0 3 214.2 3 320.7 3 428.0

s, kJ/&g  K) 6.822 3 7.033 3 7.219 8 7.389 8 7.547 6 7.695 6
u, kJ/kg 2 669.6 2 754.5 2 836.8 2 918.8 3 001.3 3 084.8

Value at different temperatures, K

800 850 900 950 1000 1 100 1 200

0.070 u, m3 /kg 5.272 5.602 5.932 6.262 6.592 7.251 7.911
(363.1) h, kJ/kg 3 545.4 3 653.8 3 763.8 3 875.6 3 989.1 4 221.5 4 460.7

s, kJ/OcgK) 9.071 3 9.202 7 9.328 4 9.449 3 9.565 8 9.787 2 9.995 3
u, kJ/kg 3 176.4 3 261.6 3 348.6 3 437.3 3 527.7 3 713.9 3 906.9

0.101 325 u, m3/kg
(373.1) h, kJ/kg

8, kJ/Ocg K)
u, kJ/kg

1.0 u, m3/kg
(453.1) h, kJ/ks

s, kJ/(kg  K)
u, kJFs

3.641 3.870
3 545.1 3 653.5
8.900 4 9.031 7
3 176.2 3 261.4

0.366 8 0.390 2
3 536.4 3 646.1
7.835 6 7.968 6
3 169.6 3 255.9

4.098 4.326 4.554 5.009
3 763.6 3 875.4 3 989.0 4 221.3
9.157 6 9.278 5 9.395 0 9.616 4
3 348.4 3 437.1 3 527.6 3 713.8

0.413 7 0.437 0 0.460 3 0.506 8
3 757.3 3 870.0 3 984.3 4 217.6
8.095 7 8.217 5 8.334 8 8.557 1
3 343.6 3 433.0 3 524.0 3 710.8

Value at different temperatures, K

5.465
4 460.6
9.824 5
3 906.8

0.553 2
4 457.6
8.765 9
3 904.4

600 650 700 750 800 900 1000 1 100

3.0 u, m3 /kg 0.086 28 0.095 32 0.104 0 0.112 4 0.120 6 0.136 7 0.152 6 0.168 4
(507.1). h, kJFs 3 059.6 3 177.3 3 291.3 3 404.0 3 516.5 3 743.1 3 973.7 4 209.4

s, kJ/OcgW 6.651 6 6.840 2 7.009 1 7.164 6 7.309 8 7.576 7 7.819 6 8.044 2
u, kJlkg 2 800.7 2 891.4 2 979.4 3 066.9 3 154.7 3 332.8 3 515.8 3 704.3

(See footnote on page 5.5.2-10.)
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5.5.2-10 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 12 Properties of gaseous water (Continued)

Pressure,
MPa Property 600 650

Value at different temperatures, K

700 750 800 900 1000 1 100

(5 ;3!6)

6.0
(548.8)

10
(584.2)

$5.4,

(62309.0)

u, m3 /kg
h , kJ/kg
s , kJ/(kg  K)
u, kJ/kg
u, m3 Bs
h , kJ/kg
s, kJ/(kg  K)
u, kJ/kg
u, m3 /kg
h, kJ/kg
s, kJ/&g K)
u, kJ/kg
u, m3 Ikg
h,kJFg
s, kJ/(k  K)
u, kJ/kg
u, m3 /kg
h, kJ/kis
s, kJ/&g K)
u, kJ/kg
u, m3 Fg
h, kJ/b
s, kJ/&g K)
~1,  kJFs

0.063 04
3 033.0
6.484 7
2 780.8
0.039 58
2 973.8
6.220 1
2 736.3
0.027 59
2 904.1
5.993 8
2 683.3
0.020 08
2 818.3
5.772 2
2 617.5

0.070 24 0.076 99 0.083 49 0.089 81 0.102 1 0.114 2 0.126 1
3 157.8 3 276.1 3 391.6 3 506.3 3 735.8 3 968.3 4 205.3
6.684 6 6.860 0 7.019 4 7.167 4 7.437 8 7.682 7 7.908 5
2 876.8 2 968.1 3 057.7 3 147.0 3 327.4 3 511.7 3 701.1
0.045 07 0.049 98 0.054 59 0.059 01 0.067 50 0.075 71 0.083 75
3 116.3 3 244.4 3 366.3 3 485.5 3 721.2 3 957.5 4 197.0
6.448 6 6.638 5 6.806 7 6.960 5 7.238 2 7.487 2 7.715 4
2 845.9 2 944.5 3 038.8 3 131.4 3 316.2 3 503.3 3 694.5
0.032 39 0.036 43 0.040 11 0.043 59 0.050 18 0.056 48 0.062 60
3 071.1 3 210.9 3 340.0 3 464.0 3 706.2 3 946.6 4 188.7
6.261 7 6.469 1 6.647 2 6.807 3 7.092 7 7.345 9 7.576 6
2 812.1 2 919.5 3 019.1 3 115.3 3 304.8 3 494.8 3 687.8
0.024 68 0.028 25 0.031 41 0.034 34 0.039 79 0.044 94 0.049 92
3 021.4 3 175.6 3 312.6 3 442.0 3 691.0 3 935.6 4 180.3
6.098 3 6.327 0 6.516 2 6.683 3 6.976 7 7.234 4 7.467 6
2 774.6 2 893.1 2 998.5 3 098.7 3 293.1 3 486.2 3 681.2
0.014 04 0.017 23 0.019 75 0.021 96 0.025 93 0.029 56 0.033 01
2 868.5 3 077.4 3 239.6 3 384.3 3 652.0 3 907.7 4 159.4
5.719 2 6.029 5 6.253 6 6.440 4 6.755 9 7.025 4 7.265 3
2 658.0 2 818.9 2 943.5 3 054.9 3 263.0 3 464.3 3 664.3
0.007 90 0.011 56 0.013 86 0.015 75 0.019 00 0.021 88 0.024 56
2 625.1 2 961.0 3 159.4 3 323.0 3 611.7 3 879.3 4 138.5
5.2616 5.762 2 6.036 3 6.247 7 6.588 1 6.870 2 7.117 2
2 467.1 2 729.9 2 882.2 3 007.9 3 231.6 3 441.8 3 647.3

Value at different temperatures, K

700 750 800 850 900 950 1000 1 050 1 100

30

40

50

60

70

80

u, m3 /kg 0.005 43 0.007 86 0.009 5 1 0.010 87 0.012 08 0.013 18 0.014 21 0.015 18 0.016 12
h, kJ/kg 2 633.2 2 973.5 3 189.4 3 367.6 3 528.0 3 678.1 3 821.6 3 960.6 4 096.5
s, kJ/& K) 5.177 6 5.649 0 5.928 0 6.144 2 6.327 6 6.490 0 6.637 3 6.772 9 6.899 3
u, kJ/kg 2 470.4 2 737.6 2 904.0 3 041.4 3 165.7 3 282.8 3 395.4 3 505.1 3 612.8

u,ms/kg 0.002 60 0.004 83 0.006 40 0.007 60 0.008 63 0.009 54 0.010 39 0.011 17 0.011 92
h, kJ/kg 2 221.6 2 752.8 3 043.7 3 258.4 3 441.6 3 607.8 3 763.3 3 911.6 4 054.6
s,kJ/OcgK) 4.536 3 5.272 0 5.648 3 5.908 9 6.118 5 6.298 2 6.457 8 6.602 5 6.735 7
u, kJFg 2 117.4 2 559.5 2 787.8 2 954.3 3 096.4 3 226.0 3 347.9 3 464.7 3 577.8

u, m3 /kg 0.002 03 0.003 23 0.004 59 0.005 67 0.006 58 0.007 38 0.008 11 0.008 78 0.009 41
h, kJ/kg 2 074.8 2 535.1 2 893.2 3 147.2 3 354.5 3 537.3 3 705.1 3 862.8 4 013.2
s, kJ/h K) 4.294 3 4.929 3 5.392 6 5.700 9 5.938 0 6.135 8 6.308 0 6.461 9 6.601 9
u, kJ/k 1973.0 2 373.7 2 663.9 2 863.5 3 025.2 3 168.1 3 299.6 3 423.8 3 542.6

u, m3 Ikg 0.001 83 0.002 51 0.003 50 0.004 44 0.005 26 0.005 97 0.006 61 0.007 20 0.007 75
h, kJ/kg 2 013.6 2 387.9 2 754.9 3 039.5 3 269.1 3 468.0 3 647.8 3 814.7 3 972.3
s, kJ/(kg K) 4.179 5 4.695 4 5.169 7 5.515 2 5.777 9 5.993 0 6.177 6 6.340 5 6.487 2
u, kJ/kg 1903.6 2 237.5 2 544.7 2 772.8 2 953.8 3 109.9 3 251.2 3 382.7 3 507.3

u, m3 /kg 0.001 72 0.002 17 0.002 87 0.003 64 0.004 35 0.004 98 0.005 56 0.006 09 0.006 58
h, kJ/kg 1977.8 2 301.9 2 644.3 2 941.8 3 188.5 3 401.4 3 592.2 3 767.9 3 932.5
s, kJ/Ocg K) 4.103 1 4.549 8 4.992 0 5.353 0 5.635 3 5.865 6 6.061 5 6.232 9 6.386 1
u, kJ/kg 1 857.6 2 150.3 2 443.7 2 687.2 2 884.2 3 052.6 3 203.2 3 341.9 3 472.0

u, m�/kg 0.001 64 0.001 97 0.002 48 0.003 10 0.003 7 1 0.004 27 0.004 79 0.005 27 0.005 71
h, kJ/kg 1 953.8 2 248.4 2 563.0 2 858.7 3 115.3 3 339.0 3 539.4 3 722.9 3 893.9
8, kJ/(kg  K) 4.044 8 4.451 0 4.857 1 5.215 9 5.509 4 5.7514 5.957 1 6.136 2 6.295 3
u, kJ/kg 1 822.6 2 090.5 2 364.3 2 610.8 2 818.6 2 997.2 3 156.1 3 301.5 3 436.9

(See footnote on page 5.5.2-11.)
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases 5.5.2-l  1

Table 12 Properties  of gaseous  water  (Continued)

Value at different temperatures, K
Pressure,
MPa Property 700 750 800 850 900 950 1000 1050 1 100

100 u, m3 /kg 0.001 53 0.001 76 0.002 07 0.002 47 0.002 91 0.003 35 0.003 77 0.004 16 0.004 53
h, kJ/kg 1923.7 2 186.1 2 461.2 2 736.7 2 995.5 3 230.7 3 444.2 3 640.0 3 821.8
s, kJ/(kgK) 3.956 7 4.318 6 4.673 5 5.007 7 5.303 7 5.558 1 5.777 2 5.968 4 6.137 5
u, kJ/kg 1 770.5 2 010.4 2 254.1 2 489.8 2 704.5 2 895.7 3 067.3 3 223.7 3 368.4

DAbridged  by permission, from l%ermodynumic  Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

REFERENCE  TO SECTION  5.5.2

1. Reynolds, W. C., Thermodynamic Properties in SI, Department of Mechanical Engineering, Stanford University, Stanford, Cali-
fornia 94305,1979.
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.3-l

5.53,
Properties of liquid water

K. Schwier

n Critical properties: pc = 221.20 bar; T, = 374.1TC;
T, = 647.30 K; pc = 3 15 kg/m�  ; Molecular weight: M =
18.016 kg/kmol.

Table 1 Properties  of liquid water  at p = 1 baf

T,
$cgK

P, A, I), v, K,
�C 10-3/K low3 W/mK 10e6 kg/ms low6 m�/s 10e6 ml/s Pr

0 999.8 4.217 -0.085 2 569 1 750 1.75 0.135 13.0
10 999.8 4.192 + 0.082 3 587 1300 1.30 0.140 9.28
20 998.4 4.182 0.206 7 604 1 000 1.00 0.144 6.94
30 995.8 4.178 0.305 6 618 797 0.800 0.148 5.39
40 992.3 4.179 0.389 0 632 651 0.656 0.153 4.30
50 988.1 4.181 0.462 3 643 544 0.551 0.156 3.54
60 983.2 4.185 0.528 8 654 463 0.471 0.159 2.96
70 977.7 4.190 0.590 0 662 400 0.409 0.162 2.53
80 971.6 4.196 0.647 3 670 351 0.361 0.164 2.20
90 965.2 4.205 0.701 8 676 311 0.322 0.166 1.94

‘T, Temperature, C; p, density; cp, pes cific heat capacity; p, thermal expansion coefficient; A, thermal conductivity; 11, dynamic vis-
cosity; Y, kinematic viscosity; K, thermal diffusivity; Pr, Prandtl number.

Reprinted from VDZ-Wirmeatlas,  2d ed., Diisseldorf, Verein
Deutscher Ingenieure, 1974.

0 1983 Hemisphere Publishing Corporation
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5 . 5 . 3 - 2 5 .S PHYSICAL PROPERTY DATA TABLES / 5.5.3 Properties of Liquid Water

Table 2 Density p of liquid water  as a function of pressure and temperature’

Temperature, �C
Pressure,
bar 0 20 50 100 150 200 250 300 350

1
5

10
20
30
40
50
60
70
80
90

100
150
200
250
300
350
400
450
500

700
800
900

1 000

999.9 998.4 988.1
1 000.1 998.6 988.3 958.4
1 000.2 998.8 988.5 958.6
1 000.7 999.2 988.9 959.0
1001.2 999.8 989.4 959.6
1 001.7 1 000.1 989.8 960.0
1 002.2 1 000.5 990.2 960.5
1 002.7 1 001.0 990.7 961.0
1003.2 1001.4 991.1 961.4
1 003.7 1 001.9 991.5 961.9
1004.2 1 002.3 991.9 962.4
1004.7 1 002.8 992.4 962.8
1 007.2 1 005.0 994.5 965.1
1 009.6 1 007.2 996.6 967.5
1 012.1 1 009.3 998.7 969.7
1 014.5 1011.5 1 000.7 971.9
1 016.9 1013.6 1 002.7 974.1
1019.2 1015.8 1004.7 976.2
1 021.5 1017.9 1 006.7 978.3
1 023.8 1019.9 1 008.7 980.5
1 028.4 1 024.0 1 012.6 984.5
1 032.9 1 028.1 1 016.4 988.5
1 037.2 1032.1 1 020.1 992.4
1041.4 1 036.0 1 023.8 996.3
1 045.5 1 039.9 1 027.4 1 000.0

916.8
917.1
917.7
918.3
918.8
919.4
920.0
920.5
921.1
921.7
922.2
925.0
927.7
930.4
933.0
935.6
938.1
940.5
943.0
947.7
952.3
956.7
961.1
965.3

865.0
865.8
866.6
867.3
868.1
868.9
869.6
870.4
871.1
874.7
878.2
881.6
884.9
888.1
891.3
894.3
897.3
903.1
908.6
914.0
919.2
924.2

799.2
800.4
801.6
802.7
803.8
804.9
806.0
811.4
816.5
821.3
826.0
830.4
834.7
838.8
842.8
850.3
857.5
864.2
870.6
876.7

713.1
715.4
725.8
735.0 600.3
743.4 624.9
751.0 643.4
758.1 658.5
764.7 671.4
771.0 682.7
776.9 692.9
787.7 710.7
797.5 725.9
806.7 739.3
815.2 751.5
823.2 762.5

�p  in kg/m�.

Table 3 Constant pressure specific  heat cP of liquid water  as a function of pressure’  and temperature

Temperature, �C
Pressure, -
bar 0 20 50 100 150 200 250 300 350

1 4.217 4.182 4.181
5 4.215 4.181 4.180

10 4.212 4.179 4.179
50 4.191 4.166 4.170

100 4.165 4.151 4.158
150 4.141 4.137 4.148
200 4.117 4.123 4.137
250 4.095 4.109 4.127
300 4.073 4.097 4.117
350 4.052 4.084 4.107
400 4.032 4.073 4.098
450 4.013 4.062 4.089
500 3.994 4.051 4.081
600 3.957 4.032 4.064
700 3.920 4.014 4.049
800 3.883 3.997 4.035
900 3.844 3.982 4.022

1000 3.800 3.968 4.010

4.215 4.310
4.214 4.308
4.205 4.296
4.194 4.28 1
4.183 4.266
4.173 4.252
4.163 4.239
4.153 4.226
4.144 4.214
4.135 4.202
4.126 4.190
4.117 4.179
4.100 4.157
4.084 4.137
4.068 4.117
4.054 4.099
4.039 4.081

4.477 4.855 3.299
4.450 4.791 5.703
4.425 4.735 5.495
4.402 4.685 5.332
4.379 4.639 5.201
4.358 4.598 5.091
4.338 4.560 4.999
4.319 4.525 4.919
4.301 4.493 4.848
4.284 4.463 4.786
4.252 4.410 4.681
4.222 4.362 4.595
4.195 4.320 4.523
4.169 4.282 4.462
4.145 4.248 4.410

4.042
8.863
8.103
7.017
6.451
6.084
5.820
5.616
5.451
5.200
5.014
4.871
4.757
4.663

=cp in kJ/kg K.
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.3 Properties of Liquid Water 5.5.3-3

Table 4 Thermal expansion coefficient fl= (l/u)(&$N’)~  of liquid water as a function of pressure and temperature’

Pressure,
bar

1
5

10
50

100
150
200
250
300
350
400
450
500
600
700
800
900

1 000

Temperature, �C

0 20 50 100 150 200 250 300 350

-0.085 2 0.206 I 0.462 3
-0.083 8 0.207 2 0.462 2 0.753 9 1.024
-0.082 0 0.207 9 0.462 0 0.753 0 1.022
-0.067 8 0.213 3 0.460 5 0.745 5 1.007 1.347 1.936
-0.049 9 0.220 1 0.458 9 0.736 6 0.990 2 1.312 1.848 3.189
-0.032 0 0.227 2 0.457 4 0.728 1 0.974 0 1.281 1.772 2.883
-0.014 2 0.234 3 0.456 2 0.720 0 0.958 I 1.251 1.704 2.648 6.923
+ 0.003 3 0.241 6 0.455 1 0.712 2 0.944 2 1.224 1.643 2.460 5.162

0.020 5 0.248 9 0.454 2 0.704 7 0.930 3 1.198 1.589 2.306 4.276
0.037 3 0.256 2 0.453 4 0.697 5 0.917 2 1.175 1.539 2.176 3.718
0.053 5 0.263 6 0.452 8 0.690 7 0.904 6 1.152 1.494 2.065 3.324
0.069 0 0.270 9 0.452 3 0.684 1 0.892 6 1.131 1.453 1.968 3.027
0.083 6 0.278 2 0.452 0 0.677 7 0.881 1 1.111 1.415 1.884 2.791
0.110 0 0.292 6 0.451 7 0.665 7 0.859 6 1.075 1.348 1.742 2.439
0.131 7 0.306 5 0.451 8 0.654 5 0.839 7 1.042 1.290 1.626 2.186
0.147 5 0.319 6 0.452 3 0.644 1 0.821 3 1.012 1.238 1.530 1.994
0.156 5 0.331 7 0.453 0 0.634 3 0.804 2 0.984 4 1.193 1.448 1.843
0.157 6 0.342 6 0.454 0 0.625 2 0.788 2 0.959 4 1.152 1.377 1.720

=fl in lo-�  /K.

Table 5 Thermal conductivity X of liquid water as a function of pressure and tempera-
ture”

Pressure,
bar 0 20 50

Temperature, �C

100 150 200 250 300 350

1 569 604 643
10 570 604 644 681 687
50 573 608 647 684 690 668 618

100 577 612 651 688 693 672 625 545
150 581 616 655 691 696 676 633 559
200 585 620 659 695 700 681 639 571 454
250 589 623 662 698 703 685 646 582 476
300 592 627 666 701 706 689 652 592 496
350 596 630 669 704 710 693 657 601 514
400 599 634 672 707 713 697 662 609 529
450 603 637 675 710 716 701 667 616 541
500 606 640 678 713 720 704 671 622 552

ah in lo-�  W/m K.
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5.5.3-4 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.3 Properties of Liquid Water

Table 6 Dynamic  viscosity ‘17 of liquid water  as a function of pressure and temperature’

Pressule,
bar

Temperature, �C!

0 20 50 100

1 1 750.0 1 000.0 544.0
10 1 750.0 1 000.0 544.0 279.0
50 1 750.0 1 000.0 545.0 280.0

100 1 750.0 1 000.0 545.0 281.0
150 1 740.0 1 000.0 546.0 282.0
200 1 740.0 999.0 546.0 283.0
250 1 740.0 999.0 547.0 284.0
300 1 740.0 998.0 547.0 285.0
350 1 730.0 997.0 548.0 286.0
400 1 730.0 997.0 548.0 287.0
450 1 730.0 996.0 549.0 288.0
500 1 720.0 996.0 549.0 289.0

150 200 250 300 350

181.0
182.0
183.0
184.0
185.0
187.0
188.0
189.0
190.0
191.0
192.0

135.0 107.0
136.0 109.0
137.0 110.0
138.0 111.0
139.0 112.0
141.0 113.0
142.0 115.0
143.0 116.0
144.0 117.0
145.0 118.0

90.5
91.7
93.0 73.0
94.3 75.9
95.5 78.5
96.8 80.2
98.1 82.1
99.3 83.6

101.0 84.8

�q in 10e6 kg/m s.

Table 7 Kinematic viscosity v of liquid water as a function of pressure and temperature”

Pressure,
bar 0 20 50

Temperature, �C

100 150 200 250 300 350

1 1.75 1.00 0.551
10 1.75 1.00 0.550
50 1.75 1.00 0.550

100 1.74 0.998 0.549
150 1.73 0.995 0.549
200 1.72 0.992 0.548
250 1.72 0.990 0.548
300 1.72 0.987 0.547
350 1.70 0.984 0.547
400 1.70 0.981 0.545
450 1.69 0.978 0.545
500 1.68 0.977 0.544

0.291 0.197
0.292 0.198
0.292 0.198
0.292 0.199
0.293 0.199
0.293 0.201
0.293 0.202
0.294 0.202
0.294 0.203
0.294 0.203
0.295 0.204

0.156 0.134
0.156 0.135
0.157 0.136
0.157 0.136
0.158 0.136
0.159 0.137
0.160 0.138
0.160 0.139
0.161 0.139
0.162 0.140

0.126
0.126
0.127 0.122
0.127 0.121
0.127 0.122
0.128 0.122
0.128 0.122
0.129 0.122
0.130 0.122

% in low6  m�/s.

Table 8 Prandtl number of liquid water as a function of pressure and temperature

Temperature, �C
Pressure,
bar 0 20 50 100 150 200 250 300 350

1 13.0 6.94 3.54
10 13.0 6.93 3.53 1.73 1.14
50 12.8 6.86 3.51 1.72 1.13

100 12.6 6.79 3.48 1.71 1.13
150 12.4 6.72 3.46 1.71 1.13
200 12.3 6.65 3.43 1.70 1.13
250 12.1 6.59 3.41 1.69 1.13
300 11.9 6.52 3.38 1.69 1.12
350 11.8 6.47 3.36 1.68 1.12
400 11.6 6.40 3.34 1.68 1.12
450 11.5 6.35 3.32 1.67 1.12
500 11.4 6.30 3.31 1.67 1.12

0.902 0.842
0.899 0.831
0.896 0.820
0.893 0.812
0.891 0.805
0.888 0.799
0.886 0.795
0.885 0.791
0.884 0.788
0.883 0.786

0.940
0.899
0.866 1.31
0.840 1.12
0.819 1.02
0.803 0.950
0.790 0.903
0.779 0.867
0.771 0.832
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5.5 PHYSICAL PROPERTY DATA TABLES / 5 .S .3 Properties of Liquid Water 5.5.3-S

Table 9 Thermal  diffusivity  K of liquid water  as a function of pressure and temperature’

Temperature, �C
Pressure,
bar 0 20 50 100 1 5 0 200 250 300 350

1
10
50

100
150
200
250
300

0.135 0.144 0.156
0.135 0.144 0.156
0.137 0.146 0.157
0.138 0.147 0.158
0.140 0.148 0.159
0.140 0.149 0.160
0.142 0.150 0.161
0.145 0.151 0.162
0.145 0.152 0.163
0.147 0.153 0.163
0.147 0.154 0.164
0.147 0.155 0.164

0.168 0.173
0.170 0.175
0.171 0.175
0.171 0.176
0.172 0.176
0.173 0.178
0.173 0.180
0.175 0.180
0.175 0.181
0.176 0.181
0.177 0.182

0.173 0.159
0.174 0.162
0.175 0.166
0.176 0.167
0.177 0.169
0.179 0.171
0.181 0.174
0.181 0.178
0.182 0.178
0.183 0.178

0.134
0.140
0.147 0.093
0.151 0.108
0.155 0.120
0.159 0.128
0.162 0.135
0.166 0.141
0.169 0.147

=K in 10-e  m2 /s.

BIBLIOGRAPHY  FOR SECTION 5.5.3

1. Grigull, U., and Bach, J., Die Oberfl&henspamnmg  und verwandte Zustandsgrcssen  des Wassers.  Brennst. Wuerme-Kmft,  vol. 18, pp.
73-75,1966.

2. Grigull, U., Mayinger, P., and Bach, J., Viskositiit,  Wiirmeleitfahigkeit  und Prandtlzahl von Wasser und Wasserdampf. Wuerme  Stof
fuebertrug., vol. 1, pp. 15-34,196s.

3. Grigull, U., Bach, J., and Reimann, M., Die Eigenschaften  von Wasser und Wasserdampf nach  der �1968 IFC-Formulation.� Private
communication.

0 1983 Hemisphere Publishing Corporation





2.2 SINGLE-PHASE FLUID FLOW 2.2.4-l

22.4
Banks of plain and finned tubes

A. hkauskas  and R. Ulinskas

A. Introduction

In cross flow of real fluids over a single tube, a laminar
boundary layer is developed from the front stagnation
point and separates at some point around the circum-
ference. This gives rise to a symmetric steady-state pair
of vortices and a recirculation zone in the rear. When
the Reynolds number? is greater than about 40, the
flow in the recirculation zone becomes unstable and
periodic vortex shedding commences in the rear, with
separation of the laminar boundary layer at 4 = 82�,
where I#I is the angle subtended at the tube axis by the
stagnation and separation points. With a further
increase of Re, a critical flow regime is reached at
Re>2 X lo�, characterized by a laminar-turbulent
transition in the boundary layer preceding the separa-
tion point, which is shifted downstream to $J = 140�.
The frequency of vortex shedding is determined from the
Strouhal number Sr = fd/u, where f is the frequency of
vortex shedding and d is the tube diameter. For
practical purposes, Sr for a single tube may be taken as
0.2 in the Reynolds number range 300 to 2 X 105.  In
the critical region, the value of Sr increases to 0.46
and then decreases to 0.27 [I] at Re = 3.5 X 106.  For
an incompressible fluid, velocity and pressure variations
outside the boundary layer are conveniently described
by the Bernoulli equation:

�The  Reynolds number is defined as ud/v,  where d is the
tube diameter, v is the kinematic viscosity, and u is the upstream
velocity (=ub) for single tubes and the maximum intertube
velocity for tube banks.

0 1983 Hemisphere 1 lblishing Corporation

2 2

pb + q = px + y = const

The quantities are defined in Fig. 1; U, is the peri-
pheral local velocity on the tube, px and Pb are the
local and main flow pressures, and p is the fluid mass
density. Thus,

u, = t‘b J 1 -Px -Pb
(4

If a tube is placed in a bank, the pattern of flow
around it is by no means similar to that on a single
tube. The detailed differences of the flow pattern are
determined by the bank arrangement, bank geometry,
tube location, and Reynolds number. The two most
common arrangements are in line or staggered (see Fig.
2). The geometry is described by the parameters

St
a=--

d

where a and b are the relative transverse and longi-
tudinal pitches, respectively (see Fig. 2). Throughout
the tube bundle, the pressure gradients, velocity distri-
butions, and the recirculation zones in the rear of the
tubes are affected by flow fluctuations.

The velocity distribution outside the boundary
layer may be determined using the Bernoulli equation,
Eq. (2), from the measured pressure distribution values
around the tube. A comparison in Fig. 1 illustrates the
different pressure distributions (which give rise to
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a

Main flow

1.0

0 . 5

-0

0 . 5

3
- 1.0 1 I

0 6 0 120 180

@

Figure 1 Pressure coefficient distribution around a tube at
Re = 104. (1) In-line bank, inner row. (2) Single tube. (3) Stag-
gered bank, inner row.

different velocity distributions) on a single tube and on
a tube in a bank in cross flow. In banks of in-line
arrangement, a maximum pressure is observed at
r$ = 40”, which is the point at which the flow from the
upstream tube impacts. In staggered banks, the
pressure on the front part of each separate tube is
similar to that on a single tube. A pressure coefficient
for a tube in a bank may be defined as

where u is the mean velocity in the minimum intertube
space [see Eq. (4)J, poEo is the pressure at the front
stagnation point, and p0 is the pressure at angle $.

The flow pattern surrounding a tube in a tube

bank is a function of Reynolds number Re. In the
lower range of Re, the laminar boundary layer devel-
ops similarly to that on a single tube, with a separation
at q3 z 90� and with circulation vortices in the rear.
Intertube spaces are occupied mainly by a laminar flow
and by macroscale vortices in the recirculation zones.
The effects of these macroscale vortices on the laminar
layers on the front parts of the neighboring tubes are
fully eliminated by viscous forces and by the negative
pressure gradients. Such a pattern of flow, which is
observed at Re < 10�)  is described as a predominantly
laminar one.

With a further increase of Re, the intertube flow
becomes highly turbulent. The degree of turbulence is
a function of bank configuration geometry (a and b)
and Re. Turbulence increases with distance into the
bank, becoming fully developed in about the third or
fourth row. Notwithstanding the surrounding turbu-
lence, a laminar boundary layer still develops on the
tubes in the inner rows. This pattern of flow may be
observed up to Re = IO5 and higher.

In tube banks characterized by (2b2 - 0.5) <a, a
separation bubble and reattachment of the laminar
boundary layer may be observed at Reynolds numbers
as low as 104.  This causes intensive turbulence in the
boundary layer in the rear zone. With a further
increase of Re, to the range lo�-2  X 10�  (depending
on the geometry), a laminar/turbulent  transition occurs
in the boundary layer before i ts  separation at
Q!J = 140�. Here we have the so-called critical flow
regime. Increasing Re to lo6 leads to the creation of
the supercritical regime, with a highly turbulent flow
and a developed turbulent boundary layer. Significant
changes are also noted in the distribution of pressures
in the supercritical regime. At Re > 106, the flow
patterns and the pressure distributions are similar in

a=s,/d b=s,/d

(a)

“b

pb

Figure 2 Tube arrangements in banks. (a) Plain tubes.
(b)  Finned tubes.
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both staggered and in-line banks (Fig. 3). A decrease of
P is noted in the region from the impact point to 90°,
accompanied by flow acceleration outside the bound-
ary layer. In the rear, P increases (with a decrease of
outer velocity), leading to the separation of the turbu-
lent boundary layer. No significant changes of pressure
are noted in the recirculation zone.

The increase in intertube velocity is determined
mainly by the relative transverse pitch a. The value of
u increases significantly with a decrease of a. Mean
velocity in the minimum intertube space is determined

by

if a d 2b2  - 0.5. In compact banks, the minimum
intertube space may occur in the diagonal direction
(see Fig. 2) if a > 2bZ - 0.5. In this case,

a
u=u,,,

A d(a2/4)  + b2 - 1

and in an arbitrary position by

(5)

(6)

B. Drag and pressure drop in banks of tubes

In flow through tube banks, there occur irreversible
energy changes due to friction. These energy changes
are manifested as pressure losses over the bank. The
calculation of these pressure changes is vital to the
design of the circulation system (pumps, fans, natural
circulation). Conversely, the energy changes are associ-
ated with forces in the individual tubes in the bank.
These forces are important in assessing and calculating
phenomena such as tube vibration. Although the pres-
sure losses and forces on the tubes are clearly linked, it

00
0 6 0 1 2 0 1 8 0

Figure 3 Pressure coefficient distribution around a tube. (1) ln-
line bank, Re = 6 X 10�.  (2) Staggered bank, Re = 106. (3) In-
line bank. Re = 106, inner rows.

is convenient to treat them separately in the present
context, dealing first with the forces on the tubes.

(a) Drag on a tube in a bank

Flow of a fluid through a tube bank generates a force
on each separate tube, the direction of which is not
necessarily coincident with that of the flow. The total
drag force is the sum of the skin friction and the form
drag. Its longitudinal component is known as the drag
force F, and the transverse component as the lift force
F,,. The forces on a tube in a bank may be described
in terms of the skin friction coefficient cr and the drag
coefficient CD. The skin friction coefficient is defined

[2,31 by

27 w.x
Cf = -

PU2
(7)

where T,, is the mean horizontal component of the
shear stress on the tube surface. The local shear stress
is given by

al.4
?-w=q  -0av y = o

where n is the dynamic (absolute) viscosity and (au/
ay),,=o  is the velocity gradient at the wall (see Fig. 1).
If the velocity distribution in the boundary layer is
known, r,, may be obtained by integration along the
perimeter from the front stagnation point either to the
rear stagnation point or to the separation point:

r,,, dX (9)

where dX = cos $ ds, $ being the angle of the main
flow direction to the tube surface tangent (see Fig. l),
and s is peripheral distance. For nonseparating flows,
integration is performed from the impact point up to
the rear stagnation point. For separating flows, the
integration terminates at the separation point. The
point at which &lay = 0 is defined as the point of
separation. To determine shear stress from Eq. (9) for
Re from 2 to 10�) the impact point is assumed for
staggered banks at 4 = O�,  and for in-line banks is
determined from experimental data (Fig. 4).

To assist in solving Eq. (9)  a correlation of local
friction cf = 27,/pu2 may be used as illustrated in Fig.
5.

Skin friction accounts for nearly all of F, at low
Re. With increasing Re, the skin friction contribution
decreases as a fraction of F,, the remaining force being
form drag. In the critical flow regime the skin friction
might contribute typically OS-276  of the total force. It
is convenient to define a drag coefficient CD in terms
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2 -4 6 810’ 2 14 6 8102 2 4 6 8103 2 4 6 8104 2 4 6 8
Re

Figure 4 The point of flow impact.

of the total force F, (i.e., including both skin friction
and form drag) as follows:

2Fx
CD =-

~u’-%r
(10)

where A,, is the tube cross-sectional area transverse to
the flow (= L X d, where L is the tube length and d is
the tube diameter). In order to determine F, for a
given tube, the pressure p is measured at the surface at
a number (no, say) of uniformly distributed points. F,
is then given by

no

F, =  A A
1

Pc$ cos @
i=l

where

uzndL
n0

(11)

(12)

where L is the length of the tube and d is the tube
diameter.

Figure 6 gives the drag coefficient for the first row
for in-line and staggered banks of plain tubes with

0

- 1
0 60 120 180

d

Figure 5 Skin friction coefficient in staggered banks as a
function of angle. (0) Analytical to the separation point.
(1) Experimental, bank 1.50 X 1.50 with Re = 1 017 (authors).
(2) Re = 1.3 X 105. (3) Re = 1.4 X 106,  bank 2.0 X 1.4 [2].
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II X b = 2.0 X 2.0 (curves 1 and 2), together with the
drag coefficient of a compact bank a X b  =
1.65 X 1.53 of helical-finned tubes for the first row
(curves 3 and 4) and one of the inner rows (curves 5
and 6).

The following equations are recommended for co.

In-line banks, IO2 < Re < 4 X 1 O3  :

CD = 0.535 exp (5.378 Re-0.345) (13)

Staggered banks, IO2 < Re < 4 X I O3  :

1.4

0.6

0.2
lo4
Re

Re

Figure 6 Drag coefficient of a tube as a function of Re. (1) In
line. (2) Staggered bank, 2.0 X 2.0, plain tubes, first row.
(3,4) Staggered bank, 1.65 X 1.53, first row. (5, 6) Staggered
bank, 1.65 X 1.53, inner row. Q = 25, d= 15, It =5, s = 3,
6, = 0.4, 6 2 = 3.0 mm. The attack angle of fins equals 3�.
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CD = 0.417 exp (4.932 Re-���j)

In-line banks, 4 X lo3 < Re < 6 X lo4 :

CQ = 0.735-o 411 X 10m6  Re

Staggered banks, 4 X lo3 < Re < 6 X lo4 :

CD = 0.647-0.5 X 10e6  Re

(14)

(15)

(16)

In-line banks, 6 X lo4 < Re < 1 O6  :

CD = 0.621 + 0.169 X 10e5  Re - 11.343

X lo-l2 Re2 + 16,656 X 10-l�  Re3

- 7.377 X lOeM  Re4

Staggered banks, 6 X 104 < Re < lo6 :

CD = 0.618 + 0.491 X 10T6 Re - 6.303

X IO-l2 Re2 + 10.694 X IO-�s  Re3

(17)

- 5.2 X lO-24  Re4 (18)

Typical results for CD in a finned-tube bank are
illustrated in Fig. 6. The values depend on the defini-
tion of Arr in the formula for calculating CD [Eq.
(IO)] ; either the fin tip diameter may be used or the
base tube diameter.

For the first row of tubes, the value CD based on
the fin tip diameter is given by (curve 3 of Fig. 6)

1 908.9
CD =  1 . 4 5 1  +  - -

275.6 X lo3
Re Re2

and CD based on the base tube diameter (curve 4) is
given by

11909
CD = 0.706 + d - 215.4 X lo3

Re Re2
wo

For an inner row of a bank of finned tubes, the value
of CD based on fin tip diameter is given by (curve 5)

CD = 16.03 Re-0.256 (21)

and CD based on base tube diameter (curve 6) is given
by

CD = 24.37 Re-o.388

(b) Pressure drop in banks of tubes

(22)

I. Form of correlating equations

The pressure drop Ap for flow through a bank of
tubes is a function of the geometry (expressed in terms
of Sl, s2, and d-see Fig. 2), the number of tube rows
in the bank z, the flow velocity U, and the physical
properties of the fluid:

(23)

where TJ is the dynamic (absolute) viscosity. It is
convenient, in what follows, to define u as the velocity
at the minimum intertube gap. That is, u is the
maximum velocity attained by the fluid as it passes
through the various gaps between the tubes. Suppose
that ub is the superficial velocity through the tube
bank (i.e., the volume flux of the fluid per unit face
area-including tubes and intertube spaces-of the tube
bank). It then follows that u = UPS, /(s, - d) for in-
line banks and that u is either uhsI/(s,  -d) or ubsl/

2(s:  -d) (see Fig. 2 for definitions), depending on
which is greater, for staggered banks. The velocities are
expressed in terms of a and b through Eqs. (4) and
(5).

Equation (23) may be written in dimensionless
form:

Eu = f-(Re, a, b, z) (24)

where Re = ud/v,  a = s,/d, and b = s,/d.  The Euler
number, ELI, is related to pressure drop by

(25)

where z is the number of tube rows. The relation
between friction factor f and Euler number is

where ti is the mass flux, given by ti = pu = il$/,S,
where &I is the mass flow rate of flow and S is the
cross-sectional area for flow corresponding to the mini-
mum intertube gap.

Data from a variety of sources [l, 4-101  have
been plotted in Figs. 7 and 8 for in-line and staggered
banks of tubes, respectively. These plots are in the
form Eu/k, versus Re, where kl is a parameter
accounting for geometry that will be introduced later.
It will be seen from Figs. 7 and 8 that good agreement
is obtained among the various data sources.

Traditionally, the most widely used form of rela-
tionship is of the power law form:

ELI  = k2 Re� (27)

where k2 and Y are constants that are functions of
system geometry. Examples of this type of relationship
are as follows.

1. Equations for in-line banks for the Reynolds
number range 104-2  X IO5

For (b - 0.8)/@  - 1) > 1:

1’5 ReY

0 1983 Hemisphere Publishing CorporationI 1t6DiL A
- ,-_ -. -. � --. - -I----- T-- �.



2.2.4-6 2.2 SINGLE-PHASE FLUID FLOW / 2.2.4 Banks of Plain and Finned Tubes

IO’
8
6
4

;:;;;,:;I  BERGELIN [ 41

2 4 6 8 IO’ 2 4 6 8 IO* 2 4 68103 2 4 68104 2 4 6 810’ 2 4 68 IO6

Re=ud/J

For (b - 0.8)&z  - 1) < 1:

Figure 7 Pressure drop of in-line banks.

H A M M E K E  [6]

(29)

2. Equations for staggered, equilateral triangular
banks

For6X  102<Re<7X  103:

The exponent r is given by

(30)

0.33
Re-0.15

For7X  103<Re<2X  IO�:

(31)

8
6
4

IO'
8
6
4

6
4

$ - 1.25 x1.08 1

+ - 1.50x 1.30 ’
B E R G E L I N  et al [4]

a - 2.00x1.40 ACHENBACH [8]

q - 2 . 0 6 x 1 . 3 8  H A M M E K E  et al r61
8-
e-
CD-
x-
I-

L 2

;;;f;‘$ NIGGESCHMIDT  [9]

1 . 5 8 x 1 . 3 ;  D W Y E R  e t  al [7]

1.25x1.25
1.50x1.50

1”
,ZUKAUSKAS  [1,5,10]

2 4 6 810’ 2 4 68102 2 4 68103 2 4 6 8104 2 4 6 8105 2 4 68106 2

Re = ud/?

Figure 8 Pressure drop of staggered banks.

0 1983 Hemisphere Publishing Corporation



2.2 SINGLE-PHASE FLUID FLOW / 2.2.4 Banks of Plain and Finned Tubes 2.2.4-7

(32)

To compare Eqs. (28)-(32)  with the experimental data
shown in Figs. 7 and 8, Eu values were calculated from
the equations and Eu/kr estimated using the relation-
ships for kl to be given below (note that kl z 1 for
the examples cited above). The resultant lines are
shown in the figures and demonstrate the good agree-
ment between Eqs. (28)-(32)  and the experimental
data. However, equations of the form of Eq. (27) can
cover only limited ranges of data and are not recom-
mended here. The recommended equations (to be
introduced later) are in the form of an inverse power
series, and separate ranges of equations are given for
in-line and staggered banks, respectively. These equa-
tions are for banks with many transverse flows; correc-
tions for lower members of rows are introduced later,
as is a general rule to the utilization of the equations.

II. Recommended relationships for in-line tube banks

The recommended [5] curves for Eu/k, versus Re are
shown graphically in Fig. 9. These curves are for tube
banks having many rows (correction factors for banks
with small numbers of rows are given later) and are
fitted by inverse power series relationships, different
relationships being used depending on the value of b
(ratio of longitudinal pitch to diameter) and on the
Reynolds number range. The appropriate equations are
as follows:

Forb=1.25,3<Re<2X  103:

g = o 272 + 0.207 X lo3 +  0 . 1 0 2  X  lo3
kl . Re Re2

0.286  X lo3-
Re3

(33)

For b = 1.25, 2 X lo3 < Re < 2 X 10�:

Eu_ = o.267  + 0.2492  lo4 _ 0.92ke;  lo7
k,

+ 0.10 x 10�

Re3
(34)

For b = 1 SO, 3 < Re < 2 X lo3 :

@ = o 263 + 0.867 X lo2 _ 0 . 2 0 2  X  1 0
k, � Re Re2

(35)

Forb=l.S0,2X 103<Re<2X  106:

E�=023S+0.197X  104-0.124X  10s
kl � Re Re*

+ 0.312 X 10� 0 274  X lOI-2- -
Re3 Re4

(36)

For b = 2.0, 7 < Re < 800:

& = o 188 + 0.566  X lo2 _ 0.646 X lo3
k, � Re Re2

+ 0.601 X lo4 _ 0.183 X 10�
Re3 Re4

(37)

6
2 4

10’8 2
6 2
4 10"

8
< \

6 " I I III
w�  2, \I I \ I I ’ ” I I

�r
4 6 8 1 0 "  2 4 6

Figure 9 Pressure drop of in-line banks as referred to the relative longitudinal pitch b.
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Forb=2.0,800<Re<2X  IO�:

EU
k, = 0.247 -

0.595 Re + 0.15 Re� _ 0.137 Re31o6
10� 10 �

+ 0.396 Re4
lOti

(38)

For b = 2.5, 600 < Re < 2 X 105:

F = 0.177 - 0.311 X 10m6  Re + 0.117 X lo-�  Re2

(39)

To utilize these equations in calculating Euler
numbers, values of the geometry parameter kr are
needed, and curves for kr are also included in Fig. 9.
It should be noted from that figure that kr = 1 when
a = b, that is, when the longitudinal and transverse
pitches are equal (a square array). For a #b, the values
of k, is a function of (a - l)/(b - l), the relationship
being dependent on Reynolds number as follows (for
the range 0.06 < (a - I)/(b - 1) < 6):

- 0 . 7 4 4

for Re = lo3 (40)

-0,655

for Re = lo4 (41)

for Re = IO5 (42)

6

4

2

I O '
8

6

- 4
i
w’

2

kl = 1.218-0.297(+)+0.0265($

for Re = lo6

For Re = IO�,  kl should be taken as unity.

(43)

III. Recommended relationships
for staggered tube banks

For staggered tube banks, the recommended [S]  curves
for banks with many rows of tubes are shown in Fig. 10
with the ratio of the transverse pitch to tube diameter
(a) as a parameter. These curves are fitted by inverse
power series whose constants depend on the value of a
and on the Reynolds number range as follows.

For a = 1.25, 3 < Re < 103:

Eu
k, = 0.795 +

0.247 X lo3Re + 0.335 x IO3
Re2

0.155 x lo4-
Re3

+ 0.241 X lo4
Re4

For a = 1.25, lo3 < Re < 2 X 106:

5 = o 245  + 0.339 x IO4 0.984 X IO7
k, . Re - Re2

+ 0.132 X 10� 0.599 x 10�3
Re3 - Re4

(44)

(45)

I x I II
\ NH

I I I ! !I
Sl

J&t

a / b
L

Re

Figure 10 Pressure drop of staggered banks as referred to the relative transverse pitch a.
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For a = 1.5, 3 < Re < 103:

F = 0.683 + O.l 1 lR; lo3 _ 0.97ie;  lo2
1

+ 0.426 X lo3 _ 0.574 X lo3

Re3 Re4

Fora= 1.5, lo3 <Re<2 X 106:

E = o 203

kl .

+ 0.248 X lo4 _ 0.758 X IO7
Re Re�

+ 0.104 X 10�  _ 0.482 X 1O�j

Re3 Re4

For a = 2.0, 7 < Re < 102:

@ = o 713 + 0.448 X lo2 0.126 X lo3
kl � Re - Re2

_ 0.582 X lo3

Re3

For a = 2.0, 10�  < Re < 104:

& = o.343 + 0.303 x IO3 0.717 x IO5
kl Re - Re2

+ 0.88 X lo7 _ 0.38 X 10�
Re3 Re4

For a = 2.0, lo4 < Re < 2 X 106:

Eu 0.181 X lo4

%=�*162+  Re
+ 0.792 X lo8

Re2

0.165 X 1Or3-
Re3

+ 0.872 X 1016
Re4

For a = 2.5, IO2 < Re < 5 X 103:

& = o 33 + 0.989 X IO2 0.148 x IO5

k, ’ Re - Re2

+ 0.192 X lo7 _ 0.862 X IO8
Re3 Re4

For a = 2.5, 5 X lo3 < Re < 2 X 106:

& = o 119 + 0.498 X lo4 0.507 x IO8

k, ’ Re - Re2

+ 0.251 X 1012 0.463 X 1015
Re3 - Re4

(46)

(47)

(48)

(49)

(50)

(51)

(52)

Curves for the staggered array geometry factor k,
are shown in the inset in Fig. 10. It is seen that the

value of k, depends on the ratio of the transverse to
longitudinal pitch (a/b). Note that for an equilateral
triangular array (a/b = 1.155) k, = 1. For other geom-
etries, the following equations may be used:

For 0.5 < a/b < 1.2, Re = lo3 :

0-0.048

k,= ;

For 0.45 <a/b < 3.5, Re = 104:

kl = 1.28 0.708 ; o.55  0.113
WI (a/b)2  (a/b)3

(53)

(54)

For 0.45 <a/b < 3.5, Re = 10�  and 0.45 <a/b < 1.6.
Re = 106:

k, =2.016-1.675(;)+0.948($

- 0.234($ + 0.021 0)’

For 1.25 < a/b < 3.5, Re = lo2 :

00.48

kl = 0.93 ;

For 1.25 < afb < 3.5, Re = 103:

0.284

k, zO.951  50

(55)

(56)

(57)

IV. Correction factors for pressure drop with small
numbers of rows

The equations given above for Eu are for tube banks
with large number of transverse rows. The pressure
drop per tube row in the first few rows of tubes may
be significantly different, and this effect has to be
allowed for in banks with small numbers of tube rows.
Defining an equivalent Euler number per tube row Eu�
as ELI: = Ap’/ [(�%)pu2  1, where Ap’ is the pressure drop
over tube row z, we may define a factor c, such that
ELI:, = c, Eu, where Eu is given by the recommended
equations. We may also define a factor C, that relates
the average Euler number Eu, for a bank of z rows
with the Euler number calculated from the recom-
mended equations; thus,

z
Eu, = C, Eu and c, = +

c
c,

,?=1

Curves for c, are given in Figs. 11 and 12 for in-line
and staggered banks, respectively. These curves are
fitted by the following equations:
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Figure 11 Factor for the number of rows for in-line bank,
2.0 X 2.0, of plain tubes.

For in-line banks:

For Re = 10,

3.879
cz = z + 0.091 -0.215 c, = l,z>3

For Re = 102,

c, = 0.409 +
5.049

z+5.006 �
= l,z>3

For Re = 104,

c, = 7.9 - 7.532 + 2.73~~  - 0.305~~

c, = l,z>4 (60)
For Re = 106,

c, = 8.16 - 8.3142 + 3.30322  - 0 . 5 2 2 3 + 0.025 3z4

c, = l,z>6 (61)

0.1 III
1 2 3

z

Figure 12 Factor for the number of rows for staggered banks,
2.0 X 2.0, of plain tubes.

1 2 3 4

z

Figure 13 Pressure drop through the rows of a staggered bank,
2.0 X 2.0 (1) Re = 10, aviation oil at Tb = 25"C, pb = 892.4,
~b = 671.8 X 10e6.  (2) Re = 104, transformer oil at Tb = SO�C,
pb = 879.9, vb =
SO�C,  pb = 988.1,

7.4 X 10e6. (3) Re = 1O6,  water at Tb =
vb=0.556  X 10-6.

For staggered banks:

For Re = 10,

c, = 1.065 -
0.180

z - 0.297

For Re = 102,

1.798 -
3.497

c, =
z + 1.273

For Re = lo�,

c, = 1.149 -
0.411

z - 0.412

For Re = 104,

c, = 0.924 +
0.269

z + 0.143

For Re = 10�  and 106,

c, = 0.62 +
I .467

z + 0.667

c,= 1,223 (62)

c, = l,z>4 (63)

c, = 1,223 (64)

c, = l,z>3 (65)

c, = 1,224 (66)

The above equations are suitable for computer calcula-
tion, but for hand calculations it is preferable to use
the table of values given as Table 1.

(c) Influence of fluid-property variation on
pressure drop

I. Effect of wall-to-bulk viscosity variations

Since fluid physical properties depend on temperature,
the fluid near the heated or cooled tube wall has
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Table 1 Correction factors for row-to-row variations

Number  of rows z

1 2 3 4 5 6 I 8 9 10

In-line banks:
Re= 10

Re = 10�

Re = 10�

Re = lo6

Staggered banks:
Re= 10

Re = 10�

Re = 10�

Re = 10�

Re = lo�,  lo6

3.357 1.640 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
3.357 2.499 1.999 1.749 1.599 1.499 1.428 1.375 1.333 1.299

1.250 1.130 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.250 1.190 1.127 1.09s 1.076 1.063 1.054 1.048 1.042 1.038

1.895 0.420 0.745 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.895 1.157 1.020 1.015 1.012 1.010 1.009 1.008 1.007 1.006

2.658 0.993 0.958 0.953 1.000 1.000 1.000 1.000 1.000 1.000
2.658 1.826 1.536 1.392 1.313 1.261 1.224 1.196 1.174 1.157

0.809 0.959 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.809 0.884 0.923 0.942 0.954 0.961 0.967 0.971 0.974 0.977

0.260 0.730 0.980 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.260 0.495 0.657 0.743 0.794 0.838 0.853 0.871 0.886 0.897

0.450 0.890 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.450 0.670 0.780 0.835 0.868 0.890 0.906 0.917 0.927 0.934

1.159 1.050 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.159 1.105 1.070 1.052 1.042 1.035 1.030 1.026 1.023 1.021

1.500 1.170 1.020 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.500 1.335 1.230 1.173 1.138 1.115 1.099 1.086 1.077 1.069

different properties than the bulk fluid. This affects
the pressure drop and the Euler number EuT for the
case where there is a temperature drop may be calcu-
lated from the Euler number (Eu) for uniform temper-
ature as follows:

EuT = Eu 20
n

(67)

where n,,, and nb are the dynamic (absolute) viscosities
at the tube wall and at the bulk flow temperature. The
power index n depends on the Reynolds number and
the heat flow direction (Fig. 14). For Re > 103, n = 0
and there is no appreciable effect of temperature
difference on Eu. When n, > nb (e.g., in cooling a
liquid), the exponent n is given by

n = 0.776 exp (- 0.545 Re�.256) (68)

and when 77, < v6 (e.g., in heating a liquid), n is given

by

n = 0.968 exp (- 1.076 Re�.�%) (69)

II. Effect of property variations through bank

An evaluation of the pressure drop must take into
account the bulk temperature dependence of the fluid
physical properties. For liquids, an arithmetic mean of
the density may be chosen for the entrance and exit

conditions, the variation being low. When larger varia-
tions occur, the bank may be considered as a group of
several smaller banks, each with a limited number of
rows. Density values for each of the elementary banks
are calculated from their average local temperatures. A
subsequent summation yields the total value of
pressure drop, which takes account of density varia-
tion. The effect of bulk temperature dependence of
viscosity is evaluated similarly.

III. Accelerational pressure drop arising from
temperature rise

Nonisothermal gaseous flows in banks undergo varia-
tions of density and velocity. Acceleration involves

Figure 14. The value of n, the power index of q,,,/qb,  as a
function of Rc. (1) Cooling.  (2) Heating.
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2.2.4-l 2 2.2 SINGLE-PHASE FLUID FLOW / 2.2.4 Banks of Plain and Finned Tubes

additional pressure drop, which may be described for a
constant channel cross section by

Tz - T,
Ap, = pzu; - pluf = -~

2

Gl
Pm% (70)

where Ap, is the pressure drop due to acceleration,
TI,  P I, UI and Tz, PZ, u2 are the gas temperatures,
density, and velocity in the inlet section and in the
outlet section, respectively. Th = 273.15 + T,, T, is
the mean temperature in the bank, pm is the density
of the gas at T,, and u, is the mean velocity,
referred to T,,,. The value of Ap, is positive in heating
and negative in cooling.

IV. Net gravitational pressure drop due
to density difference

In addition to the frictional and accelerational pressure
drops, there is a gravitational pressure drop pgH  sin
0, where p is the mean density in the bundle, H is
the height, g is the acceleration due to gravity, and 0 is
the angle of inclination of the flow to the horizontal.
If the bundle is surrounded by and connected to fluid
of density p,,, there is a net driving pressure drop
(draft) given by

Apd=(pO-p)gHsine (71)

This pressure drop should be added to the frictional
and accelerational pressure drops to give the total
pressure drop. Note that in natural draft systems the
total pressure drop is zero.

(d) Pressure drop of yawed banks of tubes

For banks that are yawed with respect to the flow
direction by an angle J/ (see Fig. 15),  the Euler
number Eu+ is related to the Euler number for pure
cross flow Eu by a yaw factor k,+ :

Eu$ = kQ  E u (72)

Curves for k$ are given in Fig. 15 for staggered and
in-line banks, respectively, for the ranges of Re from
lo4 t o  2 x  105. These curves are fitted by the
equations

kJ,  = 1.245 exp (- 0.4781C/-�*n3)

for staggered banks and

(73)

k+ = 1.107 exp (- 0.30111/-2.412) (74)

Figure 15 The value of yaw factor k as a function of yaw angle
$. (1) For staggered banks. (2) For in-line banks with LI from
1.26 to 2.0 and b = 2.0.

for in-line banks, where $ is in radians. Further
information on yaw effects for banks of either circular
or elliptic tubes is given in [ Ill.

(e) Summary of calculation procedure
for pressure drop

To calculate the pressure drop in a bank of z rows of
tubes, the following procedure is adopted based on the
recommendations given earlier.

1. Estimate the mean bulk fluid physical proper-
ties at the arithmetic mean of the inlet and outlet
temperatures.

2. Calculate the maximum intertube velocity u
using Eqs. (4)-(6).

3. Calculate the Reynolds number, Re = WI/V.
4. Calculate the value of Eu/kI for an infinite

bank using Eqs. (33)-(39)  for in-line banks or Eqs.
(44)-(54)  for staggered banks.

5. Calculate the value of kl from Eqs. (40)-(43)
(in-line banks) or Eqs. (53)-(57)  (staggered banks) and
calculate Eti from Eu = (Eu/k,).  Interpolate the values
of kl logarithmically for the appropriate value of
Reynolds number.

6. Calculate the value of Euler number for z rows,
Eu, = C, Eu, interpolating Table 1 logarithmically in
terms of Reynolds number for C,. Alternatively, C,
may be calculated via Eqs. (58)-(66)  for c, and taking
c, = (l/z) Zi=, c,.

7. Correct for wall-to-bulk temperature viscosity
variation via Eq. (67),  calculating the exponent n from
Eq. (68) (cooling) or Eq. (69) (heating).

8. Check effects of large-scale bulk property varia-
tions, acceleration, and net gravitational pressure drop
[see Sec. B(c)].

9. Correct for the effect of yaw using Eq. (72),
with k+ calculated from Eq. (73) or (74).

0 1983 Hemisphere Publishing Corporation

--



2.2 SINGLE-PHASE FLUID FLOW / 2.2.4 Banks of Plain and Finned Tubes 2.2.4-13

C. Pressure drop in banks of finned
and rough-surfaced tubes

(a) Pressure drop in banks of finned tubes

Pressure drop in banks of finned tubes is a function of
the tube geometric parameters as illustrated in Fig. 2.
The velocity profiles and boundary-layer thicknesses
around the tubes are determined by the parameters
illustrated and, of course, by fluid properties and
velocity. Significant differences are noted between
fluid flows on the first-row tubes and those in the
inner rows. A high degree of turbulence exists inside
the bank, in the intertube and intertin  spaces. In the
first two rows, separation of the boundary layer at
@ = 90� (see Fig. 1) is followed by a circulation zone.
Effects of the turbulence on boundary-layer separation
are observed from the third or fourth row onward.
Comparisons with tubes in the first and the second
rows suggests that the separation point for an inner
tube is shifted downstream, and that the circulation
zone is smaller in volume and more complex in
structure. The lower the fin height h and the longer
the fin spacing, the more is the flow on a finned tube
similar to that on a plain tube. Conversely, the higher
and closer the fins, the more the flow is similar to that
in a slot.

Pressure drop over a finned-tube bank is a func-
tion of flow velocity, bank geometry, fin geometry,
and fluid physical properties:

& =f+> 4 s, h, 61, 629 $1, $29  z, rl,  P+ (75)

Fin thickness is often found to have no significant
effect on the pressure drop, and a simplified dimen-
sionless form of Eq. 2.2.4(75) may be written:

Eu4-4
t

h s S1  S2

pu2z
= f  Re,;,~,;,~,z (76)

In what follows, the correlations of Yudin and Tokhta-
rova [12]  are stated and recommended. Alternative
correlations are available in the literature [e.g., Jame-
son (13)]  , but it is beyond the scope of this present
short section to give details of these.

I. Correlation for staggered banks of tubes
with annular (ring-shaped) fiis

The correlation of Yudin and Tokhtarova [12]  for this
case is as follows:

For 2.2 X IO3 < Re$ < 1.8 X 10�:

Eu = 2 Red: 25 C, (77)

For Red* > 1.8 X 10�:

Eu = 0.26 5
0.30 C,

e
(78)

where d* is a relative diameter given by

dA 4,

d*=F+r-  J
0.785(D2 - d2) (79)

total total

where  d is the base tube diameter, D is the fin
diameter (see Fig. 2) Atube  is the bare tube surface
area per unit tube length (= nd), Afin is the tin surface
area per unit length, and Atotal is the total surface
area per unit length. The hydraulic mean diameter d,
is given by

d = 4 x flow area = 21~01 - d) - 26Kl
e flow perimeter 2h + s (80)

(refer to Fig. 2 for definitions of s, si, h, and F). The
Reynolds number Red*  is defined as ud*/v,  where u is
the maximum intertube velocity calculated for plain
tube banks of tubes with diameter d and spacings si
and s2 from Eq. (4) or (5).

In Eqs. (77) and (78) the correction factor C,
takes account of the number of rows of tubes in the
bundle and is given by C, = (l/z) C& i c,, where c, is
the factor by which the pressure drop over the zth row
differs from the average pressure drop per row in an
infinite bundle. The variation of c, with z is illustrated
in Fig. 16 and is given by

c, = 0.934 +
0.355

z - 0.667
c, = l,z>6

The appropriate values of C, and c, are also given in
Table 2.

Figure 16 Factor for the number of rows of finned tubes.
(1) In-line bank. (2) Staggered bank.
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Table 2 Correction factor for row-to-row variations for staggered banks of annular fins

No. of rows 1 2 3 4 5 6 7 8 9 10

cz 2.000 1.200 1.086 1.040 1.016 1.000 1.000 1.000 1.000 1.000
cz 2.000 1.600 1.429 1.332 1.268 1.224 1.192 1.168 1.149 1.134

II. Correlation for in-line banks of tubes with annular
(ring-shaped) and square fins

The Yudin and Tokhtarova [ 121 correlation for in-line
banks of annular and square-shaped fins is as follows:

where d, is defined from Eq. (80),  a = s,/d, b = s2 Jd
(see Fig. 2), Red*  = ud*/v,  and d* is given by

A d Afin
d*=P+-total A total

(83)

where Atube is the bare tube surface area per unit
tube length (= rrd),  Afh is the fin surface area per unit
length, Atotal  is the total surface area per unit length,
A;i, is the fin-side surface area, and nfin is the number
of fins per unit length. Equation (82) applies over the
ranges 4 X lo3 < Re,. < 1.6 X 10� with 0.85 <
d*/d,  < 11.5 and 0.5 <(b  - l)/(a - 1) < 2.

The value of CZ = (l/z) Z& 1 c, is calculated
using the relationship

= 0.738 +
1 so9

CZ z - 0.250 c, = l,z> 6

where C, is the correction coefficient to Eq. (82) for
the pressure drop across the zth tube row. Values of
C, and c, calculated from Eq. (84) are given in Table

III. Correlation for staggered banks of tubes
with helical fins

For multirow (i.e., z > 6) banks of staggered tubes
with helical fins, StasiuleviEius and Skrinska recom-
mend the following correlation.

For lo4 < Re < 105:

Eu = 13.10(1 - s/d)1.sRe-0~25
ao.55b�5(1  - h/d)�.4

For lo5 < Re < IO�:

Eu = 0.74(1 - s/d)l*’
aypyl  - ~/d)l.4

(85)

(86)

where Re = ud/v  and the other parameters are defined
in Fig. 2. Equations (85) and (86) apply over the
ranges 2.2 <a<4.13,  1.27<b  <2.14,0.12  <s/d <
0.28, 0.12 < h/d < 0.59, helix angle 2-4�,  and with
62161 = 2.

(b) Pressure drop for banks of rough-
surfaced tubes

Tube surface roughness may increase the momentum
transfer in the vicinity of the wall. In turbulent flows,
tube roughness increases resistance when the elements
of the roughness are higher than the viscous sublayer,
that is, when k* (the dimensionless height of the
roughness elements) is greater than 5. Here, k+ =
u*k/v,  where k is the actual height of the elements, U*
is the friction velocity (given by a, where 7, is
the wall shear stress and p is the fluid density), and v
is the kinematic viscosity. At k’ > 70, the roughness
effect is dominant, and the shear stress at the wall is
determined by the form drag of separate elements of
roughness. The effect of roughness on Euler number
for staggered banks is illustrated in Fig. 18, where ELI,
is the Euler number for rough tubes and Eu is the
value for plain tubes. For each relative roughness value
(k/d), the effect of roughness begins to be important
above a given value of Reynolds number (this is similar
to the situation for flow in tubes). The curves in Fig.
18 are represented by the following equations.

Table 3 Correction factors for row-to-row variations for in-line banks of annular (ring-shaped) or
square fins

No. of rows 1 2 3 4 5 6 I 8 9 10

CZ 2.750 1.600 1.287 1.140 1.056 1.000 1.000 1.000 1.000 1.000
CZ 2.750 2.175 1.879 1.694 1.567 1.472 1.405 1.354 1.315 1.283
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r Axisztube 1

I t-
s, - d , d/2

I -

Figure 17 Determination of the equivalent diameter.

EL
Eu -

2.013 exp (- 189.29 Re-0.459) (87)

For k/d = 5 X 10e3,  2 X lo4 < Re < 106:

Eu
2 = 2.185 exp (- 90.477 Re-0.458)
Eu

For k/d = 15 X 10m3,  IO4 < Re < 10�:

Ey!!-
Eu -

1.115 X 10m4  exp (- 7.12 Re�.0266)

(88)

(89)

For in-line banks, the effects of roughness is
somewhat less than in staggered banks.

D. Hydrodynamic parameters of separated For symmetric (a = b) in-line banks, for the first
flows in banks of tubes and inner rows, and for 1.25 <a < 3.5,

When a fluid flows in a cross flow over a tube, vortices
are shed from the downstream side. The frequency f of
vortex shedding is characterized by the Strouhal
number, Sr = fd/u,  where d is the tube diameter and u
is the fluid velocity. In tube banks [where u is
normally defined from Eqs. (4) and (5)],  the pattern
of vortex shedding is complex and gives rise, in some
geometries, to much higher values of Sr than for single
tubes. An analysis of the results for Sr for a wide
range of Re, a, and b for in-line and staggered banks
suggests that there is usually no significant effect of Re
on Sr. However, results obtained by the present

2.0
I= 1.6 1.8

>2 1.4
u 1.2

104 2 4 6 8105 2 4 68106 2 4 6 8
Re

Figure 18 The value of ratio Eu,/Eu  versus Re number for
different roughness parameters k/d for a staggered bank,
2.0 X 2.0, inner row.

0.6

a=b

Figure 19 Strouhal number as a function of a for symmetric
staggered banks. Curve 1, first row. Curve 2, inner row.

authors for staggered banks with the relative longi-
tudinal pitch b = 2.5 indicate that Sr decreases by 50%
with increasing Re.

Figures 19 and 20 present values of Sr obtained
by the present authors and others [14, 151 for sym-
metric in-line (a = b) and staggered (sl = s2) banks
with a in the range 1.25-3.5. They suggest that Sr
decreases with increasing a (or b) and approaches a
constant value at high values of a. The following
relationships fit the curves shown in Figs. 19 and 20.

For the first row of symmetric (sl = s2) staggered
banks,for  1.25<a<2.0andRe<l.5X  103,

Sr = 0.195 + a�~o~71~6 (90)

For the inner rows of symmetric (sl = ~2) stag-
gered banks, for 1.25 <a < 2.0 and Re < 1.5 X 103,

Sr = 0.21 + a ��,�tl,

Sr = 0.138 + a�~o~~~7

For any given value of a, the value of Sr is highly
affected by changes of the longitudinal pitch. The
value of Sr increases sharply with decreasing b.

The difference of the front and rear pressures on a
tube gives rise to a constant force directed down-
stream. Another force is generated by vortex shedding,
fluctuating in the longitudinal and in the transverse
direction alternatively, and causing the tube to vibrate
in the same manner. The amplitude F,, of the fluctuat-
ing force, transverse to the flow direction, on tube

1.5 2.0 2.5 3.0 3.5

a = b

Figure 20 Strouhal number as a function of a for symmetric
in-line banks.
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length L may be expressed in terms of the lift
coefficient cL ,

2FYCL =-
pu2Ap

(93)

where A, is the cross-sectional area of a tube parallel
to the flow direction (Ap = Ld). Values of cL for
in-line banks are given by Chen [15]  for the Reynolds
number range 1.36 X lo3 to 2.66 X lo4 and are shown
in Fig. 21. Local turbulence also generates pressure
fluctuations of a wide spectrum of frequencies, and
those approaching the natural frequency f, of the tube
itself are amplified. The volume of fluid in the inter-
tube space also oscillates with its own acoustic
frequency f,, in the transverse direction.

2 . 0 3 . 0 4 . 0
b

Figure 21 Lift coefficient versus longitudinal pitch b, for in-line
banks, for different transverse pitches a.

The frequency of vortex shedding is determined avoidable with 0.75 <.f/f,, < 1.25. Acoustic resonance is
from Sr and is compared with the natural frequency of possible with l/2 < flf, < 2 and unavoidable with
the tubes, f,,, and with the fluid acoustic frequency, 0.75 < f/f0 < 1.25. Resonance implies much noise and
f,. By avoiding similar values of the frequencies in- additional load on the tubes and the shell. More
volved, resonance vibrations can be excluded. Resonance information is given by Blevins [16] and also in Sec.
vibration is found possible with l/3 < flf, < 3 and un- 4.6.

a
b

Cf
CD
CL
d
Eu
f

H
kz
L
II2
riz
Pb
PX
P
Pr
r
Re
Sl

Sl

NOMENCLATURE FOR SECTION 2.2.4

relative transverse pitch, s,/d
relative longitudinal pitch, sz/d
skin friction coefficient, 27,/puz
drag coefficient, 2Fx/puz  Ld
lift coefficient, 2Fy/pu2  Ld
diameter of tube, m
Euler number, 2 Ap/pu2
friction factor, ELI/~
height, m
geometric constant, Eq. (27)
length, m
mass flow rate, kg/s
mass velocity (mass flow per unit area), kg/m2 s
main flow pressure, [Eq. (l)] , Pa
local pressure, Pa
,pressure coefficient [Eq. (3)]
Prandtl number, qc,/X
power index of Re [Eq. (27)]
Reynolds number, udfv
transverse pitch of a bank of tubes, [Fig. (l)] , m
longitudinal pitch of a bank of tubes [Fig. (l)]  ,

lagonal  pitch of a staggered bank [Fig. (l)]  , m

s
Sr
T, T’

ub
u

X

Y
Z

np

77

V

P

;

cross-sectional area, m2
Strouhal number, fd/u
temperature, �C,  K
main flow velocity [Fig. (I)], m/s
mean velocity in the minimum intertube space,
4s
linear distance from front stagnation point, m
distance normal to the wall, m
number of tube rows in a bank
pressure drop, Pa
dynamic (absolute) viscosity, kg/m s
kinematic viscosity, m2 /s
density, kg/m3
shear stress, Pa
angular distance from the front stagnation point,

d%

Subscripts

b conditions in the main flow
W conditions on the wall
m mean value
X local conditions
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.4-l

5.5.4
Constants for binary mixtures

R. N. Maddox

H This section supplies the constants necessary for
prediction of nonideal behavior using the Analytical
Solution Of Groups (Table l), UNIFAC (Table 2) and

Parameters From Group Contributions (Table 3). Meth-
ods discussed in Section 5.2.2B.

Table la Parameters for use in the analytical solution of groups

Alcohol-hydrocarbon-water systems at 60°C  (1)

Assignments

Group pair

CH,
OH

Compounds CH, OH FH

Hexane 6.0 6.0
Water 1.4 1.0
Water 1.4 1.0
Pentane 5.0 5.0
Methanol 1.0 1.0 2.0
Water 1.4 1.0
Heptane 7.0 7.0
Butanol 4.0 1.0 5.0

Parameters

CH, 1.0 0.305
OH cl.0147  1 . 0
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5.5.4-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures

Table lb Parameters for use in the analytical solution of groups

Methanol-glycerol systems (1)

Assignments

Group pair Compounds CH, OH GOH FH

CH,-
Glycerol
OH-
Glycerol
talc.

Glycerol 6.0 6.0
6.0 6.0

Methanol 1.0 1.0 2.0

Water 1.4 1.0
Glycerol 6.0 6.0

Parameters

CH, 1.0 0.305 0.353
OH 0.0147 1.0 1.095
Glycerol 0.0153 0.991 1.0

Table lc Parameters for use in the analytical solution of groups

Ketone-alcohol-water systems at 60°C  (1)

Assignments

Group pair Compounds CH, OH C=O FH

CH, Heptane 7.0 7.0
C=O Acetone 2.0 1.0 3.0
OH- Methanol 1.0 1.0 2.0
c - o MEK 3.0 1.0 4.0

Water 0 1.4 1.0

Parameters

CH, 1.0 0.305 1.333
OH 0.0147 1.0 0.668
c - o 0.0503 0.840 1.0

Table Id parameters for use in the analytical solution of groups

Ether-alcohol-water systems at 60°C (1)

Assignments

Group pair Compounds CH, OH -0- FH

CH, -0

CH-OH
OH-O

talc.

Heptane
Diethyl ether

Diethyl ether
Ethanol
Water
Dioxane
Methylal
Methanol

7.0 7.0
4.0 1.0 5.0

4.0 1.0 5.0
2.0 1.0 3.0

1.4 1.0
4.0 2.0 6.0
3.0 2.0 5.0
1.0 1.0 2.0

Parameters

CH, 1.0 0.305 1.711
OH 0.0147 1.0 0.355
-o- 0.341 1.03 1.0
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures 5.5.4-3

Table le Parameters for use in the analytical solution of groups

Aqueous nitrile systems at 7S°C  (1)

Assignments

Group pair Compounds CH, CH CN OH FH

CH-CN

CN-OH

Acetonitrile
Acrylonitrile
Acetonitrile
Water

1.0 1.0 3.0
1.0 1.0 1.0 4.0

1.4 1.0

Parameters

CH, 1.0 0.825 0.4455 0.315
C H 1.17 1.0 0.0338 0.680
CN 0.047 0.385 1.0 0.291
OH 0.021 0.025 0.549 1.0

Table If Parameters for use in the analytical solution of groups

Ester-alcohol systems at 5O�C  (1)

Assignments

Group pair Compounds CH, COO OH FH

CH, -COO Propylformate 3.0 3.0 6.0
Hexane 6.0 6.0
Decane 10.0 10.0
Ethylpropionate 5.0 3.0 8.0

COO-OH Methylacetate 2.0 3.0 5.0
Methanol 1.0 1.0 2.0

Parameters

CH, 1.0 0.072 0.305
c o o 1.096 1.0 1.1179
OH 0.0147 0.165 1.0

Table lg parameters for use in the analytical solution of groups

Aromatiealcohol systems at 80°C (1)

Assignments

Group pair Compounds CH, CA OH FH

CH, -CA Heptane 7.0 7.0
Benzene 6.0 6.0

CA-OH Ethanol 2.0 1.0 3.0
Benzene 6.0 6.0

talc. Toluene 1.0 6.0 7.0
Isoamyl alcohol 5.0 1.0 6.0

Parameters

CH, 1.0 0.734 0.32
CA 1.24 1.0 0.534
OH 0.0245 0.045 1.0

0 1983 Hemisphere Publishing Cqoratiun

WI

.-. .-. .^. _-_ -.. ._ -�.. ._.I . . ---. ~� .



5.5.4-4 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures

Table lh Parameters for use in the analytical solution of groups

Chloride systems (1)

Assignments

Group pair Compounds CH, OH Cl HBH FH

CH, -Cl Cyclohexane 4.0 1.0 4.0
al, 1.0 4.0 5.0

OH-Cl Methanol 1.0 1.0 2.0
CC!, 1.0 4.0 5.0

OH-HBH Methanol 1.0 1.0 2.0
Chloroform 1.0 3.0 1.0 4.0
Ethanol 2.0 1.0 3.0

Parameters

CH, 1.0 0.29 0.837 1.0
OH 0.007 1.0 0.0112 0.0722
Cl 1.128 0.591 1.0 1.0
HBH 1.0 5.077 1.0 1.0

Table li Parameters for use in the analytical  solution of groups

Fluorocompounds (1)

Assignments

Group pair Compounds CH, CF, 0 FH

CH,-0

CH, -CF

CF,-0

HBH-0

Cyclohexane
Dioxane
Hexane
Perfluorohexane
Perfluoroheptane
Dioxane
HPDFH
Dioxide

6.0 4.0
4.0 2.0 4.65
6.0 6.0

18.0 9.8
12.0 11.4

21.0 11.4
4.0 2.0 4.65

Parameters

CH, CF, 0 HBH

CH, 1.0 0.424 0.00153 1.0
CF, 1.541 1.0 0.604 1.0
0 0.495 0.334 1.0 0.0015
HBH 1.0 1.0 3.126 1.0
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures 5.5.4-5

Table lj Parameters for use in the analytical solution of groups

Aromatic-ketone mixtures (1)

Assignments

Group pair

CI-4
c = o

CH-

CA-

C=O

talc.

Compounds

Heptane

Acetone

Heptane

Benzene

Benzene

Acetone

Xylene
Diisobutyl ketone

Temp.,�C  CH, CA

I 7.0
60
25 2.0
60
25 7.0
60
25 6.0
60
25 6.0
60
25 2.0
60
60 2.0 6.0
60 8.0

C=O FH

7.0

1.0 3.0

6.0

6.0

1.0 3.0

8.0
1.0 9.0

Parameters

CH, 25 L O 0.705 0.899
60 1.0 0.709 1.33

150 1.0 0.66 2.10
CA 25 1.24 1.0 1.418

60 1.266 1.0 1.578
150 1.52 1.0 1.9

c = o 25 0.0480 0.144 1.0
60 0.0503 0.162 1.0

150 0.075 0.21 1.0

0 1983 Hemisphere Publishing  Corporation

Ia4

!� ,.- -. I * _ - _ . I

--I----- .-.

.-. ..� T-,~Tm�  ..--



55.46 5.5 PHYSICAL PROPERTY DATA TABLES / 5.54 Constants for Binary Mixtures

Table lk Parameters  for use in the analytical solution of groups

Anhydrid+carboxylic  acid mixtures (2)

Assignments

Compound S i z e g r o u p s  C H ,  O H Benzene Acid Anhydride

Acetic acid 2 1 1
Acetic anhydride 4 2 1
Benzene 6 6
Benzoic acid 7 6 1
n-Butanol 5 4 1
o-Cresol 8 1 1 6
Cyclohexane 6 6
Ethanol 3 2 1
Ethylbenzene 8 2 6
Formic acid 2 1
*Octane 8 8
Phenol 7 1 6
Phthalic  acid 8 6 2
Phtlmlic  anhydride 8 6 1
Propionic acid 3 2 1
Toluene 7 1 6
o-Toluic acid 8 1 6 1
Water 1 1.4

Parameters

-CH, -OH
Benzene Acid Anhydride
(=CH-)  (-COOH)(-OCOO-)

C% 1.0 0.305 0.734 1.1333 0.7703
OH 0.0147 1.0 0.045 0.1960
Benzene 1.24 0.534 1.0 1.1372 0.9841
Acid 0.0340 2.3518 0.0442 1.0 0.6205
Anhydride 0.0249 0.1876 0.5369 1.0

Table 2a Parameters  for use with UNIFAC

Group name Rk Qk Sample group assignment

CH,
CH,
CH,
CH
C

C=C
CH, =CH
CH=CH
CH=C
CH, =C

ACH
ACH
AC

ACCH,
ACCH,
ACCH,
ACCH

0.9011 0.848
0.6744 0.540
0.4469 0.228
0.2 195 0.000

1.3454 1.176 I-Hexene: 1 CH, ,3 CH, , 1 CH, =CH
1.1167 0.867 ZHexene: 2 CH, ,2 CH, , 1 CH=CH
0.8886 0.676 2-Methylbutene-2: 3 CH, , 1 CH=C
1.1173 0.988 2-Methylbutene-1:  2 CH, , 1 CH, , 1 CH, =C

0.5313 0.400 Benzene: 6 ACH
0.3652 0.120 Styrene: 1 CH, =CH, 5 ACH, 1 AC

1.2663 0.968 Toluene: 5 ACH, 1 ACCH,
1.0396 0.660 Ethylbenzene: 1 CH, ,5 ACH, 1 ACCH,
0.8121 0.348 Cumene: 2 CH, ,5 ACH, 1 ACCH

Butane: 2 CH, ,2 CH,

i-Butane: 3 CH,, 1 CH
2,2-Dimethylpropane 4 CH, , 1 CH
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary  Mixtures 5.5.4-7

Table 2a Parameters for use with UNIFAC (Continued)

Group name Rk Qk Sample group assignment

CCOH
CH,CH,OH
CHOHCH,
CHOHCH,
CH,CH,OH
CHCH, OH

CH, OH
Ha0
ACOH

CH,CO
CH, CO
CH, CO

CHO

coot
CH,COO
CH, COO

CH,O
CH, 0
CH,O
CH-0
FCH, 0

CNH,
CH, NH,
CH, NH,
CHNH,

CNH
CH, NH
CH, NH
CHNH

ACNH,

CCN
CH, CN
CH, CN

COOH
COOH
HCOOH

cc1
CH,CI
CHCl
cc1

ccl,
CH,CI,
CHCl,
ccl,

ccl,
CHCI,
ccl,

ccl,
ACCl

CNO,
CH, NO,
CH, NO,
CHNO,

ACNO,
cs,

1.8788 1.664
1.8780 1.660
1.65 13 1.352
2.1055 1.972
1.6513 1.352
1.4311 1.432
0.92 1.40
0.8952 0.680

1-Propanol: 1 CH, , 1 CH, CH, OH
2-Butanol:  1 CH, , 1 CH, , 1 CHOHCH,
3-Octanol:  2 CH,, 4 CH, , 1 CHOHCH,
Ethanol: 1 CH, CH, OH
Isobutanol: 2 CH, , 1 CHCH, OH
Methanol: 1 CH, OH
Water: 1 H,O
Phenol: 5 ACH, 1 ACOH

1.6724 1.488 Ketone group is 2nd carbon; 2-Butanone:  1 CH, , 1 CH, , 1 CH, CO
1.4457 1.180 Ketone group is any other carbon; 3-Pentanone:  2 CH, , 1 CH, , 1 CH, CO
0.9980 0.948 Acetaldehyde: 1 CH, , 1 CHO

1.9031 1.728 Butyl acetate: 1 CH, , 3 CH, , 1 CH,COO
1.6764 1.420 Butyl propanoate: 2 CH, ,3 CH, , 1 CH,COO

1.1450 1.088 Dimethyl ether: 1 CH, , 1 CH, 0
0.9183 0.780 Diethyl ether: 2 CH,, 1 CH, , 1 CH, 0
0.6908 0.468 Diisopropyl ether: 4 CH, , 1 CH, 1 CH-0
0.9183 (1.1) Tetrahydrofuran:  3 CH, , 1 FCH, 0

1.5959 1.544 Methylamine: 1 CH, NH,
1.3692 1.236 n-Propylamine: 1 CH, , 1 CH,,  1 CH,NH,
1.1417 0.924 Isopropylamine: 2 CH, , 1 CHNH,

1.4337 1.244 Dimethylamine: 1 CH, , 1 CH, NH
1.2070 0.936 Diethylamine: 2 CH, , 1 CH, , 1 CH, NH
0.9795 0.624 Diisopropylamme: 4 CH, , 1 CH, 1 CHNH
1.0600 0.816 Aniline: 5 ACH, , 1 ACNH,

1.8701 1.724 Acetonitrile: 1 CH, CN
1.6434 1.416 Propionitrile: 1 CH, , 1 CH, CN

1.3013 1.224 Acetic acid: 1 CH, , 1 COOH
1.5280 1.532 Formic acid: 1 HCOOH

1.4654 1.264 Butylchloride: 1 CH, ,2 CH, , 1 CH, Cl
1.2380 0.952 Isopropyl chloride: 2 CH, , 1 CHCl
1.0106 0.724 tert-Butyl  chloride: 3 CH, , 1 CC1

2.2564 1.988 Dichloromethane: 1 CH, Cl,
2.0606 1.684 l,l-Dichloroethane: 1 CH, , 1 CHCl,
1.8016 1.448 2,2-Dichloropropane: 2 CH, , 1 Ccl,

2.8700 2.410 Chloroform: 1 CHCl,
2.6401 2.184 l,l,l-Trichioroethane: 1 CH,, 1 Ccl,
3.3900 2.910 Carbon tetrachloride: 1 Ccl,
1.1562 0.844 Chlorobenzene: 5 ACH, 1 ACCl

2.0086 1.868 Nitromethane: 1 CH, NO,
1.7818 1.560 I-Nitropropane: 1 CH, , 1 CH, , 1 CH, NO,
1.5544 1.248 ZNitropropane:  2 CH, , 1 CHNO,
1.4199 1.104 Nitrobenzene: 5 ACH, 1 ACNO,
2.057 (1.65) Carbon disuhide: 1 CS,
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5.5.4-8 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures

Table 2b Interaction parameters0

C% C=C ACH ACCH, CCOH CH, OH HsO ACOH

CH,
C=C
ACH
ACCH,
CCOH
CH, OH
Ha0
ACOH
CH, CO
CHO
cocx
CH,O
CNH,
CNH
ACNH,
CCN
COOH
CC1
CC4
ccl,
cc%
ACCI
CNO,
ACNO,
css

0
2520
- 11.12
- 69.70
- 87.93

16.51
580.6

(311.0)
26.76

(505.7)
114.8
83.36

- 30.48
65.33

5339
35.76

315.3
(9 1.46)
(34.01)
36.70

- 78.45
- 141.3
- 32.69

(5541)
(11.46)

- 200.0
0

- 94.78
- 269.7

(121.5)
(- 52.39)

511.7
n.a.
- 82.92

na.
na

76.44
(79.40)

-41.32
n a

26.09
(349.2)

(- 24.36)
(- 52.71)

(-- 185.1)
(- 293.7)
n.a
(- 49.92)

na.
n.a.

61.13
340.7

(-- 14z.8)
-64.13
- 50.00

362.3
(2043)

140.1
na

85.81
52.13

- 44.85
- 22.31
650.4

(- 22.97)
62.32
(4.680)

n.a.
288.5
- 4.700

(- 237.7)
10.38

(1825)
- 18.99

76.50
4102

167.0
0

- 99.38
- 44.50
(377.6)

(6245)
365.8

aa
- 170.00

65.69
na.

(223.0)
3399
- 138.4

268.2
(122.9)

na.
(33.61)
134.7

n.a.
- 97.05

n.a.
na

737.5
(535.2)
477.0
469.0

0
- 80.78
- 148.5
(- 455.4)

129.2
na.

109.9
42.00

(- 217.2)
- 2 4 3 . 3

(-245.0)
n.a
- 17.59

368.6
601.6
491.1
570.7

(134.1)
na
n a

442.8

697.2 1318
(1509) 599.6
637.4 903.8
603.3 (5695)
127.4 285.4

0 - 1 8 1 . 0
289.6 0

na. - 5 4 0 . 6
108.7 605.6

- 340.2 (-155.7)
249.6 1135

(339.7) 634.2
(-481.7) - 5 0 7 . 1
(-500.4) - 5 4 7 . 7
n.a. - 339.5

(168.8) 242.8
1020 - 292.0
529.0 698.2

(669.9) 708.7
649.1 826.8
860.1 1201

na. 920.4
(252.6) 614.2

n.a. 360.7
914.2 1081

(2789)
n.a.
(1397)

(726.3)
(257.3)

n.a.
442.0

0
na.
n.a.

853.6
n.a.
n.a.
ha.
na.
na.
n.a.
n.a.
n.a.
n.a.
(1616)
n.a.
na.
n.a.
n.a.

CH,CO CHO coot CH,O CNH, CNH ACNH, CCN

CH, 476.4 (677.0)
C=C 524.5 n.a.
ACH 25.77 na.
ACCH, -52.10 n.a
CCOH 48.16 na.
CH, OH 23.39 306.4
H,O - 2 8 0 . 8 (649.1)
ACOH n.a. n.a.
CH,CO 0 - 3 7 . 3 6
CHO 128.0 0
coot 372.2

:;CH, 0 (52.38)
CNH, na. n.a.
CNH n.a n.a
ACNH, na n.a
CCN -275.1 n.a
COOH - 297.8

::cc1 (286.3)
CCI, ( 4 2 3 . 2 )  na
ccl, 552.1 n.a.
ccl, 372.0 na
ACCl

Tf'l42.6)
n.a

CNO, n.a.
ACNO, n a . n a
-2 298.7 n a

232.1
na

5.994
5688

76.20
- 10.72

- 4 5 5 . 4
- 7 1 3 . 2
- 2 1 3 . 7

na.
0

461.3
na.

(136.0)
na.
- 297.3
- 2 5 6 . 3

na.
(- 132.9)

176.5
129.5

- 299.2
n.a
n.a

233.7

251.5 391.5
289.3 (396.0)

32.14 161.7
213.1 n.a.

70.00 (110.8)
(- 180.6) (359.3)
- 4 0 0 . 6 357.5
na na.

(5.202) na.
n.a. n.a.
- 2 3 5 . 7 n.a.

0 n.a.
na. 0
(- 49.30) (108.8)

na. na
na na.
-338.5 n.a.

225.4 n.a.
(- 197.7) n.a.
- 20.93 n.a

n a n a
n.a 203.5
( - 9 4 . 4 9 )  n a

n.a n.a
79.79 n.a

255.7 1245
273.6 na.
122.8 668.2

(- 49.29) 612.5
188.3 (412.0)

(266.0) n.a.
287.0 213.0

n.a n.a.
n.a. n.a.
n.a. n.a.
(- 73.50) n.a.
(141.7) n.a.

( 6 3 . 7 2 )  n . a .
0 na.

n.a. 0
n.a n.a.
n.a. na.
n.a. n.a.
n.a. n.a.
n.a n.a.

91.13 (1302)
- 1 0 8 . 4 n.a
n.a n.a.
n.a (5250)
n.a n.a.

612.0
370.9

(212.5)
6096
n.a.

(45.54)
112.6

n.a.
428.5

na.
533.6

n.a.
n.a.
n.a.
na.

0
n.a.
n.a.
n.a.

(74.04)
(492.0)
n.a.
n.a.
n.a
n.a.
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures 5.5.4-9

Table 2b Interaction  parameters  (Continued)

COOH cc1 ccl, ccl, ccl, ACCl CNO, ACNO, C%

CH,
C=C
ACH
ACCH,
CCOH
CH, OH
Hz0
ACOH
CH, CO
CHO
coot
CH,O
CNH,
CNH
ACNH,
CCN
COOH
cc1
ccl,
CCL,
ccl,
ACCl
CNO,
ACNO,
cs,

663.5
(730.4)
537.4
603.8

77.61
- 289.5

225.4
n.a.

669.4
na

660.2
664.6

n.a
n.a
n.a
n.a

0
326.4

1821
n.a

689.0
n.a.
n.a.
n.a
n.a

(35.93)
(99.61)

(- 18.8 1)
(- 114.1)
- 38.23
- 38.32

325.4

Ffl91.7)
n.a
n.a.

301.1
n.a.
n.a.
n.a
n.a.

44.42
0

- 84.53
(- 157.1)

11.80
n.a.
n a
n.a.
n.a

(53.76)
(337.1)

n.a.
n.a.
- 185.9

(- 102.5)
370.4

n a
(- 284.0)
n.a.

(108.9)
(137.8)

n.a
n.a.
n.a
n.a
- 183.4

108.3

(:I
(17.97)

n.a.
n.a.
n.a.
n.a.

24.9
(4583)
- 231.9
(- 12.14)
- 170.9
- 139.4

353.7
n.a.
- 354.6
n.a.
- 209.7
- 154.3
n.a.
n.a
n.a.
- 15.62

n.a
(249.2)

(0)
0

5 1.90
n.a
n.a
n.a
- 125.8

104.3 321.5
(5831) n.a.

3.000 (538.2)
- 141.3 n.a.
- 98.66 (290.0)
- 67.80 n.a.
497.5 678.2

(4894) n.a.
- 39.20 n.a

n.a. n.a.
54.47 808.7

n.a. n.a.
n.a 68.81

71.23 (4350)
(8455) n.a.
(- 54.86) na

212.7 n.a.
62.42 n.a

(56.33) n.a.
- 30.10 n.a

0 (475.8)
(- 255.4)

( -  34 .68)  -(79:.4)
(5 14.6) n.a.
- 60.71 n.a.

66 1.5 (543.0)
(542.1) n.a.
168.1 (194.9)

3629 na.
n.a. . .

(75.14) :.:.
- 19.44 399.5

n.a. n.a.
(137.5) n.a.

n.a. n.a.
n.a.

(95.18) :::
n.a. n.a.
n.a n.a.
n.a (- 62.73)
n.a. n.a.
n.a n.a
n.a. n.a.
n.a n.a.
n.a. n.a.

(490.9) (534.7)
( -  1 5 4 . 5 )  n.a.

0 n.a.
n.a 0
n.a. n.a

(114.1)
n.a.

97.53
n.a.

73.52
- 31.09

887.1
n.a

162.3
n.a.

162.7
151.1

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

256.5
132.2

n.a
n.a.
n.a.

0

�n.a.,  not available. Parameters in parentheses are based on limited data
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5.5.410 5.5 PHYSICAL  PROPERTY DATA TABLES / 55.4 Constants for Binary Mixtures

Table 3 Summary of group contniution  parameters  for use with PFGC

Group E(�J/R,  OR E(l)/R, OR b, ft�  /lb-mole
s, degree of freedom
per lattice site

CH, - 4 1 0 - 7.5 0.325 1.75
CH, - - 405 - 2 5 0.285 1.00
-CH, - - 2 8 1 - 6 5 0.275 0.25

- C L - - 5 -65 0.275 -0.75

-A- 580 - 8 0 0.265 - 2.25
I

-OH - 2880 - 1175 0.140 1.00
-CHO - 1250 - 70 0.280 1.25

0

-;- - 1259 - 245 0.290 0.50
0

-E-O - 860 - 250 0.420 0.75
co* - 799.1 -151 0.270 2.00
H,S - 931.5 - 106 0.295 2.00
Hz0 - 2150 - 1500 0.192 1.25

Group
-A-

0 0

CH, -CL- 1 -OH -CHO -i- -:-O- H,S

CH,- 0.995 1.00 1.00 0.44 0.65 0.58 0.73 0.88
-CH,- 0.995 1.00 1.00 0.44 0.65 0.58 0.73

c/bH = 12.0

REFERENCES  FOR SECTION 5.5.4

1. Derr, E L. and Deal, C. H., Analytical Solution of Groups: Correlation of Activity Coefficients Through Structural Group, Int.
Symp. Distillation, Brighton, England, 1969, Pmt. Inst. Chem  Eng., London.

2. Palmer, D. A., Predicting Equilibrium Relationships for Maverick Mixtures, C/rem Eng., p. 80, June 9, 1975.
3. Fredenslund, A., Gmehling, J., Michelson, M. L., Rasmussen, P., and Prausnitz,  J., Computerized Design of Multicomponent

Distillation Columns Using the UNIFAC Group Contribution Method for Calculation of Activity Coefficients, Z&ECProcess  Design
Develop., VOL  16, p. 450, 1977.

4. Cunningham, J. R., Calculation of Parameters from Group Contributions for the PFGC Equation of State, M.Sc. thesis, Brigham
Young University, 1974.
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.5-l

5.55
Emissivity data for gases

D. K. Edwards and Robert Matavosian

n Tables la and lb present the total emissivity of
water vapor and carbon dioxide gas as a function of
P,L and T,, respectively. The quantity Pa is the partial
pressure of the absorbing gas, Hz0 or COs  ; L is the
beam length of concern; and Tg is the gas temperature.
The tables are presented for an equivalent broadening
pressure ratio Pe equal to 1. The ratio is defined in the
footnote to Table la and accounts for the fact that
collisions between absorbing molecules and foreign gas

molecules are less effective in broadening the absorp
tion lines than absorber-absorber collisions.

The tables are computed based upon the informa-
tion contained in Table 1 of Section 2.9.5 in the
manner illustrated there in the sample calculations.
Also given in Section 2.9.5 are Hottel�s and Penner�s
Rules (for low P, and high Pe, respectively) whereby
total absorptivity can be estimated from total emissiv-
ity.

Table la Total emkivityofHpOatPe=ln

Partial-pressure Total emissivity, es
path-length product
P&, atm m TB=400K 800 K 1200K 1600 K 2000K

0.001 0.0196 0.0060 0.0030 0.0017 0.0010
0.002 0.0318 0.0108 0.0057 0.0032 0.0020
0.004 0.0488 0.0187 0.0106 0.0062 0.0038
0.01 0.0786 0.0368 0.0273 0.0144 0.0091
0.02 0.1057 0.0638 0.0458 0.0291 0.0172
0.04 0.1435 0.0925 0.0726 0.0533 0.0319
0.10 0.2037 0.1481 0.1242 0.1035 0.0781
0.20 0.2574 0.2042 0.1800 0.1588 0.1303
0.40 0.3062 0.2708 0.2460 0.2213 0.1881
1.00 0.3757 0.3585 0.3389 0.3106 0.2740

=Notes to Tables la, lb, 2a, 2b: Tg is gas temperature in K. L is beam length
in meters P, is the partial pressure of the absorbing species (H,O or CO,) in
atm. P, is effective broadening pressure defined by

where P is total pressure, PO is one atmosphere, and xcr is the mole fraction of
the absorbing species b = 8.6(To/T)��  + 0.5, n = 1 for H,O,  b = 1.3,n = 0.8
for CO,. To = 100 K.

Q 1983 Hemisphere  Publish@  Coqoaation
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5.5.5-2 5.5 PHYSICAL PROPERTY DATA TABLES / 55.5 Emissivity Data for Gases

Table lb Total  emissivity  of COz at P, = la

Partial-pressure
path-length product

Total emissivity, es

PJ,, atm m Ta=400K 800 K 1200K 1600 K 2000K

0.001 0.0131 0.0195 0.0133 0.0068 0.0036
0.002 0.0182 0.0289 0.0211 0.0130 0.0072
0.004 0.0268 0.0376 0.0305 0.0204 0.0127
0.01 0.0437 0.0560 0.0460 0.0306 0.0202
0.02 0.0552 0.0725 0.0593 0.0415 0.0282
0.04 0.0737 0.0880 0.0769 0.0556 0.0394
0.10 0.0940 0.1131 0.1063 0.0815 0.0605
0.20 0.1114 0.1348 0.1269 0.1017 0.0775
0.40 0.1251 0.1566 0.1511 0.1228 0.0957
1.00 0.1529 0.1901 0.1894 0.1562 0.1230

?Jee footnote to Table la.

The emissivity grows with P,L because at constant
7� the number of absorbing molecules increases as P,L

increases. At low values of P,L the absorption is weak,
and each additional molecule adds equally to the
absorption; hence ea is linear in P,L.  At higher values,
the addition of greater opacity at the spectral centers
of the lines has little additional effect there, and eg
integrated over the lines grows as a. At still higher
values of P,L, the addition of greater opacity at the
centers of the bands has little additional effect there,
and es grows primarily in the tails of the bands, in
total even more slowly. Thus logarithmic rather than
linear interpolation in P,L is indicated, to wit:

where subscripts 1 and 2 refer to table values.

Table 2a Effect of broadening  pressure  on total
emissivity  of H2 W

PllL,
El?

Tg, K atm m Pe = 0.1 0.3 3 10

400 0.001 0.0063 0.0112 0.0357 0.0468
0.01 0.0264 0.0462 0.1206 0.1605
0.10 0.0813 0.1320 0.2753 0.3362
1.00 0.2058 0.2898 0.4637 0.5273

1200 0.001 0.0021 0.0026 0.0035 0.0069
0.01 0.0113 0.0174 0.0263 0.0392
0.10 0.0442 0.0721 0.1837 0.2086
1.00 0.1397 0.2316 0.4171 0.4438

2000 0.001 0.0009 0.0009 0.0011 0.0019
0.01 0.0065 0.0079 0.0106 0.0130
0.10 0.0356 0.0551 0.0837 0.0937
1.00 0.1246 0.1984 0.2999 0.3016

4See  footnote to Table la.

0 1983 Hemisphere I

H

The emissivity varies with Tg at fured P,L pri-
marily due to the change in the Planck spectral
distribution with respect to the futed spectral locations
of the absorption bands, but secondarily because the
bands become wider and some become stronger, but
the number of molecules becomes fewer at elevated
temperatures.

Tables 2a and 2b show the effect of broadening
pressure ratio upon the total emissivity of the two
gases. When the lines are weak and grow in strength
linearly with P,L, there is no collision broadening
effect. When they are strong and grow as a, there
is a fi effect. At high temperatures, the band shape
assumes more importance than the line shape, and the
effect of P, is slight. Again logarithmic interpolation is
recommended.

Table 3a shows the total emissivity of hydro-
carbon-air combustion gas mixtures for a total pressure
of P = 1 atm. Tables 3b and 3c give the values for
P = 0.3 and 3.0 atm. As stated in the footnote, the

Table 2b Effect of broadening  pressure  on total
emissivity  of COza

%
PC&,

Tg, K atm m P,=O.l 0.3 3 10

400 0.001 0.0087 0.0093 0.0175 0.0218
0.01 0.0198 0.0281 0.0546 0.0704
0.10 0.0645 0.0763 0.1097 0.1194
1.00 0.1175 0.1336 0.1652 0.1734

1200 0.001 0.0109 0.0131 0.0137 0.0137
0.01 0.0402 0.0421 0.0461 0.0461
0.10 0.0949 0.1044 0.1070 0.1070
1.00 0.1704 0.1841 0.1891 0.1891

2000 0.001 0.0035 0.0035 0.0036 0.0036
0.01 0.0199 0.0201 0.0202 0.0202
0.10 0.0600 0.0603 0.0605 0.0605
1.00 0.1225 0.1230 0.1230 0.1230

%ee footnote to Table la.
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.5 Emissivity Data for Gases 5 . 5 . 5 - 3

Table 3a Total emissivity of H2 O-CO2 -N2 mixtures, P = 1 atma

E&z

L, m XH,  0 xco, Tg=400K 800 K 1200 K 1600K 2000K

0.1 0.08 0.16 0.123 0.102 0.076 0.045 0.028
0.13 0.13 0.137 0.112 0.084 0.05 1 0.028
0.19 0.10 0.149 0.117 0.089 0.057 0.030

0.3 0.08 0.16 0.190 0.160 0.131 0.093 0.058
0.13 0.13 0.215 0.175 0.143 0.105 0.069
0.19 0.10 0.234 0.189 0.151 0.114 0.079

1.0 0.08 0.16 0.294 0.244 0.211 0.170 0.131
0.13 0.13 0.315 0.267 0.235 0.193 0.153
0.19 0.10 0.344 0.291 0.256 0.214 0.171

3.0 0.08 0.16 0.397 0.350 0.314 0.266 0.213
0.13 0.13 0.430 0.380 0.345 0.296 0.242
0.19 0.10 0.434 0.403 0.373 0.322 0.266

�Notes  to Tables 3a, 3b, 3c: Tg  is gas temperature in K. L is beam length in meters. P
is totd  pressure in atm. x&O, xco, are mole fractions. The fractions 0.08/0.16,
0.13/0.13,  0.19/0.10  correspond to stoichiometric combustion in air of C,H,
(�coal�), C,Hzx  (�oil�), and C&H,,  (�gas�), respectively.

compositions correspond to �coal,� �oil,� and �gas�
fuels burned with stoichiometric air. Again logarithmic
interpolation in L and P is recommended.

The data base for Table 1 in Section 2.9.5 does
not go beyond 1400 K for CO2 and 1100 K for H20.
However, the band absorption correlations are based

upon the fairly accurate harmonic oscillator functions,
and the Planck spectrum is very well known; thus
extrapolation is felt to be warranted to the tempera-

ture values shown. The uncertainty in the tabulated
1 values is +lO% within the data base and perhaps twice
1 that uncertainty at the elevated temperatures.

Table 3b Total emissivity  of H2 O-CO2 -N2 mixtures, P = 0.3 atm”

%

L, m XH,O xco, Tg=400K 800 K 1200K 1600 K 2000K

0.03 0.08 0.16 0.020 0.025 0.018 0.010 0.005
0.13 0.13 0.022 0.025 0.018 0.009 0.004
0.19 0.10 0.023 0.022 0.016 0.007 0.004

0.1 0.08 0.16 0.038 0.047 0.035 0.024 0.015
0.13 0.13 0.044 0.048 0.037 0.024 0.014
0.19 0.10 0.050 0.046 0.036 0.024 0.012

0.3 0.08 0.16 0.073 0.076 0.063 0.044 0.029
0.13 0.13 0.082 0.077 0.063 0.048 0.031
0.19 0.10 0.088 0.08 1 0.064 0.049 0.033

1.0 0.08 0.16 0.134 0.125 0.111 0.084 0.061
0.13 0.13 0.144 0.127 0.115 0.088 0.066
0.19 0.10 0.153 0.133 0.117 0.091 0.069

QSee  footnote to Table 3a
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5.5.5-4 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.5 Emissivity Data for Gases

Table 3c Total emissivity  of Hz O-CO, -N2 mixtures, P = 3.0 atm=

L. m XH,O xco, Tg=400K 800 K 1200K 1600 K 2000K

0.03 0.08 0.16 0.167 0.118
0.13 0.13 0.187 0.132
0.19 0.10 0.201 0.147

0.1 0.08 0.16 0.261 0.200
0.13 0.13 0.290 0.226
0.19 0.10 0.310 0.247

0.3 0.08 0.16 0.363 0.299
0.13 0.13 0.400 0.331
0.19 0.10 0.418 0.355

1.0 0.08 0.16 0.465 0.425
0.13 0.13 0.488 0.456
0.19 0.10 0.498 0.488

0.072 0.045
0.080 0.052
0.091 0.058

0.146 0.095
0.169 0.110
0.190 0.127

0.247 0.183
0.280 0.216
0.308 0.242

0.376 0.300
0.415 0.336
0.444 0.365

0.030
0.030
0.033

0.063
0.070
0.080

0.120
0.153
0.177

0.226
0.262
0.290

%ee footnote to Table 3a.
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5.5.6
Thermal conductivity of solids

P. E. Liley

n In the tables that follow an attempt is made to give,
as comprehensively as possible, a tabulation of the tem-
perature dependence of thermal conductivity of ele-
ments, alloys, and other solids. In addition, a further
tabulation is given of typical room temperature values
of this property for other solids. In using the tables the
following remarks should be kept in mind:

1. In structured materials such as crystals, wood,
mica, etc., the property may be an acute function of
direction of heat transfer.

2, Impurities, thermal history of the specimen,
environmental effects (such as applied magnetic field)
can sometimes markedly affect the property.

3. For low density insulation, thermal radiation
should also be considered.

4. Exposure of the material to the actual environ-
ment can markedly affect the property due to such
factors as contact resistance, degradation, oxidation,
moisture seepage, etc.

5. At low temperatures, the thermal conductivity
can vary rapidly (see Fig. 1) and also be a sensitive func-
tion of specimen purity. The tabulated values for the
pure elements are for materials of highest purity that
are generally available. The actual property for real sub-
stances may be much less.

6. Where there may be more than one state of the
material, the tabulation given is for the polycrystalline
state. Limitations of space have prevented a more de-
tailed tabulation. Readers interested in exploring the
subject further may find the publications given in [I-
61 helpful.

o 1983 Hemisphere I blishing  Corporation
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Figure 1 Relationship between thermal conductivity and tem-
perature for copper and lead.
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Conductivity at different temperatures, K

Material 10 20 40 60 80 100 150 200 250 300 400 500 600 800 1000 1200 1400 1500

Alumina
Aluminum
Antimony
Argon
Arsenic
Barium
BaTiO,
Beryllium
Beryllia
Bismuth
B0rCnl
Brass
Cadmium
Calcium
CaF,
CaO
Carbon
Cerium
Cesium
Chromium
Cobalt
Constantan
Copper
Duralumin
Dysprosium
Erbium
Eureka
Gadolinium
German silver
Germanium
Gold
Hafnium
Hohnium
Iridium
Iridium
Iron
Lanthanum
Lead
Lithium
LiF
Limestone
Lutetium
Magnesium
Manganese
Manganin
Mercury
Magnesium oxide
Molybdenum

3 000 12 so0 13 500 3 100 1 100
38 000 13 000 2 400 850 430

480 230 110 75 58
5.6 1.5 0.7 0.3 -

10 18 21 19 16
1 800 3 480 4 620 2 980 1 620

225 100 46 30 24
175 250 430 360 260

5 12 24 33 40
1 200 270 140 115 106

2 800 2 500 800 125 60

0.07 0.16 0.31 0.44 0.56
1.1 1.9 3.2 4.3 5.2

69 55 47 43 41
385 595 425 250 185
265 440 375 250 195

24 500 10 800 2 170 830 560
16 30 56 74 88
10 14 14 13 12

7.1 7.8 9.3 9.8 11

31 32 23 18 15
4.8 7.5 11.5 13.8 15.3

1 770 1490 800 490 325
3 250 1 580 515 374 332

10 18 24 26 26
12 14 16 16 15

590 190 170 100 99
1270 1 900 750 330 210
1480 1 540 625 285 175

18 17 10 9 9
180 60 45 43 41
610 720 345 175 120

11000 13 500 1300 280 146

36 41 32 30 29
5 600 2 700 720 325 200

1.6 2.4 3.6 4.5 5.3

46 40 36 34

150 285 355 260

33

210

520 155 80
300 250 237
46 36 30

69
20.5 19.4

13 8 5.9
890 450 300

19 12 9.7
190 94 55
46 62 74

103 101 99
220

40 23 18

0.67 0.94 1.18
6.0 7.7 9.0

40 38 37
160 130 110
165 140 120

19 20 21
480 429 413
101 123 138

10 9 10
12 14 15

20
15 13 12
17 19 21

230 130 97
327 325 323

26 25 24
14 14 15
98 93 90

172 159 153
134 104 94

10 11 12
39.7 37.9 36.7

105 95 90
95 42 27

3.2 2.7 2.3
28 26 25

169 161 159
5.8 6.6 7.2

14
32 30 29

180 149 143

Table 1 Thermal conducti  tity of solids as a function of temperature, W/m K

60 42
235 237

26.7 24.3
-

58 50
18.6 18.2

4.8 4.1
235 200

8.6 7.9

92 114
98 97

210 201
15 12

1.40 1.60
10.3 11.4
36 36

100 94
110 100
22 23

406 401
151 174

10 11
15 14
21 22
11 10
23 24
75 60

321 317
24 23
16 16
86 82

150 147
87 80
13 14
36.0 35.3
87 85

2.0 1.8
24 23

157 156
7.5 7.8

18 21
-

140 138

27 20 16
240 236 231

21.3 19.5 18.3
-
41 35 -

10 7.6
218 -

16.8 -
- -

6.3 5.7 5.4
-

-

-
3.5 3.0

160 139 126
198 153 114

7.0 6.6 -

106 91
60 33

- -

150
- -
153 116

79 74
2.37 2.5

79
22

134 143 146
95 92 -

189 182 178

129 99 85
1.87 2.06 2.19

13.3 15.0 16.5
-

91 -86 81
85 75 67
27

393 386 379
187 188

11 12 12
14 14 14
24 25

-
-

19.3

71
58

366

14
15

21.8
-
65
52

352

15
16

72
2.8

-
-
62
49

339

17
17

25 27
43 34 27

311 304 298
23 22 21
17 18
75 - -

144 141 138
70 61 55
15 16 18
34.0 32.8 31.4
80 - -

20 17 17
284 270 255

21 21 21

-

132
43
21

-
-

126
32
23

-

120
28

-

-

1.6 1.5
22 22

153 151 149
7.9 8.0

23 27

146

- - - -
32.4 25.5 19.9 12.8 9.2 7.2

134 130 126 118 112 105

-
-
-
-
-

-

69 64
17 17

- -

- -
-

70 69
3.2 3.5

- -
- -

59 57
42 42

- -

18 19
19 19

- -

21 21

-

114
31

Ill
32

-

6.2 5.9
100 98



I

Monel

Naphthalene
Nickel
Nimonic 75
Niionic 80
Niionic 90
Nimonic 95
Nimonic 100
Niobium
Nylon
Osmium
Palladium
Phosphorus
Platinum
Plutonium
Porcelain
Potassium
KC!l
Praseodymium
Pyrex
QUtiZ
Rhenium
Rhodium
Rubber
Rubidium
Ruby
Ruthenium
salt
Sapphire
Scandium
Silicon
Sihrmin
Silver
Silver solder
Sodium
NaF
Sulfur
Tantalum
Technetium
Teflon
Terbium
Thallium
ThOria

Thorium
Thulium
l-m
Titanium
Titanium oxide
Tungsten
Uranium
Vanadium
Yttrium
Zinc
Zirconium
Zirconium oxide

3.5 7.1

1810 1 650

295 250
0.033 0.099

1020 1 600
1 150 600

7 27
1 230 500

95 66
0.170 0.206

640 220
175 98
44 40

140 95

58 55 53 53
0.230 0.242

140 115 96 91
81 77 73 72
35 31 23 18
82 78 74.0 72.6

3.1 3.3 4.0 4.8

460 165 115 110
440 400 105 52

8 000 3 600 850
3 550 1 150 155
2 780 3 650 1 020

0.34
410

77
380

108
32

7
0.46

240
63

240

150 69 64 62 61
650 1 335 1700 1 000 500

1500 2 260 950 310 185
770 330 82 44 30

2 600 14 600 16 500 4 400 1 175
7 I2 14 14 14

2 330 4 980 3 530 2 110 1 340

16 800 5 100 1050 550 470
1650 720 179 85 54
2 200 610 190 145 135
4 500 3 100 560 240 120

8.2 2.4 1.1 0.8 0.72
107 142 87 65 60

0.094 0.142 0.194 0.220 0.23
19 23 19 17 15

190 80 65 61 58

470 170 85 69 63
23 18 11 11 13

1900 320 135 104 92
14 28 39 36 33

I 000 850 130 60 31
9 700 4 050 690 310 230

10 16 18 20 21
14 26 39 41 39

7 13 15 16 16
4 750 1 000 280 160 130

99 108 59 44 37

11.0

580

13.3

310

14.9 16 18 20
1.20 0.96 0.62 0.50

210 165 120 105

107 105 104
25 13 11

8 9 10
0.57 0.76 0.89

200
59 54 51

190 158 154
0.14 0.15 0.15

60 59 59
290
155 128 118

24 15 11
480 150 82

14 15 15
884 410 260

450 432 420
39 23 16

136 140 142
85 55 45
0.56 0.43 0.36

59 58 58

0.23 0.24 0.25
14 12 10
56 52 49

60 56 55
14 15 16
85 78 73
31 27 25
20 11 9

208 192 185
22 24 25
36 32 31
16 16 17

117 117 118
33 28 25

22 23
0.42 0.35

98 91
13

12

53 54

25 27
0.29 0.27

80 72 66
15 17 18
12 14 15
13 15 16
13 15 16
12 13 14
55 57 58

89 88
72 72
14 12
71.8 71.6

5.7 6.7

87
74

71.8
9.6

104 102
8 7

12 13
0.95

6
14

49 48
152 150

0.16 0.16
59 58

46 45 44 44 45 46 47 48
146 141 136 127 121 116 112 110

117 117 114
8.9 7.1 4.4

58 46 32
16 16 16

190 150 99

429 429
13 10

143 141
38 36
0.3 1 0.27
57 58

51
0.25 0.26

10 11
48 46
16 13
54 54
17 17
70 67
23 21
8.5 8

180 174
26 28
31 31
17 17

118 116
24 23

425
7.6

-

- - -

58 59 59
50 50 50

44 42 -
10 8 6
55 55 56

62
20

6
159

30
31
18

111
22

87
76 80

- -

72.3 73.2

1.45 1.7

5
15 16

111 108
3.4

24
17
76 62

177 181
419 412

6.0
- -

60
20 19

5 4
146 137
33 34
32 33
19 21

107 103
21 21

2.1 2.1

68 72
21 25
18 23
19 23
18 22
16 20
61 64

76 80 83

68 71 72

87
-

75.6

2.0

94

79

2.2

102
-

83

2.4

107
-

87

110

90

18 22 -

102 98 94 91 90

42 31 24 23

396 379

26

361 -

- - -

- -

59 60
52 55

-
61 62 62

- -
5 4

57 58
3

59

-
3

60
2

61

19 21
3 3

125 118
39 44
36 38
23 25

22 24
3 3

112 108
49 56
41 43

2s
3

106

45

-
21

2.2
23 26
2.2 2.3

- -
28 29

2.3 2.4
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Table 2 ‘Ikmal conductivity of materials at room temperature, W/m K

Material Value Material Value

Stainless steel 201 16.3
202 16.3
301 16.2
302 16.2
304 16.3
304L 16.3
309 13.8
310 13.8
316 16.3
318L 16.3
321 15.8
330 13.0
347 15.8
410 24.9
414 24.9
420 24.9
430 25.9
431 20.2
446 20.9

cast staidm? CA15 24.5
CA40 24.5
CB30 22.1
cc50 21.8
CF8 15.9
CWM 16.2
CF20 15.9
CK20 14.2
CNIM 20.9
HU 15.4
Hw 13.3
HA 29.4
H C 30.9
HD 30.9

Hastelloy B 10.4
C 8.8
D 20.9
G 10.8
X 9.0

Incoloy 800 12.2
901 13.4

Nimonic 80A 12.2
lnconel 600 15.0

610 15.0
625 10.8
700 12.4
705 15.0
722 14.7
x750 14.7

Monel 400 25.1
401 19.2
R405 25.9
404 25.0
411 26.8
505 19.6
506 20.9

Aluminum alloy 1100 340
3003 192
5052 137
5086 135
6063 186
7075 120

REFERENCES TO SECTION 5.5.6

1. Ho, C. Y., Powell, R. W., et al., Thermal Conductivity of the Elements: A Comprehensive Review, J. Whys.  Owm. Ref: Data, vol. 3
(Suppl. l), 796 pp., 1974.

2. Childs, G. E., Ericks, L. J., et al., Thermal Conductivity of Solids at Room Temperature and Below, N.B.S. Monogr.  13 1,624 pp.,
1973.

3. Touloukian, Y. S., Powell, R. W., et al., Thermal Conductivity-Nonmetallic Elements and Alloys, in Thermophysical Properties of
Mutter, eds. Y. S. Touloukii and C. Y. Ho, vol. 1,159s pp., lFI/Plenum,  New York, 1970.

4. Touloukian, Y. S., Powell, R. W., et al., Thermal Conductivity-Nonmetallic Solids, in Thermophysical Properties of Mutter, eds.
Y. S. Touloukian and C. Y. Ho, vol. 2,1302  pp., IFI/Plenum, New York, 1970.

5. Kowalczyk, L. S., Thermal Conductivity and Its Variability with Temperature and Pressure, Trans. ASME, vol. 77, pp. 1021-1035,
1955.

6. V. V. Mirkovich,  ed., 77rermuZ  Conductivity 15,493 pp., Plenum, New York, 1978. (This volume also contains a list of earlier thermal
conductivity conference publications.)
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5.5.7
Ernissizf solids

P. E. Liley

n Two tables of the emissivity of metals and other
materials are presented. One is a temperature-dependence
table covering the range 100 to 1 SOOK.  The other is a
room temperature tabulation. Both tables only tabulate
the total normal (nt), hemispherical total (ht) or unde-
fined total emissivity. No attempt has been made to list
other dependence, such as on wavelength, or other pro-
perties, such as absorptivity or reflectivity. The selection
of materials also requires comment. While the selected
references kted below tabulate properties for many

more materials and surface conditions the surfaces have
been found to be very sensitive to thermal history,
method of preparation, and the effect of the environ-
ment. Topographical, chemical, and structural charac-
teristics all influence the surface and hence the emis-
sivity. Large variations in the properties occur with little
or no apparent change in the preparation of the speci-
men. The tables presented here should therefore be
regarded as giving an approximate guide to the actual
behavior which one may encounter.

Table 1 Emissivities of metals and compounds as a function of temperature

Emissivity at different temperatures, K

Material Tw 100 200 4otl 600 800 1000 1200 1400 1500 Remark(s)

Aluminum
4 0,
Al alloy 245T
BN
CdS
Carbon
Copper
Copper
Cd0
Gold
HfB,
HfC
Hfo,
Iron
Iron oxides
MdJ
Molybdenum
Monel
NaCl
Niobium

ht 0.02 0.03 0.05 0.06 0.07
nt 0.78 0.69 0.61 0.54 0.49 0.42 0.40
ht 0.02 0.03 0.04 0.05 0.06 0.08
nt 0.75 0.75 0.74 0.74 0.74
nt 0.62 0.56 0.27 0.16
nt 0.85 0.84 0.83 0.83 0.82 0.82 0.82
ht 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06
ht 0.50 0.58 0.80
nt 0.35 0.29 0.25 0.16 0.13
ht 0.01 0.02 0.03 0.05 0.06 0.07 0.08
nt 0.41 0.46 0.52 0.72 0.76
nt 0.98 0.98 0.98 0.98
nt 0.80 0.81 0.82 0.83
ht 0.02 0.05 0.09 0.14 0.20 0.25 0.30 0.35 0.42
nt 0.84 0.84 0.82
nt 0.72 0.72 0.73 0.62 0.52 0.47 0.41 0.36 0.31
ht 0.03 0.05 0.07 0.08 0.10 0.12 0.14 0.17 0.18
ht 0.14 0.14 0.15 0.17 0.19 0.22 0.26 0.34
ht 0.64 0.44 0.24
ht 0.03 0.04 0.06 0.08 0.10 0.13 0.15 0.17 0.18

Polished foil

Polished

Polished
Oxidized at 1 000 K

Polished foil

Polished

Polished
Polished

Polished
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Table 1 Emissivities  of metals  and compounds as a function of temperature  (Continued)

Emissivity at different temperatures, K

Material Type 100 200 400 600 800 1000 1200 1400 1500 Remark(s)

NbC ht
NbC nt
Nickel ht
Platinum ht
Rhenium ht
Silver ht
Sapphire ht
SE nt
Si, N, nt
SiO, (fused) ht
Tantalum ht
TaC ht
TaC nt
TaN nt
l-h0 nt
TiC ht
TiC nt
TiN nt
TiO, nt
Ti alloy A 11 O-AT ht
Tungsten ht
Uranium ht
ZrB, nt
ZIG ht
ZrO, nt
ZnS ht
ZnSe ht

0.33 0.64
0.07 0.08 0.10 0.11 0.12 0.15
0.03 0.05 0.07 0.09 0.11 0.13
0.10 0.12 0.13 0.15 0.16 0.18
0.01 0.02 0.02 0.03 0.03 0.03

0.48 0.58
0.86 0.86 0.85 0.85
0.93 0.90 0.86 0.84

0.73 0.72 0.79
0.01 0.03 0.05 0.08 0.11

0.29 0.32 0.35
0.38 0.52
0.70 0.75

0.29
0.49 0.54
0.54 0.68
0.43 0.54
0.50 0.47

0.12 0.14 0.17 0.21 0.23 0.26
0.03 0.05 0.07 0.09

0.30 0.32 0.36
0.35 0.47

0.54
0.88 0.86 0.74 0.63 0.51 0.44
0.54 0.56 0.30
0.54 0.43 0.22

0.74
0.17
0.15
0.19
0.04

0.43 0.44
0 . 8 4  0 . 8 4
0.21 0.23
0.17 0.18
0.20 0.21
0.04 0.05

0.85 0.85 0.84
0.81 0.72 0.70

0.13
0.38
0.65
0.78
0.29
0.60
0.75
0.63
0.42
0.28
0.12
0.38
0.56
0.50
0.42

0.16 0.18
0.41 0.42
0.73 0.75
0.81 0.83
0.28
0.62 0.64
0.86 0.87
0.75 0.71
0.39 0.38
0.29 0.30
0.16 0.17

0.69 0.72
0.46 0.42
0.40 0.41

Polished
Polished
Polished
Polished

Polished

Polished
Polished
Polished

Table 2 Emissivity  of miscellaneous materials  at room temperature

Material Type Value Material Type Value

Al alloy 245T n 0.09 Chromium
Al hydroxide powder n 0.28 clay, fued
Al rooting n 0.22 Co alloy NlSS
Alumina nt 0.06-0.75 Coal, ground
Asbestos, board nt 0.96 Coatings
Asbestos, cloth nt 0.90 Concrete, rough
Asbestos, paper nt 0.94 Corundum, rough
Asbestos, slate nt 0.97 Cu plate, oxidized
BaCl, , powder n 0.65 Cupric oxide
Beechwood nt 0.94 Dow metal
Bismuth n 0.05 Earthenware, glazed
Brass, oxidized ht 0.60 Earthenware, matte
Brass, polished ht 0.04 Ebonite
Brick, rough nt 0.93 Enamels
Brick, smoothed nt 0.93 Everdur alloy
CaCO, powder n 0.30 Frost, rime
Carbon n 0.80 Glass, polished
Ceria ht 0.40-0.70 Glass, smooth

n
nt
n
nt

nt
nt
n
n
n

n
n
n

nt
nt

0.08
0.91
0.09
0.80
0.03-0.85
0.94
0.86
0.78
0.10
0.15
0.90
0.93
0.89
0.90
0.11
0.99
0.90-0.95
0.94
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Material Type Value

Granite
Graphite powder
Gravel
Gypsum
Ice, crystal
Ice, smooth
Inconel B
Inconel X
Iron, ARMCO
Iron, ARMCO, oxidized
Iron, cast, oxidized
Iron, cast, polished
Iron, electrolytic, oxidized
Iron, electrolytic, polished
Iron, rusted
Iron, wrought, duII
Iron, wrought, polished
Kaolin, powder
Kieselguhr
Lacquers
Lampblack
Lead oxide powder
Lead, red
Leather
Lime, dolomitic
Limestone
Lmeoleum
Magnesia
Manganin, polished
Marble, polished
Marble, smooth
Marble, white
Monel KS 700
Mortar, lie
Mold
Mica
NickeIin, oxidized
Oak, planed
Paints, aluminum
Paints, bronze
Paints, Bat white

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.7 Emissivity of Solids

Table 2 Emissivity  of miscellaneous materials  at room temperature  (Continued)

Material

nt Paints, flat black
n Paints, gloss black
nt Paints, gray
nt Paints, green
nt paints, oil
nt Paper, roofing
n Paper, white
n Plaster of Paris
n Plaster, rough
n Porcelain, glazed

Quartz
Quartz, flour
Quartz, rough
Refractory, black

n Refractory, light
n Refractory, white

Resins
n Rubber, hard
n Rubber, soft

Sand
nt Sandstone, red
n Sawdust
nt Shellac, duII
n Shellac, polished
nt Slag, boiler
nt Skte
nt Slate, dark gray
nt Slate, silver gray
n Snow, fine
nt soil
nt soot, lamp
nt Spruce, sanded
n SteIlite
nt Stonework
nt Talc powder
nt Ti aBoy Al 1OAT
n Ti aIloy AMS 4901
nt Tungsten

Varnish, black, dull
Varnish, shiny
Wood, planed

0.44
0.07
0.28
0.80-0.90
0.99
0.97
0.20
0.21
0.10
0.30
0.57
0.21
0.79
0.05
0.85
0.94
0.29
0.30
0.25
0.05-0.96
0.95
0.29
0.93
0.77
0.40
0.95
0.89
0.71
0.05
0.92
0.56
0.95
0.22
0.92
0.64
0.75
0.26
0.91
0.27-0.80
0.50-0.55
0.91

Type

nt
nt
nt
nt
nt
nt
nt
nt

nt
nt
nt
nt
nt
n
n
n
nt
nt
nt

nt
nt
nt
n
nt
n
n
n
n

nt

5.5.7-3

Value

0.88
0.90
0.95
0.95
0.90-0.96
0.91
0.80-0.95
0.92
0.92
0.92
0.89
0.90
0.89
0.94
0.92
0.90
0.79-0.83
0.92
0.86
0.76
0.59
0.75
0.91
0.82
0.95
0.65-0.85
0.90
0.80
0.82
0.38
0.95
0.82
0.18
0.93
0.24
0.59
0.19
0.02
0.91
0.82
0.78

BIBLIOGRAPHY  TO SECTION 5.5.7
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Gubareff, G. G., Janssen, J. E., and Torborg, R. H., Thermal Radiation Properties Survey, Honeywell, Minneapolis, Minnesota, 293 pp.,
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Siegel, R., and Howell, J. R., Thermal Radiation Heat Transfer, NASA SP 164, vol. 1, 190 pp., 1968.
Touloukian, Y. S., and Ho, C. Y., eds., Thermophysical  Properties of Matter, Thermal Radiative Properties: Metallic Elements and
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5.58
Elastic properties of solids

S. F. Pugh

H Comparison of the values for an elastic property of
a particular metal or alloy quoted in the various data
books and published in original papers indicates a re-
markably wide spread. For any given material, values
differing by 2% are quite common. Therefore any
calculation using elastic properties as input data should
explicitly declare the values that have been taken.

The sources of error in measurement of elastic
properties arise partly from difficulties in measurement
of elastic strain. The quantity to be measured is at most
a few parts per thousand change in length and to be
measured with two to three figure accuracy. Other
sources of error are more fundamental. For example, in
the preparation of specimens for measurement of elastic
properties, a certain degree of preferred orientation of
the individual grams is introduced, thus affecting the
properties in the ways described in Sec. 5.45. It should
also be realized that data for isotropic material may not
best represent the properties of components that might
have developed preferred orientation of the grams during
fabrication. Finally, both at room temperature and to a
greater extent at elevated temperatures and at high stress
levels stress-strain response of a specimen is time de-
pendent and structure sensitive.

Where high accuracy is required as for example, in
attempting to understand the performance of a particu-
lar fabricated heat exchanger, the best procedure would
be to measure the elastic properties on samples of the
actual materials at the appropriate temperature and
strain rate.

Tables 1 and 2 show single crystal elastic coeffi-

0 1983 Hemisphere I
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cients for hexagonal and cubic metals, respectively [l,
21. They are included here to indicate the extent to
which elastic anisotropy can be expected in wrought
polycrystalline materials with preferred orientation of
the grains.

The only values for Young�s modulus tabulated here
are derived from [3],  which was produced specifically
for tubular heat exchanger designers in the U.S.

Some of the reference books containing tabulated
elastic constants data for structural materials are listed
below with an indication of the types of data available,
[4 to lo].

The data in Tables l-3 are in the SI units, pascals
(Pa), where 1 Pa = 1 N/m�;  1 pound per square
inch = 6.894757 X lo3 Pa; and 1 dyne/cm2 = 0.1
Pa.

Table 1 Single  crystal elastic  constants  of some hexa-
gonal  metals  in gigapascd.9

Shear constants

Metal

Beryllium 299 342 28 11 166 136 161
Zinc 161 66 34 50 40 63 21
Magnesium 57 62 23 19 17 17 21
Zirconium 144 165 13 65 33 36 41
Titanium 163 180 93 62 47 35 62
Cadmium 115 51 40 40 20 38 16

uFrom  Tang et al. [ 11. (Giga = 109  .)
bc = c,, + c,* + zc,, - 4c,,

lblishing  Corporation

H
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Table 2 “c” Coefficients for some cubic metals  in giga-
pascals’

Metal CL, Cl, c,,

Silver 120 90 44
Aluminum 112 66 28
Copper 168 121 75
Brass, 28% Zn 141 111 72
a-Iron (ferrite) 23-l 141 116
Molybdenum 455 176 110
Nickel 251 157 121

aFrom Smithells [ 21.

Anisotropy ratio

0.34
0.82
0.31
0.25
0.41
1.27
0.39

Table 3 Quasistatic Young’s modulus values in gigapascals  as a function of temperature”

Value at different temperatures, K

Material 300 325 350 425 415 525 575 650 700 750 800 850 925

Carbon steel
Aust. stainless steel
Carbon-MO and low chrome steels

(through 3% chrome)
Intermediate Cr-MO steels

(S-9% Cr)
Straight chrome steels (12,17,

27% Cr)
Gray cast iron
Nickel-copper alloy 400
Cupro nickels (70-30,80-20,90-10)
Alwninum
NiCr-Fe  alloy 600
Ni-FeCr  alloy 800
Ni-FeCr-MoCu  alloy 825
Ni-Mo alloy B
Ni-Mo-Cr alloy C-276
Nickel
Copper
Commercial brass
Leaded tin bronze
Phosphor bronze
Muntz
Admiralty
Titanium grade 2
Zirconium
Cr-Mo alloy KM-27
Cr-Ni-Fe-MoCuCb alloy 20 Cb

200 197 194 190 185 180 169 159 145 128 - -
193 - 187 183 179 174 170 164 159 154 150 - -

206 - 203 200 197 193 190 183 171 169 161 145 108

189 - 187 185 182 180 176 172 167 162 158 153 143

201 - 197 195 191 187 180 171 159 145 131 113 84
92 - 91 89 87 84 81 76 70

179 - 179 178 177 175 171 159 145 128 113 102 90
130 - 127 124 121 119 116 112 105

13 - 73 72 70 66 59
219 - 213 210 207 204 201 197 192 - 174 - 138
196 - 191 188 185 181 178 174 170
195 - - - 185 - - 114
203 _ _ _ - _ 190

205 - - 188 - - - 175
207 - 204 201 197 193 189 185 181 177 173 169 163
110 109 108 106 104 101 98 94
97 96 94 93 90 88 85 81
90 89 87 85 83 81 18 15

103 102 99 96 93 89 82 72 60
105 103 96 89 81 75
110 - 107 101 93 86 76 66 52
- 117 100 - 90 - 19
- 99 - 92 - 80 - 68
215 - 198 188 187
193

�From i3].

REFERENCES FOR SECTION 5.5.8�

1. Tang, R., Kratochvil, J., and Conrad, H. Saipta Met. ZRree Dimensional Stress Distributions and Degree of Anisotropy in some
Hexagonal Me&Is,  vol. 3, no. I, pp. 485-488.1969.

2. Smith&r,  C. J., ed., Metals Reference Book, 4th ed., vol. 3, pp. 709-710, Buttenvorths, London, 1967.
3. Standards of nbtdar  ExchangerManufacturers  Association, 6th ed., p. 209, TEMA Inc., New York, 1978.
4. Bohr,  R. E., and Tuve, G. L., eds., Handbook of Tabks for Applied Engineering Science, 2d ed., pp. 117-l 18, CRC Press, Cleveland,

1977. [Gives modulus of elasticity data for pure metals and commercial metals and alloys at room temperature.]
5. Woohnan, J., and Mottram, R. A., eds., The Me&n&al  and Physical  PropertieJ  of the British Standard En Steels (BS 9?0-1955),

vol. 3, Pergamon Press, Oxford, 1969. [Gives Young�s modulus, shear modulus, and some Poisson�s ratio data in tabular form for
carbon, alloy and stainless steels. Tables include composition, heat treatment, test temperature, and variation with temperature.]

tSeealsoSection5.4.5,refs.  [44].
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6. Miner, D. F., and Seastone, J. B., eds., Handbook of Engineering Materials, pp. 2-05-2-07, Wiley, New York, and Chapman and Hall,
London, 1955. [Gives a graph of the effect of temperature on elasticity of stainless steels and states that if the room temperature
value is known the value at a higher temperature can be deduced. Figures for copper and copper base alloys are included.]

I. Perry, R. H., and Chilton, C. H., eds., Chemical Engineers Handbook, 5th ed., McGraw-Hill, New York, 1973. [Gives properties of
various metals including steels, nickel, aluminum, copper, magnesium, titanium, and other nonferrous alloys and includes a figure
for tensile (Young�s) modulus of elasticity. pp. 23-38-23-53.1

8. Prockter, C. E., ed., Kempe’s  Engineers Year Book for 1978, 83d ed., vol. 1, p. 190, MorganGrampian,  London, 1978. [A table
contains Young�s modulus, shear modulus, and Poisson�s ratio values for common materials.]

9. Parrish, A., ed., Mechanical Engineers Reference Book, pp. 7-85,7-99, Butterworths, London, 1973. [Data on Young�s modulus are
given as a function of temperature for carbon, C-Mn and C-MO  steels, and four aluminum alloys. Data are based on BS 1500.1

10. Gray, E. E., ed., American Institute of Physics Handbook, 3d ed., McGraw-Hill, New York, 1972. [Contains values of Young�s
modulus for chemical elements and alloys.]
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5.5.9
Properties ofliquid heavy water

G. Ulrych

W Critical properties: pc = 2 16.59 bar; T, = 370.66"C;
T, = 643.81 K; pc = 350 kg/m3; molecular weight:
h? = 20.028 kg/kmol;  triple point: Tt = 3.82"C.

Table 1 Properties of liquid heavy water at p = 1 bara>  b

r,
“C

P, CP’ 0, A, % u, 4
kg/m’ kJ/kg  K 10-�/K 10m3 W/m K 10h6  kg/m s 10T6  mZ/s 10e6 ml/s Pr

3.82 1 105.5 4.210 -0.132 564 2 058 1.861 0.121 15.35
10.00 1 106.0 4.231 -0.027 570 1 689 1.527 0.122 12.53
20.00 1 105.4 4.242 0.121 580 1 253 1.133 0.124 9.17
30.00 1 103.3 4.240 0.242 589 972 0.881 0.126 7.00
40.00 1 100.0 4.232 0.343 597 785 0.713 0.128 5.56
50.00 1 095.7 4.220 0.428 605 648 0.591 0.131 4.52
60.00 1 090.6 4.207 0.502 611 545 0.5 00 0.133 3.75
70.00 1 084.7 4.194 0.569 617 468 0.432 0.136 3.18
80.00 1 078.2 4.181 0.631 621 409 0.379 0.138 2.75
90.00 1071.0 4.170 0.689 625 363 0.339 0.140 2.42

‘T, temperature; p, density; cp, specific heat capacity; 0, thermal expansion coefficient; h, thermal conductivity; n,
dynamic viscosity; U, kinematic viscosity; K, thermal diffusivity; Pr, Prandtl number.

bProperties according to 16, 91.

Table 2 Density p of liquid heavy water as a function of pressure and temperature”

Pressure,
bar 3.82 20 50

Temperature, �C

100 150 200 250 300 350

1 1 105.5 1 105.4 1 095.7 1 063.4
10 1 106.0 1 105.9 1 096.1 1 063.8 1017.6
50 1 108.3 ! 108.0 1098.1 1 065.9 1 020.1 961.2 885.1

100 1 111.1 1 110.6 1 100.5 1 068.5 1 023.2 965.3 891.5 788.3
150 1113.9 1113.1 1 102.9 1071.0 1 026.3 969.4 897.5 800.3
170 1 115.0 1 114.1 1 103.9 1 072.0 1 027.5 970.9 899.9 804.7 625.8

ap in kg/m�.
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Table 3 Constant pressure specific heat cr, of liquid heavy water as a function of pressure and temperature’

Temperature, �C
Pressure,
bar 3.82 20 50 100 150 200 250 300 350

1 4.210 4.242 4.220 4.161
10 4.207 4.239 4.218 4.159 4.172
50 4.189 4.225 4.209 4.151 4.160 4.295 4.630

100 4.167 4.208 4.197 4.140 4.145 4.269 4.571 5.424
150 4.145 4.192 4.186 4.130 4.131 4.246 4.518 5.218
170 4.136 4.186 4.182 4.126 4.126 4.237 4.499 5.151 9.933

�cp  in kJ/kg K.

Table 4 Thermal expansion coefficient 0 = (l/u)@u/aQ of liquid heavy water as a function of pressure and
temperature’

Temperature, �C
Pressure,
bar 3.82 20 50 100 150 200 250 300 350

1 -0.132 1 0.121 2 0.428 0 0.745 4
10 -0.130 0 0.122 9 0.428 1 0.743 8 1.032 9
50 -0.119 8 0.1305 0.428 5 0.737 0 1.018 1 1.375 8 1.977 5

100 -0.105 5 0.140 1 0.429 1 0.728 9 1.000 6 1.340 3 1.886 4 3.288 5
1 5 0 -0.089 8 0.149 6 0.429 6 0.721 1 0.984 0 1.307 4 1.807 0 2.956 2
170 -0.083 2 0.153 4 0.429 9 0.718 1 0.977 6 1.294 9 1.778 0 2.848 5 11.0377

�l]  in 10e3/K.

Table 5 Thermal conductivity X of liquid heavy water as a function of pressure and temperature0

Temperature, �C
Pressure,
bar 3.82 20 50 100 150 200 250 300 350

1 564 580 605 628
10 565 580 605 628 620
50 567 583 608 630 624 591 536

100 571 586 610 632 628 594 541 471
150 574 589 613 635 632 597 546 478
170 575 591 614 635 634 598 548 481 368

�,I  in lo-�  W/m K.

Table 6 Dynamic viscosity n of liquid heavy water as a function of pressure and temperature’

Temperature, �C
Pressure,
bar 3.82 20 50 100 150 200 250 300 350

1 2 057.9 1 252.9 647.8 325.4
10 2 056.9 1 252.9 648.1 325.6 207.6
50 20525 1252.5 649.1 326.6 209.3 150.1 116.7

100 2 046.6 1251.9 650.4 327.9 211.5 151.2 118.0 94.2
150 2 040.4 1 251.2 651.7 329.3 213.7 152.3 119.3 95.7
170 2 837.8 1 250.9 652.2 329.8 214.6 152.8 119.9 96.4 68.3

07) in 10T6  kg/m s.
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Table 7 Kinematic viscosity u of liquid heavy water as a function of pressure and temperature’

5.5.9-3

Pressure,
bar 3.82 20 50

Temperature, �C

100 150 200 250 300 350

1 1.861 1.133 0.591 0.306
10 1.860 1.133 0591 0.306 0.204
50 1.852 1.130 0.591 0.306 0.205 0.156 0.132

100 1.842 1.127 0.591 0.307 0.207 0.157 0.132 0.119
150 1.832 1.124 0.591 0.307 0.208 0.157 0.133 0.120
170 1.828 1.123 0.591 0.308 0.209 0.157 0.133 0.120 0.109

Qv in 10m6  mz/s.

Table 8 Prandtl number of liquid heavy water as a function of pressure and temperature

Pressure,
bar 3.82 20 50

Temperature, �C

100 150 200 2.50 300 350

1 15.35 9.17 4.52 2.16
10 15.32 9.15 4.52 2.15 1.40
50 15.15 9.08 4.50 2.15 1.40 1.09 1.01

100 14.94 8.99 4.47 2.15 1.40 1.09 1.00 1.08
150 14.74 8.90 4.45 2.14 1.40 1.08 0.99 1.05
170 14.66 8.87 4.44 2.14 1.40 1.08 0.98 1.03 1.85

Table 9 Thermal diffusivity K of liquid heavy water as a function of pressure and temperature’

Pressure,
bar 3.82 20 50

Temperature, �C

100 150 200 250 300 350

1 0.121 0.124 0.131 0.142
10 0.121 0.124 0.131 0.142 0.146
50 0.122 0.125 0.131 0.142 0.147 0.143 0.131

100 0.123 0.125 0.132 0.143 0.148 0.144 0.133 0.110
150 0.124 0.126 0.133 0.143 0.149 0.145 0.135 0.114
170 0.125 0.127 0.133 0.144 0.149 0.145 0.135 0.116 0.059

�K in 10e6  ml/s.
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.10-l

5.510
Physical properties

of liquids at temperatures
below their boiling point

Clive F. Beaton

n Section 5.5.1 gives data for saturated liquids and
vapors at temperatures and corresponding pressures
along the saturation curve. The tables in Section 5.5.1
have a lower limit corresponding to the normal boiling
point of the fluids concerned (i.e., the saturation tem-
perature at 101.3 kPa). Since the properties of liquids
are relatively insensitive to pressure, the tables given in
Section 5.5.1 can be used to estimate values of the liq-
uid physical properties over the temperature range cov-
ered and for pressures above the saturation pressure.
The tables in this section supplement the saturation
property tables by giving values for liquid physical
properties at temperatures below the boiling point.

The tables given in the present section are derived
from the tables of physical properties given in the Whir-
meatlas  and supplemented from other data collections
(Refs. l-6). In preparing these tables, the following
rules and procedures have been observed:

1. Following the precedent of Sections 5.5.1 and
5.5.2, all of the physical properties for a given sub-
stance have been grouped together. In the Wiirmeatlas
tables, the data were grouped under the specific prop-
erty rather than under the substance.

2. An extensive search has been made to discover
reported values for each property, but when no values
were found an estimated value has been given based on
well-tried prediction procedures such as those reported
in the earlier sections of this Handbook (see Sections
5.1.3 and 5.1.4). These values are indicated in paren-
theses in the present tables.

3. The tables are nominally for atmospheric pres-
sure. Conditions in which the fluid is in the vapor form

0 1985 Hemisphere P

at this pressure are indicated by V in the tables. Condi-
tions in which the substance is in the solid form are
indicated by S.

4. For convenience, data for the chemical formula,
molecular weight, melting point, boiling point, critical
temperature, and critical pressure are included in the
tables for each substance. The values for these proper-
ties given in the VDI tables are in close agreement with
the values given in the saturation property tables (Sec-
tion 5.5.1),  but where there are slight differences, and
to avoid confusion, the values from Section 5.5.1 are
repeated here where appropriate.

Data are included in the present tables for the fol-
lowing substances:

NORMAL PARAFFINS
Methane
Ethane
Propane
Butane
Pentane
Hexane
Heptane
Octane
Nonane
Decane
Undecane
Dodecane
Tridecane
Tetradecane
Pentadecane
Hexadecane
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5.5.10-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.10 Liquids at Temperatures below Their Boiling Point

Heptadecane
Octadecane
Nonadecane
Eicosane

ISOPARAFFINS
2-Methylpropane
2-Methylbutane
2-Methylpentane
3-Methylpentane
2,2-Dimethylpropane
2,2-Dimethylbutane
2,3-Dimethylbutane

OLEFINS
Ethylene
Propylene
Butene- 1
Pentene- 1
Hexene- 1
Heptene- 1
Octene-  1
Propadiene
Butadiene- 1,2
Butadiene- 1,3
Pentadiene- 1,2
Pentadiene- 1 Jrans 3
Pentadiene- 1,4
Pentadiene-2,3

ACETYLENES
Acetylene
Methyl acetylene
Ethyl acetylene
Dimethyl  acetylene

NAPHTHENES
Cyclopropane
Cyclobutane
Cyclopentane
Methylcyclopentane
Ethylcyclopentane
Propylcyclopentane
Butylcyclopentane
Pentylcyclohexane
Hexylcyclohexane
Cyclohexane
Methylcyclohexane
Ethylcyclohexane
Isopropylcyclohexane
Butylcyclohexane
Pentylcyclohexane
Hexycyclohexane
Cyclopentene
Cyclohexene

AROMATICS
Benzene
Toluene
Ethylbenzene

0 1985 Hemisphere P
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Vinylbenzene
Propylbenzene
Isopropylbenzene
Butylbenzene
Pentylbenzene
Hexylbenzene
o-Xylene
m-Xylene
p-Xylene
1,2,3-Trimethylbenzene
1,2,4-Trimethylbenzene
1,3,5-Trimethylbenzene
1,2,3,4-Tetramethylbenzene
1,2,3,5-Tetramethylbenzene
1,2,4,5-Tetramethylbenzene
Pentamethylbenzene
Hexamethylbenzene
Diphenyl
Diphenylmethane
Triphenylmethane
Naphthalene
1 -Methylnaphthalene
2-Methylnaphthalene
1 -Ethylnaphthalene
2-Ethylnaphthalene

ALCOHOLS
Methanol
Ethanol
1 -Propanol
1 -Butanol
1 -Pentanol
1 -Hexanol
1 -Heptanol
1-Octanol
Isopropanol
Isobutanol
Isopentanol
tButy1  alcohol
Ethylene glycol
1,3-Propylene  glycol
Glycerol
C yclohexanol
Benzyl alcohol

PHENOLS
Phenol
o-Cresol
m-Cresol
pCresol

ESTERS
Methyl formate
Ethyl formate
Propyl formate
Methyl acetate
Ethyl acetate
Propyl acetate
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Methyl propionate
Ethyl propionate
Propyl propionate
Methyl butanoate
Ethyl butanoate
Methyl benzoate
Ethyl benzoate
Methyl salicylate

ALDEHYDES
Formaldehyde
Acetaldehyde
Paraldehyde
Furfural
Benzaldehyde
Salicylaldehyde

KETONES
Ketene
Acetone
Methyl ethyl ketone
Diethyl ketone
Dipropyl ketone
Acetophenone
Benzophenone

CARBOXYLIC ACIDS
Formic acid
Acetic acid
Propionic acid
Butyric acid
Pentanoic acid
Hexanoic acid
Acetic anhydride
Propionic anhydride

ETHERS
Dimethyl ether
Diethyl ether
Methyl propyl ether
Ethyl propyl ether
Methyl t-butyl ether
Dipropyl ether
Ethylene oxide
Propylene oxide
Furan
1,4-Dioxan

HALOGENATED HYDROCARBONS
Chloromethane
Dichloromethane
Trichloromethane
Carbon tetrachloride
Bromomethane
Dibromomethane
Tribromomethane
Tetrabromomethane
Chlorodifluorometbane (Refrigerant 22)
Chlorotrifluorometbane (Refrigerant 13)
Dichlorofluorometbane (Refrigerant 2 1)

0 1985 Hemisphere I
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Dichlorodifluoromethane (Refrigerant 12)
Trichlorofluoromethane (Refrigerant 11)
1 , 1 , 1-Trifluoroethane
Chloroethane
1,l -Dichloroethane
1,2-Dichloroethane
1 , 1,l -Trichloroethaue
1,1,2,2-Tetrachloroethane
Pentachloroethane
Bromoethane
1,2-Dibromoethane
Tetrachlorodifluoroethane (Refrigerant 112)
Trichlorotrifluoroethane (Refrigerant 113)
Dichlorotetrafluoroethane (Refrigerant 114)
Chloropropane
Chlorobutane
Chloropentane
Vinyl chloride
1,l -Dichloroethylene
Trichloroethylene
Tetrachloroetbylene
Fluorobenzene
Chlorobenzene
Bromobenzene
Iodobenzene
Benzyl chloride
m-Chlorotoluene

AMINES
Methylamine
Dimethylamine
Trimethylamine
Ethylamine
Dietbylamine
Triethylamine
Isopropylamine
Piperidine
Pyridine
Aniline
Methylaniline
Dimethylaniline
Diethylaniline

NITRILES
Acetonitrile
Propionitrile
Butyronitrile

AMIDES
Formamide

NITRO DERIVATIVES
Nitromethane
Nitrobenzene
o-Nitrotoluene
m-Nitrotoluene
p-Nitrotoluene

ORGANIC SULFUR COMPOUNDS
Methyl mercaptan
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Ethyl mercaptan
Dimethyl  sulfide
Diethyl sulfide
Thiophene

INORGANIC SUBSTANCES
Hydrogen fluoride
Hydrogen chloride
Hydrogen bromide
Hydrogen iodide
Hydrogen cyanide
Hydrogen sulfide
Air
Ammonia
Nitrogen dioxide
Carbon monoxide
Carbon dioxide
Carbonyl sulfide

Carbon disulfide
Sulfur dioxide
Phosgene

ELEMENTS
Nitrogen
Oxygen
Agon
Fluorine
Chlorine
Bromine
Iodine
Sulfur
Mercury

HEAT TRANSFER MEDIA
Dowtherm A
Dowthenn J

REFERENCES FOR SECTION 5.5.10
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NORMAL PARAFFINS

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 1 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature. K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHANE

ETHANE

PROPANE

BUTANE

PENTANE

Chemical formula: CH, Density, p, (kg/m3)
Molecular weight: 16.04 Specific heat capacity,
Melting point: -182.49�C cp.r &J/kg K)
Boiling point: -161.73 Thermal conductivity,
Critical temperature: A, [(W/m2)/(K/m)]

-82.6�C Dynamic viscosity,
Critical pressure: 4.641 MPa 7, (10e5  Ns/m*)

Chemical formula: C,H, Density, p, (kg/m�)
Molecular weight: 30.07 Specific heat capacity,
Melting point: -183.27�C cp., NJ/kg K)
Boiling point: -88.63 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

-32.35�C Dynamic viscosity,
Critical pressure: 4.913 MPa 7, (lo-�  Nslm*)

Chemical formula: C,H, Density, p, (kg/m�)
Molecular weight: 44.10 Specific heat capacity,
Melting point: -187.68�C cp.r @J/kg  K)
Boiling point: -42.05 �C Thermal conductivity,
Critical temperature: A, [(Wlm�)/(K/m)]

96.85�C Dynamic viscosity,
Critical pressure: 4.264 MPa 9, (10F5 Ns/m*)

Chemrcal formula: CIH,, Density, p, (kg/m3)
Molecular weight: 58.12 Specific heat capacity,
Melting point: -138.33�C cp,r @J/kg  K)
Boiling point: -0.49�C Thermal conductivity,
Critical temperature: X, W/mZYWm)l

152.01 �C Dynamic viscosity,
Critical pressure: 3.796 MPa 7, (lop5 Ns/m2)

Chemical formula: CSH,, Density, p, (kg/m�)
Molecular weight: 72.15 Specific heat capacity,
Melting point: -129.75 �C cp.r @J/kg  K)
Boiling point: 36.05 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

196.45�C Dynamic viscosity,
Critical pressure: 3.369 MPa q (lo-�  Ns/m�)

409

3.517

0.175

8.8

666

2.319

0.199

42.2

696

1.959

0.198

134.1

S

S

S

S

S

S

S

S

V

V

V

V

561

2.403

0.155

22.2

646

2.056

0.164

43.3

698

2.001

0.166

74.7

737

1.972

0.155

125.0

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

619 590 V V V

2.119 2.202 V V V

0.148

30.1

676

2.052

0.153

49.7

715
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0.151

66.0

(0.133)

20.0

V V V

V V V

652 627 V V

2.119 2.194 V V

0.129 0.122 V V

35.5 26.7 V V

693 646 626
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NORMAL PARAFFINS (Continued)

Temperature, �C
- 1 5 0 -100 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data h=tY
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

HEXANE

HEPTANE

OCTANE

NONANE

DECANE

Chemical formula: C6H,., Density, pr (kg/m�)
Molecular weight: 86.18 Specific heat capacity,
Melting point: -95.32�C cp,r W/kg  W
Boiling point: 68.73 �C Thermal conductivity,
Critical temperature: A, [(W~m*YWmN

234.29�C Dynamic viscosity,
Critical pressure: 3.031 MPa 7, (lo-�  Ns/m*)

Chemtcal formula: C,H,,
Molecular weight: 100.20
Melting point: -90.55�C
Boiling point: 98.45 �C
Critical temperature:

267.46�C
Critical pressure: 2.736 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

A, [W/m*VW.Wl
Dynamic viscosity,

7, (10m5  Ns/m2)

Chemical formula: CsH,,
Molecular weight: 114.23
Melting point: -56.8�C
Boiling point: 125.65�
Critical temperature:

295.65 �C
Critical pressure: 2.486 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r W/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

TJ,  (lo@  Ns/m*)

Chemrcal  formula: C,H,
Molecular weight: 128.26
Melting point: -53.45�C
Boiling point: 150.82 �
Critical temperature:

321.48�C
Critical pressure: 2.289 MPa

Chemical formula: C,&-12*
Molecular weight: 142.29
Melting point: -2964°C
Boiling point: 174.25�
Critical temperature:

344.45 �C
Critical pressure: 2.096 MPa

Density, p, (kg/m�)
Specific heat capacity,

q.r Wk K)
Thermal conductivity,

A, [W/m*YWm)l
Dynamic viscosity,

7, (10m5  Ns/m2)

Density, p, (kg/m*)
Specific heat capacity,

cp,r  @J/kg  K)
Thermal conductivity,

A, IW~m*YWm)l
Dynamic viscosity,

7, (10-r Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

742

1.993

0.156

92.0

761

2.104

0.156

129.0

S

S

S

S

S

S

S

S

S

S

S

S

721

2.035

0.146

68.5

741

2.035

0.148

96.6

757

2.043

0.152

137.0

769

2.047

0.150

193.0

S

S

S

S

7cxl

2.093

0.137

51.5

721

2.081

0.139

72.5

738

2.064

0.144

102.0

751

2.060

0.142

143.1

762

2.085

0.143

200.0

678

2.165

0.127

38.3

701

2.144

0.131

52.6

719

2.131

0.137

71.4

733

2.127

0.136

96.4

145

2.127

0.132

129.2

659

2.227

0.120

30.8

684

2.198

0.124

41.3

703

2.186

0.131

54.6

718

2.177

0.132

71.3

730

2.173

0.126

92.1

631 V

(2.37) V

0.110 V

22.9 V

658 V

2.307 V

0.114 V

30.2 V

678 635

2.303 (2.51)

0.122 0.107

38.9 24.4

694 653

(2.29) (2.48)

0.124 0.111

49.2 30.1

707 661

2.265 2.474

0.117 0.104

61.5 36.4
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V

V

V

V

V

V

V

V

V

V

V

609

(2.74)

0.096

19.9
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DODECANE

TRIDECANE

TETRA-
DECANE

PENTA-
DECANE

HEXA-
DECANE

Chemical formula: C,,HU Density, pr (kg/m*)
Molecular weight: 156.31 Specific heat capacity,
Melting point: -25.55 �C cp., @J/kg  K)
Boiling point: 195.95 �C Thermal conductivity,
Critical temperature: h W/dWm)l

344.45 �C Dynamic viscosity,
Critical pressure: 1.97 MPa q, ( lop5  Ns/m*)

Chemical formula: C,,H,,
Molecular weight: 170.34
Melting point: -9.55 �C
Boiling point: 216.35 �C
Critical temperature:

385.15�C
Critical pressure: 1.82 MPa

Chemical formula: C,,H,,
Molecular weight: 184.37
Melting point: -5.35 �C
Boiling point: 235.45 �C
Critical temperature:

402.65�C
Critical pressure: 1.72 MPa

Chemical formula: C,,H,, Density, pI (kg/m�)
Molecular weight: 198.39 Specific heat capacity,
Melting point: 5.85 �C cp,, @J/kg  K)
Boiling point: 253.55 �C Thermal conductivity,
Critical temperature: A, UJ/m*YWm)l

420.85 �C Dynamic viscosity,
Critical pressure: 1.62 MPa qr (10e5 Ns/m*)

Chemical formula: C,,H,, Density, p, (kg/m�)
Molecular weight: 212.42 Specific heat capacity,
Melting point: 9.85�C cp,l  @J/kg  K)
Boiling point: 207.65 �C Thermal conductivity,
Critical temperature: h W/m*YWm)l

433.85�C Dynamic viscosity,
Critical pressure: 1.52 MPa 7, (lop5 Ns/m*)

Chemical formula: Cn,H, Density, p, (kg/m�)
Molecular weight: 226.45 Specific heat capacity,
Melting point: 17.85 �C cp.r &J/kg K)
Boiling point: 286.85 �C Thermal conductivity,
Critical temperature: A, [W~m*YWm)l

443.85�C Dynamic viscosity,
Critical pressure: 1.42 MPa TJ,  ( 10e5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r W/kg  K)
Thermal conductivity,

X, W/m*YWm)l
Dynamic viscosity,

7, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r @J/kg  W
Thermal conductivity,

h W~m*YWm)l
Dynamic viscosity,

7, ( 10e5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

172 754 740 718 619 638 V

2.114 2.123 2.173

(0.154)

280.0

0.146 0.141

(2.29) (2.45) (2.67)

0.134 0.124 0.113

V

V

171.7 117.6 75.7 43.3 27.9 V

-

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

756 751 727 689 648 605

2.148 2.173

0.147 0.143

(2.27) (2.43) (2.66) (2.94)

0.137 0.128 0.118 0.109

226.8 148.9 02.2 51.1 32.3 21.7 V

770 756 735 698 658 615 V

1.971 2.160

0.148 0.146

(2.27) (2.43) w4) (2.91)

0.141 0.132 0.123 0.115

297.6 186.5 111.0 59.5 37.2 24.8 V

S

S

S

S

S

S

S

S

S

S

S

S

763 742 705 666 624 579

2.186

0.145

(2.27) (2.43) (2.63) (2.89) (3.26)

0.140 0.130 0.120 0.102 0.093

231.9 132.4 70.1 43.1 28.7 20.8

768 748 712 673 631

2.151

0.141

(2.27) (2.43) (2.62) (2.86)

0.135 0.125 0.115 0.105

286.3 156.7 78.7 47.9 31.6

175 753 717 679 638

2.144 2.272

0.150

350.6

0.144

184.1

(2.43) (2.62) (2.86)

0.134 0.124 0.108

89.5 53.6 35.2

V

V

V

V

V

V

594

(3.18)

0.099

(25.3)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NORMAL PARAFFINS (Continued)

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

HEPTA-
DECANE

OCTA-
DECANE

NONA-
DECANE

EICO-
SANE

Chemical formula: C,,Hj6 Density, pI (kg/m�)
Molecular weight: 240.47 Specific heat capacity,
Melting point: 21.85�C cp.r  &J/kg K)
Boiling point: 302.5 �C Thermal conductivity,
Critical temperature: A, [W~m2YWm)l

459.85�C Dynamic viscosity,
Critical pressure: 1.32 MPa q, (lop5 Ns/m*)

Chemical formula: C,sH,,
Molecular weight: 254.50
Melting point: 28.15 �C
Boiling point: 316.25 �C
Critical temperature:

471.85�C
Critical pressure: 1.2 1 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r Wkg K)
Thermal conductivity,

Xl ~(W~m*~Wm)l
Dynamic viscosity,

�I,  (lop5 Ns/m*)

Chemical formula: C,sH, Density, p, (kg/m�)
Molecular weight: 268.52 Specific heat capacity,
Melting point: 31.85�C cp.r  @J/kg  K)
Boiling point: 329.95 �C Thermal conductivity,
Critical temperature: h [W~m*YWW

482.85�C Dynamic viscosity,
Critical pressure: 1.12 MPa T, (lop5 Ns/m*)

Chemtcal formula: C,oH,, Density, p, (kg/m�)
Molecular weight: 282.56 Specific heat capacity,
Melting point: 36.85 �C Q,,I  #J/kg  K)
Boiling point: 343.85 �C Thermal conductivity,
Critical temperature: hi [W/m*YWm)l

493.85�C DynHmic viscosity,
Critical pressure: 1.11 MPa 7, (low5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

758

2.274

0.139

214.4

762

2.276

0.141

248.5

766

(2.28)

0.143

286.1

769

(2.28)

0.145

327.6

722

2.427

0.129

101.1

727

2.428

0.132

113.5

731

(2.43)

0.134

126.7

742

(2.43)

0.136

140.8

684

(2.61)

0.120

59.7

689

(2.61)

0.122

66.2

694

(2.61)

0.125

73.1

698

(2.61)

0.127

80.1

644

(2.85)

0.111

39.0

649

w4)

0.113

43.1

654

(2.83)

0.116

47.2

659

(2.83)

0.118

51.5

600 555

(3.16) (3.60)

0.102 0.094

27.2 19.9

606 561

(3.14) (3.56)

0.105 0.096

30.1 21.9

612 567

(3.12) (3.50)

0.107 0.099

32.2 23.5

617 572

(3.11) (3.47)

0.109 0.101

34.6 25.2



Substance

2-METHYL-
PROPANE

2-METHYL-
BUTANE

2.METHYL-
PENTANE

3-METHYL-
PENTANE

2,2-DIMETHYL-
PROPANE

Data Property

Temperature, �C
- 1 5 0 - 1 0 0 -15 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

Chemical formula: C,H,,
Molecular weight: 58.12
Melting point: -159.55�C
Boiling point: -11.75 �C
Critical temperature:

134.95 �C
Critical pressure: 3.65 MPa

Chemical formula: C5H,, Density, pr (kg/m*)
Molecular weight: 72.15 Specific heat capacity,
Melting point: -159.9O�C cp,/ NJ/kg  K)
Boiling point: 27.85 �C Thermal conductivity,
Critical temperature: h, [(W/m*)/(K/m)]

187.25 �C Dynamic viscosity,
Critical pressure: 3.38 MPa 7, (lo@ Ns/m*)

Chemical formula: C6H,4
Molecular weight: 86.18
Melting point: -153.65 �C
Boiling point: 60.25 �C
Critical temperature:

224.35�C
Critical pressure: 3.01 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r  @J/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10m5 Nslm*)

Chemical formula: C,H,, Density, p, (kg/m�)
Molecular weight: 86.18 Specific heat capacity,
Melting point: -118.15 �C cp,r @J/kg  K)
Boiling point: 63.25 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

231.25�C Dynamic viscosity,
Critical pressure: 3.12 MPa 7, (10e5  Ns/m*)

Chemical formula: C5H12 Density, p, (kg/m3)
Molecular weight: 72.15 Specific heat capacity,
Melting point: -16.57 �C cp,l  &J/kg K)
Boiling point: 9.5 �C Thermal conductivity,
Critical temperature: h, [(W/m*)/(K/m)]

160.63 �C Dynamic viscosity,
Critical pressure: 3.196 MPa v1 (10m5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,/ @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

9, (lop5 Ns/m*)

724

1 .I29

0.182

1100

(760)

1.725

0.182

1720

(779)

1.712

(0.180)

2820

S

680

1.884

0.155

659

1.968

0.143

634 609 V

2.060 2.177 V

0.130 0.118 V

112 61.7 39.1 28.3

727 706 687 663

1.838 1.905 1.980 2.068

0.159 0.148 0.137 0.127

154 84.4 55.0 37.8

(752) (734) (714) (693

1.813 1.884 1.955 2.043

0.160 0.151 0.140 0.132

204 110 68.1 48.0

(76% (751) 725 705

1.800 1.859 1.926 2.010

0.159 0.149 0.140 0.131

(95) (76) (61) (46)

S S S S

S S S S

S S S S

S S S S

V

V

V

V V V

639 620 V

2.169 2.265 V

0.117 0.110 V

27.9 22.5 V

672 653 625

2.139 2.227

0.122 0.115

(2.39)

0.103

37.0 30.0 22.5

683 665 637

2.131 2.190

0.122

39.4

615

2.19

0.105

32.9

0.115

(2.34)

0.105

32.4 25.3

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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V

V

V

V

V

V

V

V
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V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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V

V
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V

V

V

V

V

V

V
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V

V

V
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V

V
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V



ISOPARAFFINS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

2,2-DIMETHYL- Chemical formula: C,H,, Density, p, (kg/m3) S S (737) (714) (690) 665 647 (639) V V V V V
BUTANE Molecular weight: 86.18 Specific heat capacity,

Melting point: -99.85 �C cp.r &J/kg K) S S 1.809 1.892 1.976 2.081 2.169 (2.31) V V V V V
Boiling point: 49.75 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]  S S 0.138 0.129 0 .120  0 .112 0.106 0.095 v V V V V

215.55�C Dynamic viscosity,
Critical pressure: 3.08 MPa TJ,  (10e5  Ns/m*) S s - (1W (67) 47.8 37.6 (31) v v V V V

2,3-DIMETHYL- Chemical formula: C,H,, Density, p, (kg/m*) S (759) (741) (722) (701) 681 663 635 V V V V V
BUTANE Molecular weight: 86.18 Specific heat capacity,

Melting point: -128.55�C cp.r  @J/kg  K) S 1.754 1.821 1.901 1.985 2.077 2.165 (2.35) V V V V V
Boiling point: 58.05 �C Thermal conductivity,
Critical temperature: A ,  [(W/m*)/(K/m)]  S 0.148 0.139 0.130 0.121 0.113 0.107 0.099 v V V V V

225.85�C Dynamic viscosity,
Critical pressure: 3.13 MPa 7, (10m5 Ns/m*) S (152) (114) (86) (65) 49.5 38.5 27.6 V V V V V



OLEFINS

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 -75 -50 -25 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

ETHYLENE

PROPYLENE

BUTENE-1

PENTENE-1

HEXENE-1

Chemical formula: C*H, Density, p, (kg/m�)
Molecular weight: 28.05 Specific heat capacity,
Melting point: -169.15�C cp,r  @J/kg  K)
Boiling point: -103.72 �C Thermal conductivity,
Critical temperature: X, W/m*YWm)l
9.5"C Dynamic viscosity,

Critical pressure: 5.06 MPa ?I (1O-5  Ns/m*)

Chemical formula: C,H, Density, p, (kg/m*)
Molecular weight: 42.08 Specific heat capacity,
Melting point: -185.25 �C cp., @J/kg  W
Boiling point: 47.7�C Thermal conductivity,
Critical temperature: A, KY~m*YWm)l

91.65�C Dynamic viscosity,
Critical pressure: 4.61 MPa 7, (10e5 Ns/m*)

Chemical formula: CIH,
Molecular weight: 56.11
Melting point: ,-185.35�C
Boiling point: -6.25 �C
Critical temperature:

-146.4�C
Critical pressure: 4.02 MPa

Chemical formula: C5H,, Density, p, (kg/m3)
Molecular weight: 70.13 Specific heat capacity,
Melting point: -165.25 �C cp.r @J/kg  K)
Boiling point: 29.95 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

191.55�C Dynamic viscosity,
Critical pressure: 4.05 MPa 7, (lop5 Ns/m*)

Chemical formula: C6H,,
Molecular weight: 84.16
Melting point: -139.85�C
Boiling point: 63.45 �C
Critical temperature:
230.85"C

Critical pressure: 3.17 MPa

Density, p, (kg/m*)
Specific heat capacity,

cp,r  @J/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10e5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  W
Thermal conductivity,

A, W~m*WW
Dynamic viscosity,

q, (lo@  Ns/m*)

630

2.433

0.242

41.0

729

2.098

0.217

129.1

(755)

1.888

0.204

242

@�W

(1.84)

0.196

56.9

S

S

S

S

V

V

V

V

671

2.085

0.179

37.0

712

1.909

0.175

64.0

155

1.859

0.172

99.1

770

1.857

0.169

166

V

V

V

V

641

2.123

0.160

26.5

691

1.959

0.161

42.0

734

1.901

0.160

64.0

750

1.882

0.159

94

V

V

V

V

612

2.117

0.145

19.2

668

2.022

0.147

30.0

711

1.955

0.149

43.1

732

1.941

0.149

63.1

V

V

V

V

V

V

V

V

645

2.102

0.135

22.5

681

2.026

0.138

31.0

713

2.004

0.139

44.0

V

V

V

V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

662 642

2.119 2.219

0.127 0.119

24.0 20.9

693

2.090

0.130

33.0

673

2.161

0.122

28.0

V

V

V

V

V

V

V

V

V

V

V

645

(2.28)

0.112

23.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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V
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V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

/i



OLEFINS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

HEFl�ENE-1

OCTENE-1

PROPA-
DIENE

BUTADIENE
W)

Chemical formula: C,H,, Density, p, (kg/m*)
Molecular weight: 98.195 Specific heat capacity,
Melting point: -118.85�C cp.l #J/kg  K)
Boiling point: 93.65 �C Thermal conductivity,
Critical temperature: 1, [(W/m*)/(K/m)]

264.05�C Dynamic viscosity,
Critical pressure: 2.84 MPa TJ, (lop5 Ns/m*)

Chemical formula: CsH,6 Density, p, (kg/m*)
Molecular weight: 112.21 Specific heat capacity,
Melting point: -101.7�C cp.l Wk K)
Boiling point: 121.3�C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

293.5�C Dynamic viscosity,
Critical pressure: 2.53 MPa q, (10m5 Ns/m*)

Chemical formula: C3H4
Molecular weight: 443.06
Melting point: -136.25�C
Boiling point: -34.45 �C
Critical temperature:

119.85�C
Critical pressure: 5.47 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r W/kg K)
Thermal conductivity,

AI W/m*YWm)l
Dynamic viscosity,

TV, (lop5 Ns/m*)

Chemical formula: C,H, Density, p, (kg/m�)
Molecular weight: 54.09 Specific heat capacity,
Melting point: -136.15�C cp.r @J/kg  K)
Boiling point: 10.85 �C Thermal conductivity,
Critical temperature: h [(W/m*YWW

170.55 �C Dynamic viscosity,
Critical pressure: 4.50 MPa �I,  (10e5  Ns/m*)

Chemtcal formula: C,H, Density, p, (kg/m3)
Molecular weight: 54.09 Specific heat capacity,
Melting point: -108.91�C cp,r @J/kg  K)
Boiling point: 4.46�C Thermal conductivity,
Critical temperature: h IW~m*YWm)l

152.O�C Dynamic viscosity,
Critical pressure: 4.33 MPa 7, (10F5  Ns/m*)

S (788) (770) (752)

S 1.842 1.880 1.922

S 0.167 0.158 0.149

S 296 150 89.4

S S S (773)

S S S 1.943

S S S 0.150

S S S 133

S (791) (712) 682

S (1.87) (1.94) (2.02)

S (0.206) (0.187) (0.170)

S (46) (32) (23)

S (785) (760) (730)

S 2.035 2.041 2.086

S (0.196) (0.181) (0.167)

S (75) (50) (36)

S 155 728 701

S 2.002 2.068 2.171

S 0.190 0.175 0.161

S (72) (48) (34)

(733)

1.989

0.140

61

(744)

1.992

0.142

86

V

V

V

V

(704)

2.136

(0.153)

(27)

673

2.217

0.147

(26)

713 697

2.072 2.148

0.132 0.125

44.0 35.0

732 715

2.067 2.129

0.134 0.128

61.3 47.0

V V

V V

V V

V V

(676) V

2.208 V

(0.140) v

(22)  v

V V

V V

V V

V V

671

(2.26)

0.115

27.0

689

(2.24)

0.119

34.7

V

V

V

V

V

V

V

V

V

V

V

V

V

(646)

(2.45)

0.105

23.4

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



PENTA-
DIENE
W)

PENTA-
DIENE
(1,trans 3)

PENTA-
DIENE
(194)

PENTA-
DIENJ?
(23)

Chemical formula: C,H,
Molecular weight: 68.12
Melting point: -137.25 �C
Boiling point: 44.85 �C
Critical temperature:

229.85 �C
Critical pressure: 4.07 MPa

Chemical formula: C,H,
Molecular weight: 68.12
Melting point: -87.45 �C
Boiling point: 42.05 �C
Critical temperature:

222.85�C
Critical pressure 3.99 MPa

Chemtcal formula: C5H8
Molecular weight: 68.12
Melting point: -148.5�C
Boiling point: 25.95�C
Critical temperature:

187°C
Critical pressure: 3.62 MPa

Chemical formula: C5Hs
Molecular weight: 68.12
Melting point: -125.7�C
Boiling point: 48.2 �C
Critical temperature:

226 �C
Critical pressure: 41.97 MPa

Density, p, (kg/m*)
Specific heat capacity,

cp,/ NJ/kg K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

q,.r W/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (10e5 Ns/m*)

Density, p, (kg/m*)
Specific heat capacity,

c,n.r @J/kg  K)
Thermal conductivity,

X, [(W/mZ)/(Klm)]
Dynamic viscosity,

8, (10e5 Ns/m*)

Density, p, (kg/m*)
Specific heat capacity,

cp./ &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10m5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(8�31)

1.934

(0.174)

(115)

S

S

S

S

VW

1.863

(0.174)

(115)

(807)

1.999

(0.174)

(115)

(778)

1.960

(0.163)

(72)

(76%

1.919

(0.163)

(72)

(758)

1.880

(0.163)

(72)

(783)

2.019

(0.163)

(72)

(755) (733) (710)

2.002 2.059 2.132

(0.152) (0.141) (0.131)

(48) (36) (27)

(740) (718) (695)

1.953 2.009 2.089

(0.152) (0.141) (0.131)

(48) (36) (27)

(733) (708) (683)

1.926 1.993 2.085

(0.152) (0.141) (0.131)

(48) (36) (27)

(759) (736) (713)

2.052 2.100 2.162

(0.152) (0.141) (0.131)

(48) (36) (27)

621 V

2.20 v

(0.123) V

(22) v

676 V

2.169 V

(0.123) V

(22) v

660 V

2.165 V

(0.123) V

(22) v

695 V

2.221 v

(0.112) v

(22)  v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ACETYLENES

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

ACETYLENE

METHYL-
ACETYLENE

ETHYL-
ACETYLENE

DIMETHYL-
ACETYLENE

Chemical formula: C,H,
Molecular weight: 26.04
Melting point: -80.75 �C
Boiling point: -83.95 �C
Critical temperature:

35.55 �C
Critical pressure: 6.24 MPa

Chemtcal formula: C,H,
Molecular weight: 40.06
Melting point: -102.65�C
Boiling point: -23.15 �C
Critical temperature:

129.25 �C
Critical pressure: 5.62 MPa

Chemtcal formula: C,H, Density, Q,  (kg/m*)
Molecular weight: 54.09 Specific heat capacity,
Melting point: -130°C cp., &J/kg K)
Boiling point: 8.7 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

190.5�C Dynamic viscosity,
Critical pressure: 4.71 MPa q, ( 10d5  Ns/m*)

Chemnxl  formula: C,H,
Molecular weight: 54.09
Melting point: -32.3�C
Boiling point: 27.2 �C
Critical temperature:

212°C
Critical pressure: 5.13 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r  W/kg  K)
Thermal conductivity,

XI [(W/m*)/(K/m)]
Dynamic viscosity,

7, (lo-�  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

h W/m*)Wm)l
Dynamic viscosity,

�I,  (10d5  Ns/m*)

Density, p, (kg/m*)
Specific heat capacity,

cp,/ @J/kg  W
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10e5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(770)

(2.17)

(0.19)

(44)

(780)

2.125

(0.226)

S

S

612 V V

(3.1) v v

(0.54) v v

(16) V V

(740) 710 673

(2.24) (2.32) (2.42)

(0.175) (0.16) (0.145)

(31) (24) (19)

(755) (730) 705

2.158 2.218 2.300

(0.197) (0.172) (0.151)

(53) (40) (35)

S S (742)

S S 2.190

V V

V V

V V

V V

V V

V V

V V

V V

678 V

2.398 V

(0.133) v

(24) v

(715) 691

2.257 2.311

V

V

V

V

V

V

V

V

V

V

V

V

V

V

S S S (0.167) (0.146) (0.133) V

S S S (35) (27) (23) v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NAPHTHENES

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

CYCLO-
PROPANE

CYCLO-
BUTANE

CYCLO-
PENTANE

METHYL-
CYCLO-
PENTANE

ETHYL-
CYCLO-
PENTANE

Chemical formula: C,H, Density, p, (kg/m3)
Molecular weight: 42.08 Specific heat capacity,
Melting point: -127.45 �C cp.i Wk K)
Boiling point: -32.75 �C Thermal conductivity,
Critical temperature: Xi W~m*YWm)l

124.65�C Dynamic viscosity,
Critical pressure: 5.49 MPa 7, (10e5  Ns/m*)

Chemical formula: CIH, Density, p, (kg/m�)
Molecular weight: 56.11 Specific heat capacity,
Melting point: -90.75 �C cp.i @J/kg  K)
Boiling point: 12.55 �C Thermal conductivity,
Critical temperature: A, W~m*YWmN

186.75�C Dynamic viscosity,
Critical pressure: 4.99 MPa 7, (10m5 Ns/m*)

Chemical formula: C5H,, Density, p, (kg/m3)
Molecular weight: 70.13 Specific heat capacity,
Melting point: -93.9�C q,,r W/kg  K)
Boiling point: 49.3 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

238.65 �C Dynamic viscosity,
Critical pressure: 4.508 MPa TJ,  (10m5 Ns/m*)

Chemical formula: C6H,, Density, p, (kg/m�)
Molecular weight: 84.16 Specific heat capacity,
Melting point: -142.45 �C cp.r W/kg K)
Boiling point: 7 1.85 �C Thermal conductivity,
Critical temperature: A, W/m*YWm)l

259.55 �C Dynamic viscosity,
Critical pressure: 3.79 MPa 7, (lop5 Ns/m*)

Chemical formula: C,H,,
Molecular weight: 98.19
Melting point: -138.45�C
Boiling point: 103.45 �C
Critical temperature:

296.35 �C
Critical pressure: 3.39 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r W/k K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (10e5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

740 716 693 V V

1.779 1.809 1.863 V V

S (0.166) (0.145) V V

S (40) (30) V V

S 791 769 747 724

S 1.617 1.688 1.756 1.842

S (0.171) (0.154) (0.140) (0.127)

S (6�3) (45) (34) (26)

S (825) (81�3 (790) 765

S 1.444 1.507 1.591 1.696

S 0.165 0.156 0.148 0.139

S (135) (105) 78.1 55.5

(85% (833) (811) (78% 767

1.516 1.545 1.612 1.696 1.719

0.157 0.149 0.142 0.135 0.129

(300) (190) (130) 93.1 65.0

(863) (843 (823) (803) (783

1.521 1.569 1.630 1.701 1.110

V V

V V

V V

V V

V V

V V

V V

V V

745 V

1.800 V

0.133 V

43.8 V

749 720

1.863

0.123

(2.01)

0.111

50.7

763

1.873

36.5

739

(2.01)

V

V

V

V

V

V

691

(2.22)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

(0.155) (0.148) (0.141) (0.134) (0.127) (0.122) (0.114) (0.102) V

- (150) (101) 12.4 56.7 41.2 27.0 V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NAPHTHENES (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 1.50 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

PROPYG
CYCLO-
PENTANE

BUTYL-
CYCLO-
PENTANE

PENTY-
CYCLO-
PENTANE

HEXYL-
CYCLO-
PENTANE

CYCLO-
HEXANE

Chemtcal formula: C,H,, Density, p, (kg/m�) S
Molecular weight: 112.22 Specific heat capacity,
Melting point: -117.35�C cp.r @J/kg  K) S
Boiling point: 130.95�C Thermal conductivity,
Critical temperature: X1 [(W/m�)/(K/m)]  S

329.85�C Dynamic viscosity,
Critical pressure: 3.00 MPa t), (lo@  Ns/m*) S

Chemical formula: C,H,,
Molecular weight: 126.25
Melting point: -108.2�C
Boiling point: 156.8 �C
Critical temperature:

343.5�C
Critical pressure: 2.58 MPa

Chemical formula: C,,H,
Molecular weight: 140.28
Melting point: (-92)�C
Boiling point: 18O.O�C
Critical temperature:

366°C
Critical pressure: 2.37 MPa

Chemical formula: C,,H,,
Molecular weight: 154.30
Melting point: (-79) �C
Boiling point: 203.15 �C
Critical temperature:

386.95�C
Critical pressure: 2.14 MPa

Chemical formula: C6H,,
Molecular weight: 84.16
Melting point: 6.55 �C
Boiling point: 80.72 �C
Critical temperature:

281.O�C
Critical pressure: 4.075 MPa

Density, pI (kg/m�) S
Specific heat capacity,

cp.r  @J/kg  K) S
Thermal conductivity,

h W/m*YWm)l  S
Dynamic viscosity,

7, (1O-5  Ns/m*) S

Density, p1 (kg/m*) S
Specific heat capacity,

cp.r  Wkg K) S
Thermal conductivity,

A, [(W/m*)/(K/m)]  S
Dynamic viscosity,

7, (10m5 Nslm*) S

Density, p, (kg/m*) S
Specific heat capacity,

cp.r  W/kg K) S
Thermal conductivity,

A, [(W/m*)/(K/m)]  S
Dynamic viscosity,

q, (10F5  Ns/m*) S

Density, p, (kg/m3) S
Specific heat capacity,

cp,, &J/kg K) S
Thermal conductivity,

X, [(W/m*)/(Wm)]  S
Dynamic viscosity,

q1 (10e5  Ns/m*) S

(864) (846) (828) 810 792 777 752 710 v V V

(1.48) (1.57) (1.66) 1.749 1.840 1.915 2.031 2.331 V V V

(0.155) (0.149) (0.143) (0.137) (0.132) (0.127) (0.121) (0.109) V V V

-

(867)

1.446

(0.152)

S

S

S

S

S

S

S

S

S

S

S

S

- (215) 140 89.8 68.3 48.8 33.0 v V V

(850) (833) 816 799 784 762 723 (681) v v

1.480 1.528 1.592 1.664 1.732 1.840 2.026 (2.22) V V

(0.144) (0.139) (0.134) (0.128) (0.125) (0.118) (0.108) (0.098) V V

- G=J) (175) 120.7 89.0 60.8 38.0 (26) V V

(862) (844) (825) (807) 791 (770) (733) (695) V V

- - (1.62) (1.69) (1.76) (1.86) (2.05) (2.25) V V

(0.146) (0.141) (0.136) (0.131) (0.127) (0.121) (0.111) (0.101) V V

- (430) 255 163.1 115.5 75.3 45.0 (30) v v

W6) (848) (830) (813) 797 (778) (742) (705) (665) v

- - (1.66) (1.72) (1.78) (1.88) (2.06) (2.25) (2.45) V

(0.147) (0.142) (0.137) (0.132) (0.127) (0.123) (0.113) (0.104) (0.095) V

- (560) 350 215.1 149.4 93.8 54.0 (33) - v

S S S S 779 750 v V V V

S S S S 2.081 2.119 V V V V

S S S S 0.120 0.113 v V V V

S S S S 98.0 60.6 v V V V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



METHYL-
CYCLO-
HEXANE

ETHYL-
CYCLO-
HEXANE

ISOPROPYL-
CYCLO-
HEXANE

BUTYL-
CYCLO-
HEXANE

PENTYL-
CYCLO-
HEXANE

HEXYL-
CYCLO-
HEXANE

Chemical formula: C,H,,
Molecular weight: 98.19
Melting point: -126.55�C
Boiling point: 100.95 �C
Critical temperature:

298.95 �C
Critical pressure: 3.48 MPa

Chemical formula: CsH,,
Molecular weight: 112.22
Melting point: -111.35 �C
Boiling point: 13 1.75 �C
Critical temperature:

335.85�C
Critical pressure: 3.03 MPa

Chemical formula: CgH,,
Molecular weight: 126.24
Melting point: -89.75�C
Boiling point: 154.55�C
Critical temperature:

366.85 �C
Critical pressure: 2.84 MPa

Chemical formula: C,,H,,
Molecular weight: 140.27
Melting point: -74.75�C
Boiling point: 180.95 �C
Critical temperature:

415.1�C
Critical pressure: 2.41 MPa

Chemical formula: C,,H,,
Molecular weight: 154.30
Melting point: -57.5 �C
Boiling point: 202.8 �C
Critical temperature:

394°C
Critical pressure: 2.21 MPa

Chemical formula: C,2H2,
Molecular weight: 168.34
Melting point: (-40) �C
Boiling point: (228) �C
Critical temperature:

412°C
Critical pressure: 2.04 MPa

Density, p, (kg/m*)
Specific heat capacity,

cp., &J/kg K)
Thermal conductivity,

h, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,/ &J/kg K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (1O-5  Nslm*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r &J/kg W
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10m5 Nslm*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r &J/kg K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

9, (lop5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,, NJ/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

1, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,/ &J/kg K)
Thermal conductivity,

X1 [W/m*YWm)l
Dynamic viscosity,

7, (1O-5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

870 850

1.470 1.537

0.135 0.130

@W

(876)

1.470

(0.128)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(360)

(858)

1.537

(0.124)

(450)

(876)

(1.56)

(0.115)

S

S

S

S

828 808 787 769 142 697 V V V

1.608 1.687 1.779 1.863 (1.97) (2.23) V V V

0.125 0.121 0.116 0.112 0.107 0.098 V V V

(235) 155.0 99.3 13.5 50.0 30.0 v V V

(840) (822) (803) 787 (780) (722) V V V

1.604 1.691 1.779 1.863 (1.98) (2.22) V V V

(0.120) (0.117) (0.114) (0.111) (0.107) (0.100) v V V

(290) 180.0 114.2 84.2 58.2 37.0 v V V

(856) (837) 817 803 VW (739) V399)  V V

(1.63) (1.70) (1.79) (1.86) (1.99) (2.21) (2.49) V V

(0.112) (0.109) (0.106) (0.104) (0.101) (0.096) (0.090) V V

(400) 235.1 140.8 100.6 61.2 42.0 (29) v V

NW (843 (825) 811 (790) (754) (718) V V

1.630 1.695 1.778 1.897 1.960 2.160 2.37 V V

(0.117) (0.114) (0.112) (0.109) (0.107) 0.101 (0.096) V V

(500) (310) 191.0 131.4 83.1 50.1 (30) v V

(855) (837) (819) 805 (783) (746) (708) (670) V

(1.68) (1.75) (1.84) (1.92) (2.04) (2.25) - - V

(0.116) (0.113) (0.111) (0.109) (0.106) (0.101) (0.095) (0.090) V

(850) (470) 264.1 172.3 102.7 57.0 (31) - v

S (838) (825) 810 (790) (755) (718) (681) v

S (1.77) (1.85) (1.93) (2.05) (2.25) - - V

S (0.115) (0.113) (0.110) (0.107) (0.101) (0.096) (0.091) V

S (620) 352.1 222.0 126.8 66.0 (34) - v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NAPHTHENES (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

CYCLO- Chemical formula: CsH,
PENTENE Molecular weight: 68.12

Melting point: -135.05�C
Boiling point: 44.25�C
Critical temperature:

232.85�C
Critical pressure: 4.97 MPa

CYCLO-
HEXENE

Chemical formula: C6Hla
Molecular weight: 82.15
Melting point: -103.45 �C
Boiling point: 82.95 �C
Critical temperature:

287.25 �C
Critical pressure: 4.35 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [(W~m*YWW
Dynamic viscosity,

7, (10-s  Ns/m�)

Density, p, (kglm3)
Specific heat capacity,

cp,r  W/kg  K)
Thermal conductivity,

A, [(W/m2)/(K/m)]
Dynamic viscosity,

7, (10m5  Ns/m�)

(892) (867) w9

1.453 1.470 1.532

0.181 0.173 0.165

- (75)

(925) (900) (875)

1.419 1.478 1.537

0.158 0.154 0.149

(500) (300) WV

(817) 792 770

1.608 1.696 1 .I79

0.158 0.150 0.145

(56) 43.6 34.7

852 830 811

1.616 1.708 1.792

0.145 0.140 0.134

(128) (84 65.0

V

V

V

V

780

(1.91)

0.125

45.5

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V



AROMATICS

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
Substance Data Property 123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

BENZENE

TOLUENE

ETHYL-
BENZENE

VINYL-
BENZENE

PROPYL-
BENZENE

Chemical formula: C+,H, Density, p1 (kg/m3)
Molecular weight: 78.11 Specific heat capacity,
Melting point: 5.55 �C cp.l  W/kg  K)
Boiling point: 80.11 �C Thermal conductivity,
Critical temperature: h, W/m*YWm)l

289.45 �C Dynamic viscosity,
Critical pressure: 4.924 MPa � I, (lO-5 Ns/tr?)

Chemical formula: C,Hs Density, p, (kg/m3)
Molecular weight: 92.14 Specific heat capacity,
Melting point: -94.99�C cp.r W/kg  K)
Boiling point: 110.63 �C Thermal conductivity,
Critical temperature: A, W/dWm)l

320.85 �C Dynamic viscosity,
Critical pressure: 4.05 MPa vr (lo-�  Ns/m�)

Chemical formula: CsH,, Density, p, (kg/m3)
Molecular weight: 106.17 Specific heat capacity,
Melting point: -95.05 �C cp,r  Wkg  K)
Boiling point: 136.15�C Thermal conductivity,
Critical temperature: A, [W/dWm)l

343.95 �C Dynamic viscosity,
Critical pressure: 3.61 MPa q, (10-s  Ns/m*)

Chemical formula: CsHs Density, p, (kg/m�)
Molecular weight: 104.15 Specific heat capacity,
Melting point: -30.65�C cp.t  &J/kg K)
Boiling point: 145.15 �C Thermal conductivity,
Critical temperature: A, w~dw~N

373.85�C Dynamic viscosity,
Critical pressure: 3.99 MPa q, (lO-5 Ns/m�)

Chemical formula: CsH,,
Molecular weight: 120.19
Melting point: -99.45 �C
Boiling point: 159.25 �C
Critical temperature:

365.15�C
Critical pressure: 3.20 MPa

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

Density, p, (kg/m3)
Specific heat capacity,

q,,r W/kg  K)
Thermal conductivity,

h KWmwm)l
Dynamic viscosity,

8, (lo-�  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

955

1.465

0.156

500

951

1.503

0.151

560

S

S

S

S

937

1.540

0.148

-

S

S

S

S

932

1.507

0.152

212

929

1.549

0.147

246

S

S

S

S

918

1.617

0.143

(320)

S S

S S

S S

S S

908 885

1.553 1.612

0.148 0.144

117.0 77.3

907 885

1.612 1.675

0.142 0.137

135.0 89.5

(942) 922

1.595 1.654

0.148 0.142

mw 104.7

898 879

1.652 1.715

0.137 0.132

191.0 118.3

879 847

1.729 1.821

0.144 0.134

64.9 43.6

867 839

1.717 1.800

0.141 0.136

58.6 41.9

866 840

1.738

0.131

67.9

907

1.717

0.137

74.9

860

1.769

0.128

85.7

1.880

0.126

48.2

881

1.834

0.131

50.2

833

1.858

0.122

58.4

V

V

V

V

793

1.968

0.128

26.9

797

2.219

0.110

30.8

838

2.052

0.119

30.9

793

(2.03)

0.112

36.0

V

V

V

V

V

750

(2.25)

0.102

25.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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V

V

V

V

V

V

V

V
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V

V
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V

V

V

V
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AROMATICS (Continued)

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

ISOPROPYL-
BENZENE

BUTYL-
BENZENE

PENTYL-
BENZENE

JCIEXYL-
BENZENE

o-XYLENE

Chemical formula: C9Hh Density, p, (kg/m3)
Molecular weight: 120.19 Specific heat capacity,
Melting point: -96.05�C cp,r  @J/kg  K)
Boiling point: 152.45 �C Thermal conductivity,
Critical temperature: A, W/dWm)l

357.85 �C Dynamic viscosity,
Critical pressure: 3.21 MPa q, (lO-5  Ns/m*)

Chemical formula: C,r,H,4 Density, p, (kg/m�)
Molecular weight: 134.22 Specific heat capacity,
Melting point: -87.95�C cp.i @J/kg  K)
Boiling point: 183.25 �C Thermal conductivity,
Critical temperature: A, W/m*YWm)l

387.35 �C Dynamic viscosity,
Critical pressure: 2.89 MPa q, (lo-�  Ns/m*)

Chemical formula: C,,Hn
Molecular weight: 148.24
Melting point: -78.3�C
Boiling point: 23 1 �C
Critical temperature:

452.1 �C
Critical pressure: 29.89 MPa

Chemical formula: CL2H,s
Molecular weight: 162.26
Melting point: -66.8�C
Boiling point: 263 �C
Critical temperature:

423.6�C
Critical pressure: 25.54 MPa

Chemical formula: CsHlo Density, p, (kg/m�)
Molecular weight: 106.17 Specific heat capacity,
Melting point: -25.15 �C cp,/  &J/kg K)
Boiling point: 144.45 �C Thermal conductivity,
Critical temperature: h [(w~~*YWm)l

357.25 �C Dynamic viscosity,
Critical pressure: 3.73 MPa 7, (lo-�  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

qz.t W/kg  K)
Thermal conductivity,

A, [(W~m%Kwl
Dynamic viscosity,

q, (lO-5  Ns/n?)

Density, p, (kgltn3)
Specific heat capacity,

cp.i  @J/kg  K)
Thermal conductivity,

A, W/m*YWm)l
Dynamic viscosity,

� I, (lO-5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(937)

(1.53)

0.141

-

934

1.507

0.147

(2700)

(926)

(1.59)

0.147

(917)

(1.58)

0.136

(340)

914

1.566

0.142

601

(908)

(l.fw

0.142

(550)

(905)

(1.65)

0.142

VW

S

S

S

S

(897)

(1.W

0.131

(180)

895

1.629

0.137

250.0

(890)

(1.70)

0.138

(333)

G39�3

(1.72)

0.137

(450)

(918)

1.633

(0.146)

(1�30)

878

(1.71)

0.126

862 837

1.762 1.853

0 .122  0 .116

107.4

877

1.712

0.132

78.9 54.0

869 838

1.767 1.896

0 .128  0 .123

146.6

873

(1.76)

0.134

103.6 68.5

859 837

(1.82) (1.90)

0 .130  0 .125

201.0

875

133.5 85.3

861 844

(1.775) (1.830) (1.92)

0.133 0 .130  0 .125

260.1

905

1.683

0.138

167.6 103.6

881 854

1.733 1.839

0 .134  0 .129

110.0 80.7 55.6

(795)

(2.03)

0.106

(33.9)

798

2.050

0.113

41.1

799

(2.07)

0.117

49.2

(811)

(2.09)

0.117

57.4

808

WV

0.122

34.4

(747)

(2.25)

0.097

(23.5)

756

(2.21)

0.104

28.0

(758)

(2.29)

0.108

32.0

(780)

(2.29)

0.108

36.0

V

V

V

V

V

V

V

V

V

(716)

(2.55)

0.100

(21)

(748)

(2.55)

0.101

(23)

V

V

V

V

(716)

(2.81)

0.093

(15)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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m-XYLENE

p-XYLENE

1,2,3-
TRIMETHYL-
BENZENE

l,w-
TRIMETHYL-
BENZENE

1,3,5-
TRIMETHYL-
BENZENE

1,2,3,4-
TETRA-
METHYL-
BENZENE

Chemical formula: CsHlo Density, p, (kg/m�)
Molecular weight: 106.17 Specific heat capacity,
Melting point: -47.65 �C cp,/ Wkg  K)
Boiling point: 139.15�C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

343.85�C Dynamic viscosity,
Critical pressure: 3.543 MPa 7, (10e5 Nslm�)

Chemical formula: CsH,,
Molecular weight: 106.17
Melting point: 13.25 �C
Boiling point: 138.35�C
Critical temperature:

343.05 �C
Critical pressure: 3.52 MPa

Chemical formula: CsH,,
Molecular weight: 120.19
Melting point: -25.45 �C
Boiling point: 176.05 �C
Critical temperature:

391.35�C
Critical pressure: 3.46 MPa

Chemical formula: C~,r
Molecular weight: 120.19
Melting point: -46.15 �C
Boiling point: 169.35 �C
Critical temperature:

375.95 �C
Critical pressure: 3.23 MPa

Chemical formula: &HI,
Molecular weight: 120.19
Melting point: -44.75 �C
Boiling point: 164.75 �C
Critical temperature:

364.15�C
Critical pressure: 3.13 MPa

Chemical formula: C,,H,, Density, p, (kglm3)
Molecular weight: 134.22 Specific heat capacity,
Melting point: -1.8 �C cp,r  (W/kg  K)
Boiling point: 204.4�C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

426.9�C Dynamic viscosity,
Critical pressure: 3.22 MPa 7, (lO-5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.c &J/kg K)
Thermal conductivity,

A, Wh*YWn)l
Dynamic viscosity,

7, (lO-5  Ns/n?)

Density, p, (kg/m3)
Specific heat capacity,

cp./ W/k K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (lo@ Nslm�)

Density, p, (kg/m�)
Specific heat capacity,

cp,c &J/kg K)
Thermal conductivity,

X1 [(W/m*)/(K/m)]
Dynamic viscosity,

TJ,  (lo-�  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,l W/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

t)[ ( lO-5 Ns/n?)
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S
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S
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S
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S

S
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S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

902 881

1.587 1.650

0.144 0.138

125 80.2

S

S

S

S

(92%

1.656

0.143

(215)

(913)

1.641

0.141

(215)

(900)

1.578

0.144

(140)

S

S

S

S

S

S

910

1.733

0.137

(135)

(892)

1.704

0.136

(135)

(881)

1.667

0.141

(98)

(921)

1.739

866

1.717

0.132

61.5

861

1.700

0.133

64.3

894

1.787

0.133

(101)

876

1.758

0.132

101

865

1.729

0.136

73.5

905

1.790

838

1.806

0.126

44.5

833

1.784

0.126

45.6

(871)

(1.86)

0.127

(81)

(852)

1.837

0.126

81

841

(1.82)

0.129

51.4

(882)

(1.87)

795

(1.98)

0.114

29.0

790

1.959

0.114

29.0

(830)

(2.02)

0.117

(52)

(811)

2.006

0.115

(52)

(799)

(1.97)

0.116

37.1

(843)

(2.02)

V

V

V

V

V

V

V

V

(787)

(2.17)

0.107

(34)

(770)

(2.19)

0.105

(34)

(753)

(2.14)

0.108

(20)

(805)

(2.21)

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

(767) V

G-4) V

S (0.143) (0.139) (0.133) (0.127) (0.114) (0.105) V

S (180) (130) (83) (49) (33) (23) v
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AROMATICS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 -75 -50 -25 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

1,2,3,5-
TETRA-
METHYL-
BENZENE

1,2,4,5-
TETRA-
METHYL-
BENZENE

PENTA-
METHYL-
BENZENE

HEXA-
METHYL-
BENZENE

Chemical formula: C,J-I,,
Molecular weight: 134.22
Melting point: -24.O�C
Boiling point: 197.9�C
Critical temperature:

413.6�C
Critical pressure: 3.27 MPa

Chemical formula: C,&, Density, p, (kg/m3)
Molecular weight: 134.22 Specific heat capacity,
Melting point: 78.85 �C cp./ @J/kg  W
Boiling point: 196.85 �C Thermal conductivity,
Critical temperature: h t(w~dWWl

401.85�C Dynamic viscosity,
Critical pressure: 2.94 MPa 9, (lO-5  Ns/m*)

Chemical formula: C,,Hn
Molecular weight: 148.24
Melting point: 54.3 �C
Boiling point: 231 �C
Critical temperature:

452.l�C
Critical pressure: 2.99 MPa

Chemical formula: C,,H,s
Molecular weight: 162.26
Melting point: 165.5 �C
Boiling point: 265 �C
Critical temperature:

481 �C
Critical pressure: 2.72 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp./ W/kg W
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

�I!  (lO-5  Ns/n?)

Density, p, (kg/m�)
Specific heat capacity,

cp., &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (10m5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r Wkg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

�I,  (lO-5  Nsln?)
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S
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S
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S
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1.729

-

-
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S

S

S

S
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S

S

S

S

S

-

1.779

-

-

S

S
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S

S

S

S
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-

-

-

S

S

S

S

S

S

S

S

S

S

S

S

-

-

-

-

(819)

2.068

0.123

(37)

859

2.031

0.122

W)

S

S

S

S

-

-

(779)

2.198

0.114

(26)

(821)

2.236

0.113

W)

S

S

S

S

V

V

V

V

V

(782)

(2.55)

0.105

(27)

WQ

2.458

0.110

(32)
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V
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V
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V

V
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0.103
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V

V

V

V

V

V

V
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DIPHENYL

DIPHENYL-
METHANE

TRIPHENYL-
METHANE

NAPH-
THALENE

I-METHYL-
NAPH-
THALENE

2-METHYL-
NAPH-
THALENE

Chemical formula: C,rH,,,
Molecular weight: 154.21
Melting point: 69.25 �C
Boiling point: 255.25 �C
Critical temperature:

515.85�C
Critical pressure: 3.85 MPa

Chemical formula: C3H,*
Molecular weight: 168.24
Melting point: 26.85�C
Boiling point: 264.35 �C
Critical temperature:

499.3�C
Critical pressure: 2.98 MPa

Chemical formula: t&H,,
Molecular weight: 244.32
Melting point: 93.1 �C
Boiling point: 359 �C
Critical temperature:

(657) �C
Critical pressure: (3.2) MPa

Chemical formula: C,aHs
Molecular weight: 128.17
Melting point: 80.35 �C
Boiling point: 217.95 �C
Critical temperature:

475.25�C
Critical pressure: 4.05 MPa

Chemical formula: C,,Hn,
Molecular weight: 142.20
Melting point: -30.45�C
Boiling point: 244.65 �C
Critical temperature:

498.85�C
Critical pressure: 3.57 MPa

Chemical formula: C, ,H,,
Molecular weight: 142.20
Melting point: 34.55�C
Boiling point: 241.05 �C
Critical temperature:

487.85�C
Critical pressure: 3.51 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp.l NJ/kg K)
Thermal conductivity,

h KW~m*Yw~)l
Dynamic viscosity,

7, (lO-5  Nsln?)

Density, p, (kg/m3)
Specific heat capacity,

cp,r  @J/kg  K)
Thermal conductivity,

A, W/dWm)l
Dynamic viscosity,

� I, (lO-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,l @J/kg  K)
Thermal conductivity,

h KY/mZMKW
Dynamic viscosity,

q, (lO-5  Nsln?)

Density, p, (kg/m�)
Specific heat capacity,

cp.l Wkg K)
Thermal conductivity,

h w~dwm)l
Dynamic viscosity,

7, (lo-�  Ns/n?)

Density, p, (kg/m�)
Specific heat capacity,

cp.l @J/kg  K)
Thermal conductivity,

x, Iw~~zYw~)l
Dynamic viscosity,

7, (lo-�  Ns/n?)

Density, p, (kg/m�)
Specific heat capacity,

cp., &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)l
Dynamic viscosity,

9, (lO-5  Ns/m*)
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S

S

S

S

S
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S

S
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S

S
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S

S

S

S

S

S

S

(1053)

1.424

(0.136)

(1400)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1035

1.509

(0.133)

(571)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1020

1.564

S

S

S

S

984

1.631

0.132

180.1

S

S

S

S

S

S

S

S

998

1.661

970 930

1.779 1.968

0.134 0.127

97.0 55.6

944 904

1.760 (1.91)

0.127 0.121

93.1 56.0

1014 975

1.851 1.913

(0.136) (0.132)

322.1 (155)

963 922

1.805 1.993

0.137 0.130

77.4 52.0

962 (924

(1.82) (1.95)

888 848

2.190 2.407

0.119 0.112

37.2 26.9

864 824

(2.06) (2.20)

0.115 (0.109)

37.5 27.0

(937) (89%

(1.98) (2.04)

(0.129) (0.125)

(85) (53)

(878) V

2.139 V

0.123 V

37.5 v

(884)  V

( 2 . 1 1 )  v

(0.130) (0.127) (0.120) (0.114) (0.107) V

333 167 (85) (50) (32) v

S 984 947 908 (868) v

S 1.632 1.805 (1.98) (2.17) V

S 0.127 0.120 (0.114) (0.107) v

S 136.1 (72) (43) (30) v

V

V

V

V

V

V

V

V

(860)

(2.10)

(0.121)

(40)

V

V

V

V

V

V

V

V

V

V

V

V



AROMATICS (Continued)

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

l-ETHYL-
NAPH-
THALENE

Chermcal  formula: C,*H,, Density, p, (kg/m�) S S S S (1.039) 1.022 1008 987 950 (913) (874) (832) V
Molecular weight: 156.22 Specific heat capacity,
Melting point: -27.O�C cp,r @J/kg  K) S S S S (1.52) (1.58) (1.63) (1.71) (1.85) (1.98) (2.10) (2.22) V
Boiling point: 258.3 �C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]  S S S S (0.134) (0.131) (0.129) (0.126) (0.121) (0.115) (0.110) (0.104) V

502.4�C Dynamic viscosity,
Critical pressure: 3.99 MPa �I!  (lO-5 Ns/n?) S S S S (1400) (571) (333) (167) (85) (50) (32) (19)  v

2-ETHYL- Chemical formula: C,2H,z Density, pI (kg/m�) S S S S S 1008 992 (971) (935) (896) (855) (810) V
NAPH- Molecular weight: 156.22 Specific heat capacity,
THALENE Melting point: -7.4 �C cp.i @J/kg  K) S S S S S (1.58) (1.63) (1.71) (1.85) (1.98) (2.10) (2.22) V

Boiling point: 257.9�C Thermal conductivity,
Critical temperature: A, [(w~~*Yw~)l  s S S S S (0.131) (0.129) (0.126) (0.121) (0.115) (0.110) (0.104) V

498.6�C Dynamic viscosity,
Critical pressure: 3.17 MPa � I, (lO-5 Ns/n?) S S S S S (350) (240) (136) (72) (43) (30) (17)  v



ALCOHOLS

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHANOL

ETHANOL

l-PROPANOL

l-BUTANOL

l-PENTANOL

Chemical formula: CH,O Density, p, (kg/m�)
Molecular weight: 32.04 Specific heat capacity,
Melting point: -98.O�C cp,l  @J/kg  K)
Boiling point: 64.7 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

240 �C Dynamic viscosity,
Critical pressure: 7.95 MPa 7, ( lO-5 Ns/n?)

Chemical formula: C,H,O Density, p! (kg/m�)
Molecular weight: 46.07 Specific heat capacity,
Melting point: -114.5�C cp., @J/kg  K)
Boiling point: 78.3�C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]

243.lO�C Dynamic viscosity,
Critical pressure: 6.39 MPa TJ, ( lO-5 Ns/n?)

Chemical formula: C,HsO
Molecular weight: 60.10
Melting point: -127 �C
Boiling point: 97.8 �C
Critical temperature:

263.7�C
Critical pressure: 5.05 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r &J/kg W
Thermal conductivity,

A, [(W/n?)/(K/m)]
Dynamic viscosity,

q, (1O-5  Ns/m*)

Chemical formula: C4H1s0
Molecular weight: 74.12
Melting point: -89.95 �C
Boiling point: 117.5 �C
Critical temperature:

288.O�C
Critical pressure: 4.42 MPa

Chemical formula: C5H,,0
Molecular weight: 88.15
Melting point: -78.15 �C
Boiling point: 137.85 �C
Critical temperature:

312.85�C
Critical pressure: 3.85 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (lO-5  Ns/tt?)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

Density, p, (kg/m�)
Specific heat capacity,

cp,/  (M/kg K)
Thermal conductivity,

A, Kw~~2Yw~N
Dynamic viscosity,

� I, (lO-5  Ns/n?)

S 905

S 2.194

S 0.235

S 479

892 870

1.901 1.947

0.197 0.193

4 701 1 526

(872) (862)

1.805 1.855

0.172 0.170

(61000) 7 562

S (854)

S 1.859

S 0.170

S (9400)

S (89%

S 1.863

S 0.171

S w3w

900

1.240

0.225

230.6

850

2.014

0.188

640

WV

1.955

0.167

2 020

(845)

1.947

0.165

3 471

(874)

1.930

0.167

G3OW

858

2.294

0.215

128.0

825

2.093

0.183

324.1

(835)

2.077

0.164

820

835

2.056

0.162

1 250

(853)

2.026

0.163

(290�3

810 792 765 V

2.386 2.495 2.680 V

0.208 0.202 0.193 V

81.7 58.4 39.6 V

806 789 763 V

2.232 2.395 2.801 V

0.177 0.173 0.165 V

1768.6 120.1 70.1 V

818 804 779 V

2.219 2.345 2.571 V

0.160 0.157 0.153 V

413.7 223.1 112.6 V

825 810 791 753

2.202 2.345 2.621

0.158 0.155 0.149

(2.84)

0.138

530 295.1 142.0 53.1

829 814

2.161 2.315

(786) (734)

2.625 3.287

0.159

1 110

0.156 0.142

510

0.151

200.1 60.3

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ALCOHOLS (Continued)

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

I-HEXANOL

I-HEPTANOL

I-OCTANOL

ISOPROPANOL

Chemical formula: C,H,.,O Density, p, (kg/m�)
Molecular weight: 102.18 Specific heat capacity,
Melting point: -43.95 �C cp,/ &J/kg W
Boiling point: 157.05 �C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]

336.85 �C Dynamic viscosity,
Critical pressure: 3.485 MPa v, (IO-�  Ns/n?)

Chemical formula: C,H,,O Density, p, (kg/m3)
Molecular weight: 116.20 Specific heat capacity,
Melting point: -32.8�C cp,/ Wkg W
Boiling point: 175.9�C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

368.7 �C Dynamic viscosity,
Critical pressure: 3.04 MPa � I, ( lO-5  Ns/m*)

Chemical formula: C,H,,O
Molecular weight: 130.23
Melting point: -15.45 �C
Boiling point: 179.75�C
Critical temperature:

363.85�C
Critical pressure: 2.74 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp./ @J/kg  K)
Thermal conductivity,

A, UY�~dW~)l
Dynamic viscosity,

� I, (lO-5  Ns/n?)

Chemical formula: C3H30 Density, p, (kg/m�)
Molecular weight: 60.10 Specific heat capacity,
Melting point: -79°C cp.r  &J/kg K)
Boiling point: 82.5 �C Thermal conductivity,
Critical temperature: A, [(W/mZ)/(K/m)]

235.6�C Dynamic viscosity,
Critical pressure: 5.37 MPa �I,  (lO-5  Nsln?)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

WV

1.830

0.158

S

S

S

832

1.930

0.153

852 833 820

1.813 1.976 2.173

0.150 0.146 0.143

(3200) 1 079 542.7

(863) 839 822

2.031 2.220 2.358

0.145 0.140 0.137

(4809) (1490) 701.1

S 842 829

S 2.156 2.219

S 0.140 0.137

S 1 980 893.3

818 801 785

2.073 2.265 2.496

0.149 0.144 0.141

(797)

(2.57)

0.140

216.0

795

(2.91)

0.133

268.1

809

(2.55)

0.133

321.7

764

2.956

0.135

(758) (715) v

(3.10) (3.46) V

0.131 0.128 V

79.4 36.7 V

756 722 V

(3.46) (3.54) V

(0.126) (0.120) V

80.0 41.5 v

773 (734) v

(2.92) (3.25) V

(0.126) (0.119) V

106 46 V

V V V

V V V

V V V

(11000) 3 761 1 250 460.1 243.2 106.3 v V V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ISOBUTANOL

ISOPENTANOL

t-BUTYL
ALCOHOL

ETHYLENE
GLYCOL

1,3-
PROPYLENE
GLYCOL

GLYCEROL

Chemical formula: CIH,,O
Molecular weight: 74.12
Melting point: -107.95 �C
Boiling point: 107.85 �C
Critical temperature:

274.55 �C
Critical pressure: 4.30 MPa

Chemical formula: C,H,,O
Molecular weight: 88.15
Melting point: -117.2�C
Boiling point: 130.6�C
Critical temperature:

306.65�C
Critical pressure: 3.85 MPa

Chemical formula: C,H,,O
Molecular weight: 74.12
Melting point: 25.7�C
Boiling point: 82.34�C
Critical temperature:

233.1 �C
Critical pressure: 3.97 MPa

Chemical formula: C2H60
Molecular weight: 62.07
Melting point: -12.95�C
Boiling point: 197.25 �C
Critical temperature:

371.85C
Critical pressure: 7.7 MPa

Chemical formula: C,H,Or
Molecular weight: 76.10
Melting point: -26.75 �C
Boiling point: 214.45 �C
Critical temperature:

384.85 �C
Critical pressure: 5.98 MPa

Chemical formula: C,H,O,
Molecular weight: 92.09
Melting point: 17.85�C
Boiling point: 290°C
Critical temperature:

452.85�C
Critical pressure: 6.69 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp., W/kg  K)
Thermal conductivity,

AI W/&Wm)l
Dynamic viscosity,

7, (lop5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.l @J/kg  W
Thermal conductivity,

A, w~~ZM~~)l
Dynamic viscosity,

q, (lO-5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.l &J/kg K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,

7, (lO-5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r &J/kg K)
Thermal conductivity,

h WMWm)l
Dynamic viscosity,

7, (lO-5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r  &J/kg  K)
Thermal conductivity,

A, w~~ZYw~)l
Dynamic viscosity,

�I~  (lO-5 Nslm*)

Density, p, (kg/m3)
Specific heat capacity,

cp,/ @J/kg  W
Thermal conductivity,

A, [(w~~*YW~)l
Dynamic viscosity,

�I,  (lO-5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(887)

1.736

0.157

WJ)

(1.76)

0.157

-

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(870) (853) (835) 817 806 794 732 V

1.786 1.875 2.052 2.156 2.311 2.684 (3.40) v

0.152 0.147 0.142 0.137 0.133 0.127 0.119 v

- (13000) 2300.6 800 390.1 162.0 52.0 V

(891) (870)

(1.81) (1.88)

0.152 1.147

(12ooo)  (5000)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

WO) 824

(2.00) (2.16)

0.141 0.137

(2100) 860.2

S S

S S

S S

S S

S 1 128

S 2.261

S 0.254

S 5 701

(1083) (1066)

2.240 2.361

0.193 0.198

(97500) 17160

S S

S S

S S

S S

810

2.345

0.133

430.1

S

S

S

S

1 115

2.357

0.256

2041

1 053

2.469

0.201

5260

1260

2.366

0.286

149900

(782) (730)

(2.66) (3.17)

0.128 0.120

185.1 62.0

750 v

3.18 V

0.106 v

144 v

1091 1 055

2.500 2.847

0.260 0.265

707 202

1033 1003

2.647 2.950

0.203 0.203

1 540 360

1 242 1 154

2.512 2.805

0.290 0.297

(18000) 1300

V V

V V

V V

V V

V V

V V

V V

V V

1 016 V

(2.94)

(0.252)

85.9

V

V

V

964

3.242

0.195

130

1090

3.06

0.300

170

(920)

(3.51)

0.179

W)

(1007)

3.34

0.295

22.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

(3.74)

0.282

(3.0)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ALCOHOLS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

CYCLO- Chemical formula: C,H,,O Density, p, (kg/m�) S S S S S S S 925 874 821 V V V
HEXANOL Molecular weight: 100.16 Specific heat capacity,

Melting point: 24.85 �C cp.r  &J/kg K) S S S S S S S (2.03) (2.32) (2.56) V V V
Boiling point: 161.15�C Thermal conductivity,
Critical temperature: 4 [w~~Zwml s S S S S S S 0.132 0.124 0.117 V V V

351.15�C Dynamic viscosity,
Critical pressure: 3.75 MPa � I, (lo&  Ns/n?) S S S S S S S 1 181 185.1 68.9 V V V

BENZYL Chemical formula: C,H,O Density, p, (kg/m�) S S S S S 1061 1045 1 022 983 940 893 V V
ALCOHOL Molecular weight: 108.14 Specific heat capacity,

Melting point: -15.35�C q,.r @J/kg  W S S S S S 1.860 1.972 2.135 (2.37) (2.53) (2.60) V V
Boiling point: 205.45 �C Thermal conductivity,
Critical temperature: h W/dWm)l  s S S S S ( 0 . 1 6 1 )  0 . 1 6 0  ( 0 . 1 5 8 )  0 . 1 5 6  0 . 1 5 2  ( 0 . 1 5 1 )  V V

403.85�C Dynamic viscosity,
Critical pressure: 4.66 MPa q, (lO-5  Ns/m*) S S S S S (1200) 558.4 257.4 102 56 35 V V



PHENOLS

Substance Data Property

Temperature, �C
- 1 5 0 - 7 5 - 2 5 0 20 50 100 150 200 250 300

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 523.15 573.15

PHENOL

o-CRESOL

p-CRESOL

C,H60 p, (kg/m�)
Specific heat capacity,

40.75�C cp., W/kg  K)
Boiling point: 18 1.8 �C Thermal conductivity,

A, [(W/m*)/(K/m)]
420.05 �C Dynamic viscosity,

Critical pressure: 6.13 MPa 7, lO-5 Ns/n?)

C,HsO p, (kg/m�)S
Specific heat capacity,

Melting point: 30.95 �C cp,, Wkg K)
Boiling point: 191.05 �C Thermal conductivity,
Critical temperature: 1, W~dKK~~)l

424.45 �C Dynamic viscosity,
Critical pressure: 5.01 MPa � I, (lO-5  Ns/n?)

Chemical formula: C,HsO
Molecular weight: 108.14
Melting point: 12.25�C
Boiling point: 202.25 �C
Critical temperature:

432.65 �C
Critical pressure: 4.56 MPa

Density, p, (kg/m�)
Specific heat capacity,

q,,, @J/kg  K)
Thermal conductivity,

A, [(W/n?)/(K/m)]
Dynamic viscosity,

v, (lO-5  Ns/n?)

Chemical formula: C,H,rO Density, p, (kg/m3)
Molecular weight: 108.14 Specific heat capacity,
Melting point: 34.75 �C cp., @J/kg  K)
Boiling point: 201.95 �C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]

426 �C Dynamic viscosity,
Critical pressure: 5.15 MPa 7, (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S S S S S S

S S S S S S

S S S S S S

S S S S S S

S S S S S 1 020

S S S S S S

S S S S S S

S S S S S S

S S S S S 1 034

S S S S S 2.010

S S S S S 0.150

S S S S S 1 691

S S S S S S

S S S S S S

S S S S S S

S S S S S S

1 050

2.244

0.156

342.1

979

2.20

0.153

300

1009

2.158

0.148

420.1

1011

2.162

0.141

465.1

973

2.382

0.135

105.0

934

2.28

0.143

loo.0

973

2.303

0.143

120.0

973

2.310

0.135

130.0

931 v V

(2.42) V V

(0.130) v V

67.0 V V

V V V

2.35 V V

0.138 V V

50.4 v V

(930) (882) V

(2.40) (2.51) V

0.135 (0.130) v

57.4 34.7 v

931 (883) V

(2.43) (2.50) V

(0.130) (0.126) V

61.2 37.1 v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ESTERS

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHYL
FORMATE

ETHYL
FORMATE

PROPYL
FORMATE

METHYL
ACETATE

ETHYL
ACETATE

Chemical formula: C,H,O, Density, p, (kg/m3)
Molecular weight: 60.05 Specific heat capacity,
Melting point: -98.95 �C q,.r @J/kg  W
Boiling point: 3 1.75 �C Thermal conductivity,
Critical temperature: 4 I(w~~*YW~)l

214.05�C Dynamic viscosity,
Critical pressure: 6.004 MPa 7, ( lO-5 Ns/m*)

Chemical formula: C,H,O,
Molecular weight: 740.08
Melting point: -79.35�C
Boiling point: 54.25 �C
Critical temperature:

235.25 �C
Critical pressure: 4.74 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r Wk W
Thermal conductivity,

A, w~~*Ywm)l
Dynamic viscosity,

� I, (lO-5  Ns/tt?)

Chemical formula: C,HsO, Density, p, (kg/m3)
Molecular weight: 88.11 Specific heat capacity,
Melting point: -92.85�C cp,/ @J/kg  K)
Boiling point: 80.55 �C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]

264.85 �C Dynamic viscosity,
Critical pressure: 4.06 MPa 7, (10e5  Ns/m*)

Chemical formula: C,&O,
Molecular weight: 74.08
Melting point: -98.7�C
Boiling point: 57.15 �C
Critical temperature:

233.65 �C
Critical pressure: 4.687 MPa

Chemtcal formula: C,H,Or
Molecular weight: 88.11
Melting point: -83.6�C
Boiling point: 77.1 �C
Critical temperature:

250.1 �C
Critical pressure: 3.83 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.l &J/kg K)
Thermal conductivity,

h IW/m*YWm)l
Dynamic viscosity,

q, (lO-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r Wk K)
Thermal conductivity,

A, KW~d4W~)l
Dynamic viscosity,

7, (10m5 Ns/m�)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1.102)

(1.80)

(0.228)

(115)

(1020)

(1.72)

0.195

(115)

(1013)

(1.91)

0.175

-

(1045)

(1.757)

0.190

(118)

(999)

1.821

0.171

(150)

(1.069) (1.036) 1003

(1.84) (1.89) (1.95)

0.217 0.206 0.195

(83) (59) 43.1

(998) (976) 948

(1.74) (1.76) (1.80)

0.186 0.177 0.168

(86) (65) 50.5

(98% (957) 929

(1.92) (1.93) (1.96)

0.167 0.160 0.153

cw 66.7

1018 989 959

(1.822) (1.887) 1.953

0.182 0.173 0.164

(87) W) 47.7

(976) (951) 924

1.821 1.838 1.880

0.164 0.156 0.150

uw (80) 58.1

975

2.026

0.186

34.5

923

1.989

0.161

40.8

906

(1.98)

0.147

51.5

934

2.119

0.157

38.9

901

1.922

0.144

45.2

V

V

V

V

883

2.177

0.152

30.6

871

(2.05)

0.139

37.0

894

(2.18)

0.148

28.6

864

1.968

0.135

34.5

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.10 Liquids at Temperatures below Their Boiling Point 5.5.10-31

0 1985  Hemisphere E

H

bing Corporation Rev. 1986

. ,- ,.., I -. .- -. ..- . .._ -._.- ^_ .- . .I I_.. . --- ,..-,., __.,_.l_,.-  ~~



ESTERS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 1 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Data
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHYL
BENZOATE

ETHYL
BENZOATE

METHYL
SALICYLATE

Chemical formula: C,H,O,
Molecular weight: 136.15
Melting point: -12.35�C
Boiling point: 199.05 �C
Critical temperature:

418.85�C
Critical pressure: 3.65 MPa

Chemical formula: C,H,,O, Density, p, (kg/m�)
Molecular weight: 150.18 Specific heat capacity,
Melting point: -34.85 �C cp,r &J/kg K)
Boiling point: 212.75 �C Thermal conductivity,
Critical temperature: h W~m*YWm)l

423.85 �C Dynamic viscosity,
Critical pressure: 3.24 MPa 7, ( low5 Ns/mr)

Chemical formula: CsHsO,
Molecular weight: 152.14
Melting point: -8.6�C
Boiling point: 223.3 �C
Critical temperature:

436°C
Critical pressure: 4.09 MPa

Density, p1 (kg/m�)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

4 W/dWm)l
Dynamic viscosity,

7, ( 10m5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp,r  NJ/kg K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,

7, (lop5 Ns/m*)

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S

S

S

S

(1083)

(1.46)

0.151

1108 1088

1.520 (1.58)

0.151 0.147

(86) 66.7

1064 1046

(1.54) (1.60)

0.146 0.142

206.7

(1162) 1 180

(1.54) (1.58)

(0.152) (0.149)

348.0 222.0

(1059) (1011)

(1.66) (1.80)

0.141 0.131

46.4 (31)

1 020 (974)

(1.68) (1.84)

0.136 0.127

110 67

1 152 1 105

(1.63) (1.76)

(0.143) (0.133)

110.0 82.0

(963)

(1.95)

0.121

-

(930)

(1.99)

0.118

49.1

1 055

(1.83)

(0.124)

50.2

V V V

V V V

V V V

V V V

(884) V V

(2.14) V V

0.109 v V

(42) V V

1004 v V

(1.92) V V

(0.115) v V

34.7 v V



ALDEHYDES

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

FOBMAL-
DEHYDE

ACETAL-
DEHYDE

PABAL-
DEHYDE

FUBFUBAL

BENZAL-
DEHYDE

Chemical formula: CHzO
Molecular weight: 30.03
Melting point: -117.15 �C
Boiling point: -19.15 �C
Critical temperature:

134.85�C
Critical pressure: 6.59 MPa

Chemical formula: C*H,O Density, p, (kg/m3)
Molecular weight: 44.05 Specific heat capacity,
Melting point: -124°C cp.r @J/kg  W
Boiling point: 20.45 �C Thermal conductivity,
Critical temperature: h W/dWm)l

187.85�C Dynamic viscosity,
Critical pressure: 5.57 MPa 7, (lop5 Ns/m*)

Chemical formula: C,H,,O,
Molecular weight: 132.15
Melting point: 12.6�C
Boiling point: 124.O�C
Critical temperature:

290 �C
Critical pressure: 5.51 MPa

Chemical formula: C5H402
Molecular weight: 96.08
Melting point: -36.5 �C
Boiling point: 160.55 �C
Critical temperature:

397°C
Critical pressure: 5.89 MPa

Chemical formula: C7H60
Molecular weight: 106.12
Melting point: -57.15 �C
Boiling point: 178.85 �C
Critical temperature:

421.85�C
Critical pressure: 4.66 MPa

Density, p, (kglmr)
Specific heat capacity,

cp.r W/k  K)
Thermal conductivity,

h, [(W/m*)/(K/m)]
Dynamic viscosity,

�1,  (lO-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,/ @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (lO-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,, @J/kg  K)
Thermal conductivity,

h [W/m*YWm)l
Dynamic viscosity,

q, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp., @J/kg  W
Thermal conductivity,

h [(W/m2)Wm)l
Dynamic viscosity,

7, (10m5 Ns/m�)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(932)

(2.30)

0.315

(920)

(1.97)

0.238

-

S

S

S

S

S

S

S

S

S

S

S

S

(895)

(2.39)

0.293

(892)

G-3)

0.224

-

S

S

S

S

S

S

S

S

S

S

S

S

(858)

(2.47)

0.271

(24)

(863)

(2.05)

0.211

(46)

S

S

S

S

S

S

S

S

(1106)

1.474

0.167

-

821 V V

(2.62) V V

0.250 V V

(19) v v

(834) 804 783

(2.13) 2.20 2.28

0.197 0.184 0.180

(35) 26.8 22.2

S S 994

S S 1.933

S S 0.145

S S 117.9

(1201) 1 181 1 160

(1.47) 1.541 1.636

(0.184) (0.178) 0.172

(410) 247.6 163.1

(1084) 1 062 1046

1.515 1.565 1.610

0.162 0.157 0.154

(330) 230.1 160.1

V

V

V

V

V

V

V

V

956

(2.03)

0.142

69.0

1 128

1.750

0.167

(120)

1 017

1.632

0.148

(95)

V

V

V

V

899

(2.22)

0.135

37.0

1 077

(1.87)

(0.155)

w

971

1.804

0.139

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

( 1 0 2 0 )  v

( 2 . 0 0 )  v

(0.142) V

(38) V

924 V

1.926 V

0.129 V

- V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ALDEHYDES (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

SALICYAL- Chemical formula: C,H,O, Density, p, (kg/m�) S S S S S S 1 150 1 132 1084 1 034 v V V
DEI-IYDE Molecular weight: 122.12 Specific heat capacity,

Melting point: 1.6�C cp.r @J/kg  K) S S S S S S 1.608 (1.71) (1.89) (2.07) V V V
Boiling point: 196.5 �C Thermal conductivity,
Critical temperature: A, W/m*YWm)l  S S S S S S (0.154) (0.148) (0.139) (0.129) V V V

(423) �C Dynamic viscosity,
Critical pressure: (5.4) MPa 7, (10e5  Ns/m2) S S S S S S 320.1 150.0 80.0 49.1 v V V

KETONES

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

KETENE Chemical formula: CrH,O Density, p, (kg/m�)
Molecular weight: 42.04 Specific heat capacity,
Melting point: -135.15�C cp.r  Wkg K)
Boiling point: -41.15 �C Thermal conductivity,
Critical temperature: AI W/dWm)l

106.85 �C Dynamic viscosity,
Critical pressure: 6.48 MPa 7, ( 10m5  Ns/m*)

ACETONE Chemical formula: C,H,O Density, p, (kg/m3)
Molecular weight: 58.08 Specific heat capacity,
Melting point: -93.2 �C cp.r  &J/kg K)
Boiling point: 56.1 �C Thermal conductivity,
Critical temperature: h IW~m*YWm)l

235 �C Dynamic viscosity,
Critical pressure: 4.761 MPa 7, (10m5 Ns/m*)

(1080)

(1.79)

(0.267)

(1030) (979) v

(1.92) (2.02) V

(0.250) (0.233) V

- (110) v

893 868 840

2.010 2.039 2.072

0.179 0.175 0.170

134.1 82.0 56.0

V V

V V

V V

V V

812 791

2.102 2.156

0.165 0.160

39.8 32.5

V

V

V

V

756

2.252

0.154

24.9

V V V

V V V

V V V

V V V

V V V

V V V

V V V

V V V



METHYL-
ETHYL
KETONE

DIETHYL
KETONE

DIPROPYL
IcElYmE

ACETO-
PHENONE

BENZO-
PHENONE

Chemical formula: C,HsO
Molecular weight: 72.11
Melting point: -86.65 �C
Boiling point: 79.65 �C
Critical temperature:

262.45�C
Critical pressure: 4.15 MPa

Chemical formula: C5Hlo0
Molecular weight: 86.13
Melting point: -38.95 �C
Boiling point: 101.95�C
Critical temperature:

287.85�C
Critical pressure: 3.74 MPa

Chemical formula: C,H,40
Molecular weight: 114.18
Melting point: -34.O�C
Boiling point: 143.5�C
Critical temperature:

331 �C
Critical pressure: 3.0 MPa

Chemical formula: C,H,O
Molecular weight: 120.14
Melting point: -19.6�C
Boiling point: 203.7 �C
Critical temperature:

431°C
Critical pressure: 3.8 MPa

Chemical formula: C,3H,00
Molecular weight: 128.21
Melting point: 48.1 �C
Boiling point: 306.O�C
Critical temperature:

(554) �C
Critical pressure: (2.07) MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,/ Wk K)
Thermal conductivity,

h W~m*YWm)l
Dynamic viscosity,

7, (10m5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

c,,,r @J/kg  K)
Thermal conductivity,

h W~m2YWm)l
Dynamic viscosity,

7, (low5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r  &J/kg K)
Thermal conductivity,

A, W/dWm)l
Dynamic viscosity,

7, (lop5 Ns/mr)

Density, p, (kg/m�)
Specific heat capacity,

cp.r  @J/kg  K)
Thermal conductivity,

h W/mzYWm)l
Dynamic viscosity,

7, (10M5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,/ @J/kg  K)
Thermal conductivity,

h [W/mWKWl
Dynamic viscosity,

TJ~  (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(893)

2.071

0.169

(125)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(870)

2.091

0.163

(94)

S

S

S

S

S

S

S

S

S

S

S

(847) 826 803

2.120 2.155 2.219

0.156 0.150 0.145

(70) 54.0 42.3

(858) 834 914

2.139 2.171 2.214

0.153 0.147 0.142

(77) 59.4 47.0

(853 832 817

(2.10) (2.14) (2.18)

0.148 0.144 0.140

- (1W 75.1

S S 1 028

S S 1.88

S S 0.142

S S 185.1

S S S

S S S

S S S

S S S

(773) V V

2.311 V V

0.137 V V

31.0 V V

787 (740) v

2.268 2.418 V

0.135 (0.123) V

34.4 22.5 V

790 748 V

2.198 2.407 V

0.133 (0.122) v

(52) (33) v

1002 958 914

1.93 1.968 (2.03)

0.140 0.132 (0.123)

124.1 62.0 (41)

1 085 1 042 (998)

(1.55) (1.68) (1.81)

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

(865) V

( 2 . 0 9 )  v

(0.115) v

(30) v

(955) (911)

(1.96) (2.10)

V

V

V

V

V

V

V

V

V

V

(866)

(2.24)

(0.136) (0.130) (0.124) (0.119) (0.113) (0.107)

560.2 180.1 96.0 62.0 42.0 (28)



CARBOXYLIC ACIDS

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

FORMIC
ACID

ACETIC
ACID

PROPIONIC
ACID

BUTYRIC
ACID

Chemical formula: CHrO, Density, p, (kg/m�)
Molecular weight: 46.02 Specific heat capacity,
Melting point: 8.35 �C cp,r &J/kg K)
Boiling point: 100.65�C Thermal conductivity,
Critical temperature: A, [(W/mr)/(K/m)]

306°C Dynamic viscosity,
Critical pressure: 5.5 MPa 8, (lO-5  Ns/m�)

Chemical formula: C,H,02 Density, p, (kg/m3)
Molecular weight: 60.05 Specific heat capacity,
Melting point: 16.7 �C cp.l @J/kg  K)
Boiling point: 118 �C Thermal conductivity,
Critical temperature: A, W/m2YWm)l

321.6�C Dynamic viscosity,
Critical pressure: 5.79 MPa 7, (10m5 Ns/m*)

Chemical formula: C3H602 Density, p1 (kg/m�)
Molecular weight: 74.08 Specific heat capacity,
Melting point: -20.65 �C cp.i &J/kg K)
Boiling point: 140.85 �C Thermal conductivity,
Critical temperature: h, L(w/m2MW

338.85 �C Dynamic viscosity,
Critical pressure: 5.37 MPa 7, (low5  Ns/m*)

Chemical formula: C,H,O, Density, p, (kg/m�)
Molecular weight: 88.15 Specific heat capacity,
Melting point: -5.25 �C cp.r  &J/kg K)
Boiling point: 163.25 �C Thermal conductivity,
Critical temperature: h W�~mzYWm)l

354.85 �C Dynamic viscosity,
Critical pressure: 5.27 MPa 7, (10m5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1 015

2.077

0.153

154.1

977

1.947

0.153

228.1

1 220 1 184

2.169 2.202

0.261 0.250

179.1 103.1

1049 1 018

1.997 2.156

0.161 0.155

121.0 79.2

993 963

2.165 2.299

0.150 0.144

169.4 73.8

958 927

2.010 2.156

0.150 0.144

154.1 98.0

1 108 V

2.282 V

0.232 V

54.2 V

960 V

2.349 V

0.142 V

45.8 V

911 V

2.516 V

0.136 V

45.0 V

882 829

2.36

0.136

w4)

0.127

55.0 34.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



PENTANOIC
ACID

HEXANOIC
ACID

ACETIC
ANHYDRIDE

PROPIONIC
ANHYDRIDE

Chemical formula: C,H,,O* Density, p, (kg/m3)
Molecular weight: 102.13 Specific heat capacity,
Melting point: -34.15 �C cp.r  NJ/kg K)
Boiling point: 185.55 �C Thermal conductivity,
Critical temperature: h, [(W/m2)/(K/m)J

377.85�C Dynamic viscosity,
Critical pressure: 3.85 MPa qr (lop5 Ns/m*)

Chemical formula: C,H,,O,
Molecular weight: 116.15
Melting point: -3.9�C
Boiling point: 205.2 �C
Critical temperature:

392 �C
Critical pressure: 4.0 MPa

Chermcal  formula: C,H,03
Molecular weight: 102.09
Melting point: -74.15 �C
Boiling point: 138.85 �C
Critical temperature:

295.85�C
Critical pressure: 4.67 MPa

Chemical formula: C,H,aO, Density, p, (kg/m3)
Molecular weight: 130.14 Specific heat capacity.
Melting point: -45.O�C cp., &J&z K)
Boiling point: 167.O�C Thermal conductivity,
Critical temperature: A, [(W/mr)/(K/m)]

357 �C Dynamic viscosity,
Critical pressure: 3.40 MPa T), (lop5 Ns/m*)

Density, pI (kg/m�)
Specific heat capacity,

cp.r  W/k K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10e5  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.r  @J/kg  K)
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

q, (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1161)

(1.61)

0.186

(270)

S

S

S

S

(980) 957 942

1.87 1.95 2.04

(0.153) 0.149 0.146

WV 355.1 223.1

S 945 929

S (2.09) 2.15

S 0.149 0.146

S 540.2 319.9

(1133) 1 105 1 082

(l.fw (1.68) (1.71)

0.178 0.171 0.165

(18�3) 123.5 90.5

(1062) (1034) 1012

(1.71) (1.74) (1.77)

(0.135) (0.133) (0.131)

Pm 160.0 112.0

(915)

2.17

0.140

131.0

900

2.156

0.140

175.0

1044

1.750

0.158

62.0

978

(1.83)

(0.129)

73.1

(868) (823) V V V

(2.38) (2.60) V V V

0.132 0.123 V V V

66.0 (40) v V V

(861) (816) (771) V V

(2.43) (2.60) (2.76) V V

0.132 0.123 0.117 V V

86.0 (50) (34) V V

(979) v v V V

1.905 v V V V

0.143 v V V V

38.6 V V V V

921 864 V V V

(1.95) (2.10) v V V

(0.127) (0.125) V V V

43.0 28.0 V V V



ETHERS

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data fioperty
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

DIMETHYL-
ETHER

DIETHYL
ETHER

METHYL-
PROPYL
ETHER

ETHYL-
PROPYL
ETHER

METHYL
r-BUTYL
ETHER

Chemical formula: C,H60 Density, p, (kg/m�)
Molecular weight: 46.07 Specific heat capacity,
Melting point: -141.5�C cp,r  @J/kg  K)
Boiling point: -24.85�C Thermal conductivity,
Critical temperature: A, W~m*YWm)l

126.85�C Dynamic viscosity,
Critical pressure: 5.27 MPa q, (W5 Ns/mr)

Chemical formula: C4H,,,0
Molecular weight: 74.12
Melting point: -114.25�C
Boiling point: 34.65 �C
Critical temperature:

193.85�C
Critical pressure: 3.64 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.i @J/kg  K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,

�I,  (1O-5  Ns/m*)

Chemical formula: C,Hn,O Density, p, (kg/m�)
Molecular weight: 74.12 Specific heat capacity,
Melting point: -150°C cp.r  @J/kg  K)
Boiling point: 39.1 �C Thermal conductivity,
Critical temperature: AI I(W~mZYWm)l

203 �C Dynamic viscosity,
Critical pressure: 3.80 MPa q1 (lo-�  Ns/m�)

Chemical formula: C,H,,O Density, p, (kg/m3)
Molecular weight: 88.15 Specific heat capacity,
Melting point: -126.75�C cp,r @J/kg  K)
Boiling point: 63.65�C Thermal conductivity,
Critical temperature: 4 W~mZYWmN

227.45 �C Dynamic viscosity,
Critical pressure: 3.25 MPa 7, (1O-5  Ns/m*)

Chemical formula: C5H,*0
Molecular weight: 88.1
Melting point: -110.75 �C
Boiling point: 58.05 �C
Critical temperature:

230.25 �C

S

S

S

S

S

S

S

S

(875)

(1.W

0.202

S

S

S

S

S

S

S

S

Density, p, (kg/m�)
Specific heat capacity,

cp,r Wk K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,_ -

OW (812) (773)

2.139 2.148 2.181

0.228 0.211 0.194

- - (30)

842 816 790

2.014 2.093 2.135

0.180 0.170 0.159

171.0 88.1 55.0

(850) (825) @W

1.942 1.980 2.028

0.181 0.171 0.161

- - -

(844) (821) 0�98)

1.958 2.000 2.060

0.170 0.161 0.152

- - -

W-0 (833 (810)

1.766 1.821 1.886

(0.171) (0.163) (0.154)

735

2.219

0.178

(23)

764

2.190

0.150

38.7

(775)

2.085

0.151

(40)

(775)

2.112

0.144

(52)

0�85)

1.949

(0.146)

747

2.154

0.141

31.4

(752)

2.169

0.136

40.2

(760)

2.039

(0.138)

714

2.336

0.138

24.3

(723

2.216

0.134

26.0

733

2.223

0.129

32.4

741

2.105

(0.132)

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

(704)  v

( 2 . 3 0 )  V

0.120 v

24.5 V

(710) v

( 2 . 2 2 )  v

(0.122) v

Critical pressure: 3.411 MPa 7, (lo-�  Ns/m�) s - - (70) (53) (38.7) (31.3) ( 2 3 . 9 )  V

V

V

V

V

736

2.261

0.140

29.6

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



DIPROPYL
ETHER

ETHYLENE
OXrnE

PROPYLENE
OXIDE

1 &DIOXANE

Chemical formula: C,H,,O
Molecular weight: 102.18
Melting point: -85.45 �C
Boiling point: 68.3 �C
Critical temperature:

226.85 �C
Critical pressure: 2.88 MPa

Chemical formula: C,H40
Molecular weight: 44.05
Melting point: -112.15 �C
Boiling point: 10.35�C
Critical temperature:

195.85�C
Critical pressure: 7.19 MPa

Chemical formula: C3s0
Molecular weight: 58.08
Melting point: -112.15 �C
Boiling point: 34.35 �C
Critical temperature:

209.1 �C
Critical pressure: 4.92 MPa

Chemical formula: C4H40
Molecular weight: 68.07
Melting point: -85.65 �C
Boiling point: 3 1.35 �C
Critical temperature:

217.05�C
Critical pressure: 5.50 MPa

Chemical formula: C4H802 Density, p, (kg/m�) S
Molecular weight: 88.11 Specific heat capacity,
Melting point: 11.1 �C cp.r @J/kg  K) S
Boiling point: 101.35 �C Thermal conductivity,
Critical temperature: h Wlm*YWm)l S

313.85�C Dynamic viscosity,
Critical pressure: 5.21 MPa 7, (lop5 Ns/m*) S

Density, p, (kg/m3) S
Specific heat capacity,

cp.i Wkg  K) S
Thermal conductivity,

h W/m2YWm)l  S
Dynamic viscosity,

7, (lop5 Ns/m*) S

Density, p, (kglm3) S
Specific heat capacity,

cp.r  &J&t  K) S
Thermal conductivity,

Ai [W/m*YWm)l  S
Dynamic viscosity,

7, (lop5 Nslm�) S

Density, pr (kg/m�) S
Specific heat capacity,

cp.i &J/kg W S
Thermal conductivity,

h [W~m*YWm)l  S
Dynamic viscosity,

8, (10e5 Ns/mr) S

Density, pI (kg/m�) S
Specific heat capacity,

cp,r W/kg  K) S
Thermal conductivity,

h tW/m*YWm)l  S
Dynamic viscosity,

7, (10e5  Nslmr) S

S (822) @W

S 1.825 1.892

S 0.144 0.139

s - -

(1026) (994) 962

1.859 1.859 1.859

(0.261) (0.248) 0.235

- (82) 57.0

(970) (941) 912

1.890 1.880 1.906

(0.205) (0.194) 0.183

- - (140)

S (1040) (1018)

S 1.463 1.512

S (0.186) (0.178)

s - (65)

S S S

S S S

S S S

S S S

(777) 756 736

1.968 2.052 2.119

0.134 0.129 0.128

(72) 54.2 42.0

929 897 V

1.892 1.951 v

0.222 0.208 V

40.0 32.0 V

883 854 829

1.947 1.997 2.051

0.172 0.162 (0.153)

(77) 45.5 31.5

(996) 965 937

1.550 1.616 1.670

(0.169) (0.161) (0.154)

(53) (44.7) 38.2

S S 1 034

S S 1.721

S S 0.163

S S 126.0

(707)

2.244

0.120

30.3

V

V

V

V

V

V

1008

1.800

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

(96%

(1.96)

(0.161) (0.159)

77.9 (42)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



HALOGENATED HYDROCARBONS

Substance Data Property

Temperature, �C

- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 -100 -50 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

CHLORO-
METHANE

DICHLORO-
METHANE

ITUCHLORO-
METHANE

CARBON
TETRA-

BROMO-
METHANE

Chemical formula: CH,CI Density, p, (kg/m�) S
Molecular weight: 50.49 Specific heat capacity,
Melting point: -97.7�C cp,r  @J/kg  K) S
Boiling point: -24.25 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]  S

143.15�C Dynamic viscosity,
Critical pressure: 6.68 MPa 7, ( 1O-5  Ns/m*) S

Chemical formula: CHrCI, Density, p, (kg/m�) S
Molecular weight: 84.93 Specific heat capacity,
Melting point: -95.95 �C cp,r @J/kg  K) S
Boiling point: 39.85 �C Thermal conductivity,
Critical temperature: h W/m2YWm)l  S

236.85 �C Dynamic viscosity,
Critical pressure: 6.08 MPa qI (1O-5  Ns/m*) S

Chemical formula: CHCI, Density, p, (kg/m�) S
Molecular weight: 119.38 Specific heat capacity,
Melting point: -63.25�C cp,r @J/kg  K) S
Boiling point: 61.55 �C Thermal conductivity,
Critical temperature: h UY/dWm)l  S

263.25 �C Dynamic viscosity,
Critical pressure: 5.47 MPa TJ,  (lop5 Ns/m*) S

Chemical formula: Ccl4 Density, pI (kg/m�) S
Molecular weight: 153.82 Specific heat capacity,
Melting point: -22.9�C cp.l @J/kg  K) S
Boiling point: 76.7 �C Thermal conductivity,
Critical temperature: h IW/m*YWm)l  S

283.21 �C Dynamic viscosity,
Critical pressure: 4.56 MPa y1 (lop5 Ns/mr) S

Chemical formula: CH,Br
Molecular weight: 94.94
Melting point: -93.65�C
Boiling point: 3.55�C
Critical temperature:

190.85 �C
Critical pressure: 6.61 MPa

Density, p, (kg/m�) S
Specific heat capacity,

cp./ W/kg K) S
Thermal conductivity,

h [W/m*)Wm)l  S
Dynamic viscosity,

ql (10m5 Ns/m*) S

S S S S S 1 050

S S S S S 1.499

S S S S S 0.199

S S S S S 39.7

S S S S S 1 450

S S S S S 1.126

S S S S S 0.163

S S S S S 118

S S S S S 1 618

S S S S S 0.959

S S S S S 0.156

S S S S S (120)

S S S S S S

S S S S S S

S S S S S S

S S S S S S

S S S S S 1 857

S S S S S 0.816

S S S S S 0.114

S S S S S (61)

V

V

V

V

1 362

1.143

0.148

53.9

1 526

0.971

0.145

70.6

1 633

0.842

0.107

134.9

1 729

0.829

0.103

37.7

V

V

V

V

1 336

1.156

0.141

44.2

1490

0.992

0.128

56.3

1 594

0.850

0.106

96.1

V

V

V

V

V V

V V

V V

V V

V V

V V

V V

V V

1433 v

1.034 v

0.115 v

42.4 V

1534 v

0.862 V

0.105 v

65.4 V

V V

V V

V V

V V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



DIBROMO-
METHANE

TRIBROMO-
METHANE

TETRA-
BROMO-

CHLORO-
DIFLUORO-
METHANE
(Refrigerant
22)

CHLORO-
TRIFLUORO.
METHANE
(Refrigerant
13)

DICHLORO-
FLUORO-
METHANE
(Refrigerant
21)

Chemical formula: CH,Br*
Molecular weight: 173.84
Melting point: -52.55�C
Boiling point: 98.65 �C
Critical temperature:

309.85�C
Critical pressure: 7.17 MPa

Chemical formula: CHBr,
Molecular weight: 252.77
Melting point: 7.9�C
Boiling point: 150.5�C
Critical temperature:

411.9�C
Critical pressure: 5.65 MPa

Chemical formula: CBr.,
Molecular weight: 331.67
Melting point: 90.1 �C
Boiling point: 187 �C
Critical temperature:

439°C
Critical pressure: 4.25 MPa

Chemical formula: CHClF,
Molecular weight: 86.47
Melting point: -159.95 �C
Boiling point: -40.82 �C
Critical temperature:

96.15�C
Critical pressure: 4.986 MPa

Chemical formula: CCIF,
Molecular weight: 104.47
Melting point: -181.15C
Boiling point: -8 1.4 �C
Critical temperature:

28.8�C
Critical pressure: 3.86 MPa

Chemical formula: CHClrF
Molecular weight: 102.92
Melting point: -135.15 �C
Boiling point: 8.75 �C
Critical temperature:

178.1 �C
Critical pressure: 5.181 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp./ &J/kg K)
Thermal conductivity,

A, [(w/m2YWmN
Dynamic viscosity,

7, (10e5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp,l @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

9, ( lop5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp.r  NJ/kg K)
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

7, ( 10e5 Nslmr)

Density, p, (kg/m�)
Specific heat capacity,

c,v,/ NJ/kg K)
Thermal conductivity,

AI [W~m2YWm)l
Dynamic viscosity,

7, (10m5 Ns/m�)

Density, p, (kg/m3)
Specific heat capacity,

cp./ &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

f~,  (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

AI tW/m2YWmN
Dynamic viscosity,

7, (10m5  Ns/m�)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1870)

(0.81)

0.141

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

WW

(0.82)

0.130

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1730)

(0.84)

0.118

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1664

(0.86)

0.107

S

(1700)

0.842

0.155

(270)

S (2680)

S 0.600

S 0.120

S (26�3

S S

S S

S S

S S

S S

S S

S S

S S

1 565 1 438

1.061 1.093

0.150 0.125

72.8 36.5

1 593 v

( 0 . 8 8 )  v

0.097 v

(40) v

(1624) 1 534

0.846 0.892

0.150 0.131

186.7 72.4

2 549 2 497

0.601 0.605

0.111 0.108

134.0 102.5

S 2 890

S

S

(0.48)

0.099

S 210.9

S

S

S

S

V

V

V

V

V

V

V

V

1 426

1.017

0.112

39.7

S

S

S

S

V

V

V

V

V

V

V

V

V

V

V

V

2 413

0.610

0.102

78.7

2 793

(0.50)

0.095

150.0

S

S

S

S

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

2 676

(0.52)

0.088

89.5

2 955

0.452

0.083

24.3

V

V

V

V

V

V

V

V

V

V

V

(2540)

(0.56)

0.081

(62)

2 828

(0.48)

0.077

13.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



HALOGENATED HYDROCARBONS (Continued)

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Substance Data Property
Temperature, K

73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

DICHLORO-
DIFLUORO-
METHANE
(Refrigerant
12)

TRICHLORO-
FLUORO-
METHANE
(Refrigerant
11)

l,l,l-
TRIFLUORO-
ETHANE

CHLORO-
ETHANE

l,l-
DICHLORO-
ETHANE

Chemical formula: CCl,F2 Density, p, (kg/m3)
Molecular weight: 120.91 Specific heat capacity,
Melting point: -155.15�C cp.r Wk W
Boiling point: -29.95 �C Thermal conductivity,
Critical temperature: A, [(W/dWm)l

111.65�C Dynamic viscosity,
Critical pressure: 4.132 MPa qr (IO-�  Ns/m�)

Chemical formula: CCl,F
Molecular weight: 137.37
Melting point: -111.15�C
Boiling point: 23.8 �C
Critical temperature:

198.O�C
Critical pressure: 4.40 MPa

Density, 0, (kg/m�)
Specific heat capacity,

cp,, Wk K)
Thermal conductivity,

h [(w~mW~m)l
Dynamic viscosity,

qr (lo-�  Nslmr)

Chemical formula: C*H,F, Density, p, (kg/m3)
Molecular weight: 84.04 Specific heat capacity,
Melting point: -111.25 �C cp,/  Wkg K)
Boiling point: -47.65�C Thermal conductivity,
Critical temperature: h W/m2YWmN

73.05�C Dynamic viscosity,
Critical pressure: 3.76 MPa 7, (10m5  Ns/m*)

Chenucal formula: &H,Cl
Molecular weight: 64.51
Melting point: -136.35 �C
Boiling point: 12.25 �C
Critical temperature:

187.25�C
Critical pressure: 5.27 MPa

Chemical formula: C2H,Cl,
Molecular weight: 98.96
Melting point: -96.95�C
Boiling point: 57.25 �C
Critical temperature:

249.85 �C
Critical pressure: 5.07 MPa

Density, p, (kglm3)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

A, [(W/mr)/(K/m)J
Dynamic viscosity,

q, (1O-5  Nslm�)

Density, p, (kg/m3)
Specific heat capacity,

cp.r  W/kg  K)
Thermal conductivity,

A, W/m2YWm)l
Dynamic viscosity,

7, (lO-5  Ns/mr)

S S S 1 798

S S S 0.842

S S S 0.129

S S s (130)

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

1 743

0.842

0.122

(W

S

S

S

S

S

S

S

S

1 688

0.846

0.115

630)

1760

0.800

0.123

(210)

(1300)

1.227

0.145

1 082 1 056

1.344 1.486

0.164 0.158

1 546 V V

0.871 V

0.0966 V

46.7 V

1642 1 534

0.829 0.862

0.109 0.0945

108.2 54.3

1 176 V

1.315

0.118

(43)

991

1.495

0.143

(50)

(1276)

1.226

0.131

V

V

V

V

V

V

1 488

0.883

0.0889

44.1

V

V

V

V

924 V V

1.566 V

0.128 V

32.3 V

1209 1 174

1.257 1.276

0.118 0.114

V

V

V

V
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(1.32)
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V

V

V

V

V

V

V

V
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S S (120) (61.7) 48.0 (35) v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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V
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V

V

V

V

V

V



1,2-
DICHLORO-
ETHANE

l,l,l-
TRICHLORO-
ETHANE

1,1,2,2-
TETRA-
CHLORO-
ETHANE

PENTA-
CHLORO-
ETHANE

BROMO-
ETHANE

1,2-
DIBROMO-
ETHANE

Chemical formula: C,H,C12
Molecular weight: 98.96
Melting point: -35.65 �C
Boiling point: 83.45 �C
Critical temperature:

287.85�C
Critical pressure: 5.37 MPa

Chemical formula: C,H3C13
Molecular weight: 133.40
Melting point: -33.O�C
Boiling point: 74.O�C
Critical temperature:

255 �C
Critical pressure: 4.15 MPa

Chemical formula: CIH,Cl,
Molecular weight: 167.88
Melting point: -42.5 �C
Boiling point: 146.2 �C
Critical temperature:

377°C
Critical pressure: 5.13 MPa

Chemical formula: C,HCl,
Molecular weight: 202.33
Melting point: -29.O�C
Boiling point: 160.5 �C
Critical temperature:

396 �C
Critical pressure: 4.58 MPa

Chemical formula: C,H,Br Density, p, (kg/m�)
Molecular weight: 108.97 Specific heat capacity,
Melting point: -118.55�C cp,, &J/kg K)
Boiling point: 38.35 �C Thermal conductivity,
Critical temperature: A, [(W~mZYWm)l

230.65 �C Dynamic viscosity,
Critical pressure: 6.23 MPa 7, (lop5  Ns/mr)

Chemical formula: C,H,Br, Density, p, (kg/m�)
Molecular weight: 187.87 Specific heat capacity,
Melting point: lO.O�C cp,/  W/kg  K)
Boiling point: 13 1.7 �C Thermal conductivity,
Critical temperature: h W/mZMKWl

377°C Dynamic viscosity,
Critical pressure: 5.69 MPa t), (10e5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

X, [(W/mr)/(K/m)]
Dynamic viscosity,

7, (10e5  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r Wkg K)
Thermal conductivity,

A, [(W/mZYWm)l
Dynamic viscosity,

7, (10m5 Ns/mr)

Density, p, (kg/m3)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

h [W~dWm)l
Dynamic viscosity,

7, (10e5  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r &J&z  K)
Thermal conductivity,

A, [Wh*YWm)l
Dynamic viscosity,

7, (10m5 Ns/m*)
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S
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S
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S
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S
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1 697

0.816

0.126

289

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1600

0.846

0.115

185

1 287 1 258

1.223 1.260

0.140 0.135

113.7 84.0

1 371 1 338

1.063 1.076

0.106 0.102

(130)

1 633

84.0

1600

0.944 0.952

0.118

265.7

1709

(0.85)

0.104

(390)

1 501

0.888

0.105

81

0.114

177.0

1 678

(0.86)

0.100

258

1 462

0.909

0.100

39.6 V V

2 180 2 118

0.729 0.733

0.102

173

1 209

1.319

0.128

58.4

(1290)

(1.11)

0.096

(48)

(1550)

0.973

0.108

113.2

(1630)

(0.87)

0.095

(180)

V

V

V

0.098

115.2

V

V

V

V

V

V

(1470)

0.985

0.099

62.0

(1555)

(0.89)

0.086

(110)

V

V

V

V

V

V

V

V

(1480)

(0.92)

0.077

(80)

V

V

V

V

ww V

(0.77) V

0.089 V
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HALOGENATED HYDROCARBONS (Continued)

Substance Data Property

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

TETRA-
CHLORO-
DIFLUORO-
ETHANE

TRICHLORO-
TRIFLUORO-
ETHANE
(Refrigerant
113)

DICHLORO-
TETRA-
FLUORO-
ETHANE
(Refrigerant
114)

CHLORO-
PROPANE

CHLORO-
BUTANE

Chenucal formula: C2Cl~F2 Density, p, (kg/m�)
Molecular weight: 203.83 Specific heat capacity,
Melting point: 24.85 �C cp,, @J/kg  K)
Boiling point: 93 �C Thermal conductivity,
Critical temperature: h [OY~dWm)l

278 �C Dynamic viscosity,
Critical pressure: 3.86 MPa 7, (lop5 Ns/m�)

Chenucal formula: C,Cl,F, Density, p, (kg/m�)
Molecular weight: 187.38 Specific heat capacity,
Melting point: -34.96�C cp.l W/kg  K)
Boiling point: 47.6�C Thermal conductivity,
Critical temperature: h W/m*N~m)l

214.l�C Dynamic viscosity,
Critical pressure: 3.412 MPa 7, (lop5 Ns/mr)

Chemical formula: C,Cl,F, Density, p, (kg/m3)
Molecular weight: 170.92 Specific heat capacity,
Melting point: -93.85 �C cp.l &J/kg W
Boiling point: 3.75�C Thermal conductivity,
Critical temperature: A, Whn*YWm)l

145.75 �C Dynamic viscosity,
Critical pressure: 3.26 MPa q, (10e5  Ns/m*)

Chemical formula: C,H,Cl Density, p, (kg/m3)
Molecular weight: 78.54 Specific heat capacity,
Melting point: -122.75 �C Q,,I  &J/kg K)
Boiling point: 46.45 �C Thermal conductivity,
Critical temperature: A, [(W/mr)/(K/m)]

229.85 �C Dynamic viscosity,
Critical pressure: 4.58 MPa 7, (10m5 Nslm*)

Chenucal formula: C,H,Cl
Molecular weight: 92.57
Melting point: -25.35 �C
Boiling point: 50.8�C
Critical temperature:

233.85 �C
Critical pressure: 3.95 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.i &J/kg K)
Thermal conductivity,

A, W/m2YWm)l
Dynamic viscosity,

7, (lop5 Ns/mr)
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(1036)
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0.147

S S S
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S S S

S S S

S 1 621 1 575

S 0.858 0.900

S 0.0802 0.0761

(1596)

(0.91)

0.078

90.8

V

V

V

S 97.8 72.7 V

1 678

0.929

1 538 V

0.963 V

V

V

0.0841 0.0710 V

107.2

(975)

(1.55)

0.135

(74)

S

S

S

46.7 V

916

1.574

0.122

40.5

907

1.69

0.122

890

1.650

0.117

32.9

897

1.74

0.118

V

V

V
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CHLORO-
PENTANE

VINYL
CHLORIDE

l,l,-
DICHLORO-
ETHYLENE

TRICHLORO-
ETHYLENE

TETRA-
CHLORO-
ETHYLENE

FLUORO-
BENZENE

Chemical formula: C,H,,Cl
Molecular weight: 106.59
Melting point: -99.O�C
Boiling point: 108.3 �C
Critical temperature:

289 �C
Critical pressure: 3.42 MPa

Chemical formula: C,H,Cl
Molecular weight: 62.60
Melting point: -153.75�C
Boiling point: -13.35�C
Critical temperature:

156.55�C
Critical pressure: 5.60 MPa

Chemical formula: C2H,Cl, Density, p, (kg/mj)
Molecular weight: 96.95 Specific heat capacity,
Melting point: -122.5�C cp,r  @J/kg  K)
Boiling point: 3 1.7 �C Thermal conductivity,
Critical temperature: A, [(W/m�)/(K/m)]

215.9�C Dynamic viscosity,
Critical pressure: 4.39 MPa T,J,  (lop5 Ns/m�)

Chemical formula: C2HCI, Density, p, (kg/m�)
Molecular weight: 131.39 Specific heat capacity,
Melting point: -87.O�C q,r @J/kg  W
Boiling point: 87.25 �C Thermal conductivity,
Critical temperature: h, [(W/m�)/(K/m)]

297.85�C Dynamic viscosity,
Critical pressure: 4.91 MPa q, ( lop5  Ns/m*)

Chemical formula: CICl, Density, p, (kg/m3)
Molecular weight: 165.83 Specific heat capacity,
Melting point: -22.15�C q,/ @J/kg  K)
Boiling point: 12 1.15 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

346.85�C Dynamic viscosity,
Critical pressure: 4.46 MPa II, ( W5 Ns/m�)

Chemical formula: C6H,F
Molecular weight: 96.10
Melting point: -39.15 �C
Boiling point: 85.35�C
Critical temperature:

286.95 �C
Critical pressure: 4.55 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10-s Ns/m�)

Density, pI (kg/m�)
Specific heat capacity,

q,,/ W/kg K)
Thermal conductivity,

XI [(W/m�)/(K/m)]
Dynamic viscosity,

7, (10-s Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

c,,.I  &J/kg W
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

7, (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S
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-

S

S

S

S

S

S

S
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S
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S

S

S

S
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(1156)

1.359

0.161

-

(1494)

1.027
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(1120)

1.356

0.154

-

(1412)

1.034

0.140

w-u
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S
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S
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S

S

S

S

S

(951)

(1.60)

0.135

902 882 853

(1.71)

0.124

(1.77)

0.120

(1.86)

0.113

(122)

(1031)

1.358

(72)

V

58.0

V

(43)

V

V V V

0.138 V V V

(43)

(1330)
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V V V

(1248) (1213)

1.117 1.172

V

V

0.127 0.113 0.108 V

116

1660

0.900

0.133

140
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S
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S

S

S

57.8 46.7 V

1 550 1 463 1440

0.938 0.950

0.121 0.116

(0.98)

0.110

71.0 60.0 44.7

1 656 1 621 1 574

0.829 0.879 0.946

0.114

114.4

1047

1.503

0.133

75.4

0.110 0.104

90.4 65.7

1 024 985

1.524 1.570

0.127 0.119

59.8 42.8

(803) V V

VW V V

0.103 V V

(29) V V

V V V

V V V

V V V

V V V

V V V

V V V

V V V

V V V

V V V

V V V

V V V

V V V

1490 V V

1.043 V V

0.094 V V

45.4 V V

V V V

V V V

V V V
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HALOGENATED HYDROCARBONS (Continued)

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Substance Data Property
Temperature, K

73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

CHLORO-
BENZENE

BROMO-
BENZENE

IODO-
BENZENE

BENZYL
CHLORIDE

m-CHLORO-
ToLUJ3NE

Chemical formula: C,H,Cl Density, p, (kg/m�)
Molecular weight: 112.56 Specific heat capacity,
Melting point: -45.55�C cp., @J/kg  K)
Boiling point: 131.75 �C Thermal conductivity,
Critical temperature: A, W/m*YWm)l

359.25 �C Dynamic viscosity,
Critical pressure: 4.52 MPa 7, (1O-5  Ns/m�)

Chemical formula: C,H,Br Density, p, (kg/ms)
Molecular weight: 157.01 Specific heat capacity,
Melting point: -30.7�C cp.r  @J/kg  K)
Boiling point: 156.2�C Thermal conductivity,
Critical temperature: A, [(W/m�)/(K/m)]

397 �C Dynamic viscosity,
Critical pressure: 4.56 MPa q, (lop5 Ns/m*)

Chemical formula: C,H,J
Molecular weight: 204.01
Melting point: -3 1.35 �C
Boiling point: 188.25 �C
Critical temperature:

447.85�C
Critical pressure: 4.52 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [(W/m2)/(K/m)]
Dynamic viscosity,

7, (1O-5  Ns/m�)

Chemical formula: C,H,CI Density, p, (kg/m�)
Molecular weight: 126.58 Specific heat capacity,
Melting point: -39.2�C cp.r Wk K)
Boiling point: 179.4�C Thermal conductivity,
Critical temperature: X, L(w/m*YWm)l

412°C Dynamic viscosity,
Critical pressure: 3.85 MPa 7, (lop5 Ns/m�)

Chemrcal  formula: C,H,Cl Density, p, (kglm3)
Molecular weight: 126.58 Specific heat capacity,
Melting point: -47.8�C cp., Wkg W
Boiling point: 161.6�C Thermal conductivity,
Critical temperature: A, W/m2YWm)l

389°C Dynamic viscosity,
Critical pressure: 3.85 MPa 7, (lop5 Ns/m�)

S S S S S S S 1 128

S S S S S S S 1.264

S S S S S S S 0.133

S S S S S S S 105

S S S S S S S 1 522

S S S S S S S 0.950

S S S S S S S 0.116

S S S S S S S 156.4

S S S S S S S 1 861

S S S S S S S 0.770

S S S S S S S 0.103

S S S S S S S 242

S S S S S S S 1 103

S S S S S S S 1.403

S S S S S S S 0.141

S S S S S S S (180)

S S S S S S S 1 088

S S S S S S S (1.35)

S S S S S S S 0.130

S S S S S S S 117.7

1 106

1.298

0.129

80

1 495

0.963

0.112

112.4

1 832

0.775

0.101

170.5

1 082

1.432

0.137

138.0

1 072

(1.39)

0.126

87.7

1 074 1 019

1.348 1.507

0.122 0.112

58 37

1 455 1 386

0.988 1.068

0.106 0.098

80.0 51.8

1 785 1 708

0.791 (0.W

0.098 0.092

112.1 69.0

(1053) (1003)

1.495 1.675

0.131 0.120

(96) (56)

1 038 987

(1.46) (1.58)

0.120 0.110

61.6 39.2
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(1.12)

0.088
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0.081
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0.110
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AMINES

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHYL-
AMINE

DIMETHYL-
AMINE

TRIMETHYL-
AMINE

ETHYL-
AMINE

DIETHYL-
AMINE

Chemical formula: CH,N Density, p, (kg/m3)
Molecular weight: 3 1.06 Specific heat capacity,
Melting point: -93.45 �C cp,, W/kg  K)
Boiling point: -6.35 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

156.85 �C Dynamic viscosity,
Critical pressure: 7.46 MPa �I,  (10m5  Ns/m�)

Chemical formula: CZH,N Density, p, (kg/m�)
Molecular weight: 45.08 Specific heat capacity,
Melting point: -92.15 �C cp.r @J/kg  K)
Boiling point: 6.85 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

164.45�C Dynamic viscosity,
Critical pressure: 5.31 MPa TJ, (lop5 Ns/m�)

Chemical formula: C,H,N
Molecular weight: 59.11
Melting point: -117.15�C
Boiling point: 2.95 �C
Critical temperature:

160.05�C
Critical pressure: 4.07 MPa

Chemical formula: C,H,N
Molecular weight: 45.08
Melting point: -81.15 �C
Boiling point: 16.55�C
Critical temperature:

182.85�C
Critical pressure: 5.62 MPa

Chemical formula: C,H, ,N Density, p, (kg/m3)
Molecular weight: 73.14 Specific heat capacity,
Melting point: -48.00  �C q.1 @J/kg  K)
Boiling point: 55.45 �C Thermal conductivity,
Critical temperature: A, [(W/m2)/(K/m)]

223.45 �C Dynamic viscosity,
Critical pressure: 3.71 MPa 7, (10m5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r &J/kg K)
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

7, (10e5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.r W/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10e5  Ns/m*)
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S 769 740
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S 0.233 0.224

s - (38)

S (763) (735)

S 2.797 2.935

S 0.181 0.171

s - (48)

(767) (740) (713)

1.964 1.989 2.052

0.168 0.157 0.146

- (38)

S (788) 761

S (2.91) (2.95)

S 0.212 0.204

s - (58)

S S S

S S S

S S S

S S S

712 V V

3.282 V V

0.216 V V

(30) v v

(707) 679 V

2.989 3.023 V

0.160 0.151 v

30.0 24.8 V

685 658 V

2.131 2.223 V

0.135 0.126 V

28.9 19.5 v

734 707 v

(2.99) (3.03) v

0.197 0.191 v

40.9 (32) v

(756) 730 709

(2.27) (2.35) 2.417

0.149 0.141 0.135

75.4 44.0 33.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

677

2.525

0.127

24.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



AMINES  (Continued)

Substance Data

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

TRIETHYL-

ISOPROPYL-
AMINE

PIPERIDINE

PYRIDINE

Chemical formula: C6H15N
Molecular weight: 101.19
Melting point: -114.75 �C
Boiling point: 89.55�C
Critical temperature:

261.85�C
Critical pressure: 3.03 MPa

Chemical formula: C,H,N
Molecular weight: 59.11
Melting point: -95.25 �C
Boiling point: 32.45�C
Critical temperature:

202.85 �C
Critical pressure: 5.07 MPa

Chemical formula: CsH,,Cl Density, p, (kg/m3)
Molecular weight: 85.15 Specific heat capacity,
Melting point: -10.45�C cp,r &J/kg W
Boiling point: 106.55�C Thermal conductivity,
Critical temperature: A, KW/m*YWm)l

320.85 �C Dynamic viscosity,
Critical pressure: 4.76 MPa 7, ( 10e5 Ns/m�)

Chemrcal  formula: C5H5N
Molecular weight: 79.10
Melting point: -41.65�C
Boiling point: 115.35 �C
Critical temperature:

356.85 �C
Critical pressure: 5.63 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r  Wkg K)
Thermal conductivity,

A, [W/m*YWm)l
Dynamic viscosity,

qI (10m5 Ns/m*)

Density, pi (kg/m�)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

Al W~m2Yo<Wl
Dynamic viscosity,

7, (10m5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,, @J/kg  K)
Thermal conductivity,

A, W/m2YWm)l
Dynamic viscosity,

7, (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(830)

(1.56)

0.151

-

S

S

S

S

S

S

S

S

S

S

S

S

(810)

(1.70)

0.145

(150)

(822)

2.507

0.161

(78%

(1.79)

0.140

(102)

6�96)

2.642

0.155

768 746 726

(1.88) 2.092 2.208

0.133 0.126 0.121

70.5 51.0 36.2

(768) (740) 719

2.690 2.737 2.770

0.150 0.146 0.143

(67) 46.05 35.0

S 880 861

S ww 2.136

S 0.131 0.125

S (400) 148.6

1 028 1003 983

(1.60) 1.645 1.696

(0.176) 0.168 0.162

(223) 136 95.8

699 V

2.367 V

0.111 V

27.0 V

V V

V V

V V

V V

834 787

2.202 (2.33)

0.118 0.105

84.5 47.5

953 901

1.767 (1.W

0.152 0.138

63.9 40.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ANILINE

METHYL-
ANILINE

DIMETHYL-
ANILINE

DIETHYL-
ANILINE

Chemical formula: C,H,N
Molecular weight: 93.06
Melting point: -6.1 �C
Boiling point: 184.4�C
Critical temperature:

425.85�C
Critical pressure: 5.301 MPa

Chemical formula: C,HsN
Molecular weight: 107.15
Melting point: -57 .O �C
Boiling point: 196.3 �C
Critical temperature:

428.6 �C
Critical pressure: 5.20 MPa

Chemical formula: CsH, ,N
Molecular weight: 12 1.18
Melting point: -2.45�C
Boiling point: 193.55 �C
Critical temperature:

413.85�C
Critical pressure: 3.63 MPa

Chemical formula: C,aH,5N
Molecular weight: 149.24
Melting point: -21.3�C
Boiling point: 217.1 �C
Critical temperature:

422 �C
Critical pressure: 3.2 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp./ &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

9, (10m5 Ns/m�)

Density, p, (kg/m3)
Specific heat capacity,

cp./ NJ/kg K)
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

Q (10e5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [W/dWm)l
Dynamic viscosity,

7, (lo-�  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.i @J/kg  K)
Thermal conductivity,

A, W/d/Wm)l
Dynamic viscosity,

7, ( 10m5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1042)

(1.98)

0.173

S

S

S

S

(1022)

(2.W

0.167

(920)

S

S

S

S

s

S

S

S

1 039

2.030

0.200

1 020

1002

(2.02)

0.163

435.1

S

S

S

S

951

(1.77)

0.140

390.1

1 022

2.068

0.195

440

986

(2.04)

0.159

230

956

1.792

0.143

138.7

935

(1.82)

0.137

218.6

996

2.121

0.174

185

963

(2.07)

0.153

124

930

1.876

0.138

91.0

910

2.010

0.132

119.1

951

2.209

0.167

82

922

2.127

0.143

63.1

891

2.022

0.129

57.2

871

2.024

0.129

62.6

905

2.293

0.159

49

880

(2.19)

0.134

39.1

850

(2.14)

0.120

35.0

832

(2.16)

0.120

40.7

V

V

V

V

V

(7%

(2.33)

0.112

29.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NITRILES

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

ACETON-
NITRILE

Chemical formula: C,H3N Density, p, (kglm3) S S S S 829 803 783 750 v V V V V
Molecular weight: 41.05 Specific heat capacity,
Melting point: -43.85 �C cp.r &J/kg K) S S S S 2.17 2.20 2.256 2.361 V V V V V
Boiling point: 81.65 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)J  S S S S 0.227 0.218 0.211 0.201 v V V V V

274.85 �C Dynamic viscosity,
Critical pressure: 4.83 MPa q, (10d5 Ns/m*) S S S S (63) 44.5 26.0 27.2 V V V V V

PROPIO- Chemical formula: C,H,N Density, (kg/m�)0, S S (874) 850 826 802 782 750 v V V V V
NITRILE Molecular weight: 55.08 Specific heat capacity,

Melting point: -92.85 �C cp,/  &J/kg  K) S S 2.012 2.036 2.069 2.117 2.163 2.251 V V V V V
Boiling point: 97.35 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)] S S 0.200 0.192 0.185 0.177 0.172 0.164 v V V V V

291.25 �C Dynamic viscosity,

Critical 4.18 MPapressure: 7, (10m5  Ns/m�) S s - (113) (79) 54.1 43.2 32.7 V V V V V

BUTYRO-
NITRILE

Chemical formula: C,H,N Density, p, (kg/m�) S (905) (881) (857) (833) 809 790 761 712 V V V V
Molecular weight: 69.11 Specific heat capacity,
Melting point: -112.15�C cp,r W/k K) S (2.05) (2.07) (2.08) (2.10) (2.12) (2.14) 2.219 (2.33) V V V V
Boiling point: 117.85�C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)] S 0.186 0.178 0.172 0.166 0.159 0.154 0.148 0.137 V V V V

309.05 �C Dynamic viscosity,

Critical 3.79 MPapressure: 7, (lop5 Ns/m�) s - - (170) (115) 79.0 58.1 42.0 26.7 V V V V



i AMIDES
0

1 ii  2 - 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 Temperature, 20 50 �C 100 150 200 250 300

P.
1

75

= 2

Substance Data Property 123.15 173.15 198.15 223.15 248.15 273.15 Temperature, 293.15 323.15 K 373.15 423.15 473.15 523.15 573.15

L AZ
&G,

e
FOBMAMIDE Chemical formula: CH,NO Density, p, (kg/m�) S S S S S S 1 112 (1100) (1070) (1020) (980) V V

P Molecular weight: 45.04 Specific heat capacity,

6
Melting point: 2.2 �C cp., W/kg  K) S S S S S S 2.382 2.412 (2.56) (2.67) (2.74) V V

3
Boiling point: 210.5�C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]  S S S S S S 0.362 0.352 (0.335) (0.318) (0.301) V V

a

i
g. 472 �C Dynamic viscosity,
a Critical pressure: 9.5 MPa 7, (lop5 Ns/m*) S S S S S S 376.4 184.0 85.1 (44 (23) V V

rI.9
E.
P



NITRO DERIYATIVES

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

NITRO-
METHANE

NITRO-
BENZENE

o-NITRO-
TOLUENE

m-NITRO-
TOLUENE

p-NITRO-
TOLUENE

Chemical formula: CH,N02 Density, p, (kg/m3)
Molecular weight: 61.04 Specific heat capacity,
Melting point: -28.55 �C cp,r &J/kg K)
Boiling point: 101.25 �C Thermal conductivity,
Critical temperature: 1, V.W/m*YWm)l

314.85 �C Dynamic viscosity,
Critical pressure: 6.31 MPa 7, (10m5 Ns/m*)

Chemical formula: &H,NO, Density, p, (kg/m3)
Molecular weight: 123.11 Specific heat capacity,
Melting point: 5.7�C cp.i Wk K)
Boiling point: 210.9�C Thermal conductivity,
Critical temperature: Al [W~m*YWm)l

439°C Dynamic viscosity,
Critical pressure: 3.5 MPa TJ,  (10e5  Ns/m*)

Chemical formula: C,H,N02
Molecular weight: 137.13
Melting point: -3.2 �C
Boiling point: 22 1.7 �C
Critical temperature:

447 �C
Critical pressure: 3.4 MPa

Density, pi (kg/m�)
Specific heat capacity,

cp.1  @J/kg  K)
Thermal conductivity,

AI W/m*YWm)l
Dynamic viscosity,

q, ( 10e5 Ns/m*)

Chemical formula: C,H,N02 Density, p, (kg/m3)
Molecular weight: 137.13 Specific heat capacity,
Melting point: 16.1 �C cp.r @J/kg  K)
Boiling point: 232.6�C Thermal conductivity,
Critical temperature: A, [Wm*YWm)l

452 �C Dynamic viscosity,
Critical pressure: 3.1 MPa 7, (10m5 Ns/m*)

Chemical formula: C,H,N02 Density, p, (kg/m3)
Molecular weight: 137.13 Specific heat capacity,
Melting point: 51.8�C cp,r Wh K)
Boiling point: 238.6�C Thermal conductivity,
Critical temperature: AI [cW~m*YWWl

462 �C Dynamic viscosity,
Critical pressure: 3.0 MPa q1 (lo-�  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1198)

(1.66)

0.217

(115)

S

S

S

S

S

S

S

S

S

S

UlW 1136 1095

(1.70) 1.729 1.775

0.210 0.204 0.194

84.4 65.7 47.9

S 1204 1 174

S 1.465 1.507

S 0.149 0.146

S 201.0 124.1

(1180) 1 163 1 132

1.072 1.139 1.252

0.144 0.141 0.136

383.1 237.0 142.0

S 1 157 (1130)

S 1.097 1.227

0.141

233.1

S

S

S

S

0.136

139.8

S

S

S

S

1026 V

1.861 V

0.179 V

29.8 V

1 124 1 073

1.617 (1.77)

0.138 0.130

70.0 50.5

1 082 1 034

1.432 1.641

0.128 0.120

74.2 47.8

(1082) (1036)

(1.40) 1.60)

0.128 0.120

75.0 (46)

1 082 1 036

1.357 1.453

0.137 0.128

76.0 48.2

V

V

V

V

1 020

(1.85)

0.117

39.0

985

(1.86)

0.112

33.0

(988)

(1.83)

0.112

(27)

988

1.687

0.120

34.7

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ORGANIC SULFUR COMPOUNDS

Substance Data Property

Temperature, �C
- 2 0 0 - 1 8 0 -160 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

METHYL-
MERCAPTAN

ETHYL-
MERCAPTAN

DIMETHYL-
SULFIDE

DIETHYL-
SULFIDE

THIOPHENE

Chemical formula: CH,S Density, p1 (kg/m�)
Molecular weight: 48.11 Specific heat capacity,
Melting point: -122 �C cp.r  Wkg K)
Boiling point: 6.8 �C Thermal conductivity,
Critical temperature: A, W/m2YWm)l

196.8�C Dynamic viscosity,
Critical pressure: 7.23 MPa TJ~  (low5  Ns/m�)

Chemical formula: C2H,S
Molecular weight: 62.13
Melting point: -147°C
Boiling point: 34.4�C
Critical temperature:

225.5�C
Critical pressure: 5.49 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [W~m2YWm)l
Dynamic viscosity,

7, (1O-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r @/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
qI (low5  Ns/m*)

S S

S

S

S

S

S

S

S

S

S

S
S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S
S

S

S

S

S

S

S

S

S

S (1046) (1019) (957) (895) V V V V

V

V

V

V

V

V

V

V

V

V
V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
V

V

V

V

V

V

V

V

V

S

S

S

S

(1.84) 1.825 1.800

- (0.247)

1.842 V

(0.207) V

V V

V V

V V(29) vS

S

S - (49)-

(994)

1.840

(972)

1.815

(950) (896) 842 820

1.805 1.803 1.851 1.885

V V

V VS

S

S

(0.172) (0.143) 0.133

- (62) 36.3 30.0

V V- -

V V- -

S (931) 872 850 V VChemical formula: C,H$
Molecular weight: 62.13
Melting point: -98.3 �C
Boiling point: 34.4�C
Critical temperature:
Critical pressure: 5.53 MPa

S

S

S

S

S

S S 1.813

S (0.151)
S (59)

1.863 1.897

(0.133) (0.126)
35.5 29.4

V V

V V
V V

S
S

S
S

Chemical formula: C,H,aS
Molecular weight: 90.18
Melting point: -103.3 �C
Boiling point: 9O.O�C
Critical temperature:

283.8�C
Critical pressure: 3.96 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp,, @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

Q (lO-5  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp./  @J/kg  K)
Thermal conductivity,

A, [W~m*YWm)l
Dynamic viscosity,

vI (low5  Ns/m�)

S S

S

(954) (905) 856 837

(1.74) 1.767 1.847 1.889

807 V

1.899 VS S

S

S

S

S

S

S

(0.176) (0.160)

- (104

(0.142) 0.137 (0.126) V

57.4 44.6 33.4 v

Chemical formula: C,H,S
Molecular weight: 84.14
Melting point: -38.3 �C
Boiling point: 84.1 �C
Critical temperature:

297 �C
Critical pressure: 4.95 MPa

S

S

S

S

S

S

S S 1 086 1065 ( 1 0 1 3 )  v

S S 1.43 1.46

S S (0.142) 0.137

(1.49) v

(0.128) VS S S

S S S S S 87.5 66.4 47.4 v



INORGANIC SUBSTANCES

Substance Data Property

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

HYDROGEN
FLUORIDE

HYDROGEN
CHLORIDE

HYDROGEN
BROMIDE

HYDROGEN
IODIDE

HYDROGEN
CYANIDE

Chemical formula: HF
Molecular weight: 20.01
Melting point: -83.15 �C
Boiling point: 19.55 �C
Critical temperature:

187.85�C
Critical pressure: 6.48 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp.l @J/kg  K)
Thermal conductivity,

h W~m*YWmN
Dynamic viscosity,

7, (10e5  Ns/m*)

Chemical formula: HCI Density, p, (kg/m3)
Molecular weight: 36.46 Specific heat capacity,
Melting point: -114.15 �C cp,r  @J/kg  K)
Boiling point: -85.05 �C Thermal conductivity,
Critical temperature: 4 W/m*YWm)l

51.45�C Dynamic viscosity,
Critical pressure: 8.31 MPa 7, (10-j Ns/m�)

Chemical formula: HBr
Molecular weight: 80.91
Melting point: -86.9�C
Boiling point: -67.05 �C
Critical temperature:

89.4 �C
Critical pressure: 8.4 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r  @J/kg  K)
Thermal conductivity,

A, [CW~m*)4KW
Dynamic viscosity,

q, (1O-5  Nslm*)

Chemical formula: HI
Molecular weight: 127.91
Melting point: -50.75 �C
Boiling point: -35.55�C
Critical temperature:

150.85�C
Critical pressure: 8.3 MPa

Density, pi (kg/m�)
Specific heat capacity,

cp.r  W/k  K)
Thermal conductivity,

h [W/dWm)l
Dynamic viscosity,

7, (10m5 Ns/m*)

Chemical formula: HCN
Molecular weight: 27.03
Melting point: -14.2�C
Boiling point: 25.7 �C
Critical temperature:

183.5�C

Density, p, (kg/m�)
Specific heat capacity,

cp.r  @J/kg  K)
Thermal conductivity,

h W/dWm)l
Dynamic viscosity,c *

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

Critical pressure: 5.39 MPa t), (lo-�  Ns/m�) S

S

S

S

S

S

S

S

S

S

S

s

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S 1 123

S 2.97

S 0.51

S 57

1 235 V

1.60 v

(0.421) V

(58)

S

S

S

S

S

S

S

S

S

S

S

S

V

2 132

0.749

0.131

(50)

2 863

0.460

(0.173)

141.8

S

S

S

S 23.55 19.2 V

1002

3.60

0.455

25.6

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

715 688

2.61 2.63

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

(0.312) (0.294) V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



HYDROGEN
SULFIDE

AIR

AMMONIA

NITROGEN
DIOXIDE

CARBON
MONOXIDE

CARBON
DIOXIDE

Chemical formula: Hr.5
Molecular weight: 34.08
Melting point: -8555°C
Boiling point: -60.35 �C
Critical temperature:

100.05 OC
Critical pressure: 89.4 MPa

Chemical formula:
Molecular weight: 28.96
Melting point: -213 �C
Boiling point: -194.25 �C
Critical temperature:

-140.55�C
Critical pressure: 3.769 MPa

Chemical formula: NH,
Molecular weight: 17.03
Melting point: -77.7 �C
Boiling point: -33.41 �C
Critical temperature:

132.4�C
Critical pressure: 11.29MPa

Chemical formula: NO*
Molecular weight: 46.01
Melting point: - 11.25 �C
Boiling point: 2 1.15 �C
Critical temperature:

158.25�C
Critical pressure: 1.013 MPa

Chemical formula: CO
Molecular weight: 28.01
Melting point: -204.99 �C
Boiling point: - 19 1.49 �C
Critical temperature:

-139.99�C
Critical pressure: 3.498 MPa

Chemical formula: COr Density, p, (kg/m3)
Molecular weight: 44.01 Specific heat capacity,
Melting point: -56.55�C cp./ Wkg K)
Boiling point: -78.45 �C Thermal conductivity,
Critical temperature: A, [(W/m�)/(K/m)]

31.05�C Dynamic viscosity,
Critical pressure: 72.95 MPa q, ( lop5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp./ W/kg W
Thermal conductivity,

A, KW~dWm)l
Dynamic viscosity,

7, (10e5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r &J/kg W
Thermal conductivity,

A, W/m*YWm)l
Dynamic viscosity,

7, (lop5 Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp,/ &J/kg W
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

7, (lo-�  Ns/m*)

Density, p, (kglm3)
Specific heat capacity,

q./ W/kg K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,

7, (10�  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp./ @J/kg  W
Thermal conductivity,

h K~~mZYWm)l
Dynamic viscosity,

7, (10e5  Ns/m2)

S

S

S

S

897

1.957

0.152

20.3

S

S

S

S

S

S

S

S

837

2.16

0.160

23.0

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

980

(1.875)

(0.211)

(24)

V

V

V

V

695

4.45

0.547

31.7

S

S

S

S

V

V

V

V

1 154

180

(0.157)

15.5

V

V

V

V

V

V

V

V

V

V

V

V

1 494

1.505

0.140

49.4

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

1446

1.535

0.130

4.21

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



INORGANIC SUBSTANCES (Continued)

Temperature, �C

- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

.

Substance Data Property
Temperature, K

73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

CARBONYL
SULFIDE

CARBON
DISULFIDE

WLFUR
DIOXIDE

?HOSGENE

Chemical formula: COS
Molecular weight: 60.07
Melting point: -138.85�C
Boiling point: -50.25 �C
Critical temperature:

102.2�C
Critical pressure: 6.5 MPa

Chemical formula: CS
Molecular weight: 76.13
Melting point: - 111.85 �C
Boiling point: 46.25 �C
Critical temperature:

278.85 �C
Critical pressure: 7.90 MPa

Chemical formula: SO Density, p, (kg/m3)
Molecular weight: 64.06 Specific heat capacity,
Melting point: -74.45�C cp.l @J/kg  K)
Boiling point: -10.15�C Thermal conductivity,
Critical temperature: h WhhWm)l

157.65 �C Dynamic viscosity,
Critical pressure: 7.884 MPa vi (lop5 Ns/mr)

Chemical formula: COClr
Molecular weight: 98.92
Melting point: -128.15�C
Boiling point: 7.65 �C
Critical temperature:

181.85�C
Critical pressure: 5.67 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp.1 &J/kg K)
Thermal conductivity,

h W~m*YWm)l
Dynamic viscosity,

7, (10e5 Ns/mr)

Density, p, (kg/m3)
Specific heat capacity,

cp,r  W/kg  K)
Thermal conductivity,

1, Whn*YWm)l
Dynamic viscosity,

7, (lO-5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, UY/m2YWm)l
Dynamic viscosity,

qr (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1316) 1276 1 180

1.20 1.19 1.22

(0.274) (0.251) (0.199)

54.0 43.7 25.8

S 1 432 1 362

S 0.988 0.988

S (0.212) (0.194)

S (138) (68)

S S 1 557

S S (1.381)

S S 0.242

S S 68.1

(1715) 1 667 1 549

1.05 1.03 1.00

S S (0.150)

S S (220)

V V

V V

V V

V V

1 292 1 262

0.996 1.00

0.177 0.170

44.0 36.7

V V

V V

V V

V V

1436 V

1.02 v

(0.138) V

(114) v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ELEMENTS

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Substance Data Property
Temperature, K

73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

NITROGEN

OXYGEN

ARGON

FLUORINE

Chemical formula: N, Density, a, (kg/m�)
Molecular weight: 28.01 Specific heat capacity,
Melting point: -2 10 �C cp,r  @J/kg  K)
Boiling point: -195.8O�C Thermal conductivity,
Critical temperature: AI W/m2YWm)l

-146.9�C Dynamic viscosity,
Critical pressure: 3.396 MPa 7, (lop5 Nslm*)

Chemical formula: Or
Molecular weight: 32.00
Melting point: -218.8�C
Boiling point: -182.97 �C
Critical temperature:

-118.38�C
Critical pressure: 5.05 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

h W/dWm)l
Dynamic viscosity,

7, ( 10e5 Ns/m*)

Chemical formula: Ar Density, p, (kg/m�)
Molecular weight: 39.95 Specific heat capacity,
Melting point: -189.37�C cp.r @J/kg  K)
Boiling point: - 185.86 �C Thermal conductivity,
Critical temperature: A, W/mW~m)l

-122.29�C Dynamic viscosity,
Critical pressure: 4.898 MPa q, (10e5 Ns/m2)

Chemical formula: F2
Molecular weight: 38.00
Melting point: -220.15 �C
Boiling point: -187.95 �C
Critical temperature:

-129.15�C
Critical pressure: 5.32 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp., @J/kg  K)
Thermal conductivity,

A, Wh*YWm)l
Dynamic viscosity,

7, (low5 Ns/m�)

829

1.99

0.141

19.7

1 226

1.67

0.179

31.4

S

S

S

S

1 140

1.51

(0.155)

34.9

V

V

V

V

V

V

V

V

1360

1.13

0.116

20.8

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ELEMENTS (Continued)

Substance Data Property

Temperature, �C
-200 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

CHLORINE

BROMINE

IODINE

Chemical formula: Cl*
Molecular weight: 70.91
Melting point: -100.5O�C
Boiling point: -34.04�C
Critical temperature:

144.O�C
Critical pressure: 7.7 1 MPa

Chemical formula: Br, Density, p, (kg/m�)
Molecular weight: 159.81 Specific heat capacity,
Melting point: -8.25 �C cp.r &J/kg K)
Boiling point: 58.75 �C Thermal conductivity,
Critical temperature: A, KW/m*YWm)l

310.85 �C Dynamic viscosity,
Critical pressure: 10.3 MPa q, (10m5  Ns/m*)

Chemical formula: I* Density, PI (kg/m�)
Molecular weight: 253.81 Specific heat capacity,
Melting point: 113.65 �C cp,r @J/kg  K)
Boiling point: 184.35 �C Thermal conductivity,
Critical temperature: 4 W/mVWm)l

545.85�C Dynamic viscosity,
Critical pressure: 11.65 MPa 7L (10e5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp., Wkg K)
Thermal conductivity,

A, W~m*VWmN
Dynamic viscosity,

q, (10e5 Ns/m*)

S S S S S 1 717 1 598 V V V V V V

S S S S S 0.883 0.892 V V V V V V

S S S S S 0.198 0.186 v V V V V V

S S S S S 104.0 55.4 v V V V V V

S S S S S S S 3 208 3 140 (3040) v V V

S S S S S S S 0.448 0.452 0.456 V V V

S S S S S S S (0.129) 0.124 0.117 V V V

S S S S S S S 124 99.6 76.2 V V V

S S S S S S S S S S S 3780 V

S S S S S S S S S S S 0.318 V

S S S S S S S S S S S 0.112 v

S S S S S S S S S S S 179.8 V

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

Chemical formula: S,
Molecular weight: 64.12
Melting point: 112.8�C
Boiling point: 444.6 �C
Critical temperature:

1041 �C
Critical pressure: 20.7 MPa

Density, p, (kg/m3)
Specific heat capacity,

c,,.I &J/kg K)
Thermal conductivity,

AI UWm*YWm)l
Dynamic viscosity,

TJ,  (10d5  Ns/m*)

S S S S S S S S S 1 780 1744 - -

S S S S S S S S S 0 . 5 7 0  0 . 5 7 0  0 . 5 7 0 0.570

S S S S S S S S S 0.137 0.154 - -

S S S S S S S S S 705 79.1 - -



MERCURY Chemical formula: Hg Density, (kg/m�)p, S S S S (13660) 13595 13546 13473 13351 13231 13112 12993 12874
Molecular weight: 200.5 1 Specific heat capacity,
Melting point: -38.83 �C c,,,, @J/kg  K) S S S S (1.41) 0.1404 0.1396 0.1385 0.1371 0.1361 0.1355 0.1352 0.1353
Boiling point: 356.95 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)] S S S S (7.85) 8.175 8.447 8.842 9.475 10.074 10.64 11.18 11.69

1490.05 �C Dynamic viscosity,
Critical 151 MPapressure: 7, (10m5  Ns/m*) S S S S (1W 168.7 155.6 140.0 124.1 112.0 103.9 97.5 92.6

HEAT TRANSFER MEDIA

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 -75 - 5 0 -25 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

DOWTHERM Chemical formula* Density, pr (kg/m�)
A Molecular weight: 166 Specific heat capacity,

Melting point: 12 �C cp.r &J/kg K)
Boiling point: 257.1 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]
497°C Dynamic viscosity,

Critical pressure: 3.134 MPa 7, (lop5 Ns/m*)

*Mixture (C,HS)*O  (73.5 %); (C,H,),  (26.5%)

DOWTHERM  J Chemical formula: C,0H,4 Density, p, (kg/m�)
Molecular weight: 134 Specific heat capacity,
Melting point: - cp,r W/kg  K)
Boiling point: 18 1 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]
383°C Dynamic viscosity,

Critical pressure: 2.837 MPa 7, (10m5  Ns/m*)

S S S

S S S

S S S

S S S

1060

1.574

0.141

380

1 036

1.660

0.137

215

995

1.800

0.132

100

951

1.947

0.125

58

906

2.087

0.119

39

858 V

2.219 V

0.113 v

28

S S S 917

S S S 1.650

S S S 0.137

S S S 410

897 888

1.713 1.772

0.135

225

0.134

140

872

1.830

0.133

90

842 801 754

1.924 2.093 2.278

0.130 0.126

62 36
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Inorganic substances (continued)

Substance Data
PrOpefiY
(at low pressure)

Temperature, �C
- 150 - 1 0 0 - 5 0 0 25 100 200 300 400 500 1 000 1500 2 000

Temperature, K
123.15 173.15 223.15 273.15 298.15 373.15 473.15 573.15 673.15 773.15 1273.15 1773.15 2 273.15

NITROUS
OXIDE

CARBON
MONOXIDE

CARBON
DIOXIDE

SULFUR
DIOXIDE

Chemical formula: N, 0
Molecular weight: 44.01
Norma) density (at O�C,

101.3 kPa):  1.97 kg/m�
Boiling point: -88.45� C
Critical temperature:

36.43�C
Critical pressure: 7.159 MPa

Chemical formula: CO
Molecular weight: 28.01
Normal density (at O�C,

101.3 kPa):  1.25 kg/m3
Boiling point: -191.49�C
Critical temperature:

-139.99�C
Critical pressure: 3.498 MPa

Chemical formula: CO,
Molecular weight: 44.01
Normal density (at O�C,

101.3 kPa):  1.97 kg/m3
Boiling point: -78.5�C
Critical temperature:

31.04�C
Critical pressure: 7.382 MPa

Chemical formula: SO,
Molecular weight: 64.06
Normal density (at O�C,

101.3 kPa):  2.92 kg/m�
Boiling point: -lO.lS�C
Critical temperature:

157.65�C
Critical pressure: 7.884 MPa

Specific heat capacity, S S 0.816 0.858 0.879 0.950

cp,g &J/kg K)
1.017 1.076 1.130 1.176 1.285 1.331 1.361

Thermal conductivity, S S 0.011 0.015 0.017 0.024

kg W/m*  )/W-W

0.032 0.041 0.050

Dynamic viscosity, S S 1.11 1.36 1.49 1.83
vg (10e5 Ns/m�)

2.25

Specific heat capacity, - 1.038 1.038 1.038 1.038 1.038

cp.g @J/kg  K)
1.055

2.65 3.02

1.080 1.105

Thermal conductivity, 0.011 0.015 0.019 0.023 0.025 0.030 0.037 0.043 0.049
kg [W/m*  )/G/m)1

Dynamic viscosity, 0.81
qg (loss Ns/m2)

Specific heat capacity, S
cp,g &J/kg K)

Thermal conductivity, S

kg W/mZYWm)l

Dynamic  v iscos i ty ,  S
qg (lo- s Ns/m* )

Specific heat capacity, S

cp,g @J/kg  W

Thermal conductivity, S

Ag P/m�)/W/m)l

Dynamic  v iscos i ty ,  S
qg (lo-�  Ns/m*)

1.12 1.40 1.66 1.78 2.11

S 0.775 0.816 0.846 0.934

S 0.011 0.015 0.016 0.022

S 1.13 1.37 1.49 1.82

S L 0.586 0.607 0.662

S L 0.0086 0.0099 0.014

S L 1.17 1.28 1.63

2.51

1.001

2.87 3.20

1.063 1.114

0.030 0.038 0.045

2.22

0.712

2.59 2.93

0.754 0.787

0.019 0.024 0.029

2.07 2.46 2.80

0 . 0 5 9  -

- -

1.130 1.235

0.055 -

3.52 4.90

1.156 1.269

0.052 -

3.24 4.59

0.816 0.883

0.034 -

3.15 -

- -

- -

1.285 1.315

- -

- -

1.319 1.352

- -

- -

0.921 0.946

-

-

-

-



5.5 PHYSICAL PROPERTY DATA TABLES 5.5.12-l

5.512
Thermal and mechanical

properties of heat
exchanger construction

material

Clive F. Beaton

n This section provides data on the three essential
properties of materials required for the design of heat
exchangers, namely thermal conductivity, the mean co-
efficient of expansion (from ambient temperature to re-
quired temperature), and the modulus of elasticity. A
wide variety of materials is used in practice, and the
materials listed in the Standards of the American Soci-
ety of Mechanical Engineers (ASME)  have been taken
as a basis for this report, with a few additions. The
Unified Numbering System (UNS) and the Werkstoff-
Nummer (WN) or DIN-Norm (DIN) have been given
where applicable.

Different data sources give large variations (fre-
quently up to 25%) in the values of these properties at
high and/or low temperatures. In particular, significant
disagreement between ASME and TEMA (Tubular Ex-
changer Manufacturers� Association) tables is frequent.
Where alternative sources have been referenced, pre-
ferred values have been adopted.

Data for many of the materials are available only at
ambient temperatures, and values at other temperatures
have been estimated by assuming the temperature varia-
tion to be similar for similar materials. Curves of prop-
erty versus temperature sometimes exhibit maxima and
minima, for example, in the thermal conductivity of
some chromium steels or of aluminum alloys and in the
coefficient of expansion of steels at high temperatures.
In such cases it was not possible to extrapolate values
from data over a limited temperature range because the
point of inflection was unknown.

Values are given for carbon and low alloy steels
(Table l), high chrome steels (Table 2), nickel and
nickel alloys (Table 3), copper and copper alloys (Table

0 1985 Hemisphere F blishing Corporation Rev. 1986

4), aluminum alloys (Table 5), and titanium, zirconium,
and cast iron (Table 6). Quantities and units used are: p,
density (g/cm�); TC, thermal conductivity (W/m K);
CE, coefficient of expansion (l/K), and ME, modulus
of elasticity (GPa)  (GPa  = 10� Pa; 1 Pa = 1 N/m*;
1 psi = 6.894 757 x i0�  Pa).

Tabular information is given for the following ma-
terials:

Carbon steels
Carbon/silicon
Carbon/manganese
Carbon/manganese/silicon
C-1/2Mo; 1/2Cr-1/2Mo;

1/2Cr- 1 /SMo-V;
l-3/4Cr-1/2Mo-Cu

1/2Cr-1/4Mo-Si;
lCr-1/2Mo-V;
l-1/4Cr-1/2Mo;
l-1/4Cr-1/2Mo-Si

lCr-l/SMo; lCr-1/2Mo
2Cr- 1/2Mo
lCr-l/SMo-Si
2-1/4Cr-1Mo
3Cr-1Mo
5Cr-  ll2Mo
5Cr- 1/2Mo-Si
SCr-lRMo-Ti
7Cr- 1/2Mo
9Cr-1Mo
1/2Ni- 1/2Cr- 1/4Mo-V

1.5423

UNS WN*

1.7335
1.7335
-

1.7335
1.7380
-

1.7362
1.7362
-

1.7368
1.7386
-

,- _-,.  *-  -_ �_ -.._ __ _ _
-�. --- -r-� �.



5.5.12-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.512 Properties of Heat Exchanger Construction Materials

UNS WN* UNS WN*

3/4Cr-1/2Ni-Cu
3/4Cr-3/4Ni-Cu-Al
3/4Ni-1/2Cu-Mo
lNi-1/2Cr-1/2Mo
l -3/4Ni-3/4Cr-  ll4Mo
2-1/2Ni
3/4Ni-1/2Mo-1/3Cr-V
1/2Ni-1/2Mo-V;

3/4Ni-  1/2Cr- 1/2Mo-V;
3/4Ni-  1/2Mo-Cr-V;
3/4Ni-  l Mo-3/4Cr

1/2Cr-1/2Ni-1/5Mo
2Ni-3/4Cr-  1/3Mo
2Ni-3/4Cr-  1/4Mo
3-1/2Ni
3-1/2Ni-1-3/4Cr-1/2Mo-V
5Ni-ll4Mo
8Ni
9Ni
Mn- 1/2Mo
Mn- 1/2Mo-  1/4Ni
Mn-1/2Mo-ll2Ni
Mn-1/2Mo-3/4Ni
Mn- 1 l4Mo
Mn-V

High chrome steels
12Cr-IA1
13Cr
15Cr
17Cr
18Cr/8Ni
23Cr/12Ni
25Cr/20Ni
16Cr/12Ni/2Mo
18Cr/13Ni/3Mo
18Cr/lONi/Ti
18Cr/lONi/Cb
18Cr/  1 SNi/2Si

Nickel and nickel alloys
Nickel 200
Nickel 201

s40500 1.4002
s41000 1.4006
S42900 -

s43000 1.4016
s30400 1.4301
s30900 1.4828
s31000 1.4841
s31600 1.4401
s31700 -

S32100 1.4541
s34700 1.4550
S38100 -

Nickle 400
Nickel 405
Nickel 600
Nickel 800
Nickel 825
Alloy X
Alloy C4
Alloy 625
Alloy G
Alloy G3
Alloy B
Alloy B2
Alloy 276
Alloy C22

Copper and copper alloys
Copper
Muntz metal
Admiralty brass
Naval brass
Phosphor bronze A
Aluminum bronze D
Aluminum brass
Copper nickel 90/10
Copper nickel 80/20
Copper nickel 70/30

Aluminum alloys (annealed
condition)

Alloy 1100
Alloy 3003
Alloy 5052
Alloy 5083
Alloy 6061
Alloy 6063

Miscellaneous materials
Unalloyed titanium

(grade 2)
Zirconium
Grey cast iron

A91 100 3.0205
A93003 3.0517
A95052 3.3523
A95083 3.3547
A9606 1 3.3211
A96063 3.3206

R50400
-
-

3.7055
-
-

NO2200 2.4066 *Note:  Where no Werkstoff-Nummer is given, there is no equiva-
NO2201 2.4068 lent to the ASME materials quoted.

-
-
-
-
-
1.5635
-

-
-
-
-

1.5637
-
-
-

1.5662
-
-
-

1.6310
-
-

NO4400
NO4405
NO6600
NO8800
NO8825
NO6002
NO6455
NO6625
NO6007
NO6985
NlOOl
N10665
N10276
-

2.4360
-

2.4816
1.4876
2.4858
2.4606
2.4610
2.4856
-

2.4603
2.4810
2.4617
2.4819
-

Cl0200 2.0040
C36500 2.0372
c44300 2.0470
c46400 2.0530
c51000 2.1016
C61400 2.0932
C68700 2.0460
c70600 2.0872
c71000 2.0878
c71500 2.0882
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.13-1

5.513
Properties of seawater

Clive F. Beaton

n Values of thermal conductivity, dynamic viscosity,
heat capacity, density, and Prandtl number for seawater
and its concentrates are given. 

ml0 Cl%0 (1)

(The symbol %o denotes parts per thousand of seawater.)
Chlorinity and salinity are now more accurately found
by measuring the ratio of the electrical conductivity of
the unknown sample to that of a �standard seawater�
sample.

Reprinted with permission from Engineering Sciences Data Item
Len-

WlR

lhble 1 Composition of seawater

19.344
Sodium 10.773
Sulfate 2.712
Magnesium 1.294
Calcium 0.412

0.399
Bicarbonate 1.142
Bromide
Strontium 0.008

0.004
Fluoride

Table 1 gives the major components of seawater at
its �normal� salinity of 35%0,  though samples from dif-

32-40%0.
Samples reported at other salinities may be considered
merely as having more or less pure water, but at the
highest concentrations reported some salts (notably cal-
cium sulfates) will have exceeded their solubilities and
precipitated from solutions.

Tables 2-9 appear on the following pages. Refer-
ences for these tables and equations representing the
change in value with temperature and salinity can be
found in Data Item Number 77024 published by the En-
gineering Sciences Data Unit, 251-259 Regent Street,
London WlR 7AD.

0 1986 Hemisphere Publishing Corporationr 1KDIIL A
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�Ihble  2 Thermal conductivity of seawater and its concentrates (mW/m*)/(K/m)

1,
�C 0� 10 20 30 35b 40 50

Salinity, g/kg

60 70 80 90 100 110 120 130 140 150

0
10
20
30
40

50
60
70
80
90

100
110
120
130
140

150
160
170
180

572 570 569 567 566 565 563 562 560 558 556 554 552 550 548 546 544
589 587 586 584 584 583 581 580 578 577 575 573 571 570 568 566 564
604 603 602 600 600 599 598 597 595 594 592 591 589 588 586 585 583
618 617 616 615 614 614 613 612 611 609 608 607 606 604 603 602 600
630 629 629 628 628 627 626 626 625 624 623 622 621 620 618 617 616

641 641 640 640 639 639 639 638 637 637 636 635 634 633 632 631 630
651 651 650 650 650 650 649 649 649 648 648 647 646 646 645 644 644
659 659 659 659 659 659 659 659 658 658 658 658 657 657 656 656 655
666 666 667 667 667 667 667 667 667 667 667 667 667 666 666 666 666
672 672 673 673 673 674 674 674 674 675 675 675 675 675 675 675 675

676 677 678 678 679 679 680 680 681 681 681 682 682 682 682 682 683
680 681 682 683 683 683 684 685 685 686 687 687 688 688 688 689 689
682 683 684 685 686 686 687 688 689 690 691 691 692 693 693 694 694
683 685 686 687 688 688 690 691 692 693 694 695 695 696 697 698 699
684 685 687 688 689 689 691 692 693 694 696 697 698 699 700 701 702

683 684 686 688 688 689 691 692 694 695 696 698 699 700 701 702 703
681 683 684 686 687 688 690 691 693 694 696 697 699 700 701 703 704
678 680 682 684 685 686 687 689 691 693 694 696 698 699 701 702 704
674 676 678 680 681 682 684 686 686 690 692 694 695 697 699 700 702

While these values for pure water are within the claimed accuracy, more accurate values are available in the appropriate ESDU Data Item.
b�Normal�  seawater.



�able  3 Dynamic viscosity of seawater and its concentrates (10m3 Ns/m�)

Salinity, g/kg

�C  0� 10 20 30 40 50 60 70 80 90 loo 110 120 130 140 150

0 1.775 1.802 1.831 1.861 1.893 1.928 1.965 2.005 2.049 2.096 2.147 2.202 2.261 2.326 2.395 2.470
10 1.304 1.327 1.350 1.375 1.401 1.429 1.459 1.491 1.526 1.563 1.603 1.646 1.693 1.743 1.797 1.855
20 1.002 1.021 1.041 1.061 1.083 1.106 1.131 1.157 1.185 1.216 1.248 1.283 1.321 1.361 1.404 1.451
30 0.797 0.814 0.830 0.848 0.866 0.886 0.906 0.929 0.952 0.977 1.004 1.033 1.064 1.098 1.133 1.171
40 0.653 0.667 0.681 0.696 0.712 0.729 0.747 0.765 0.786 0.807 0.830 0.854 0.880 0.908 0.938 0.970

50 0.546 0.559 0.571 0.585 0.599 0.613 0.629 0.645 0.662 0.681 0.700 0.721 0.744 0.768 0.793 0.821
60 0.466 0.477 0.488 0.500 0.512 0.525 0.539 0.553 0.568 0.584 0.602 0.620 0.639 0.660 0.682 0.706
70 0.404 0.414 0.424 0.434 0.445 0.457 0.469 0.481 0.495 0.509 0.524 0.540 0.558 0.576 0.595 0.616
80 0.355 0.364 0.373 0.382 0.392 0.402 0.413 0.424 0.436 0.449 0.463 0.477 0.492 0.508 0.525 0.544
90 0.315 0.323 0.331 0.340 0.349 0.358 0.368 0.378 0 .389  0 .400 0.412 0.425 0.439 0.453 0.469 0.485

100 0.282 0,290 0.297 0.305 0.313 0.322 0.331 0.340 0.350 0.360 0.371 0.383 0.395 0.408 0.422 0.436
110 0.255 0.262 0.269 0.276 0.284 0.291 0.300 0.308 0.317 0.326 0.336 0.347 0.358 0.370 0.382 0.395
120 0.232 0.239 0.245 0.252 0.259 0.266 0.273 0.281 0.289 0.298 0.307 0.317 0.327 0.337 0.349 0.361
130 0.213 0.219 0.225 0.231 0.237 0.244 0.251 0.258 0.266 0.273 0.282 0.291 0.300 0.310 0.320 0.331
140 0.196 0.201 0.207 0.213 0.219 0.225 0.231 0.238 0.243 0.252 0.260 0.268 0.277 0.286 0.295 0.305

150 0.181 0.187 0.192 0.197 0.203 0.208 0.214 0.221 0.227 0.234 0.241 0.249 0.256 0.265 0.273 0.283
160 0.169 0.173 0.178 0.183 0.189 0.194 0.200 0.205 0.211 0.218 0.224 0.231 0.239 0.246 0.254 0.263
170 0.157 0.162 0.167 0.171 0.176 0.181 0.186 0.192 0.198 0.203 0.210 0.216 0.223 0.230 0.237 0.245
180 0.147 0.152 0.156 0.161 0.165 0.170 0.175 0.180 0.185 0.191 0.196 0.202 0.209 0.215 0.222 0.230

�While  these values for pure water are within the claimed accuracy, more accurate values are available in the appropriate ESDU Data Item.



�lhble 4 Dynamic viscosity of seawater (10m3 Ns/m�)

Salinity, g/kg

r,
�C 30 31 32 33 34 35 36 37 38 39 40

0 1.861 1.864 1.867 1.871 1.874 1.877 1.880
10

1.883 1.887
1.375 1.377

1.890 I.893
1.380 1.382 1.365 1.388 1.390

20
1.393

1.061
1.396

1.063
1.398

1.065
1.401

1.068 1.070 1.072 1.074 1.076 1.078 1.081
30 0.848 0.850

1.083
0.851 0.853 0.855 0.857 0.859 0.861 0.862 0.864

40 0.696
0.866

0.698 0.699 0.701 0.702 0.704 0.706 0.707 0.709 0.710 0.712

50 0.585 0.586 0.587 0.589 0.590 0.592 0.593 0.594 0.596 0.597
60

0.599
0.500 0.501 0.503 0.504 0.505 0.506 0.507 0.509 0.510 0.511

70 0.434
0.512

0.435 0.437 0.438 0.439 0.440 0.441 0.442 0.443 0.444
80 0.382 0.383

0.445
0.384 0.385 0.386 0.387 0.388 0.389 0.390 0.391 0.392

90 0.340 0.341 0.342 0.343 0.343 0.344 0.345 0.346 0.347 0.348 0.349

100 0.305 0.306 0.307 0.308 0.308 0.309 0.310 0.311 0.312 0.312 0.313
110 0.276 0.277 0.278 0.278 0.279 0.280 0.281 0.281 0.282 0.283 0.284
120 0.252 0.252 0.253 0.254 0.254 0.255 0.256 0.257 0.257 0.258 0.259
130 0.231 0.231 0.232 0.233 0.233 0.234 0.235 0.235 0.236 0.237 0.237
140 0.213 0.213 0.214 0.215 0.215 0.216 0.216 0.217 0.218 0.218 0.219

150 0.197 0.198 0.198 0.199 0.199 0.200 0.200 0.201 0.202 0.202 0.203
160 0.183 0.184 0.184 0.185 0.186 0.186 0.187 0.187 0.188 0.188 0.189
170 0.171 0.172 0.172 0.173 0.173 0.174 0.174 0.175 0.175 0.176 0.176
180 0.161 0.161 0.161 0.162 0.162 0.163 0.163 0.164 0.164 0.165 0.165



�Pable  5 Heat capacity of seawater and its concentrates &J/kg  K)

Salinity, g/kg

r,
�C 0� 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0 4.209 4.143 4.081 4.021 3.964 3.910 3.858 3.809 3.763 3.720 3.679 3 .641  3 .606 3.573 3.543 3.516
10 4.198 4.136 4.077 4.020 3.965 3.913 3.863 3.815 3.770 3.727 3.686 3.648 3.612 3.579 3.547 3.518
20 4.189 4.131 4.074 4.020 3.967 3.917 3.868 3.822 3,777 3.735 3.694 3.656 3.619 3.584 3.552 3.521
30 4.184 4.128 4.074 4.021 3.971 3.922 3.874 3.829 3.785 3.743 3.702 3.663 3.626 3.591 3.557 3.525
40 4.180 4.127 4.075 4.024 3.975 3.927 3.881 3.836 3.793 3.751 3.710 3.671 3.633 3.597 3.562 3.529

50 4.180 4.128 4.078 4.029 3.981 3.934 3 .888  3 .844 3.801 3.759 3.719 3.679 3.641 3.604 3.568 3.533
60 4.181 4.131 4.082 4.034 3.987 3.941 3.896 3.853 3.810 3.768 3.727 3.687 3.649 3.611 3.574 3.538
70 4.186 4.137 4.088 4.041 3.995 3.950 3.905 3.861 3.819 3.777 3.736 3.696 3.657 3.618 3.581 3.544
80 4.192 4.144 4.096 4.050 4.004 3.959 3.914 3.871 3.828 3.786 3.745 3.704 3.665 3.626 3.588 3.551
90 4.202 4.154 4.106 4.059 4.014 3.968 3.924 3.880 3.837 3.795 3.754 3.713 3.673 3.634 3.595 3.558

100 4.213 4.165 4.118 4.071 4.025 3.979 3.934 3.891 3.847 3.805 3.763 3.722 3.682 3.642 3.603 3.565
110 4.228 4.179 4.131 4.083 4.037 3.991 3.946 3.901 3.857 3.815 3.772 3.731 3.690 3.651 3.612 3.573
120 4.245 4.195 4.146 4.097 4.050 4.003 3.957 3.912 3.868 3.825 3.782 3.740 3.700 3.659 3.620 3.582
130 4.264 4.213 4.162 4.113 4.064 4.016 3.970 3.924 3.879 3.835 3.792 3.750 3.709 3.669 3.629 3.591
140 4.286 4.233 4.181 4.129 4.079 4.030 3.982 3.936 3.890 3.845 3.802 3.760 3.718 3.678 3.639 3.601

150 4.311 4.255 4.201 4.148 4.096 4.045 3.996 3.948 3.902 3.856 3.812 3.769 3.728 3.688 3.649 3.611
160 4.338 4.279 4.222 4.167 4.113 4.061 4.010 3.961 3.913 3.867 3.823 3.780 3.738 3.698 3.659 3.622
170 4.367 4.306 4.246 4.188 4.132 4.078 4.025 3.974 3.926 3.878 3.833 3.790 3.748 3.708 3.670 3.634
180 4.399 4.334 4.271 4.210 4.152 4.095 4.041 3.988 3.938 3.890 3.844 3.800 3.758 3.719 3.681 3.646

�While these values for pure water are within the claimed accuracy, more accurate values are available in the appropriate ESDU Date Item.



Table 6 Heat capacity of seawater @J/kg  K)

Sahity, g/kg

�C 30 31 32 33 34 35 36 37 38 39 40

0 4.021 4.015 4.010 4.004 3.998 3.992 3.987 3.981 3.975 3.970 3.964
10 4.020 4.014 4.009 4.003 3.998 3.992 3.987 3.981 3.976 3.971 3.965
20 4.020 4.015 4.009 4.004 3.999 3.993 3.988 3.983 3.978 3.973 3.967
30 4.021 4.016 4.011 4.006 4.001 3.996 3.991 3.986 3.981 3.976 3.971
40 4.024 4.019 4.014 4.009 4.004 4.000 3.995 3.990 3.985 3.980 3.975

50 4.029 4.024 4.019 4.014 4.009 4.004 4.000 3.995 3.990 3.985 3.981
60 4.034 4.029 4.025 4.020 4.015 4.011 4.006 4.001 3.997 3.992 3.987
70 4.041 4.037 4.032 4.027 4.023 4.018 4.013 4.009 4.004 4.000 3.995
80 4.050 4.045 4.040 4.036 4.031 4.027 4.022 4.017 4.013 4.008 4.004
90 4.059 4.055 4.050 4.046 4.041 4.036 4.032 4.027 4.023 4.018 4.014

100 4.071 4.066 4.061 4.057 4.052 4.048 4.043 4.038 4.034 4.029 4.025
110 4.083 4.079 4.074 4.069 4.065 4.060 4.055 4.051 4.046 4.041 4.037
120 4.097 4.092 4.088 4.083 4.078 4.073 4.069 4.064 4.059 4.054 4.050
130 4.113 4.108 4.103 4.098 4.093 4.088 4.083 4.078 4.074 4.069 4.064
140 4.129 4.124 4.119 4.114 4.109 4.104 4.099 4.094 4.089 4.084 4.079

150 4.148 4.142 4.137 4.132 4.127 4.121 4.116 4.111 4.106 4.101 4.096
160 4.167 4.162 4.156 4.151 4.145 4.140 4.135 4.129 4.124 4.119 4.113
170 4.188 4.182 4.177 4.171 4.165 4.160 4.154 4.149 4.143 4.137 4.132
180 4.120 4.204 4.198 4.192 4.187 4.181 4.175 4.169 4.163 4.157 4.152



Table 7 Density of seawater and its concentrates (kg/m?

Salinity, g/kg

�C  0� IO 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0  9 9 9 . 8  1 0 0 8 . 1  1 0 1 6 . 2  1 0 2 4 . 2  1 0 3 2 . 0  1 0 3 9 . 8  1 0 4 7 . 6  1 0 5 5 . 5  1 0 6 3 . 5  1 0 7 1 . 6  1 0 7 9 . 7  1 0 8 8 . 0  1 0 9 6 . 2  1 1 0 4 . 4  1 1 1 2 . 5  1  1 2 0 . 4
1 0  9 9 9 . 7  1 0 0 7 . 7  1 0 1 5 . 5  1 0 2 3 . 2  1 0 3 0 . 2  1 0 3 8 . 4  1 0 4 6 . 0  1 0 5 3 . 8  1 0 6 1 . 6  1 6 6 9 . 6  1 0 7 7 . 6  1 0 8 5 . 7  1 0 9 3 . 9  1  1 0 2 . 0  1  1 1 0 . 1  I  1 1 8 . 0
2 0  9 9 8 . 4  1 0 0 5 . 8  1 0 1 3 . 3  1 0 2 0 . 8  1 0 2 8 . 3  1 0 3 5 . 9  1 0 4 3 . 5  1 0 5 1 . 2  1 0 5 8 . 9  1 0 6 6 . 7  1 0 7 4 . 5  1 0 8 2 . 4  1 0 9 0 . 3  1 0 9 8 . 2  1  1 0 6 . 2  1  1 1 4 . 2
3 0  9 9 5 . 4  1 0 0 2 . 8  1 0 1 0 . 2  1 0 1 7 . 6  1 0 2 5 . 1  1 0 3 2 . 6  1 0 4 0 . 2  1 0 4 7 . 8  1 0 5 5 . 4  1 0 6 3 . 1  1 0 7 0 . 8  1 0 7 8 . 5  1 0 8 6 . 3  1 0 9 4 . 1  1 1 0 2 . 0  1  1 0 9 . 9
40 991.9 9 9 9 . 2  1 0 0 6 . 6  1 0 1 3 . 9  1 0 2 1 . 4  1 0 2 8 . 8  1 0 3 6 . 3  1 0 4 3 . 8  1 0 5 1 . 4  1 0 5 9 . 0  1 0 6 6 . 6  1 0 7 4 . 2  1 0 8 1 . 9  1 0 8 9 . 6  1 0 9 7 . 4  1  1 0 5 . 2

50 987.7 995.0 1 002.3 1 009.7 1 017.1 1024.5 1 031.9 1 039.4 1046.9 1054.4 1 062.0 1 069.5 1077.1 1 084.8 1092.4 1 100.1
60 982.9 990.2 9 9 7 . 5  1 0 0 4 . 9  1 0 1 2 . 2  1 0 1 9 . 6  1 0 2 7 . 0  1 0 3 4 . 5  1 0 4 1 . 9  1 0 4 9 . 4  1 0 5 6 . 9  1 0 6 4 . 4  1 0 7 2 . 0  1 0 7 9 . 5  1 0 8 7 . 1  1 0 9 4 . 8
70 977.6 984.9 992.2 9 9 9 . 5  1 0 0 6 . 9  1 0 1 4 . 3  1 0 2 1 . 7  1 0 2 9 . 1  1 0 3 6 . 5  1 0 4 3 . 9  1 0 5 1 . 4  1 0 5 8 . 9  1 0 6 6 . 4  1 0 7 4 . 0  1 0 8 1 . 5  1 0 8 9 . 1
80 971.7 979.0 986.4 993.7 1 001.1 1 008.4 1 015.8 1 023.2 1030.6 1038.1 1 045.5 1 053.0 1060.5 1068.0 1 075.6 1 083.1
90 965.3 972.7 980.0 987.4 9 9 4 . 7  1 0 0 2 . 1  1 0 0 9 . 5  1 0 1 7 . 0  1 0 2 4 . 4  1 0 3 1 . 8  1 0 3 9 . 3  1 0 4 6 . 8  1 0 5 4 . 3  1 0 6 1 . 8  1 0 6 9 . 3  1 0 7 6 . 8

100 958.4 965.8 973.2 980.6 988.0 9 9 5 . 4  1 0 0 2 . 8  1 0 1 0 . 3  1 0 1 7 . 7  1 0 2 5 . 2  1 0 3 2 . 7  1 0 4 0 . 2  1 0 4 7 . 7  1 0 5 5 . 2  1 0 6 2 . 7  1 0 7 0 . 3
110 951.0 958.5 965.9 973.3 980.8 988.3 9 9 5 . 7  1 0 0 3 . 2  1 0 1 0 . 7  1 0 1 8 . 2  1 0 2 5 . 7  1 0 3 3 . 2  1 0 4 0 . 8  1 0 4 8 . 3  1 0 5 5 . 9  1 0 6 3 . 4
120 943.2 950.7 958.2 965.7 973.2 980.7 988.2 9 9 5 . 8  1 0 0 3 . 3  1 0 1 0 . 9  1 0 1 8 . 4  1 0 2 6 . 0  1 0 3 3 . 6  1 0 4 1 . 2  1 0 4 8 . 7  1 0 5 6 . 3
130 934.8 942.4 950.0 957.6 965.2 972.8 980.4 988.0 9 9 5 . 6  1 0 0 3 . 2  1 0 1 0 . 8  1 0 1 8 . 5  1 0 2 6 . 1  1 0 3 3 . 7  1 0 4 1 . 3  1 0 4 9 . 0
140 926.1 933.8 941.4 949.1 956.8 964.5 972.2 979.9 987.6 9 9 5 . 2  1 0 0 2 . 9  1 0 1 0 . 6  1 0 1 8 . 3  1 0 2 6 . 0  1 0 3 3 . 7  1 0 4 1 . 4

150 916.9 924.7 932.5 940.3 948.1 955.9 963.7 971.4 979.2 987.0 9 9 4 . 8  1 0 0 2 . 5  1 0 1 0 . 3  1 0 1 8 . 0  1 0 2 5 . 8  1 0 3 3 . 6
160 907.3 915.2 923.2 931.1 939.0 946.9 954.8 962.7 970.6 978.5 986.3 994.2 1 002.0 1009.9 1 017.7 1025.5
170 897.3 905.4 913.5 921.6 929.6 937.7 945.7 953.7 961.7 969.7 977.6 985.6 9 9 3 . 5  1 0 0 1 . 4  1 0 0 9 . 3  1 0 1 7 . 2
180 887.0 895.3 903.5 911.7 919.9 928.1 936.3 944.4 952.6 960.7 968.7 976.8 984.8 992.8 1 000.8 1008.7

�While these values for pure water are within the claimed accuracy, more accurate values are available in the appropriate ESDU Data Item.



�lhble  8 Density of seawater (kg/m?

f,
�C 30 31 32 33 34

Salinity, g/kg

35 36 37 38 39 40

0 1 024.2 1 024.9 1 025.7 1 026.5 1027.3 1 028.1 1 028.9 1029.6 1 030.4 1 031.2 1 032.0
IO 1 023.2 1 023.9 1 024.7 1 025.4 1 026.2 1 027.0 I 027.7 1 028.5 1 029.3 1 030.0 1 030.8
20 1 020.8 1021.5 1 022.3 1 023.0 1 023.8 1 024.5 1 025.3 1 026.0 1026.8 1 027.5 1 028.3
30 1017.6 1 018.4 1 019.1 1 019.9 1 020.6 1 021.4 1022.1 1 022.9 1 023.6 1 024.4 1025.1
40 1013.9 1 014.7 1 015.4 1 016.2 1 016.9 1 017.7 1 018.4 1019.1 1 019.9 1 020.6 1021.4

50 1 009.7 1 010.4 1011.2 1011.9 1012.6 1013.4 1014.1 1 014.8 1015.6 1 016.3 1 017.1
60 1 004.9 1005.6 1 006.3 1007.1 1 007.8 1 008.6 1 009.3 1 010.0 1 010.8 1011.5 1 012.2
70 999.5 1 000.3 1001.0 1 001.7 1 002.5 1 003.2 1003.9 1 004.7 1 005.4 1 006.2 1 006.9
80 993.7 994.4 995.2 995.9 996.6 997.4 998.1 998.8 999.6 1 000.3 1001.1
90 987.4 988.1 988.8 989.6 990.3 991.1 991.8 992.5 993.3 994.0 994.7

100 980.6 981.3 982.1 982.8 983.5 984.3 985.0 985.8 986.5 987.2 988.0
110 973.3 974.1 974.8 975.6 976.3 977.1 977.8 978.6 979.3 980.0 980.8
120 965.7 966.4 967.2 967.9 968.7 969.4 970.2 970.9 971.7 972.4 973.2
130 957.6 958.4 959.1 959.9 960.6 961.4 962.1 962.9 963.7 964.4 965.2
140 949.1 949.9 950.7 951.4 952.2 953.0 953.7 954.5 955.3 956.0 956.8

150 940.3 941.1 941.8 942.6 943.4 944.2 945.0 945.7 946.5 947.3 948.1
160 931.1 931.9 932.7 933.5 934.3 935.1 935.8 936.6 937.4 938.2 939.0
170 921.6 922.4 923.2 924.0 924.8 925.6 926.4 927.2 928.0 928.8 929.6
180 911.7 912.6 913.4 914.2 915.0 915.8 916.7 917.5 918.3 919.1 919.9



�lhble  9 Prandtl number of seawater and its concentrates

Salinity, g/kg

r,
�C 0� IO 20 30 35� 40 50 60 70 80 90 100 110 120 130 140 150

0 13.1 13.1
IO 9.29 9.35
20 6.95 6.99
30 5.40 5.45
40 4.33 4.38

50 3.56 3.60
60 2.99 3.03
70 2.57 2.60
80 2.23 2.26
90 I.97 2.00

100 1.75 1.78
110 1.59 1.61
120 1.44 1.47
130 I.33 1.35
140 I.23 1.24

150 1.14 1.16
160 1.08 1.08
170 1 .Ol 1.03
180 0.959 0.975

13.1 13.2 13.2 13.3 13.4 13.5 13.6 13.8 14.0 14.3 14.5 14.8 15.2 15.5 16.0
9.39 9.46 9.49 9.53 9.62 9.72 9.84 9.97 10.1 10.3 10.5 IO.7 11.0 11.2 11.6
7.04 7.11 7.13 7.17 7.24 7.33 7.43 7.53 7.67 7.80 7.96 8.13 8.32 8.52 8.76
5.49 5.54 5.58 5.60 5.67 5.74 5.82 5.92 6.01 6.12 6.24 6.39 6.54 6.69 6.88
4.41 4.46 4.48 4.51 4.57 4.63 4.70 4.78 4.86 4.95 5.05 5.16 5.28 5.42 5.56

3.64 3.68 3.71 3.73 3.77 3.83 3.89 3.95 4.02 4.10 4.18 4.28 4.38 4.48 4.60
3.06 3.10 3.12 3.14 3.19 3.24 3.28 3.34 3.40 3.47 3.54 3.61 3.69 3.78 3.88
2.63 2.66 2.68 2.70 2.74 2.78 2.82 2.87 2.92 2.98 3.04 3.11 3.18 3.25 3.33
2.29 2.32 2.34 2.35 2.39 2.42 2.46 2.50 2.55 2.60 2.65 2.71 2.77 2.83 2.90
2.02 2.05 2.06 2.08 2.11 2.14 2.18 2.21 2.25 2.29 2.34 2.39 2.44 2.50 2.56

1.80 1.83 1.84 1.86 1.88 I.92 1.94 1.98 2.01 2.05 2.09 2.13 2.18 2.23 2.28
I.63 I.65 1.66 1.68 1.70 1.73 1.75 1.78 1.81 I.84 1.88 I.92 1.96 2.00 2.05
1.49 1.51 1.51 1.53 1.55 1.57 1.60 1.62 I.65 1.68 1.71 I.75 1.78 1.82 1.86
I.37 1.38 1.39 1.40 1.42 1.44 1.46 1.49 1.51 I.54 1.57 1.60 I.63 1.66 1.70
I.26 1.28 1.29 1.30 1.31 1.33 1.35 1.37 I.39 1.42 I.44 1.47 1.50 1.53 1.56

1.18 1.19 1.20 1.21 I.22 1.24 I.26 I.27 1.30 I.32 1.34 1.36 1.39 1.42 1.45
1.10 1.11 1.12 1.13 1.14 1.16 1.17 1.19 1.21 1.23 1.25 1.28 1.30 1.32 I.35
1.04 1.05 1.06 1.06 1.07 1.09 1.10 1.12 1.13 1.16 1.17 1.20 I.22 1.24 1.26
0.983 0.997 1.00 1.00 1.02 1.03 1.04 1.06 1.07 1.09 1.10 1.13 1.14 1.17 1.19

�While these values for pure water are within the claimed accuracy, mroe accurate values are available in the appropriate ESDU Data Item.
b�NormaI�  seawater.





INDEX

Absorption of thermal radiation:
in gases, 2.9.5-l/2.9.5-12

gas mixtures, 2.9.5-11/2.9.5-12
measurement, 2.9.5-212.9.5-4
molecular, 2.9.5-8/2.9.5-l 1

in solids, 2.9.2-212.9.2-3
characteristics, 2.9.2-l/2.9.2-2
measurement, 2.9.2-3

Absorption coefficient, 2.9.5-2
Absorption spectra in gases, 2.9.5-412.9.5-g
Absorptivity:

of particles, 2.9.5-l
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
Acentric factor:

definition, 5.1.1-1,5.2.1-3
in hydrocarbons, 5.2.1-315.2.14

Acetic acid saturation properties, 5.5.1-27
Acetone saturation properties, 5.5 .l-27
Acetylene saturation properties, 5.5 .l-15
Ackerman correction factor in condensation, 2.6.36
Acoustic vibration of heat exchangers, 4.6.4-3/4.6.44
Active systems for augmentation of heat transfer:

in condensation, 2.6.6-l/2.6.6-3
definition, 2.5.11-3
in forced convection, 2.5.114/2.5.11-9
in free convection, 2.5.11-8/2.5.11-9

Additives:
effect on friction factor, 2.2.2-7
use in heat transfer augmentation, 2.5.11-2,2.7.94

Adiabatic flows, compressible, in duct, 2.2.2-13
Advanced models for furnaces, 3.11.7-l/3.11.7-5
Aggregative fluidization, 2.2.6-l
Agitated beds, heat transfer to, 2.8.3-4

A slash between two page numbers (e.g., 2.7.3-2212.7.3-26)
indicates a range of those pages.

Agitated vessels, 3.14.1-l
approximate overall heat transfer coefficients in, 2.1.2-S
equipment used in, 3.14.2-l/3.14.24

gas sparging,  3.14.2-l/3.14.2-2
mechanical agitators, 3.14.2-l
vessel internals, 3.14.2-2/3.14.24

heat exchanger, description of, 3.1.2-5/3.1.26
heat transfer correlations for, 3.14.3-l/3.14.3-8

with anchors and helical ribbons, 3.14.3-l/3.14.34
with nonproximity agitators, 3.14.3-l/3.14.3-3
scraped-wall pipe and related equipment, 3.14.34/3.14.36

Ahmad scaling method for critical heat flux in flow boiling of
nonaqueous fluids, 2.7.3-8

Air:
properties of dry and saturated, 3.12.2-6
saturated liquid/vapor properties, 5 5 .l-29
superheated gaseous, thermodynamic properties,

5.5.2-815.5.2-9
Air-activated gravity conveyor, 2.3.3-2
Air-cooled heat exchangers:

comparison of air and water as coolants, 3.8.1-l
cooling air supply: by fans, 3.8.7-l/3.8.7-3

by natural draft, 3.8.8-l
costing, 4.8.3-l/4.8.3-3
custom built, 3.8.2-l/3.8.2-2
description, 3.1.24/3.1.2-5
finned tube bundles for, 3.8.4-l/3.8.4-2
finned  tube systems for, 3.8.3-l/3.8.3-3
mechanical design, 4.4.1-l/4.4.1-7

for cold climates and viscous fluid, 4.4.1-7
components, 4.4.1-214.4.1-6
nomenclature for, 4.4.1-2
structural design factors, 4.4.1-6/4.4.1-7

special features, 3.8.9-l/3.8.9-4
sound emission from, 3.8.9-l

thermal rating, 3.8.5-l/3.8.5-5
tubeside  flow arrangements, 3.8.6-l

Albedo  for single scatter in radiation, 2.9.7-2
Aluminum, spectral characteristics of anodized surfaces, 2.9.2-16
Ammonia, saturated properties of, 5.5.1-29
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I-2 HEAT EXCHANGER DESIGN HANDBOOK / Index

AMTD (see Arithmetic mean temperature difference)
Analogy between heat and mass and momentum transfer,

1.2.3-6/1.2.3-7,2.1.5-l/2.1.54
Analytic solutions for heat exchangers, 1.3.1-1/1.3.2-l
Analytical solution of groups, for calculation of thermodynamic

properties of nonhydrocarbons, 5.2.2-315.2.2-g
tables of constants for, 5.5.4-l/5.5.4-6

Anchor agitators:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14,34

Andrade equation for variation of viscosity with temperature,
5.1.4-3

Anelasticity, 5.4.5-5
Angled tubes, use in increasing flooding rate in reflux

condensation, 2.6.2-812.6.2-g
Aniline, saturation properties, 5.5.1-26
Anisotropy of elastic properties, 5.4.5415.4.5-5
Annular dispersed flow (see Annular flow)
Annular distributor in shell-and-tube heat exchangers, 3.3.5-11
Annular ducts:

critical heat flux in flow in, 2.7.3-20
forced convective heat transfer in single phase flow:

laminar flow, 2.5.1-3/2.5.14
with liquid metals, 2.5.13-l/2.5.13-2
turbulent heat transfer in, 2.5.1-6,2.5.1-10/2.5.1-11

free convective heat transfer 111 closed-end: horizontal,
2.5.8-14/2.5.8-16

vertical (heated on vertical curved surfaces),
2.5.8-13/2.5.8-14

single phase flow and pressure drop in, 2.2.2-712.2.2-10
laminar flow, 2.2.2-7/2.2.2-g
turbulent flow, 2.2.2-912.2.2-10

A~~1a.r  fins, efficiency, 2.5.3-9
Annular flow:

critical heat flux in, 2.7.3-2212.7.3-30
hydrodynamics in horizontal tubes, 2.3.2-25/2.3.2-26
hydrodynamics in vertical tubes, 2.3.2-19/2.3.2-21

deposition and entrainment correlations, 2.3.2-21
interfacial roughness relationship, 2.3.2-20
triangular relationship for, 2.3.2-10

regimes of occurrence of: in horizontal flow, 2.3.2-312.3.24
in inclined tubes, 2.3.24/2.3.2-5
in systems with phase change, 2.3.2-612.3.2-7

Annuli (see Annular ducts)
Arc welding of tubes into tube sheets:

on inner face, 4.2.6-10
on outer face, 4.2.6-8

Archimedes number, 2.2.1-11
Area of tube outside surface in shell-and-tube heat exchangers:

charts for, 3.1.4-6, 3.3.10-5
Argon, saturated properties, 5.5.1-30
Arithmetic mean temperature difference, definition, 3.1.4-2
Armstrong, Robert C., 2.2.8-1/2.2.8-13,2.5.12-l/2.5.12-16
ASME VIII code, for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-2
index to, 4.3.2-l/4.3.2-11

ASOG (see Analytical solution of groups)
Assisted convection:

around immersed bodies, 25.9-l/2.5.94
in vertical channels, 2.5.9-2/2.5.9-6

Asymmetric loading, in heat exchangers, 4.1.2-2/4.1.2-g
Augmentation of heat transfer, 2.5.11-l/2.5.1  l-12,

2.6.6-l/2.6.64,2.7.9-1/2.7.9-5
active systems for: definition, 2.5.11-3

in forced convection, 2.5.11-S/2.5.11-9
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in free convection, 2.5.114
compound systems for, 2.5 .l l-9
in boiling, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-312.7.94

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.6.6-212.6.6-3
in vapor space, 2.6.6-l/2.6.6-2

in kettle reboilers, 3.6.26
in shell-and-tube heat exchangers using low finned tubes,

3.3.1 l-2/3.3.1 l-3
passive systems for: definition, 25.1 l-1/2.5.1  l-3

in forced convection, 2.5 .114/2.5 .l l-8
in free convection, 2.5 .I 1-3

performance evaluation criteria for, 2.5.1 l-9/2.5.1 l-10
Austenitic chromium-nickel steels, as material of construction,

4 5 . 2 4
Average phase velocity in multiphase flows, 2.3.14

Baffle leakage in shell-and-tube heat exchangers:
numerical methods for predictions of, 1.4.2-3
recommended design procedures for accounting for,

3.3.1-l/3.3.11-5
Baffle pipes in agitated vessels, 3.14.2-3/3.14.24
Baffles in shell-and-tube heat exchangers:

constructional features affecting thermal design:
clearances, 4.2.5-7

uoss type, 4.2.5-414.2.5-5
longitudinal type, 4.2.5-8
maximum pitch, 4.2.5-7
support type, 4.2.5-514.2.5-6
thickness, 4.2.5-7

disk-and-doughnut, 3.3.1 l-2
double segmental, 3.3.11-2
leakage effects associated with (see Baffle leakage, Leakage

effects)
number of, calculation of, 3.3.6-4
segmental, recommended characteristics of, 3.3.5-7/3.3.5-10

Baker flow regime map for horizontal gas-liquid flow, 2.3.2-3
Balance equation (applied to complete equipment),

1.2.4-l/1.2.4-7
average interaction coefficients and driving forces for,

1.2.4-211.2.4-3
conventional representations of heat exchanger performance

by, 1.2.44/l  .2.4-5
differential form of, 1.2.5-l/1.2.5-3

for enthalpy, temperature and concentration,
1.2.5-l/1.2.5-3

solution and closure, 1.2.5 -2/ 1.2 5 -3
for enthalpy, temperature and concentration changes,

1.2.4-l/1.2.4-2
NTU and effectiveness in, 1.2.4-3/1.2.44

Band dryer:
description, 3.13.24
practical design, 3.13.7-l/3.13.7-2

Banks of tubes (see Tube banks)
Barrels for shell-and-tube heat exchangers (see Shells)
Basket-type evaporator, 3.5.2-l/3.5.2-3

Bauer, R., 2.8.1-1/2.8.1-14,2.8.2-l/2.8.2-8
Bayonet tube heat exchangers, constructional features of,

4.2.3-914.2.3-10
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HEAT EXCHANGER DESIGN HANDBOOK / Index I-3

Beer-Lambert law, 2.9.5-5
Be&Kenneth J., 3.1.1-l/3.1.4-9
Bell-Delaware method for shell-side heat transfer and pressure

drop in shell-and-tube heat exchangers, 3.3.2-513.3.2-6
modified form as basis for recommended procedure,

3.3.3-1/3.3.11-s
Bell and Ghaly method for calculation of multicomponent

systems:
condensation, 2.6.3-412.6.3-S
evaporation, 2.7.8-5

Bellows, expansion, for shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
constructional features, 4.2.6-10/4.2.6-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-10/4.3.2-11

Benard cells in free convection in horizontal fluid layers,
2.5.8-l/2.5.8-3

Bends:
boiling heat transfer in tubes with, 2.7.4412.7.46
dryout in tubes with, 2.7.4-212.7.4-4
enhancement of condensation in, 2.6.6-3
multiphase pressure loss in: gas-liquid systems, 2.3.2-17

solid-gas systems, 2.3.3-l
solid-liquid systems, 2.3.44

single-phase fluid flow and pressure drop in, 2.2.2-16/2.2.2-17
loss coefficients for, 2.2.2-16
use of vaned bends, 2.2.2-1612.2.2-11

Benedict-Webb-Rubin equation of state, 5.2.2-3
Benzene saturation properties, 5.5.1-12
Berenson equation for pool film boiling from a horizontal

surface, 2.7.2-14
Be&es, Arthur E., 2.5.11-l/2.5.11-12,2.6.6-l/2.6.64,

2.7.9-I/2.7.9-5
Bernoulli equation, application to flow across cylinders, 2.2.4-l
Bimetal tubes, use of in shell-and-tube heat exchangers, 4.2.5-2
Binary mixtures:

bubble growth in, 2.7.6-512.7.6-7
bubble nucleation in, 2.7.6-5
condensation of 2.1.6-2/2.1.6-3,2.6.3-7
condensers for, 3.4.4-l/3.4.4-2
constants for, for use in calculation of multicomponent

systems, 5 5.4-115.5.4-Y
diffusion and mass transfer in, 2.1.5-l/2.1.54
forced convection boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7.8-6
critical heat flux in, 2.7.8-612.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

phase equilibria in, 2.7.6-l/2.7.6-3
pool boiling of, 2.7.7-l/2.7.7-7

critical heat flux, 2.7.7-412.7.1-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-I/2.1.1-4
transition boiling, 2.1.7-5

Bingham fluid (non-Newtonian), 2.2.8-7
Biot number:

in conduction, 2.4.3-2
in melting and solidification, 2.4.4-l/2.4.4-2

Black surface:
heat transfer between gas and, 2.9.6-112.9.6-2
spectral characteristics of reflectance from selective,

2.9.2-17
Blackbody radiation, 2.9.1-312.9.1-5
Blake-Carmen-Kozeny equation, 2.2.5-2
Blasius  equation for friction factor, 2.2.2-3
Block-type heat exchanger, 4.4.44

Blowing (see Injection)
Blunt bodies, drag coefficients for, 2.2.3-7
Boilers:

combustion systems for firing, 3.11.2-2/3.11.2-3
as type of heat exchanger, 1.1.5-2
(See also Reboilers)

Boiling:
augmentation of heat transfer in, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-3/2.7.9-5

in axial flow reboilers, 3.6.2-6
basic processes, 2.7.1-1/2.7.1-Y

bubble detachment and frequency, 2.7.1-712.7.1-8
bubble growth, 2.7.1-612.7.1-7
evaporation, 2.7.1-2
heterogeneous nucleation, 2.7.1-3/2.7.1-5
homogeneous nucleation, 2.7.1-2/2.1.1-3
sizing of active nucleation sites, 2.7.1-5/2.1.16
vapor formation, 2.7.1-l/2.1.1-2

of binary and multicomponent mixtures:
basic process in, 2.7.6-l/2.7.6-7
forced convective boiling, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in evaporators, 3.5.7-213.5.7-3
in horizontal tubes, 2.7.4-l/2.7.4-7

dryout  in (including bends and coils), 2.7.4-l/2.7.4-4
heat transfer rates in, 2.7.4412.7.46

in kettle and horizontal thermosiphon reboilers,
3.6.2-113.6.2-6

pool boiling, 2.7.2-J/2.7.2-17
boiling curve for, 2.7.1-1
critical heat flux in, 2.7.2-g/2.7.2-13
film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling in, 2.7.2-312.7.2-g
onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-13

outside tubes and tube bundles, 2.7.5-l/2.7.5-7
single tube in crossflow, 2.1.5-l/2.1.5-4
tube bundles, 2.7.54/2.7.5-l

in vertical tubes, 2.7.3-112.7.3-37
critical heat flux, 2.7.3-1212.7.3-30
heat transfer in the region where critical heat flux has

been exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-1012.7.3-12
subcooled boiling, 2.7.3-S/2.7.3-10

Boiling curve :
in binary mixtures, 2.7.7-l
in pool boiling, 2.7.2-l

effect of surface finish  on, 2.7.2-3
for single horizontal tube in crossflow,  2.7.5-l
for tube banks, 2.7.5-4

Boiling length:
defmition, 2.7.3-15
quality/boiling length correlations, 2.7.3-15

application of nonuniform heating cases, 2.7.3-19
Boiling number, definition, 2.7.4-5
Boiling point, normal, 5.1.3-l

of commonly used fluids, 5.5.1-l/5.5.140
Boiling range (in multicomponent mixtures), influence on

selection of reboilers, 3.6.16
very wide, effect on reboiler design, 3.6.4-3

Boiling surface in boiling in vertical tubes, 2.7.34
Bolted channel head in shell-and-tube exchanger, 4.2.4-l
Bolted cone head in shell-and-tube heat exchanger, 4.2.4-2
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Bolting of flanges in shell-and-tube heat exchangers,
4.2.64/4.2.6-S

Boltzmamr�s  constant, 2.9.1-3
Bonnet head, in shell-and-tube heat exchanger, 4.2.4-l/4.2.4-2
Borishanski, V. M., 2.5.13-l/2.5.134
Borishanski correlation for nucleate pool boiling, 2.7.2-5
Botterill, J. S. M., 2.8.4-l/2.8.4-8
Boundary Layer:

in combined free and forced convection heat transfer to
immersed bodies, 2.5.9-l/2.5.9-3

concept, 2.2.1-16/2.2.1-17
equations, 2.2.1-17/2.2.1-18

continuity, 2.2.1-17
internal energy, 2.2.1-18
internal forms of, 2.2.1-20
Levy-Lees transformation of, 2.2.1-18/2.2.1-20
mean kinetic energy, 2.2.1-17
momentum, 2.2.1-17
solutions of, 2.2.1-2012.2.1-22
turbulent kinetic energy, 2.2.1-18

on flat plate, 2.2.1-22/2.2.1-30
in flow over cylinders, 2.2.3-312.2.3-s
in flow over immersed bodies, 2.2.3-l/2.2.3-2
in heat transfer to flat plates: laminar boundary layer,

2.5.2-1125.2-2
turbulent, 2.5.2-2

theory, 2.2.1-16/2.2.1-30
as example of theory of models, 2.2.1-13

Thidcness of (displacement, momentum, energy, density,
temperature), 2.2.1-20

Turbulent: prediction methods for, 2.2.1-26/2.2.1-29
universal laws for, 2.2.1-25/2.2.1-26

Boussinesq approximations:
application in free convective flows, 2.5.7-l
for gravity effect, 2.2.1-10

application to laminar flow in circular duct, 2.2.2-5
Boussinesq number, definition, 2.5.7-2
Bowring  correlations for critical heat flux, 2.7.3-16/2.7.3-18
Bracket supports for heat exchangers, index to U.S., U.K., and

F.R.G. codes for, 4.3.2-7
Branches, mechanical design aspects, 4.1.8-l/4.1.8-2
Brazing in plate fm heat exchanger construction, 4.4.3-3/4.4.3-4
Bricks, drying of, 3.13.5-2/3.13.5-5
Brinkman  number, 2.5.12-6
British Standards Institute code for mechanical design of heat

exchangers (see BS 1500 code)
Bromley equation for tihn boiling from horizontal cylinders,

2.7.2-14
BS 1500 code for mechanical design of shelland-tube heat

exchangers:
description, 4.3.1-l/4.3.1-3
index to, 4.3.2-l/4.3.2-11

Bubble crowding as mechanism of critical heat flux, 2.7.3-22
Bubble flow:

drift flux model for, in vertical flow, 2.3.2-18/2.3.2-19
regions of occurrence: in horizontal flow, 2.3.2-2/2.3.24

in inclined tubes, 2.3.24/2.3.2-5
in shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6
in systems with phase change, 2.3.26/2.3.2-7
in vertical flow, 2.3.2-112.3.2-2

Bubbles:
in boiling of binary mixtures: growth, 2.7.6-5/2.7.6-7

nucleation, 2.7.6-5
in boiling of single components: detachment and frequency,

2.7.1-712.7.1-8
growth, 2.7.1612.7.1-7
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nucleation, 2.7.1-l/2.7.1-6
in fluidized beds, 2.2.6412.2.6-7

coalescence, 2.2.6-512.2.6-6
single bubbles, 2.2.6412.2.6-5
spatial distribution, 2.2.6-6/2.2.6-7

in gas-liquid flow: horizontal tubes, 2.3.2-212.3.24
vertical tubes, 2.3.1-l/2.3.2-2,  2.3.2-18/2.3.2-19

rise velocity of gas bubbles in liquid, 2.3.2-18/2.3.2-19
Buffer Layer in duct flow, 2.2.2-l
Bulk viscosity, 2.2.1-2
Bundle-induced convection in kettle reboilers,  3.6.2-2/3.6.2-3
Buoyancy effects:

on developing flows in ducts, 2.2.2-l 1
on flows, 2.2.1-10/2.2.1-11
inducing flow in channels, free convection heat transfer with,

2.5.7-1912.5.7-20
on laminar flow over flat plate, 2.2.1-24

Buoyancy-induced flow in channels, free convective heat transfer
with, 2.5.7-1912.5.7-20

Burnout (see Critical heat flux)
1,2-Butadiene  saturation properties, 5.5 .l-16
1,3-Butadiene saturation properties, 5 5.1-l 7
Butane saturation properties, 5 5.1-7
Butanol saturation properties, 5.5.1-19
Butterworth, D., 2.6.1-l/2.6.3-10
r-Butyl  alcohol saturation properties, 5 5.1-20
By pass (shell-to-tube bundle):

clearances in shell-and-tube heat exchangers, 3.3.5-14
heat transfer and pressure drop correction factors for,

3.3.6-813.3.6-9
BWR equation of state (see Benedict-Webb-Rubin equation of

state)

C
Cabin heater, 3.11.2-2
Calorically perfect gas, 2.2.1-8
Carbon dioxide:

emissivity of gaseous, 5.5.5-2
saturation properties, 5.5 .l-30
superheated gaseous, thermodynamic properties, 5.5.2-2

Carbon monoxide saturation properties, 5 5 .l-31
Carbon steel as material of construction, 4.5.2-2/45.2-3
Carbon tetrachloride saturation properties, 5.5.1-31
Carmen-Kozeny equation (see BlakeCarmen Kozeny equation)
Carrean fluid (non-Newtonian), 2.2.8-7
Carryover of solids in fluidized beds, 2.2.6-3
Cavitation as source of damage in heat exchangers, 4.5.3-l
Centrifugal dryer, 3.13.2-4
Ceramics, spectral characteristics of reflectance from, 2.9.2-18
Certification of heat exchangers, 4.7.7-l
Channel emissivity, 2.9.7-11/2.9.7-12
Channel flow, heat and mass transfer in, 2.1.7-l/2.1.7-2
Chapman-Rubescin formula for viscosity variation with

temperature, 2.2.1-9
Chemical formulas of commonly used fluids, 5.5.1-l/5.5.1-40
Chemical reactions, numerical calculation of flows involving,

1.4.3-2/1.4.3-3
Chen correlation for forced convective boiling, 2.7.3-11/2.7.3-13
Chenoweth, J. M., 4.6.1-l/4.6.6-3
Chevron troughs as corrugation design in plate heat exchangers,

3.7.1-1, 3.7.3-113.1.3-2, 3.7.6-2
CHF (see Critical heat flux)
Chillers, construction features of, 4.2.3-9
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Chilton-Colburn  analogy, 1.2.3-6
Chisholm, D., 2.6.7-l/2.6.7-4,  3.10.1-1/3.10.7-9,4.8.1-l
Chisholm correlations:

for frictional pressure drop in straight channels, 2.3.2-l 1
for pressure drop in singularities, 2.3.2-15/2.3.2-18

Chlorine, saturation properties, 5 5 .l-32
Chloroform, saturation properties, 5.5 .l-26
Choice of heat transfer equipment (see Selection of heat transfer

equipment)
Chugging flow (gas-liquid), in shell-and-tube heat exchangers,

2.3.2-512.3.2-6
Churchill, S. W., 2.5.7-l/25.10-12
Churchill and Chu correlations for free convective heat transfer:

horizontal cylinders, 2.5.7-2 1
vertical plates: laminar flow, 2.5.7-3

turbulent flow, 2.5.7-4
Churn flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Circles, radiative heat transfer shape factors between parallel

coaxial, 2.9.3-3
Circular cylinders (see Cylinders)
Circulation, modes of in free convection: in enclosures heated

from below, 2.5.8-6
CISE wrrelations for void fractions, 2.3.2-14/2.3.2-15
ClapeyronClausius  relationship (see Clausius-Clapeyron

relationship)
Clausius-Clapeyron  relationship:

application in evaporation, 2.7.1-2
in homogeneous nucleation, 2.7.1-3

Cleaning of shell-and-tube heat exchangers, 3.3.4-5
Climbing film evaporator, 3.5.24

Closed distillation process, 2.1.7-8
Coalescence of bubbles in fluidized beds, 2.2.6-512.2.6-6
Coatings for corrosion protection, 4.5.2-5/4.5.2-6
Cocurrent  flow:

F-factor chart for, 1.5.2-3
heat exchangers, 1.1.1-l/1.1.1-2

single-phase temperature pattern in, 1.1.3-l
solutionsfor, 1.3.1-l/1.3.14

e-NTU chart for, 1.5.2-3
Codes, mechanical design:

analytic basis of code rules, 4.3.3-l/4.3.3-2
comparison of principal codes, 4.3.4-l/4.3.4-3

cylinders: external pressure, 4.3.4-l/4.3.4-2
flanges, 4.3.4-214.3.4-3
nozzles, 4.3.4-3
stresses, 4.3.4-l
tubesheets, 4.3.4-2

example of applications, 4.3.6-l/4.3.6-23
guides to national practice in application of, 4.3.5-l/4.3.5-9

France (SNCT),  4.3.5-6
Germany (Merkblatter), 4.3.5 4
Holland (Stoomwesen), 4.3.5-5
Italy (ANCC), 4.3.5-7
Japan: high pressure, 4.5.3-9

standard, JIS-B8243,4.3.5-8
U.K. (BS 1500),  4.3.5-3
U.S. (ASME VIII), 4.3.5-2

index to U.S., U.K., and F.R.G. codes,  4.3.2-1/4.3.2-l  1
conical shell, 4.3.2-314.3.24
cylindrical shell and channel, 4.3.2-2/4.3.2-3
dished head, 4.3.24
flanges, 4.3.2-514.3.2-7
flat head, 4.3.2414.3.2-5
floating head, 4.3.2-5
nozzles, 4.3.2-914.3.2-10
shell bellows, 4.3.2-10/4.3.2-11
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supports, 4.3.2-7
tubes, 4.3.2-3
tubesheets, 4.3.2-714.3.2-9

introduction, 4.3.1-l/4.3.1-3
Coiled tubes (see Helical coils,  Curved ducts)
Coiled wire inserts for enhancement of heat transfer in boiling,

2.7.9-3
Colbum and Drew method for binary vapor condensation, 2.6.3-7
Colburn and Hougen method for condensation in presence of

nonwndensable gases, 2.6.3-6
Colburn equation for single-phase heat transfer outside tube

banks, 3.3.2-l
Colbum j factor:

application in heat exchangers, 3.3.1-2
definition, 2.1.3-4
for flow over tube banks, 3.3.7-113.3.74
in plate fin exchangers, 3.9.4-l/3.9.6-2
values of heat transfer in tubes. 2.1.3-7

Colebrook-White equation for friction factor in rough circular
pipe, 2.2.2-3

Coles, i&of the wake, 2.2.1-26
Collier, J. G., 2.7.1-l/2.7.8-10
Column internal reboiler (see Internal reboilers)
Combined conductive, convective, and radiative heat transfer,

2.9.8-l/2.9.8-10
Combined free and forced convection heat transfer:

in channels, 25.10-l/2.5.10-10
horizontal channels, 2.5.10-7/25.10-12
vertical channels: laminar assisted convection,

2.5.10-212.5.10-6
laminar opposing convection, 25.106
turbulent, 25.10-6/2.5.10-7

around immersed bodies, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
horizontal plates (transverse flow), 25.9-4/2.5.9-6
immersed bodies (transverse flow), 2.5.9-6
opposing convection, 2.5.94
slightly inertial flow regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/25.9-3
turbulent regime (assisting convection), 2.5.94

Combined heat and mass transfer, 2.1.6-l/2.1.64
in condensation of mixtures, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2
in evaporation of binary and multicomponent mixtures,

2.7.8-212.7.86
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12125.7-13

Combining flow, loss coefficients in, 2.2.2-20
Combustion chambers (see Furnaces)
Combustion model for furnaces, 3.11.7-3/3.11.7-4
Compact heat exchangers (see Plate fin heat exchangers)
Compartment dryers, 3.13.2-3
Compound systems for augmentation of heat transfer, 2.5.11-9

Compressible flow:
in ducts, 2.2.2-1212.2.2-14

adiabatic (Fanno)  flow, 2.2.2-13
basicequations for, 2.2.2-1212.2.2-13
with constant heat transfer, 2.2.2-1212.2.2-13
over cylinders, 2.2.3-6
inviscid  flow with heat addition, 2.2.2-13
low density effect in, 2.2.2-13

Computer methods for heat exchanger design:
discussion of, 3.3.10-l/3.3.10-2
logic of, 3.1.3-3/3.1.3-4
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Computer methods for heat exchanger design, logic of (Cont.):
design, 3.1.3-3/3.1.34
rating, 3.1.3-3

plate exchangers, 3.7.104
Computer program for Monte Carlo calculations of radiative

heat transfer, 2.9.44/2.9.4-S
Concentration, choice of evaporator type for, 3.5.5-l/3.5.5-2
Concentric spheres, free convective heat transfer in, 2.5.8-16
Concurrency corrections in plate heat exchangers,

3.1.8-l/3.1.8-2
Condensation:

combined heat and mass transfer in, 2.1.6-2/2.1.64
dropwise, 2.6.5-l/2.6.54

calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction to, 2.1.7-6
mechanism of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promoters for, 2.6.5-3/2.6.54

film, introduction to, 2.1.7-4/2.1.76
fiiwise, of pure vapor, 2.6.2-l/2.6.2-19

outside horizontal and inclined tubes, 2.6.2-912.6.2-12,
3.4.6-3

inside horizontal tubes, 2.6.2-1212.6.2-15,  3.4.6-2
interfacial resistance in, 2.6.2-15
liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-212.6.2-9,  3.4.6-3

on finned tubes, 3.4.6-3
fogging in, 2.6.7-l/2.6.74

conditions producing supersaturation, 2.6.7-212.6.7-3
design to minimize, 2.6.7-3
effects of, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l

in horizontal tubes, flow regimes in, 2.3.2-7
in plate exchangers, 3.7.12-1
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
introduction to, 2.6.1-1

heat transfer resistances in, 2.6.1-2
modes of, 2.6.1-l/2.6.1-2

of vapor mixture, 2.6.3-l/2.6.3-10,  3.4.64
approximate method, 2.6.3-2/2.6.3-5
binary vapor mixtures, 2.6.3-7
multicomponent mixtures, 2.6.3-7/2.6.3-9
single vapor with noncondensable gas, 2.6.3-512.6.3-7

of vapor mixtures forming immiscible liquids, 2.6.4-l/2.6.4-7
eutectic mixtures, 2.6.4-2/2.6.4-3
with incondensable gases, 2.6.4-512.6.4-7
non-eutectic mixtures, 2.6.4-3/2.6.4-5

Condensation curves:
description, 2.6.3-l/2.6.3-2
differential, 2.6.34/2.6.3-5
integral, 2.6.3-3/2.6.3-5

Condensers:
approximate overall heat transfer coefficients in, 2.1.2-3
design procedures for, 3.4.9-l/3.4.9-4

overall, 3.4.9-l/3.4.9-2
inside tubes, 3.4.9-213.4.9-3
outside tubes, 3.4.9-3/3.4.9-4

discussion of types of, 3.4.3-l/3.4.3-6
horizontal in-tube, 3.4.3-3/3.4.34
horizontal, outside tube, 3.4.3413.4.3-6
vertical in-tube, downflow, 3.4.3-l/3.4.3-2
vertical in-tube, upflow,  3.4.3-2/3.4.3-3
vertical, outside tube, 3.4.3-6

fogging in, 2.6.7-l/2.6.7-4, 3.4.5-2
heat transfer in, 3.4.6-l/3.4.64

finned  tubes, 3.4.6-3
outside horizontal tubes, 3.4.6-3
with mixtures, 3.4.64
subcooling in, 3.4.64
inside tubes, 3.4.6-l/3.4.6-2
outside vertical tubes, 3.4.6-313.4.64

introduction to, 3.4.1-1 *

mean temperature difference in, 3.4.8-l/3.4.8-3
operational problems in, 3.4.5-l/3.4.5-2

fogging,  3.4.5-2
due to limited vapor load, 3.4.5-l/3.4.5-2
pressure control, 3.4.5-l
venting, 3.4.5-2

pressure drop in, 3.4.7-113.4.7-2
selection of type of, 3.4.2-l/3.4.24
temperature patterns in, 1.1.3-l/1.1.3-2
as type of heat exchanger, 1.1.5-2
for use in association with evaporators, 3.5.4-2
for vapor mixtures, 3.4.3-l/3.4.4-2
(See also Condensation)

Conduction, heat:
basic equations for, 2.4.1-l/2.4.1-2
in melting and solidification, 2.4.4-l/2.4.4-3
periodic change of temperature in, 2.4.5-l/2.4.54
steady state, 2.4.2-l/2.4.2-3

in bodies with internal heat sources, 2.4.2-3
plane, cylindrical and spherical shells without internal

heat sources, 2.4.2-l/2.4.2-3
thermal contact resistance in, 2.4.6-l/2.4.6-2
transient response to a step change in temperature,

2.4.3-l/2.4.3-12
one-dimensional systems, 2.4.3-l/2.4.3-10
multidimensional systems, 2.4.3-10/2.4.3-l 1

Conductors, thermal conductivity of, 5.4.3-215.4.3-3
Cones, vertical:

free convective heat transfer from, 25.7-24
Conical shells, mechanical design of:

analytic basis for codes, 4.3.3-I
basic principles of, 4.1.3-2
index to U.K., U.S., and F.R.G. codes for, 4.3.2-3/4.3.24

Connors equation for fluid elastic instability, 4.6.4-2
Conservation equations:

for chemical species, 1.2.1-3
in differential form, 2.2-l-5/2.2.1-7
in duct flow, 2.2.1-3/2.2.1-5
in furnaces, 3.11.7-l/3.1  1.7-2
for gas-liquid flows, 2.3.2-812.3.2-9

homogeneous model, 2.3.2-g
separated flow model, 2.3.2-8/2.3.2-9

in integral form, 2.2.1-2/2.2.1-5
for multiphase flows, 2.3.14/2.3.1-7

homogeneous model for, 2.3.14/2.3.1-7
separated flow model for, 2.3.1-6/2.3.1-7

for turbulent flows, 2.2.1-13/2.2.1-14
Construction elements of heat exchangers, 4.1.1-2/4.1.2-3
Contact angle, 2.3.1-2

influence in nucleate boiling, 2.7.1-5,2.7.2-2
Contact resistance:

influence on particle-t-wall heat transfer in packed beds,
2.8.3-3

thermal, 2.4.6-l/2.4.6-4
Continuity equation:

applications in heat exchanger calculations, 1.2.6-5
in boundary layer, 2.2.1-17
in compressible duct flows, 2.2.2-12
differential form in single phase flow, 2.2.15/2.2.1-7
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Continuity equation (Cont.):
in gas-liquid flows, 2.3.2-812.3.2-9
integral form in single phase flow, 2.2.2-2
in multiphase flows: homogeneous, 2.3.1-5

separated flow, 2.3.1-25
in turbulent flow, 2.2.1-14

Continuum model, for fluids, 2.2.1-1
Continuum theories, for non-Newtonian fluids, 2.2.8-6/2.2.8-9

Lodge�s rubber-like liquid, 2.2.8-8
Maxwell model, 2.2.8-7
Oldroyd eight constant model, 2.2.8-8
White-Metzner model, 2.2.8-8

Contraction, sudden, pressure drop in: single-phase flow,
2.2.2-20

two-phase gas-liquid flow, 2.3.2-1612.3.2-17
two-phase gas-liquid flow, 2.3.2-1612.3.2-17

Control:
of heat pipes, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

Convection effects, on heat transfer in kettle reboilers:
bundle induced, 3.6.2-213.6.2-3

Convective boiling (see Boiling)
Convective heat transfer, single phase:

around immersed bodies: single bodies, 2.5.2-312.5.2-8
smooth flat plates, 2.5.2-112.5.2-3

augmentation of, 2.5.11-l/2.5.11-12
in combined free and forced convection (see Combined free

and forced convection)
channel flows, 2.5.10-l/2.5.10-12
immersed bodies, 2.5.9-l/2.5.9-7

effect of radiation on, 2.9.8-l/2.9.8-10
in fixed beds, 2.8.2-112.8.2-8,  2.8.3-l/2.8.3-3
in flow over tube banks, 2.5.3-l/2.5.3-16

finned  tubes, 2.5.3X112.5.3-16
plain tubes, 2.5.3-l/2.5.3-6

forced convection in ducts, 2.5.1-l/2.5.1-13
laminar flow, 2.5.1-2/2.5.1-5
turbulent flow, 2.5.1-5/2.5.1-13

in free convection: immersed bodies, 2.5.7-l/2.5.7-31
layers and enclosures, 2.5.8-l/2.5.8-25

with impinging jets, 2.5.6-l/2.5.6-10
in liquid metal systems, 2.5.13-l/2.5.134
with non-Newtonian fluids, 2.5.12-l/2.5.12-16

in channels with viscous heating, 2.5.12-10/2.5.12-14
in channels without viscous heating, 2.5.12-6/25.12-10
with dilute polymer solution, 2.5.12-1412.5.12-15

in packed and agitated beds, 2.8.3-l/2.8.3-9
Conversion factors, for physical properties, 5.5 J-3
Conveyor, gravity:

air activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-9

Cooling towers:
effect of variation in atmospheric pressure on,

3.12.6-213.12.6-3
hybrid, 3.12.5-l/3.12.5-5

assisted draft, 3.12.5-313.12.54
closed-circuit evaporative coolers, 3.12.5-4/3.12.5-5
dry, 3.12.5-l/3.12.5-2
wet-dry, 3.12.5-213.12.5-3

introduction to, 3.12.1-1
mechanical draft, 3.12.4-l/3.12.44
natural draft: dry, 3.8.2-l/3.8.2-2,  3.8.8-l

wet, structural design, 3.12.3-6/3.12.3-7
wet, thermal design, 3.12.3-l/3.12.36
main features of, 3.12.4-l/3.12.4-2
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thermal performance and design, 3.12.2413.12.4-4
packing region in, 3.12.2-l/3.12.2-13

departures from uniform counter flow in,
3.12.2-12/3.12.2-13

heat and mass transfer in, 3.12.2-l/3.12.2-3
packings in, 3.12.2-8/3.12.2-11
state of air leaving, 3.12.2-11/3.12.2-12
theory of thermal design of, 3.12.2-3/3.12.2-8

testing and acceptance of, 3.12.6-l/3.12.6-2
as type of heat exchanger, 1.1.5-2
water loss from, 3.12.6-2

Cooper, Anthony, 3.7.1-l/3.7.12-2
Copper-base alloys, as material of construction, 4.5.2414.5.2-5
Correlation, general nature of, 1.2.3-511.2.3-6
Correspondence principle, in physical properties, 5.1.1-1
Corrosion:

associated with phase separation, 4.5.3-5
associated with welds, 4.5.3-5/4.5.3-6
erosion/corrosion, 4.5.3-114.5.3-2
fretting, 4.5.3-2
gas-vapor phase, 4.5.3-614.5.3-7
materials of construction to avoid, 4.5.2-2t4.5.26
in shell-and-tube heat exchangers, 3.3.4-5
vapor blanketing as cause, 4.5.34
in various equipment: reboilers, 4.5.3-5

waste heat boilers, 4.5.34
Corrugation design, for plate heat exchangers, 3.7.3-l/3.7.3-2,

4.4.2-314.4.24
Costing of heat exchangers:

air-cooled, 4.8.3-l/4.8.3-3
introduction to, 4.8.1-1
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

Countercurrent flow:
critical heat flux in, 2.7.3-26
gas-liquid, in vertical channels, 2.3.2-2112.3.2-22
heat exchangers, 1.1.1-l

temperature pattern for in single-phase flow, 1 .1.3-l
e-NTU  chart for, 1.5.2-2

Counterflow (see Countercurrent flow)
Coupled thermal fields, in transient conduction, 2.4.3-12
Cowie, R. C., 4.8.2-l/4.8.2-5
Creeping flow, in combined free and forced convection around

immersed bodies, 2.5.9-3
Critical density, of commonly used fluids, 5.5.1-l/5.5.1-40
Critical flow, in gas-liquid systems, 2.3.2-26/2.3.2-29

Henry-Fauske model for, 2.3.2-2812.3.2-29
homogeneous models for, 2.3.2-28

Critical heat flux:
in axial flow reboilers, 3.6.2-713.6.2-8
in counter-current flow, 2.7.3-26
enhancement of, in boiling in tubes, 2.7.9-3/2,7.94

pool boiling, 2.7.9-l/2.7.9-2
in evaporators, 3.5.7-3
in flow in vertical annuli,  2.7.3-20/2.7.3-21
in flow in vertical tubes, 2.7.3-13/2.7.3-30

nomenclature for, 2.7.3-13
with non-uniform heat flux, 2.7.3-1812.7.3-20
with  uniform heat flux, 2.7.3-13/2.7.3-18

in forced convective boiling of binary and multicomponent
mixtures, 2.7.8-612.7.8-7

departure from nucleate boiling, 2.7.8-612.7.8-7
dryout, 2.7.8-7

in kettle reboilers, 3.6.2-413.6.2-5
mechanisms of, 2.7.3-2212.7.3-26

annular flow prediction methods for, 2.7.3-23/2.7.3-26
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Critical heat flux (Cont.):
with nonaqueous fluids, 2.1.3-2612.7.3-30
in pool boiling, 2.1.2-912.1.2-13

geometric effects in, 2.7.2-10/2.7.2-11
liquid viscosity effects on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13
Zuber  analysis for, 2.7.2-912.7.2-10

in pool boiling of binary and multicomponent mixtures,
2.7.74/2.1.7-5

in rectangular channels, 2.7.3-20
in rod bundles, 2.7.22112.7.3-22
outside single tubes in crossflow, 2.7.5-212.7.5-3
outside tubes in tube banks, 2.7.5512.7.5-7

correlations for, 2.7.5612.1.5-7
mechanisms of, 2.7.5-5/2.7.5-6

Critical pressure:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-6
in pure fluids, 5.1.1-2

Critical Rayleigh number, in free convection, 2.5.8-2/2.5.8-3,
2.5.8-312.5.8-6

Critical temperature:
of commonly used fluids, 55.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-5
in pure fluids, 5.1.1-l/5.1.1-2

Critical velocity, in stratification in bends and horizontal tubes,
2.1.4-l/2.7.4-3

Critical volume, 5.1.1-2
Crocco�s integral, application to boundary layer equations,

2.2.1-19
Cross counter flow heat exchangers, 1.1.1-2

solutions for, 1.3.1-l/1.3.14
Crossflow:

in air-cooled heat exchangers, 3.8.5-l/3.85-5
boiling in over horizontal tubes and tube banks,

2.75-l/2.7.54
in cooling towers, 3.12.2-12/3.12.2-13
over cylinders (see Cylinders)
flow induced vibration in, 4.6.1-l/4.6.6-3
heat exchangers: definition of, 1.1.1-2

solutions for heat transfer in, 1.2.64, 1.3.14
pressure drop in gas-liquid, 2.3.2-12
in shell-and-tube heat exchangers, 3.3.6-3/3.3.64
temperature difference correction (F-correction) and e-NTU

charts for various configurations of, 15.3-l/1.5.3-13
with both streams mixed, 1.5.3-3
one tube row, unmixed, 1.5.34
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two passes, unmixed, 1.5.3-g

over tube banks (see Tube banks)
Crossflow shells (see X-shells)
Crystallization, choice of evaporator type for, 3.5.5-2
Curved ducts:

dryout  in evaporative heat transfer in, 2.7.4-212.1.44
single-phase fluid flow and pressure drop in,

2.2.2-1412.2.2-16
flow characteristics in, 2.2.2-14/2.2.2-15
laminar  flow in, 2.2.2-15/2.2.2-16
turbulent flow in, 2.2.2-16

Cut-and-twist factor, in enhancement of heat transfer in double
pipe heat exchangers, 3.2.3-l

Cyclohexane, saturation properties of, 5.5.1-11
Cyclopentane,  saturation properties of, 5 5.1-l 1
Cylinders:

banks of cylinders (see Tube banks)
boiling from outside horizontal in crossflow, 2.7.5-l/2.7.54
characteristics of as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-112.5.9-6
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.28
flow across, 2.2.3-312.2.3-7

circular, 2.2.2-312.2.26
noncircular,  2.2.3-612.2.3-7
pressure coefficient in, 2.2.4-2

free convective heat transfer from, 2.5.7-2012.5.7-24
horizontal, 2.5.1-2012.5.7-23
vertical and inclined, 2.5.7-23/2.5.7-24

free convective heat transfer inside horizontal, 2.5.8-14
hollow, radiation and conduction around, 2.9.8-612.9.8-l
pool boiling from, 2.7.2-l/2.7.2-15

critical heat flux in, 2.7.2-912.7.2-12
radiative heat transfer on nonisothermal gas in, 2.9.7-3
steady-state thermal conduction in, 2.4.2-l/2.4.2-3
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
single-phase heat transfer in flow over, 2.5.24/2.5.2-5
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
under external pressure, comparison of mechanical design

codes for, 4.3.4-l/4.3.4-2

D
Damage, sources of in heat exchangers, 45.3-l/4.5.3-7,

4.6.1-l/4.6.1-2
Damkohler  number:

definition, 2.2.1-11
modified form for compressible flows with heat transfer,

2.2.2-12
Damping:

capacity, anelasticity, and, 5.45-5
of flow-induced vibration, 4.6.24

Davis and Anderson criterion, for onset of nucleate boiling,
2.1.36

Decane,  saturation properties of, 5.5.1-10
Degradation temperature, of polymers, 2.5.12-1
�Del� operator (see Differential vector operators)
Delaware method, for shell-side heat transfer and pressure drop,

(see Bell-Delaware method)
Dengler and Addoms correlation, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Density:

defmition, 2.2.1-1
fluid with constant, 2.2.1-8/2.2.1-g
fluid with small variations of, 2.2.1-8
of Liquid water, 5.5.3-2
of multicomponent liquid mixtures, 5.2.3-l/5.2.3-2
relation with viscosity for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.140
of solids, 5.4.1-l/5.4.1-2

graphite and carbon, 5.4.1-1
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Density, of solids (Cont.):
metal alloys, 5.4.1-1
organics, 5.4.1-2
refractories, 5.4.1-l/5.4.1-2

Deposition of droplets in annular flow, 2.3.2-21, 2.7.3-24
Design of heat exchangers, introduction, 3.1.1-l/3.1.4-9
Design procedures, for segmentally baffled heat exchangers,

3.3.10-l/3.3.10-8
Desuperheaters for use in association with evaporators, 3.5.4-2
Developing flow in ducts:

single-phase flow and pressure drop in, 2.2.2-10/2.2.2-11
hydrodynamic entrance region in, 2.2.2-10/2.2.2-l  1
various forms and effects on, 2.2.2-11

Diathermanous fluid, 2.9.1-1
Differential condensation:

calculation of condensation curves, 2.6.34
description, 2.6.3-l/2.6.3-3

Differential formulations for nonisothermal gas radiation,
2.9.7-512.9.7-8

embedding, 2.9.7-712.9.7-8
multiflex methods, 2.9.76/2.9.7-7
radiation diffusion, 2.9.7-512.9.7-6

Differential resistance term in heat exchanger design, 3.3.9-2
Differential vector operators in heat conduction, 2.4.1-2
Diffraction models for radiative heat transfer from surfaces,

2.9.4-712.9.4-8
Diffuse surfaces, radiative heat transfer between, 2.9.3-l/2.9.3-17
Diffuse wah passages, radiative heat transfer in, 2.9.3-13/2.9.3-16
Diffusers, single-phase flow and pressure drop in,

2.2.S-1712.2.2-19
effect of inlet conditions, 2.2.2-18/2.2.2-19
with free discharge, 2.2.2-17/2.2.2-18
methods of improving performance in, 2.2.2-19
performance, 2.2.2-17

Diffusion coefficients:
in gases, 5.2.5-315.2.54
in liquids, 5.2.5-l/5.2.5-3

Dimensional analysis:
pi theorem for, 2.2.1-11/2.2.1-12
and theory of similarity, 2.2.1-10/2.2.1-13

Dimensionless groups:
equivalent groups in heat and mass transfer, 2.1.5-2
in fluidization, 2.2.6-212.2.6-3
m free convective heat transfer to immersed bodies,

2.5 .I-212.5 .I-3
table of, 2.2.1-11

Dimensionless numbers (see Dimensionless groups)
Dimensionless time (see Fourier number)
Dimethyl propane saturated properties, 5 5 .I-6
Direct contact condensation:

introduction, 2.6.1-1
mechanical construction, 4.4.4-6/4.4.4-7

Direct contact cooling, 4.4.4-8
Direct contact evaporation, 4.4.4-7
Dirt (see Fouling)
Discretization in numerical analysis:

for cases where flow patterns must be calculated, 1.4.2-1
in design of heat exchangers with prescribed flow patterns,

1.4.1-l/1.4.1-6
effect of fineness, 1.4.1-5/1.4.1-6
subdivision of space, 1.4.1-l/1.4.1-2
subdivision of time, 1.4.1-2/1.4.1-3

Disk-and-doughnut baffled heat exchangers, 3.3.11-2
Disk turbine agitator, 3.14.2-l/3.14.2-2

heat transfer in vessel agitated by, 3.14.3-1
Disks, free convective heat transfer from inclined, 2.5.7-25

Dispersed bubble flow (see Bubble flow)
Dissipation of turbulent energy, 2.2.1-20
Distillation, closed distillation process, 2.1.7-8
Distribution:

annular, in shell-and-tube heat exchangers, 3.35-11
design in fluidized beds, 2.2.6-712.2.6-8

Dittus-Boelter equation, for single-phase forced convective heat
transfer, 2.7.3-5

Dividing flow, loss coefficients in, 2.2.2-19
DNB (departure from nucleate boiling) (see Critical heat flux)
Donohue method, for shell-side heat transfer in shell-and-tube

heat exchangers, 3.3.2-2
Double-pipe heat exchanger:

approximate overall heat transfer coefficients, 2.1.2-3
description, 3.1.2-l/3.1.2-2
design, 3.2.1-l/3.2.6-2

applications of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters for, 3.2.3-l/3.2.36
introduction, 3.2.1-1
operational advantages of, 3.2.6-l/3.2.6-2
types available, 3.2.4-113.2.4-2

Double segmental baffled heat exchangers, 3.3.11-2
Downward facing surfaces, free convective heat transfer from,

2.5.T1312.5.7-15
Downward flow in vertical tubes, flow patterns in gas/liquid,

2.3.2-2
Dowtherm  A saturation properties, 5.5 .l-28
Dowtherm  J saturation properties, 5.5 .l-28
Drag coefficient:

for circular cylinder, 2.2.3-3/2.2.34
definition, 2.2.3-2
in fluidized beds, 2.2.6-2
for sphere, 2.2.3-3
on tube in tube bank, 2.2.4-312.2.4-5

Drag force:
on immersed bodies, 2.2.3-212.2.34
on tube in tube bank, 2.2.4-3/2.2.4-5

Drag reduction, 2.2.8-11/2.2.8-12
effect on heat transfer, 2.5.12-14/2.5.12-15

Drift flux model for two-phase flows, 2.3.1-7/2.3.1-g
Droplets:

deposition and entrainment of, in annular flow, 2.3.2-21
nucleation of in supersaturated vapors, 2.6.7-l/2.6.7-2
use in augmentation of heat transfer, 2.5.11-8

Dropwise  condensation:
calculation of heat transfer in, 2.6.5-2/2.65-3
introduction, 2.1.7-6, 2.6.1-1, 2.6.5-l
mechanisms of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promotors for, 2.6.5-3/2.6.5-4

Dry cooling towers, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.12.5-l/3.12.5-2
Dry-wall convection, in evaporation (see Postdryout heat

transfer)
Dryers:

classification and selection, 3.13.2-l/3.13.2-4
introduction, 3.13.1-l/3.13.1-2
layout and performance data, 3.13.3-1/3.13.3-S

description of drying process in the Mollier chart,
3.13.34/3.13.3-5

energy and mass balances, 3.13.3-l/3.13.3-2
MoUier chart, 3.13.3-1
wet bulb temperature in, 3.13.3-2/3.13.34

practical design, 3.13.7-l/3.13.7-3
band dryers, 3.13.7-l/3.13.7-2
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Dryers, practical design (Cont.):
fluid bed dryers, 3.13.7-2
pneumatical conveying dryers, 3.13.7-2
rotary dryers, 3.13.7-2
spray dryers, 3.13.7-213.13.7-3

prediction of drying rates in, 3.13.4-l/3.13.4-5
prediction of residence time in: with nonprescribed material

flow, 3.13.6-l
with prescribed material flow, 3.13.5-l/3.15.5-5

as type of heat exchange equipment, 1 .1.5-3
Drying, combined heat and mass transfer in, 2.1.6-l/2.1.6-2
Drying loft, 3.13.2-3
Drying plant (see Dryers)
Drying rates, prediction of, 3.13.4-l/3.13.4-5
Dryout:

introduction, 2.7.3-2
as mechanism for critical heat flux: of liquid film,

2.7.3-2212.7.3-30
under a vapor clot, 2.7.3-22

(See also Critical heat flux)
Ductile fracture as failure mode of heat exchanger, 4.1.1-3
Ducts, single-phase fluid flow and pressure drop in,

2.2.2-l/2.2.2-25
circular pipes, fully developed flow, 2.2.2-112.2.2-l
compressible flow in, 2.2.2-1212.2.2-14
curved ducts, 2.2.2-1412.2.2-17
developing flow in, 2.2.2-10/2.2.2-11
losses in piping components in, 2.2.2-14/2.2.2-20
noncircular ducts, fully developed flow, 2.2.2-712.2.2-10
unstead flow in, 2.2.2-14

Durand correlation for heterogeneous conveyance in solid/liquid
flow, 2.3.4-6

E
E-type shells in shell-and-tube heat exchangers:

recommended calculation methods for pressure drop and heat
transfer in, 3.3.1-l/3.3.10-8

temperature difference correction Q and &NTU charts for,
1.5.2-5/1.5.2-10

Edcert number, 2.2.1-11
Eddy viscosity:

definition, 2.2.2-2
relation to mixing length, 22.24

Edwards, D. K., 2.9.1-l/2.9.8-12,5.5.5-1/5.5.54
EEC code for thermal design of heat exchangers, 4.3.1-3
Effective thermal conductivity of fixed beds, 2.8.1-l/2.8.1-14,

2.8.2-212.8.2-5
Effective tube length in shell-and-tube heat exchangers, 3.3.5-17
Effectiveness of a heat exchanger, definition, 1.2.4-3,2.1.2-2
Efficiency of fins, 2.5.3-6/2.5.3-7
Elastic analysis, in mechanical design, 4.1.2-11
Elastic properties of solids:

anelasticitydamping capacity, 5.4.5-5
anisotropy, 5.4.54/5.4.5-5
introduction to, 5.4.5-l
isotropic materials, 5.4.5-3/S  .4.54
static and dynamic properties, 5.4 5-2
stress-strain curve, 5.4.5-215.4.5-3
tables of, 5.5.8-l/5  5.8-3

Electric fields, effect on properties of rheologically complex
materials, 5.3.8-l/5.3.8-2

Electromagnetic theory of radiation, 2.9.2-7/2.9.2-10

Electrostatic fields in augmentation of heat transfer,
2.5.11-3/2.5.114,2.5.11-8/25.11-9,2.7.94

Elhadidy relation between heat and momentum transfer, 1.2.36
Embedding methods for radiative heat transfer in nonisothermal

gases, 2.9.7-712.9.7-8
Emission of thermal radiation, in solids, 2.9.2-l/2.9.2-3

characteristics of, 2.9.2-l/2.9.2-2
measurement of, 2.9.2-3

Emissivity:
of gaseous combustion products, 3.11.34
of gases, 2.9.5-l/2.9.5-13

table, 5.5.5-l/5.5.54
of solids, 5.4.4-l/5.4.4-6
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
tables, 5.5.7-l/5.5.1-3
total, of solids, table, 3.11.3-6

EMTD (effective mean temperature difference) in air-cooled heat
exchangers, 3.8.54/3.85-5

Enclosures:
annuli,  free convective heat transfer in: horizontal,

25.8-14/25.8-16
vertical (heated on vertical curved surfaces),

2.5.8-1312.5.8-14
concentric spheres, free convective heat transfer in, 25 S-16
free convection heat transfer in, when heated from below,

2.5.8-3125.8-6
critical Rayleigh  number, 25.8-3/25.8-6
heat transfer rates, 25.8-6
modes of circulation, 25.86

honeycombs, free convective heat transfer in,
2.5.8-2012.5.8-23

horizontal cylinders, free convective heat transfer inside,
2.5.8-14

inclined, free convective heat transfer in, 2.5.8-17/2.5.8-20
large aspect ratios, 2.5.8-1712.5.8-19
moderate aspect ratios, 2.5.8-20

rectangular, free convective heat transfer in, when heated
from the sides, 2.5.8-6/2.5.8-13

flow patterns in, 2.5.8-612.5.8-8
large aspect ratios, 2.5.8-8/2.5.8-10
with local heating, 25.8-13
low aspect ratios, 25.8-10/2.5.8-13

Energy, internal (see Specific internal energy)
Energy equation:

in boundary layers, 2.2.1-18
in compressible duct flow, 2.2.2-12
differential form in single-phase flow, 2.2.1-S/2.2.1-7
in gas-liquid flows, 2.3.2-8/2.3.2-g

homogeneous flow, 2.3.2-8
separated flow, 2.3.2-812.3.2-g

in heat exchangers, 1.2.6-2/1.2.6-3
integral form in single-phase flow, 22.1-3
in multiphase flows: homogeneous, 2.3.1-5/2.3.1-6

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Enhancement devices:
for condensation, 2.6,6-l/2.6.64
for single-phase heat transfer, 2.5.11-l/25.11-12

Enhancement of heat transfer (see Augmentation)
Enlargements in pipes:

single-phase flow and pressure drop in, 2.2.2-17/2.2.2-19
diffusers, 2.2.2-1712.2.2-19
sudden enlargements, 2.2.2-19
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Enlargements in pipes (Cont.):
two-phase flow and pressure drop in, 2.3.2-U/2.3.2-16

slow change, 2.3.2-M/2.3.2-16
sudden enlargement, 2.3.2-16

Enthalpy:
changes in streams in heat exchangers, 1.2.4-l/1.2.4-2
of saturated liquids and vapors, 5.5.1-l/5.5.1-40
(See also Specific enthalpy)

Enthalpy balance equations for cooling towers, 3.12.2-5
Entrainment in annular gas-liquid flow, 2.3.2-l 1,2.7.3-24
Entrance effects in heat and mass transfer:

comparison of laminar and turbulent flows, 2.1.7-l/2.1.7-2
in turbulent flow heat transfer, 2.5 .l-7

Entrance lengths, hydrodynamic in pipe flow, 2.2.2-10/2.2.2-11
Entrance losses for tube inlet in shell-and-tube heat exchanger,

2.2.7-712.2.7-8
Entropy (see Specific entropy)
Eijtvos  number:

in bubble departure, 2.7.1-8
definition, 2.3.2-19

Equations of state:
Benedict-Webb-Rubin, 5.2.2-3
Peng-Robinson, 5.1.24
Redlich-Kwong, 5.1.24
Redhch-Kwong-Soave,  5.1.24
van der Waals, 5.1.2-315.1.2-4

Equilibrium interphase:
in binary and multicomponent mixture, 2.7.6-l/2.7.64,

5.2.1-l/5.2.1-8
hydrdcarbon phase behavior, 5.2.1-315.2.1-5
in mixtures of undefined components, 5.2.1-5/S  .2.1-8
nonhydrocarbon phase behavior, 5.2.1-5
vapor-liquid, 5.2.1-2/5.2.1-3

introduction, 1.2.1-3
metastable and stable, 2.7.1-1

Equilibrium vapor nucleus, 2.7.1-3
Equivalent sand roughness, 2.2.1-29/2.2.1-30
Ergun equation, for pressure drop in fixed beds,

2.2.5-2
Ethane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of, 5.5.2-2

Ethanol:
critical heat flux table for flow boiling of in vertical tube,

2.7.3-29
saturation properties of, 5.5.1-18

Ethyl acetate saturation properties, 5.5.1-25
Ethyl benzene saturation properties, 5.5.1-14
Ethyl ether saturation properties, 5 5.1-23
Ethylene:

saturation properties of, 5.5.1-U
superheated gaseous, thermodynamic properties, 5.5.2-3

Ethylene oxide saturation properties, 5.5 .l-24
Euler number:

definition, 2.2.1-11
effect of roughness on, in flow over tube banks,

2.2.4-1412.2.4-15
in flow over tube banks, 2.2.4-512.2.4-12

European Economic Community (see EEC code for thermal
design of heat exchangers)

Eutectic mixtures, condensation of forming immiscible liquids,
2.6.4-212.6.4-3

Evaporation:
flow regimes in, 2.3.2-612.3.2-7
at an interface, 2.7.1-2

interfacial  resistance in, 2.1.7-8
introduction to, 2.1.7-6/2.1.7-8
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
in plate heat exchangers, 3.7.12-1
(See also Boiling)

Evaporative coolers, 3.12.54/3.12.5-5
Evaporators:

arrangements for, 3.5.3-l/3.5.3-2
flash evaporation, 3.5.3-2
multiple effect, 3.5.3-l/3.5.3-2
vapor recompression, 3.5.3-2

choice of type of, 3.5.5-l/3.5.5-2
concentration, 3.5.5-l/35.5-2
crystallization, 3.5.5-2
vaporization, 3.5.5-l

design aspects, 3.5.4-113.5.4-2
condensers for, 3.5.4-2
desuperheaters for, 3.5.4-2
hot fluid space in, 3.5.4-l
separators for, 3.5.4-l/3.5.4-2

estimation of heat transfer coefficients in, 3.5.7-l/3.5.7-3
estimation of pressure drop and circulation in, 3.5.6-l
estimation of surface area in, 3.5.8-l
introduction to, 3.5.1-1
as type of heat exchanger, 1.1.5-2
types, 3.5.2-l/3.5.2-7

basket type, 3.5.2-l/3.5.2-3
climbing fnm,  3.5.24
falling film, 3.5.24/3.5.2-5
horizontal shell side, 3.5.2-l
horizontal tube side, 3.5.2-513.5.2-6
long-tube vertical, 3.5.2-313.5.24
plate-type, 3.5 -2-6
short-tube vertical, 3.5.2-l

Exit losses for tubes in shell-and-tube exchanger, 2.2.7-8
Expansion joints, mechanical design of:

basic principles of, 4.1.6-1
constructional details of, 4.2.6-10/4.2.6-11

Expansion of tubes into tube sheets:
explosive, 4.2.6-7
roller, 4.2.6-614.2.6-7

Explosive welding of tubes into tube sheets, 4.2.6-8/4.2.6-10
Extended surfaces (see Fins)
Externally induced convection, in kettle reboilers, 3.6.2-3
Extinction coefficient, 2.9.5-l
Extinction efficiency, 2.9.5-l
Extruders, heat transfer in, 3.14.3-5/3.14.3-6
Eyring fluid (non-Newtonian), 2.2.8-7

F
F-correction method:

application to single-pass cocurrent  and countercurrent flow
exchangers, 1.3.1-2/1.3.1-4,  1.5.2-l/1.5.2-2

F-factor charts and equations for various heat exchanger
configurations, 1.5.2-2/1.5.3-12

crossflow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, one pass, unmixed, 1.5.3-7
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 15.34
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
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F-correction method, F-factor charts and equations for various
heat exchanger configurations, crossflow (Cont.):

two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two tube passes, unmixed, 1.5.3-g

double-pipe heat exchangers, 3.2.3413.2.3-5
E-shell with even number of passes, 15.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-g
Gshell,  even number of tube passes, 1.5.2-l 3
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-11
single pass cocurrent,  1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.4-4, 1.5.1-l/1.5.3-12
F-factor method:

for temperature difference (see F-correction method)
tong, for critical heat flux with non-uniform heat flux,

2.7.3-19/2.7.3-20
F-type shells:

calculation of heat transfer and pressure drop in, 3.3.11-2
discussion of, 3.3.4-3
thermal leakage in, 1.5.2-14/1.5.2-15

Failure modes of heat exchangers, 4.1.1-3/4.1.1-5
corrosion and other damage mechanisms, 4.5.3-l/4.5.3-7
ductile fracture, 4.1.1-3
high strain fatigue, 4.1.1-5
incremental collapse, 4.1.1-3/4.1.1-5

Falling film evaporator:
description of, 3.5.2413.5.2-5
mass transfer in, 2.1.7-8

Fanning friction factor (see Friction factor)
Fanno  flow, 2.2.2-13
Fans in air-cooled heat exchangers:

drive design, 3.8.7-2,4.4.14/4.4.1-6
noise emission, 3.8.9-l
power consumption, 3.8.7-l/3.8.7-2
selection and sizing, 3.8.7-l

Fatigue as failure mode of a heat exchanger, 4.1.1-5,
4.5.3-2/4.5.3-3,4.6.1-2

Ferritic stainless steels, as material of construction,
4.5.2-314.5.2-4

Fick�s law for diffusion, 2.1.1-2
extensions to multicomponent system, 2.1.5-l
limitations in, 2.1.1-l/2.1.14

Film boiling:
in axial flow reboilers, 3.6.2-9
in cross flow over single cylinder, 2.7.5-3/2.7.54
in forced convective boiling on vertical surfaces,

2.7.3-3012.7.3-31
vertical flat plate, 2.7.3-3012.7.3-31
vertical rod, 2.7.3-31

in kettle reboilem, 3.6.2-S
in pool boiling, 2.7.2-1412.7.2-15

Film cooler, approximate overall heat transfer coefficients in,
2.1.24

Film temperature, definition of for turbulent flow over flat
plate, 2.2.1-29

Films in heat exchangers, 1.1.4-2
Filmwise condensation:

description of, 2.6.1-l
of pure vapors, 2.6.2-l/2.6.2-19

inside horizontal tubes, 2.6.2-12/2.6.2-15
outside horizontal tubes, 2.6.2-912.6.2-12
interfacial resistance in, 2.6.2-15

with liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-2, 2.6.2-9

Finite difference equations:
application to natural convection in enclosures, 2.5.8-8
for flow pattern calculation, 1.4.2-l/1.4.24
for heat exchangers, 1.4.1-3/1.4.14

Finned-tube banks (see Tube banks finned)
Fins:

application in enhancement of boiling heat transfer,
2.7.9-112.7.94

as augmentation devices, 2.5.11-2
in condensation, 2.6.6-2/2.6.6-3
internally finned tubes, 2.5.11-5/2.5  .l l-6,2.6.6-2/2.6.6-3
in natural convection, 2.5.11-3/2.5.114

on cylinders in tube banks: pressure drop in,
2.2.4-1312.2.4-14

effect on flow over cylinders, 2.2.3-612.2.3-7
free convective heat transfer from, 2.5.7-25
longitudinal (straight): application in double-pipe heat

exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.1-l/3.2.6-2

low firmed tubes: applications in shell-and-tube heat
exchangers, 3.3.11-2/3.3.114

correlation for single-phase heat transfer in flow over,
2.5.3-1212.5.3-13

use in boiling augmentation, 2.7.9-l/2.7.9-2
radiating, 2.9.8-4/2.9.8-6
single-phase forced convective heat transfer to banks of tubes

with, 2.5.3-6/2.5.3-16
efficiency of fins in, 2.5.3-6/2.5.3-l 1
experimental data compared with correlations for,

2.5.3-13/2.5.3-15
heat transfer correlations for high fins, 2.5.3-11/2.5.3-12
heat transfer correlations for low fins, 2.5.3-12/2.5.3-13

types, in heat exchangers, 1.1.4-1
types used in air-cooled heat exchangers, 3.8.3-l/3.8.3-3

Fire-tube boiler, 3.11.2-3
Fired heaters, 3.11.2-l/3.1 1.2-2
Firsova, E. V., 2.5.13-l/2.5.13-4
Fittings, pipe (see Piping components)
Fixed beds:

characteristics of packings in, 2.2.5-2
heat transfer in, with gas flowing through, 2.8.2-l/2.8.2-7,

2.8.3-l/2.8.3-3
contact area resistance in, 2.8.3-2
effective thermal conductivity in, 2.8.2-2/2.8.2-5
fluid-to-particle heat transfer in, 2.5.4-l/2.5.4-6
heat transfer fromwallsof, 2.8.2-5/2.8.2-7,2.8.3-l/2.8.3-3
molecular gas conduction influence in, 2.8.3-l/2.8.3-2
onedimensional temperature field in, 2.8.2-7
radiative heat transfer in, 2.8.3-2
twodimensional  temperature field in, 2.8.2-l/2.8.2-2

heat transfer in stagnant (with no flow through),
2.8.1-l/2.8.1-14

effective thermal conductivity of, 2.8.1-3/2.8.15
heat transfer coefficient from walls to, 2.8.1-5/2.8.1-10
onedimensional temperature field in, 2.8.1-10/2.8.1-14
twodimensional temperature field in, 2.8.1-l/2.8.1-2

non-uniform heat transfer in, 2.1.4-3/2.1.44
single-phase flow and pressure drop in, 2.2.5-l/2.2.5-5
voidage in, 2.2.5-l

Fixed tubesheet, shell-and-tube exchangers:
comparison of codes, 4.3.4-2
mechanical features, 4.2.3-l/4.2.34

Flanges, mechanical design of in heat exchangers:
basic principles, 4.1.7-l/4.1.7-2
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Flanges, mechanical design of in heat exchangers (Cont.):
comparison of codes, 4.3.4-214.3.4-3
constructional features, 4.2 6-314.2.6-5
index to U.S., U.K., and F.R.G. codes, 4.3.2-514.3.2-l

Flash evaporation, 3.5.3-2
Flat absorber of thermal radiation, 2.9.2-15
Flat plate:

free convective heat transfer on: inclined and horizontal
plates, 2.5.7-1312.5.7-19

vertical plates, 2.5.%212.5.7-13
laminar  flow along, 2.2.1-2212.2.1-24

effect of buoyancy forces, 2.2.1-24
effect of density-viscosity function, 2.2.1-22
effect of Mach number, 2.2.1-23
effect of Prandtl number, 2.2.1-23
effect of suction or injection, 2.2.1-23
effect of wall temperature, 2.2.1-22
effect of wall temperature distribution, 2.2.1-23/2.2.1-24
higher order effects, 2.2.1-24
reference temperature, 2.2.1-23

single-phase forced convective heat transfer in, 2.5.2-112.5.2-3
transition flow along, 2.2.1-2412.2.1-25

effect of outer flow turbulence, 2.2.1-24
effect of pressure gradient, 2.2.1-24
heat transfer in, 2.2.1-25
suction on blowing effect, 2.2.1-25
surface roughness, 2.2.1-25

turbulent flow along, 2.2.1-29/2.2.1-30
effect of suction or injection, 2.2.1-30
heat transfer on, 2.2.1-29/2.2.1-30
Mach number effect on, 2.2.1-30
skin friction on, 2.2.1-29

Flat reflector of thermal radiation, 2.9.2-14
Floating head designs for shell-and-tube heat exchangers:

analytical basis for wdes for, 4.3.3-l
comparison of codes for, 4.3.4-2
detailed constructional features, 4.2.3414.2.3-l

outside packed type, 4.2.3-l
packed-lantern ring type, 4.2.3~5/4.2.3-6
pull through type, 4.2.3-5
split backing ring type, 4.2.3414.2.3-5

discussion, 3.3.5-12/3.3.5-13
example of calculation of heat exchanger mechanical design

with, 4.3.6-l/4.3.6-23
flanges in, 4.2.6-3
mechanical design of: basic principles of, 4.1.4-2/4.1.44

Flooding phenomena:
in gas-liquid flow in vertical tubes, 2.3.2-21/2.3.2-23
in reflux condensation, 2.6.2-l/2.6.2-9,  3.4.3-213.4.3-3
Pushkina and Sorokin  correlation for, 2.3.2-22
as source of critical heat flux limitation in countercurrent

flow: in tube banks, 2.1.5-5/2.1.56
in tubes, 2.1.3-26

Wallis correlation for, 2.3.2-22,2.6.2-8
Flow distribution in plate heat exchangers, 3.7.6-2,

3.7.8-3/3.7.8-4,4.4.3-3
Flow-induced vibration, 4.6.1-l/4.6.6-3

design considerations, 4.6.6-l/4.6.6-3
introduction, 4.6.1-l/4.6.1-2

sources  of damage by, 4.6.1-l/4.6.1-2
prediction procedure, 4.6.5-114.6.5-2
shell-side velocities causing, 4.6.3-l
tube bundle vibration characteristics, 4.6.2-l/4.6.24

amplitude of vibration, 4.6.24
damping, 4.6.24
finned-tube natural frequencies, 4.6.2-3

span lengths, 4.6.2-3
straight tube natural frequencies, 4.6.2-l/4.6.2-3
U-bend tube natural frequencies, 4.62-3

vibration phenomena, 4.6.4-l/4.6.44
acoustic vibration, 4.6.4-314.6.44
combined phenomena, 4.6.44
fluid elastic whirling,  4.6.4-2
parallel flow eddy formation, 4.6.4-3
turbulent buffeting, 4.6.4-2
vortex shedding, 4.6.4-l/4.6.4-2

Flow patterns (see Flow regimes)
Flow quality (see Quality)
Flow regimes:

in combined free and forced convection in channels:
circular pipes, 2.5.10-l/2.5.10-2
rectangular channels, 2.5.10-l 1

in combined free and forced convection around immersed
bodies, 2.5.9-l/2.5.94

in condensation forming immiscrble  liquids, 2.6.4-2
in fixed beds, 2.8.2-2
in fluidized beds, 2.2.6-1,2.2.6-3
in gas-liquid flow, 2.3.2-112.3.2-l

horizontal tubes, 2.3.2-212.3.24
inclined tubes, 2.3.2412.3.2-5
shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6,  3.4.7-2
systems with phase change, 2.3.2-6/2.3.2-7
vertical tubes, 2.3.2-l/2.3.2-2

influence of free convection on, in horizontal pipe flow,
2.2.2-6

in natural convection in enclosures, 2.5.8-6/2.5.8-8
in single-phase flow in tube banks, 2.2.4-112.2.4-3
in single-phase flow over immersed bodies:

boundary layer regime, 2.2.3-l/2.2.3-2
over circular cylinders, 2.2.3-3
over noncircular cylinders, 2.2.3-612.2.3-T

in solid-gas flow, 2.3.3-2
Fluid elastic instability as source of flow-induced vibration,

4.6.4-2
Fluid elastic whirling (see Fluid elastic instability as a source of

flow induced vibration)
Fluid mechanics, Eulerian  formulation for, 2.2.1-I
Fluid-to-particle heat transfer in fluidized  beds, 2.5.5-l/25.56
Fluidized bed dryer:

description, 3.13.24
practical design, 3.13.7-2

Fluidtied  bed gravity conveyors, 2.3.3-712.3.3-9
Fluidized beds:

bed-to-immersed tube heat transfer in, 2.8.46/2.8.4-7
bed-to-wall heat transfer in, 2.8.4-l/2.8.4-8

interphase gas convective component, 2.8.4-3
particle convective component, 2.8.4-2/2.8.4-3
predictive methods for, 2.8.44/2.8.4-6
radiative component, 2.8.4-3

fluid-to-particle heat transfer in, 2.5.5-l/2.5.5-6
introduction, 2.5.1-l/2.5.5-2
low Peclet numbers, 2.5.3-3/2.5.36
recommended equations, 2.5.5-212.5.5-3

single-phase fluid flow and pressure drop in, 2.2.6-l/2.2.6-9
local structure in, 2.2.6-6/2.2.6-8
minimum  velocity for fluidization in, 2.2.6-2/2.2.6-3
pressure drop, 2.2.6-2
state diagram for, 2.2.6-212.2.6-3
types of fluidization, 2.2.6-112.2.6-2

use in augmentation of heat transfer, 2.5.1 l-8
Fluids:

models for, 2.2.1-7/2.2.1-10
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Fluids, models for (Cont.):
calorifically perfect, 2.2.1-8
constant density, 2.2.1-812.2.1-9
continuum, 2.2.1-1
perfect gas (ideal gas), 2.2.1-7/2.2.1-8
small density variation, 2.2.1-8

physical properties: mixtures of fluids, 5.2.1-l/5.2.5-5
pure fluids, 5.1.1-l/5.1.5-3
rheologically wmplex, 5.3.1-l/5.3.8-3
tables,5.5.1-l/5.5.54

Fluorine saturation properties, 5.5.1-32
Fluted tubes, application in evaporators, 2.7.9-3
Flux method, for modeling radiation in furnaces, 3.11.7-5
Flux relationships in heat exchangers, 1.2.2-l/1.2.24
Fog formation (see Fogging in wndensation)
Fogging in condensation, 2.6.7-l/2.6.74

design to minimize, 2.6.7-3, 3.4.5-2
effects of, 2.6.7-3, 3.4.5-2
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-112.6.7-3

Forced convection heat transfer, single-phase (see Convection
heat transfer)

Forced convective boiling (see Boiling)
Forced flow reboilers:

characteristics, advantages, and disadvantages of, 3.6.1-5
heat transfer characteristics of, 3.6.2-6/3.6.2-10

Forster and Zuber correlation for nucleate boiling, 2.7.24
Fouling:

in double-pipe heat exchangers, 3.2.6-l
in evaporators, 3.5.7-113.5.7-2
influence in selection of reboiler type, 3.6.1-6
numerical methods in the prediction of, 1.4.24
in plate heat exchangers, 3.7.9-l
in reboiler design, 3.6.4-l/3.6.4-2

fouling resistances in reboilers, 3.6.4-2
in shell-and-tube heat exchangers, 3.3.4-5, 3.3.5-14/3.3.5-15

as limiting factor in design, 3.3.10-7/3.3.X)-8
as source of damage, 4.5.3-5

Four phase flows, examples, 2.3.1-2
Fourier law for conduction, 2.1.1-2,2.4.1-l

limitations in, 2.1.1-i/2.1.14
Fourier number (Fo):

definition, 1.2.3-5, 2.1.3-2
in packed beds, 2.8.3-l/2.8.3-3
in solidification and melting, 2.4.4-l/2.4.4-2
in transient conduction, 2.4.3-112.4.3-l

Frames for plate heat exchangers, 4.4.25/4.4.2-7
France, guide to national practice for mechanical design, 4.3.5-6
Free convection:

augmentation of heat transfer in: active systems for, 25.114
passive systems for, 2.5.11-3

combined with forced convection (see Combined free and
forced convection)

effect on laminar flow heat transfer in channels,
2.5.1412.5.1-5

effect of, on single-phase flow in vertical ducts, 2.2.2-l 1
heat transfer around immersed bodies, 2.5.7-l/2.5.7-31

generalized solutions for, 2.5.?-25125.7-28
horizontal cylinders, 2.5.1-20/25.7-23
inclined and horizontal surfaces, 2.5.7-13/2.5.7-19
open ended channels, 2.5.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5  .I-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.1-2312.5.7-24
vertical plates, 2.5.7-212.5.1-13
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influence on friction factor in circular pipe flow,
2.2.2-512.2.2-l

in layers and enclosures, 2.5.8-l/2.5.8-25
circular vertical annuli  heated and cooled on vertical

curved surfaces, 2.5.8-13/2.5.8-14
concentric spheres, 2.5.8-16
enclosures heated from below, 25.83
honeycombs, 2.5.8-2012.5.8-23
horizontal annuli,  2.5.8-1412.5.8-16
horizontal cylinders, 2.5.8-14
inclined enclosures, 2.5.8-17/2.5.8-20
infinite horizontal layers, 2.5.8-l/2.5.8-3
rectangular enclosures heated and cooled on the sides,
2.5.8-612.5.8-13

occurrence in flow in horizontal circular pipe, Metais and
Eckert diagram for, 2.2.2-6

Free-fall velocity of particles, 2.3.3-3
Free molecule conditions, maximum shear stress, heat flux, and

mass flux in, 2.1.1-2
Free-stream turbulence, effect on flow over cylinders, 2.2.36
Freeze protection of air-cooled heat exchangers, 4.4.1-l/4.4.1-2,

4.4.1-7
Fresnel relations in reflection of radiation, 2.9.2-9
Fretting corrosion, 4.5.3-2
Friction coefficient (see Friction factor)
Friction factor:

in circular pipe flow, 2.2.2-l/2.2.2-2
definition, 2.2.2-l
Moody chart for, 1.2.3-3, 2.2.2-2

definition, 1.2.3-2
in fixed beds, 2.2.5-3
in flow over tube banks, 3.3.7-l/3.3.74
interfacial, 2.3.2-21/2.6.2-6
liquid film, 2.3.2-10
in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
on the shell side of double-pipe heat exchangers,

3.2.3-513.2.3-6
of solid in solid gas flow, 2.3.3512.3.3-1

definition, 2.3.3-S
in horizontal pneumatic conveyance, 2.3.3-512.3.3-6
in vertical pneumatic conveyance, 2.3.3-5

in systems with heat transfer augmentation: coiled tubes,
2.5.11-7

internally finned tubes, 2.5 .l l-6
roughened surfaces, 2.5.1 l-2/2.5  .l l-5
twisted tape systems, 2.5.11-7

Friction multipliers in gas-liquid flow:
correlation for: in singularities, 2.3.2-15/2.3.2-18

in straight channels, 2.3.2-g/2.3.2-12
defmition, 2.3.2-9

Friction velocity definition, 2.2.1-25
Frictional pressure drop (see Pressure drop)
Friedel correlation for frictional pressure gradient in straight

channels, 2.3.2-l 1
Froude number:

definition, 1.2.3-5,2.2.1-11
in fluidized beds, 2.2.6-212.2.6-3

Fuels, properties of, 3.11.3-2/3.11.3-3
Fugacity, 5.2.1-2
Furnaces:

advanced models for, 3.11.7-l/3.11.7-6
in boilers, 3.11.2-2/3.11.2-3
heat transfer in, 3.11.36

heat sink, 3.11.3-3/3.11.36
heat source, 3.11.3-l/3.11.3-3
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Furnaces, heat transfer in (Cont.):
heat transfer of the sink, 3.11.3-6
refractory surfaces, 3.11.3-6

introduction, 3.11.1-1
multizone model for, 3.11.6-l/3.11.64
plug flow model for, 3.11.5-l/3.11.5-2
in process heaters, 3.11.2-l/3.11.2-2
radiation characteristics of row of cylinders backed by

refractory wall in, 2.9.21212.9.3-13
stirred reactor model for, 3.11.4-l/3.1  1.4-6
as type of heat exchange equipment, 1.1.5-3

G
G-type shells in shell-and-tube heat exchangers:

description, 3.3.4-3
temperature difference correction factor Q and 0-NTU

chart for, 1.5.2-13
Galileo number, 2.2.1-11

in bubble rise in liquids, 2.3.2-19
Gas heater, approximate overall heat transfer coefficients in,

2.1.2-3
Gas-liquid flows:

applications of onedimensional equations, 2.3.2-7/2.3.2-18
conservation equations, 2.3;2-8/2.3.2-9
correlation for void fraction, 2.3.2-13/2.3.2-15
frictional pressure drop in straight channels,

2.3.2-Y/2.3.2-12
pressure changes across singularities, 2.3.2-1512.3.2-18
pressure drop in heat exchangers, 2.3.2-12/2.3.2-13

critical two-phase flow, 2.3.2-2612.3.2-29
flow patterns in, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
shell-and-tube heat exchangers, 2.3.2-512.3.26
in systems with phase change, 2.3.2-6/2.3.2-7
inclined tubes, 2.3.2412.3.2-5
vertical tubes, 2.3.2-l/2.3.2-2

hydrodynamics of specific flow regimes (horizontal),
2.3.2-2312.3.2-26

annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

hydrodynamics of specific flow regimes (vertical),
2.3.2-1812.3.2-23

annular flow, 2.3.2-1912.3.2-21
bubble flow, 2.3.2-1812.3.2-19
counter-current flow and flooding, 2.3.2-21/2.3.2-23
plug-slug flow, 2.3.2-19

in plate heat exchangers, 3.7.12-1
Gas-solid flow (see Solid-gas flow)
Gas sparging, for agitation of vessels:

description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3

Gaseous fuels, properties of, 3.11.3-2
Gases:

as constituent of multiphase flows, 2.3.1-2
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
diffusion coefficients in, 5.2.5-315.2.5-4
emissivity of, 2.9.5-l/2.9.5-13

table of, 5.5.5-l/5.5.5-4
emissivity of combustion product mixtures of, 3.11.34,

5.5.5-315.5.5-4
isothermal, radiative heat transfer in, 2.9.6-l/2.9.6-9
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nonisothermal, radiative heat transfer in, 2.9.7-l/2.9.7-13
P-p-Trelationshipsfor,5.1.2-l/5.1.24
radiation properties,2.9.5-l/2.9.5-12

equation of transfer for, 2.95-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.9.54
molecular, 2.9.5-8/2.9.5-11
physics of, 2.9.54
spectral, band and total property definition,

2.9.5412.95-8
superheated, thermodynamic properties of, tables,

5.5.2-l/5.5.2-11
thermodynamic properties, 5.1.3-l/5.1.3-7
transport properties, 5.1.3-l/5.1.3-7

Casketed plate heat exchangers (see Plate heat exchangers)
Gaskets:

for flanges in shell-and-tube heat exchangers, 4.2.63/4.2.64
for graphite block exchangers, 4.4.44
in plate heat exchangers, design and properties,

4.4.2-414.4.2-5
Geometric optics models for radiative heat transfer from surfaces,

2.9.4-8
Germany, Federal Republic of, mechanical design of heat

exchangers in:
guide to national practice, 4.3.54
index to Merkblatter code, 4.3.2-1/4.3.2-l 1

Gersten, K., 2.2.1-l/2.2.3-9
Gibbs phase rule, 5.2.1-1
Girth flanges, in shell-and-tube heat exchangers:

analytical basis for code for, 4.3.3-2
constructional details of, 4.2.6-3

Gn (heat generation number), 2.5.12-6
Gnielinski, V., 2.5.1-l/2.5.4-6
Goodness factor, as a basis for comparison of plate fin heat

exchanger surfaces, 3.9.7-l/3.9.7-3
Goody narrow band model for gas radiation properties, 2.9.5-5
Graetz number:

definition, 1.2.3-5,2.1.3-2
in non-Newtonian flows, 2.5.12-612.5.12-7

Graetz problem (see NusseltGraetz  problem)
Graphite, density of, 5.4.1-1
Graphite block heat exchanger, 4.4.44
Grashof number, 1.2.34,2.2.1-11,  2.2.2-6

in free convection over immersed bodies, 2.5.7-2
Gravitational acceleration, effect in pool boiling, 2.7.2-9
Gravity conveyor:

air-activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-y

Gregorig effect in enhancement of condensation, 2.6.6-l/2.6.6-2
Griffith, P., 2.6.5-l/2.6.54
Groeneveld correlation for postdryout heat transfer, 2.7.3-31
Groeneveld and Delorme correlation for postdryout heat transfer,

2.7.3-3212.7.3-33
Group contribution parameters tables, 5.5.4-10
Guerrieri and Talty correlations for forced convective heat

transfer in two-phase flow, 2.7.3-8
Guldberg�s rule for critical temperature, 5.1.1-1
Guy, A. R., 3.2.1-l/3.2.6-2

H
Hagen-Poseville law, 2.1.1-2,2.2.2-l, 2.2.2-3
Hagen-Rubens  relation, between electrical and optical constants,

2.9.2-10
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Hampson coils (see Helical coils)
Handley  and Heggs  equation for fixed bed pressure drop, 2.2.5-3
Harris, D., 4.3.6-l/4.3.6-23
Hausen equation for developing laminar  flow, 2.5.1-2
Headers in shell-and-tube heat exchangers, 2,2.7-l/2.2.7-2

inlet distribution header, 2.2.7-S/2.2.7-6
outlet combining headers, 2.2.7-612.2.7-7
tube entry/exit pressure loss, 2.2.7-l/2.2.1-8

Heads, in heat exchangers:
analytic basis for codes, 4.3.3-l
constructional features of affecting mechanical design,

4.2.6-l/4.2.6-2
index of U.K., U.S.A., and F.R.G. codesfor,4.3.24/4.3.2-5
mechanical design of, 4.1.8-1
types of, in shell-and-tube exchangers, 4.2.4-l/4.2.4-2

bolted channel, 4.2.4-l
bolted cone, 4.2.4-2
Bonnett type, 4.2.4-l/4.2.4-2
high pressure, 4.2.4-214.2.4-3
welded channel, 4.2.4-  1

Heat and mass transfer:
combined, 2.1.6-l/2.1.64

in condensation, 2.1.6-2/2.1.64
in cooling towers, 3.12.2-l/3.12.2-3
in drying, 2.1.6-l/2.1.6-2
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12/2.5.7-13

relations between, 1.2.3-611.2.3-7
state of the art, 2.1.7-l/2.1.7-8

Heat capacity (see Specific heat capacity)
Heat conduction (see Conduction, heat)
Heat exchanger design, introduction, 3.1.1-1/3.1.4-Y

approximate sizing of shell-and-tube heat exchangers,
3.1.4-l/3.1.4-9

basic design equation, 3.1.4-1
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference,

3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-3/3.1.4-6
estimation of surface area, 3.1.4-6/3.1.4-7
example, 3.1.4-7/3.1.4-Y

fundamental concepts, 3.1.1-l/3.1.1-3
basic design equation, 3.1.1-2
heat transfer coefficients, 3.1.1-1
mean temperature difference, 3.1.1-2/3.1.1-3

logic of the design process, 3.1.3-l/3.1.34
criteria for successful design, 3.1.3-l/3.1.3-2
relationship among selection rating and design,

3.1.3-2/3.1.34
simplified example of design modification algorithm for

computer, 3.1.3-3/3.1.34
types of heat exchangers and their applications,

3.1.2-l/3.1.2-6
air-cooled, 3.1.24/3.1.2-S
double-pipe, 3.1.2-l/3.1.2-2
mechanically aided, 3.1.2-S
plate fin or matrix, 3.1.2-S
plate heat, 3.1.2-3/3.1.2-t
shell-and-tube, 3.1.2-2/3.1.2-3

Heat exchangers:
agitated vessels, 3.14.1-l/3.14.3-8
air-cooled, thermal design, 3.8.1-l/3.8.9-4
condensers, 3.4.1-1/3.4.9-S
corrosion and other damage, 4.5.3-l/4.5.3-7
costing, 4.8.1-l/4.8.4-2
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air-cooled, 4.8.3-l/4.8.3-3
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-1/4.8.2-S

definitions and quantitative relationships, 1.2.0-l/1.2.6-7
balance equations for equipment, 1.2.4-l/1.2.4-7
differential equations for streams in, 1.2.5-l/1.2.5-3
flux relationships, 1.2.2-l/1.2.24
partial differential equations for interpenetrating continua

in, 1.2.6-l/1.2.6-7
thermodynamic concepts, 1.2.1-l/1.2.1-3
transfer coefficient dependenccs,  1.2.3-l/1.2.3-7

description of, 1.1.0-1/1.1.6-l
equipment forms, 1.1.5-l/1.1.5-3
interactions between streams in, 1.1.2-l/1.1.2-2
interfaces between streams in, 1.1.4-l/1.1.4-2
temperature change patterns, 1.1.3-l/1.1.3-2
types of flow configuration, 1.1.1-l/1.1.14
unsteady operation, 1.1.6-1

design, 3.1.1-1/3.1.4-Y
double pipe, 3.2.1-l/3.2.6-2

application of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

F-correction method for, 1.2.44,1.3.1-2/1.3.14
F-factor charts for, 1.5.2-311.5.3-12
gas-liquid pressure drop in, 2.3.2-12/2.3.2-13
liquid metal heat transfer in, 2.5.13-8/2.5.134
materials of construction, 4.5.2-l/4.5.26
mechanical design: air-cooled, 4.4.1-l/4.4.1-7

basic principles, 4.1.1-l/4.1.8-3
block type, 4.4.44
direct contact, 4.4.4614.4.4-8
double-pipe, 3.2.5-l/3.2.5-2,4.4.4-1/4.4.4-2
example of design, 4.3.6-l/4.3.6-23
heat pipes, 4.4.4-Y/4.4.4-11
helical (Hampson) coils, 4.4.4-8/4.4.4-Y
jacketed heaters, 4.4.4-314.4.44
plate fin heat exchangers, 4.4.3-1/4.4.3-Y
plate heat exchangers, 4.4.2-l/4.4.2-8
scraped surface, 4.4.4-514.4.4-6
shell-and-tube (codes), 4.3.1-1/4.3.5-l
shell-and-tube (construction), 4.2.1-l/4.2.6-13
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-214.4.4-3

numerical solution methods for: with calculation of flow
pattern, 1.4.2-l/1.4.24

with prescribed flow patterns, 1.4.1-l/1.4.1-6
plate fin, 3.9.1-l/3.9.134
plate, thermal design of, 3.7.1-l/3.7.12-2
P-NTU method for, 1.2.4-4/1.2.4-S,  1.3.1-2
pressure drop in headers, nozzles, and turnarounds, 2.2.7-l
radiant, 2.9.84
representation as interpenetrating continua,

1.2.6-l/1.2.6-7
shell-and-tube (single phase), thermal design of,

3.3.1-1/3.3.11-s
0 method chart for, 1.5.2-l/1.5.3-12
0 method for, 1.2.4-5, 1.3.1-2/1.3.1-4

Heat generation number (Gn), 2.3.12-6
Heating media, for reboilers, 3.6.2-10
Heat of vaporization, 5.1.3-2/5.1.3-4

of commonly used fluids, 5.5.1-l/5.5.140
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Heat pipes:
axial heat transfer and operational envelope for, 3.10.4-I
characteristics of wicks for, 3.10.6-l/3.10.6-2
circulation and axial heat transfer in, 3.10-2-l/3.10.2-3
introduction to, 3.10.1-l/3.10.1-2
mechanical design of exchangers using, 4.4.4-9/4.4.4-l 1
selection of working fluid for, 3.10.5-l/3.10.5-2
start-up and control of, 3.10.7-l/3.10.7-2
temperature distribution and radial heat flux in,

3.10.3-l/3.10.3-2
Heat transfer:

analogy with mass transfer, 2.1.5-l/2.1.54
augmentation of (see Augmentation of heat transfer)
in cooling towers, 3.12.2-l/3.12.2-2
enhancement of, (see Augmentation of heat transfer)
in fluidized beds, fluid-to-particle, 2.5.5-2/2.5.5-6
in non-uniform systems, 2.1.4-l/2.1.44

in packed beds, 2.1.4-3/2.1.44
in shell-and-tube heat exchangers, 2.1.4-l/2.1.4-3

single phase convective (see Convective heat transfer, single
phase)

in transition flow over flat plate, 2.2.1-25
in tubes: Colburnj-factor (laminar and turbulent), 2.1.3-7

correlations for, 2.5.1-l/2.5.1-11
Nusselt numbers for (1amina.r  and turbulent), 2.1.36

in turbulent flow over flat plates, 2.2.1-29/2.2.1-30
by radiation (see Radiative heat transfer)

Heat transfer coefficient:
in agitated vessels, 3.14.3-l/3.14.3-8
in air-cooled heat exchangers, 3.85-l/3.8.5-5
average and overall values for, discussion, 1.2.4-211.2.4-3
in bed-to-wall heat transfer in fluidized beds, 2.8.4-l/2.8.4-7
in boiling in a vertical tube, 2.7.3-l/2.7.3-37

variation with quality of, 2.7.3-3
in boiling in horizontal tubes, bends, and coils,

2.7.4-l/2.7.4-7
in boiling of binary and multicomponent mixtures: forced

convective, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in boiling on outside of single tubes and tube banks,
2.7.5-l/2.7,5-7

in combined free and forced convection: in channels,
2.5.10-l/2.5.10-10

over immersed bodies, 2.5.9-l/2.5.96
in condensation, 2.6.1-2
in double-pipe exchangers, 3.2.3-3/3.2.3-3
in evaporators, 3.5.6-l/3.5.7-3
in fired beds: between wall and bed, stagnant (no flow)

conditions, 2.8.1-5/2.8.1-10
particle-to-fluid, 2.5.4-1, 2.8.3-l/2.8.3-3

in flow over tube banks, 2.5.3-l/25.3-8
in fluidized beds: particle-to-fluid heat transfer,

2.5.5-l/25.5-6
in free convection: in layers and enclosures, 2.5.8-l/2.5.8-25

over immersed bodies, 2.5.7-l/2.5.7-31
individual, definition of, 1.2.2-l/1.2.2-2,2.1.2-6

typical values of, 2.1.2-6
internal, use in transient conduction calculations,

2.4.3-712.4.3-8
with liquid metals, 2.5.13-l/2.5.134
local, definition, 2.5.1-1
mean, along duct, 2.5.1-I
in moving, agitated, and vibrated beds of particles,

2.8.3-312.8.3-g
in non-Newtonian flows, 2.5.12-l/25.12-16
numerical calculation of, 1.4.3-3/1.4.34

overah  definition of, 1.2.2-l/1.2.2-2,  2.1.2-1, 3.1.1-1
in various heat exchangers, 2.1.2-3/2.1.24

in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.5-l
in pool boiling, 2.7.2-l/2.7.2-17
radiation, 2.9.8-2
in reboilers, 3.6.2-l/3.6.2-10
on the shell side in shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
in single-phase flow in ducts: laminar flow, 2.5.1-3/2.5.14

turbulent flow, 2.5.1-5/2.5.1-11
volumetric, 1.1.2-2

Heat transfer regimes:
in boiling in a vertical tube, 2.7.3-2
in free and forced single-phase convection, 2.5 .lO-2

kfeated cavity reflectometer, 2.9.2-7
Heggs,  P. J., 2.2.5-1/2.2.5-S
Helical coils:

in agitated vessels, 3.14.2-213.14.2-3
heat transfer to, 3.14.3-l/3.14.3-2

augmentation of boiling heat transfer using, 2.7.94
convective boiling  in, 2.7.4-512.7.4-6
cooler, approximate overall heat transfer coefficients in,

2.1.24
dryout  in evaporative heat transfer in, 2.7.4-312.7.44
Hampson-type for heat exchangers, 4.4.4-814.4.4-g
single-phase flow and pressure drop in, 2.2.2-14/2.2.2-16,

2.5.11-6/2.5.11-7
single-phase heat transfer in, 2.5.11-6/2.5.1  l-7

Helical inserts, for enhancement of heat transfer in boiling,
2.7.9-3

Helical ribbon agitator:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Helium:
saturation properties, 5.5.1-33
superheated, thermodynamic properties, 5.5.2-l/5.5.2-2

Helmholtz  reciprocity principle, in radiative heat transfer, 2.9.2-6
Henry, J. A. R., 2.2.7-l/2.2.7-11
Henry-Fat&e  model, for critical two-phase flow,

2.3.2-2812.3.2-29
Henry�s Jaw, for partial pressure, 2.7.6-l
Heptane saturation properties, 5 5 .l-9
Heterogeneous conveyance in horizontal pipes, 2.3.4-312.3.4-6
Heterogeneous nucleation in boiling, 2.7.1-3/2.7.1-5
Hewitt, Geoffrey F., 2.3.1-l/2.3.2-33
Hexagonal cells, in free convection, 2.5.8-2
Hexane saturation properties, 5.5.1-8
Hicks equation, for fixed-bed pressure drop, 2.2.5-3
High finned tubes, correlations for single-phase heat transfer in

flow over, 2.5.3-1112.5.3-12
Hohhaum cavity, 2.9.1-3
Holland, guide to national practice for mechanical design of heat

exchangers, 4.3.5-5
Homogeneous condensation (fog formation), 2.6.1-1

effects, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Homogeneous model:
conservation equations for, in multiphase flows,

2.3.1412.3.1-7
in gas-liquid flows: conservation equations, 2.3.2-8

critical flow estimation by, 2.3.2-28
frictional pressure drop correlations based on, 2.3.2-10
pressure drop in singularities calculated by,

2.3.2-1512.3.2-18
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Homogeneous model (Cont.):
in solid-liquid flow, 2.3.4-212.3.4-3

Homogeneous nucleation:
of droplets in supersaturated vapor, 2.6.7-l/2.6.7-2
of vapor bubbles in liquids, 2.7.1-212.7.1-3

table of values of temperature for various substances,
2.7.1-4

Honeycombs:
free convective heat transfer in, 2.5.8-20/2.5.8-23
loss coefficients in, 2.2.2-20

Horizontal cylinders:
free convective heat transfer inside, 2.5.8-14
(See also Cylinders, Horizontal tubes)

Horizontal layers, of fluid, free convection heat transfer in,
2.5.8-l/25 -8-3

Horizontal pipes:
hydraulic conveyance in, 2.3.4-l/2.3.46
pneumatic conveyance in, 2.3.3-l/2.3.3-2
(See also Pipes, circular; Horizontal tubes)

Horizontal plates (see Horizontal surfaces; Flat plates)
Horizontal shell-side evaporator, 3.5.2-1
Horizontal surfaces:

combined free and forced convection in transverse flow over,
2.5.9412.5.9-6

free convective heat transfer from, 2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-1312.5.7-15
upward facing surfaces, 2.5.7-15/2.5.7-18

pool boiling from, 2.7.2-112.7.2-U
Horizontal thermosiphon reboilers:

calculation procedures for, 3.6.5-213.6.5-3
characteristics, advantages and disadvantages of, 3.6.1-3
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.2413.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics of, 3.6.2-6
mixture effects, 3.6.2-313.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor liquid disengagement in, 3.6.2-6

Horizontal tube-side evaporator, 3.5.2-513.5.2-6
Horizontal tubes:

boiling outside with crossflow, 2.7.5-l/2.7.5-4
combined free and forced convection in, 2.5.10-7/2.5.10-l 1

with uniform heat flux, 2.5.10-7/2.5.10-11
with uniform wall temperature, 2.5.10-7

combined free and forced convective heat transfer from
outside, 2.5.9-l/2.5.9-6

condensation on inside, 2.6.2-1212.6.2-15,  3.4.6-113.4.6-2
annular flow, 2.6.2-15
flow regimes, 2.6.2-1212.6.2-13,  3.4.6-2
stratifying flow, 2.6.2-1312.6.2-14,  3.4.6-2

condensation on outside of, 2.6.2-912.6.2-12,  3.4.6-3
in bundles, 2.6.2-10/2.6.2-12
effect of vapor shear, single tube, 2.6.2-912.6.2-10
laminar flow, single tube, 2.6.2-9

condensers with condensation inside, 3.4.3-3/3.4.34,3.4.9-3
condensers with condensation outside, 3.4.3-513.4.36,

3.4.9-313.4.94
convective boiling in, 2.7.4-l/2.7.4-7

dryout  in, 2.7.4-l/2.7.44
heat transfer in, 2.7.4-412.7.4-6

flow regimes in gas-liquid flow in, 2.3.2-212.3.24
free convective heat transfer from outside of,

2.5.7-2012.5.7-23
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heat transfer to, in fluidized beds, 2.8.4-6/2.8.4-7
hydrodynamics of various two-phase flow regimes in,

2.3.2-2312.3.2-26
annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

pool boiling from, 2.7.2-l/2.7.2-15
(See also Horizontal pipes; Pipes, circular)

Hottel�s rule, in absorption of radiation by gases, 2.95-7
Hsu criterion, for onset of nucleate boiling, 2.7.2-2
Hybrid cooling towers, 3.12.5-l/3.125-5

assisted draft towers, 3.12.5-3/3.12.5-4
closed circuit evaporative coolers, 3.12.54/3.12.5-5
wet-dry towers, 3.12.5-2/3.12.5-3

Hydraulic conveyance:
homogeneous and pseudohomogeneous, 2.3.4-212.3.4-3
in horizontal tubes: flow regimes in, 2.3.4-l/2.3.4-2

heterogeneous conveyance in, 2.3.4-312.3.4-6
Hydraulically smooth surface, 2.2.2-l
Hydrocarbons:

phase behavior, 5.2.1-3/5.2.14
thermodynamic properties, 5.2.2-l/5.2.2-9

Hydrodynamic entrance length, in single-phase flow in ducts,
2.2.2-10/2.2.2-11

Hydrogen:
saturated properties, 5.5.1-33
supersaturated gaseous, thermodynamic properties, 5 5.24

Hydrogen chloride saturation properties, 5 5 .l-34
Hydrogen fluoride saturation properties, 5.5.1-34
Hydrogen sulfide saturation properties, 5 5 l-35
Hydrostatic testing of shell-and-tube heat exchangers,

4.2.6-1114.2.6-13
Hysteresis: in boiling curve, 2.7.2-8

reduction of, using porous surfaces, 2.7.9-3

I
Ideal gas law, 2.2.1-7
Ideal gas, velocity of sound in, 2.2.1-8
Illingworth, A., 4.7.1-1/4.7.10-l
Immersed bodies:

combined free and forced convection around, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
opposing convection, 2.5.94
slightly inertial regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/2.5.9-3
transverse flow, 2.5.94/2.5.96
turbulent regime (assisting convection), 2.5.94

free convective heat transfer to, 2.5.7-112.5.7-31
generalized solutions for, 2.5.7-2512.5.7-28
horizontal cylinders, 2.5.7-2012.5.7-23
inclined and horizontal surkes,  2.5.7-l 3/2.5.7-l 9
open-ended channels, 2.5.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-2s
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7-2312.5.7-24
vertical plates, 2.5.7-212.5.7-13

single-phase flow over, 2.2.3-112.2.3-g
circular cylinder, 2.2.3-312.2.3-6
flow regimes in, 2.2.3-l/2.2.3-2
forces exerted on, in, 2.2.3-212.2.3-3
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Immersed bodies (COW.):
noncircular  cylinders, 2.2.3-612.2.3-7

single-phase forced convective heat transfer to: flat plates,
2.5.2-l/2.5.2-3

single bodies, 2.5.2-312.5.2-S
Immersed tubes, heat transfer to, in fluidized beds,

2.8.4-612.8.4-7
Immersion exchangers, 4.4.4-214.4.4-3
Immersion heaters, 4.4.4-214.4.4-3
Immiscible liquids, condensation of vapors producing,

2.6.4-l/2.6.4-7
description, 2.6.1-1, 2.6.4-l
eutectic mixtures, 2.6.4-212.6.4-3

Imperfectly diffuse surfaces:
definition, 2.9.4-l
radiative heat transfer between specular surfaces and,

2.9.4-l/2.9.4-11
Impingement damage in heat exchangers, 4.5.3-l
Impingement plate:

constructional features of, 4.2.5-714.2.5-g
effect on inlet pressure drop in shell-and-tube heat exchangers,

2.2.74/2.2.7-S
in condensers, 3.4.3-5
(See also Impingement protection)

Impingement protection, in shell-and-tube heat exchangers,
3.3.5-10/3.3.5-11

with condensation, 3.4.3-5
Impinging jets:

single-phase heat transfer in, 2.5.6-l/2.5.6-10
average coefficients in, 2.5.6-312.5.64
local coefficients in, 2.5.6-2/2.5.6-3

Inclined cylinders (see Inclined pipes; Cylinders)
Inclined enclosures, free convective heat transfer in,

2.5.8-1712.5.8-20
large aspect ratios, 2.5.8-17/2.5,8-19
moderate aspect ratios, 2.5.8-20

Inclined flow, effect of on heat transfer to cylinders,
2.5.2412.5.2-5

Inclined pipes:
flow regimes in gas-liquid flow in, 2.3.2412.3.2-5
free convection heat transfer on outside of, 2.5.7-2312.5.7-24
pneumatic conveying (solid/gas flow) in, 2.3.3-2
(See also Pipes, circular)

Inclined plates (see Inclined surfaces; Flat plates)
Inclined surfaces, free convective heat transfer from,

2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-1312.5.7-15
upward facing surfaces, 2.5.7-1512.5.7-18

Inclined tubes (see Pipes, circular; Pipes, noncircular; Inclined
Pipes; Cylinders)

Incondensables  (see Noncondensables)
Inconel, spectral characteristics of reflectance from oxidized

surface of, 2.9.2-15
Incremental collapse, as failure mode in heat exchanger,

4.1.1-3/4.1.1-5
Inert gases, effect on condensation, 2.1.6-312.1.6-4
Injection:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flate plates, 2.2.1-30
effect on laminar flow on flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5 .l l-312.5  .l l-9

Inlet effects in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
In-life flow, bundles of tubes (see Tube banks)
In-line tube banks:

correction for heat transfer in, 2.5.3-l/2.5.3-16
finned tubes, 2.5.3-11

plain tubes, 2.5.3-2
drag coefficients for tubes in, 2.2.44
pressure drop in with fined tubes, 2.2.4-14
pressure drop in with plain tubes, 2.2.4-7/2.2.4-8

correction factors for small number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
Inspection (see Testing and inspection)
Insulators, thermal conductivity of, 5.4.3-l/5.4.3-2
Integral condensation:

calculation of condensation curves for, 2.6.3-312.6.34
description, 2.6.3-l/2.6.3-3

Integral finned tubes:
as augmentation device in natural convection, 2.5 .ll-3
use in shell-and-tube heat exchangers, 4.2.5-3

Interaction coefficients in heat exchangers, 1.1.2-l/1.1.2-2
Interaction parameters for binary systems, tables, 5.5.4-8/S  .5.4-9
Interfacial resistance, in condensation, 2.6.2-15
Interfacial roughness, relationships for, in annular gas-liquid flow,

2.3.2-2012.3.2-21
Interfacial shear stress, effect on filmwise condensation:

on vertical surface, 2.6.2-512.6.2-7
Interfacial tension (see Surface tension)
Intermating troughs, as corrugation design in plate heat

exchangers, 3.7.1-1, 3.7.3-l/3.7.3-2,  3.7.6-l
Intermittent flows:

gas liquid, in horizontal and inclined flows, 2.3.2-2/2.3.2-5
plug flow, in vertical pipes 2.3.2-19
slug flow, in horizontal pipes, 2.3.2-2412.3.2-25

Internal energy (see specific internal energy)
Internal heat sources, temperature distribution in bodies with,

2.4.2-3
Internal heat transfer coefficient, use in transient conduction

calculations, 2.4.3-712.4.3-8
Internal reboilers (in distillation columns), characteristics,

advantages and disadvantages of, 3.6.1-2/3.6.1-3
Internally finned tubes, heat transfer and pressure drop in,

2.5.11-S/2.5.11-6
International Standards Organization (see ISO)
Interpenetrating continua (as representation of heat exchangers):

partial differential equations for, 1.2.6-l/1.2.6-7
porosity in, 1.2.6-2

Intertube velocity, in tube banks, 2.2.4-3
Inviscid flow, compressible, with heat addition, 2.2.2-1312.2.2-14
Irvine, T. F., Jr., 2.4.6-l/2.4.64
IS0 codes for mechanical design of heat exchangers, 4.3.1-3
Isobutane saturated properties, 5.5.1-6
Isopentane  saturation properties, 5.5.1-7
Isothermal flow, compressible, in ducts, 2.2.2-13
Isothermal gas, radiation heat transfer to walls from,

2.9.6-l/2.9.6-9
Isotropic materials, elastic properties, 5.45-315.4.54
Isotropic scattering, 2.9.5-2
Italy, guide to national practice for heat exchanger mechanical

design, 4.3.5-7

J
J-type shells, in shell-and-tube heat exchangers:

calculation of heat transfer and pressure drop in, 3.3.1 l-l
description of, 3.3.4-3
temperature difference correction (0 and 8-NTU  charts for,

1.5.2-1111.5.2-12
Jadcet-type  heaters, 4.4.4-314.4.44
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Jacob number, 2.7.1-8
Japan, guide to national practice for heat exchanger mechanical

design:
high-pressure gas control law, 4.3.5-9
standard construction (JISB8243),  4.3.5-8

JayatiIlaka relation, between heat and momentum transfer,
1.2.3-6

Jens and Lottes correlation for subcooled forced convective
boiling of water, 2.7.3-8

Jet impingement dryer, 3.13.24
Jets, impinging (see Impinging jets)

K
Kapitza number, 2.1.7-4/2.1.7-5
Kern method, for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-2
Kesler and Lee equations, for critical temperature, critical

pressure, acentric factor and molecular weight,
5.2.1-6/5.2.1-8

Kettle reboilers:
calculation procedures for, 3.6.5-l/3.6.5-2
characteristics, advantages and disadvantages of, 3.6.1-2
constructional features of, 4.2.3-7/4.2.3-8
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-2/3.6.2-3
critical heat flux and fii boiling, 3.6.2-4/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor-liquid disengagement in, 3.6.2-6

Kirchoff�s Law, in radiative heat transfer, 2.9.2-2
Knudsen number, 2.2.1-11
K-values, in phase equilibrium, 5.2.1-3

1
Lamella  heat exchangers, 3.1.2-3/3.1.24
Laminar boundary layers (see Boundary layers)
Laminar flow:

combined free and forced convective heat transfer in,
2.5.10-l/25.10-11

condensation in vertical surfaces, 2.6.2-212.6.24
heat transfer in ducts in, 2.5.1-2/25.1-5

augmentation of, 2.5.11-t/2.5.11-8
in concentric annular ducts, 2.5 .l-3
free convection effects in, 2.5.1-4/2.5.1-5
with liquid metals, 2.5.13-l/2.5.13-2
between parallel plates, 2.5.1-3
in straight circular pipes, 2.5 .l-2

heat transfer in free convection on a vertical surface in,
2.5.7-3

heat transfer in tube bundles in, 2.5.13-2/25.13-3
in circular pipes, 2.2.2-l/2.2.2-2
in ducts, characteristic of plate fin heat exchangers,

3.9.5-l/3.9.5-3
in noncircular pipes, 2.2.2-712.2.2-g

Laminar flow control, of boundary layers, 2.2.1-25
Laminar sublayer  (see Viscous sublayer)

Lancaster, J. F., 4.5.1-l/4.5.3-7
Large eddy simulation, in prediction of turbulent boundary

layers, 2.2.1-29
Latent heat (see Heat of vaporization)
Laws for turbulent flows:

of the wake, 2.2.1-26
of the wall, 2.2.1-25
velocity defect, 2.2.1-26

Layers of fluid, free convection heat transfer in, 2.5.8-l/2.5.8-3
Le Fevre equations for free convective heat transfer, 2.5.7-3
Leakage between streams, in shell-and-tube heat exchangers,

3.3.44/3.3.4-S,  4.6.1-2
Leakage effects, on heat transfer and pressure drop in

shell-and-tube heat exchangers, 3.3.1-l/3.3.11-5
shell-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.64/3.3.6-5
tubes-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.6-5
Lessing rings, characteristic of, as packings for fixed beds, 2.2.5-2
Lienhard  and Dhir analysis of critical heat flux in pool boiling,

2.7.2-1012.7.2-12
Lienhard  and Eichhorn criterion, for transition in critical heat

fhrx mechanism in crossflow over single tube, 2.7.5-3
Lift force:

in flow in tube banks, 2.2.4-16
in flow over immersed bodies, 2.2.3-3

Liley, P. E., 5.5.6-l/5.5.7-3
Liquid fuels, properties of, 3.11.3-3
Liquid hold-up, 2.3.1-3
Liquid metals:

heat transfer in, 2.5.13-l/2.5.134
in channel flows, 2.5.13-l/25.134
condensation of, 2.6.2-1512.6.2-16
in heat exchangers, 2.5.13-3

Liquid-solid flow (see Solid-liquid flow)
Liquids:

as constituent in multiphase flows, 2.3.1-l/2.3.1-2
physical properties of:

in multicomponent mixtures, 5.2.3-l/5.2.44
rheologically complex, 5.3.1-l/5.3.8-3
saturated property tables for, 5 .5.1-l/5 .S A-40
specific heat capacity, 5 .1.3-7
specific volume, 5.1.2-l/5.1.2-2
surface tension, 5.1.5-l/5.1.5-3
thermal conductivity, 5.1.4-6/51.4-7
thermal expansion coefficient, 5.1.2-2
viscosity,5.1.4-l/5.1.4-5

LMTD (see Logarithmic mean temperature difference)
Loads, types of in heat exchangers, 4.1.1-l
Local conditions hypothesis, for critical heat flux in flow boiling,

2.7.3-1812.7.3-19
Lockhart and Martinelli  correlations:

for frictional pressure gradient, 2.3.2-10
for void fraction, 2.3.2-17

Lodge�s rubber-like liquid (non-Newtonian), 2.2.8-8
Logarithmic driving force in mass transfer, 2.1.5-3
Logarithmic law region, 2.2.2-l
Logarithmic Mean Temperature Difference, 1.2.4-2/1.2.4-3,

2.1.2-2, 2.5.1-1, 3.1.1-2
Longitudinal fins (see Straight fins)
Long-tube vertical evaporator, 3.5.2-3/3.5.24
Loss coefficient, 2.2.2-14

for bends, 2.2.2-16
in combining and dividing flow, 2.2.2-19/2.2.2-20
for diffusers, 2.2.2-1712.2.2-18
values for various fittings, 2.2.2-1912.2.2-20
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Louvered fins, in plate fin exchangers, 3.9.3-l
Low-alloy steels, as material of construction, 45.2-3
Low-finned tubes:

application in shell-and-tube heat exchangers,
3.3.11-2/3.3.11-3

correlations for single phase heat transfer in flow over,
2.5.3-12125.3-11

use in boiling augmentation, 2.7.9-l/2.7.9-2
Lubricants, physical properties of:

classification, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2
plastic lubricants, 5.3.4-l/5.3.4-2

Ludwieg-Tillmann  formula, for skin friction, 2.2.1-26
Lydersen�s  incremental method, for critical parameters,

5.1.1-l/5.1.1-2

M
Macdonald equation, for fixed-bed pressure drop, 2.2.5-3
Mach number, 2.2.1-11

effect on turbulent flow over flat plate, 2.2.1-30
incompressible duct flows with heat transfer, 2.2.2-12

Maddox, R. N., 5.2.1-l/5.2.5-5,5.5.1-l/5.5.2-11,  55.4-l/5.5.4-9
Magnetic fields, effect on properties of rheologically complex

materials, 5.3.8-l/5.3.8-2
Manifolds (see Headers)
Martin, H., 2.4.1-l/2.4.54,2.5.5-1/25.6-10
Martinelli and Boelter equations for combined free and forced

convection, 2.5.10-2/2.5.10-3
Martineti  and Nelson correlations:

for frictional pressure gradient, 2.3.2-10/2.3.2-l I
for void fraction, 2.3.2-14

Mass absorption coefficient, 2.9.5-2
Mass and heat transfer, combined:

in condensation, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2

Mass extinction coefficient, 2.9.5-2
Mass fraction, in multicomponent mixtures, 1.2.1-2
Mass scattering coefficient, 2.9.5-2
Mass transfer:

analogy with heat transfer, 2.1.5-l/2.154
in cooling towers, 3.12.2-2/3.12.2-3
in condensation: in multicomponent mixtures, 2.6.3-7/2.6.3-8

of binary mixtures, 2.6.3-7
of single vapor with noncondensables, 2.6.3-5/2.6.3-7

with impinging jets, 2.5.6-l/2.5.6-10
in fixed beds, 2.5.4-212.5.2-6
in fluidized beds, 2.5.5-3f2.5.5-6
in nonuniform systems, 2.1.4-l/2.1.4-4
volumetric coefficient for, 1.1.2-2

Mass transfer coefficient:
in fixed beds, 2.5.4-l/2.5.4-6
individual definition of, 1.2.2-2/1.2.2-3,2.15-2/2.1.5-3

Matovosian, Robert, 5.5.5-l/5.5.5-4
Materials of construction, for heat exchangers, 4.5.1-l/4.5.3-7

materials for corrosive service, 4..5.2-214.5.26
austenitic stainless steels, 45.24
carbon steel, 4.5.2-214.5.2-3
coatings, 4.5.2-514.5.2-6
copper base alloys, 4.5.2-414.5.2-5
ferritic chromium stainless steels, 4.5.2-3
low aIloy steels, 4.5.2-3
nickel based alloys, 4.5.2-S

non-metallic materials, 4.5.2-6
titanium, 45.2-5

materials for noncorrosive service, 4.5.2-2
product forms, 4.5.2-l/4.5.2-2

shells, channels, covers, and bonnets, 4.5.2-l/4.5.2-2
tubes, 4.5.2-l
tubesheets, 45.2-l

testing and inspection of, 4.7.2-l
Matrix heat exchangers (see Plate fin heat exchangers)
Matrix inversion techniques, in radiative heat transfer,

2.9.3-712.9.3-8
Maximum bed-to-surface heat transfer, in fluidized beds,

2.8.44/2.8.4-5
Maximum heat flux:

by conduction in solids, 2.1.1-2
in condensation, 2.1.74/2.1.7-6
under free molecule conditions in gases, 2.1.1-2

Maximum mass flux:
in condensation, 2.1.7-412.1.7-6
under free molecule conditions, 2.1.1-2

Maximum shear stress, under free molecule conditions, 2.1.1-2
Maximum velocities (in shell-and-tube heat exchangers),

3.3.S-15,4.5.3-3
Maxwell model, for non-Newtonian fluid, 2.2.8-7
Maxwell velocity of a vapor, as limiting phenomenon in

condensation, 2.1.7-412.1.7-6
Maxwell�s  equations, for electromagnetic radiation,

2.9.2-712.9.2-8
Mean-beam-length concept, in radiative heat transfer:

tables of geometric mean beam lengths, 2.9.6-S
theory of, 2.9.6-212.9.3

theory of, 2.9.6-212.9.6-3
Mean equivalent temperature, of a surface in combined

convective and radiative heat transfer, 2.9.8-2
Mean phase content, 2.3.1-3
Mean temperature difference:

application in shell-and-tube heat exchangers, 3.3.5-17
concept of, 3.1.1-2/3.1.1-3
effective, in kettle reboilers, 3.6.2-4
in condensers, 3.4.8-l/3.4.8-3
(See also Logarithmic mean temperature difference,

Arithmetic mean temperature difference)
Mechanical agitators, for agitated vessels, 3.14.2-l/3.14.2-2

heat transfer correlations for, 3.14.3-l/3.14.3-6
Mechanical design of heat exchangers:

air cooled heat exchangers, 4.4.1-l/4.4.1-7
basic principles, 4.1.1-l/4.1.8-3

expansion joints, 4.1.6-l
flanges, 4.1.7-l/4.1.7-2
heads, openings and branches, 4.1.8-l/4.1.8-2
introduction to, 4.1.1-l/4.1.1-5
methods of analysis, 4.1.2-l/4.1.2-9
shells, 4.1.3-l/4.1.3-3
tube plates, 4.1.4-l/4.1.4-3
tubes, 4.1.5-l

block type, 4.4.4-4
direct contact, 4.4.4-614.4.4-8
double-pipe exchangers, 3.2.5-l/3.2.5-2,4.4.4-1/4.4.4-2
heat pipes, 4.4.4-g/4.4.4-11
helical (Hampson)  coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-314.4.4-4
plate fin heat exchangers, 4.4.3-l/4.4.3-9
plate heat exchangers, 4.4.2-l/4.4.2-8
shell-and-tube exchangers: constructional features,

4.2.1-l/4.2.6-13

0 1983 Hemisphere Publishing Corporationr 1KDiL A
-I. _ _._-. __-. I .._.....-.._. L_ ._. -.l.__CI-. .-,. .  ̂ ,..--.  .�.  ..-_,_*_._. ^

-�T� _, . . _ -.



I-22 HEAT EXCHANGER DESIGN HANDBOOK / Index

Mechanical design of heat exchangers, shell-and-tube exchangers:
constructional features (Cont.):
design codes for, 4.3.1-1/4.3.5-l
example of design, 4.3.1-6/4.3.6-23

scraped surface, 4.4.4-514.4.4-7
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-2/4.4.4-3

Mechanical draft cooling towers, 3.12.4-l/3.12.4-2
thermal performance and design, 3.12.4-2/3.12.44

Mechanical draft fan coolers (see Air-cooled heat exchangers)
Melting, thermal conduction in, 2.4.4-l/2.4.4-2
Melting point of commonly used substances, 5.5.1-l/5.5.140
Mercury:

saturation properties, 5 .S .l-35
superheated gaseous, thermodynamic properties of,

5.5.24/5.5.2-S
Merkblatter (German) code, for mechanical design of heat

exchangers, 4.3.1-3
index to, 4.3.2-l/4.3.24

Merkel�s equation, in cooling tower design, 3.12.2-3
Metais and Eckert diagrams, for regimes of convection:

in horizontal pipes, 2.2.6-6,2.5.10-l/2.5.10-2
in vertical pipes, 2.5.10-2

Metastable equilibrium, of vapor and liquid, 2.7.1-l
Methane saturation properties, S 5.1-4
Methanol saturation properties, 5.5.1-17
Methyl acetate saturation properties, 5.5 .l-25
Methyl-r-butyl ether saturation properties, 5.5.1-23
Metals:

condensation of, 2.6.2-15/2.6.2-16
density, 5.4.1-l
liquid, single-phase heat transfer in, 2.5 .13-l/2.5.13-4
spectral absorptivity, 2.9.2-1112.9.2-12

Microlayer evaporation, in boiling of binary mixtures, 2.7.6-7
Minimum heat flux in pool boiling:

of binary and multicomponent mixtures, 2.7.7-S/2.7.7-6
of pure components, 2.7.2-1312.7.2-14

Minimum tubeside  velocity, in shell-and-tube heat exchangers,
3.3.5-16

Minimum velocity for fluidization, 2.2.6-2
Minimum wetting rate, for binary mixtures, 2.7.8-7
Mirror-image concept, in radiative. heat transfer, 2.9.4-l/2.9.4-2
Mirrors, spectral characteristics of reflectance from, 2.9.2-17
Mist flow:

in axial flow reboilers, 3.6.2-9
heat transfer in (see Post-dryout heat transfer)
onset, as mechanism for critical heat flux in reboilers,

3.6.2-812.6.2-9
Mixed convection, occurrence in horizontal circular pipe, Metais

and Eckert diagram for, 2.2.2-6
Mixing length, 2.2.24

table of turbulent flow in circular pipes, 2.2.2-3
Mixing vessel (see Agitated vessel)
Mixtures:

of gases, radiation properties, 2.9.5-l l/2.9.5-12
condensers for, 3.4.4-l/3.4.4-2
(See also Binary mixtures, Multicomponent mixtures)

Models, theory of, 2.2.1-12/2.2.1-13
Modes of heat transfer, Nusselt description, 2.1.0-2
Molecular gas radiation properties, 2.9.5-8/2.9.5-l 1
Molecular weight:

of commonly used fluids, S.S.l-l/5.5.140
Kesler and Lee equation for estimation of in hydrocarbon

mixtures, 5.2 .l-7
Molerus, O., 2.2.6-112.2.6-g

Mollier chart, for humid air, 3.13.1-l
description of drying processes in terms of, 3.13.3413.13.3-S

Momentum equation:
in boundary layer, 2.2.1-17
in compressible duct flow, 2.2.1-12
differential form for single-phase flow, 2.2.1-512.2.1-7
in gas-liquid flows, 2.3.2-812.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-8/2.3.2-g

in heat exchanger calculations, 1.2.6-S/1.2.6-7
integral form for single-phase flow, 2.2.1-212.2.1-3
in multiphase flows: homogeneous flow, 2.3.1-5

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Monte Carlo methods, in radiative heat transfer, 2.9.4-2/2.9.4-5
for radiative heat transfer with an isothermal gas,

2.9.6-812.9.6-g
Moody chart:

for critical two-phase flow, 2.3.2-28
for single-phase friction factor in circular pipes, 1.2.3-3,

2.2.2-2
Morcos and Bergles equation, for influence of free convection of

friction factor, 2.2.2-6
Morris, M., 4.3.1-l/4.3.5-11
Mostinski correlations:

for critical heat flux, 3.6.2-5
for nucleate boiling, 2.7.2-6

application to kettle reboilers, 3.6.2-l
Moving bed, heat transfer to, 2.8.3-3/2.8.34
Moving belt, heat transfer to, 2.1.3-2/2.1.3-3
Muchowski, E., 2.8.3-112.8.3-g
Mueller, A. C., 3.4.1-l/3.4.9-5
Multicomponent mixtures:

air-cooled condensers for, 3.8.9-2/3.8.94
boiling of, in kettle reboilers, 3.6.2-313.6.24
condensation of, 2.6.3-7/2.6.3-9,2.6.4-l/2.6.4-7
condensers for, 3.4.4-l/3.4.4-2
diffusion in, 2.1.5-l/2.1.54
forced convective boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-312.7.8-6
critical heat flux in, 2.7.8-6/2.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-2/2.7.8-3

of gases, radiation properties of, 2.9.5-l l/2.9.5-12
phase equilibria in, 2.7.6-312.7.6-5
physical properties of, 5.2.1-1/5.2.5-S

diffusion coefficients, 5.2.5-l/5.2.5-5
equilibria, 5.2.1-l/5.2.1-8
interfacial tension, 5.2.4-l/5.2.4-3
thermodynamic properties, 5.2.2-l/5.2.2-9
thermophysical properties, 5.2.3-l/S .2.3-9

pool boiling of, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-s
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-512.7.7-6
nucleate boiling, 2.7.7-112.7.74
transition boiling, 2.7.7-5

Multidimensional systems, heat conduction in,
2.4.3-1012.4.3-12

Multiflux  methods, for radiative heat transfer in non-isothermal
gases, 2.9.7-612.9.7-7

Multipass shell-and-tube heat exchangers, 1.1 .l-2
Multiphase fluid flow and pressure drop:

introduction and fundamentals, 2.3.1-l/2.3.1-10
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Multiphase fluid flow and pressure drop, introduction and
fundamentals (Cont.):
classification of multiphase flows, 2.3.1-l/2.3.1-2
conservation equations for, 2.3.1-3/2.3.1-7
design parameters in, 2.3.1-212.3.1-3
drift flux models for, 2.3.1-7/2.3.1-10

solidgas flow, 2.3.3-l/2.3.3-10
flow patterns in, 2.3.3-2
pressure drop in, 2.3.3-2,2.3.34/2.3.3-8
principles of pneumatic conveyance, 2.3.3-l/2.3.3-2

solid-liquid flow, 2.3.4-l/2.3.4-7
flow regimes in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-3/2.3.46

Multiple effect evaporation, 3.5.3-l/3.5.3-2
Multirod  clusters (see Rod bundles)
Multizone model, for furnaces, 3.11.6-l/3.1 1.6-4
Murray, I., 4.4.4-1/4.4.4-l 1

N
�Nabla� operator (see Differential vector operators)
Nahme-Griffith  number, 2.5.12-6
National practice, in mechanical design, guide to, 4.3.5-l/4.3.5-9
Natural convection:

as precursor to nucleate boiling, 2.7.2-112.7.2-2
(See also Free convection)

Natural draft cooling towers:
dry, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.12.5-l/3.12.5-2
main features of, 3.12.3-l/3.12.3-2
structural design, 3.12.3-6/3.12.3-7
thermal performance and design of, 3.12.3-2/3.12.36

design optimization of, 3.12.3-5/3.12.3-6
performance away from design point, 3.12.3-6
pressure losses in, 3.12.3-3/3.12.3-5
thermal design equation, 3.12.3-2/3.12.3-3

Natural draft heat exchangers (see Ah cooled heat exchangers,
Cooling towers)

Natural frequency of tube vibration in heat exchangers,
4.6.2-l/4.6.24

Navier-Stokes equation, 2.2.1-5
Neon saturation properties, 5.5 .l-36
Neopentane saturated properties, 5.5 .l-6
Net free area, in double-pipe heat exchangers, 3.2.3-l
Netherlands, guide to national mechanical design practice, 4.3.5-5
Newton�s law, for momentum transfer, 2.1.1-2

limitationsin, 2.1.1-l/2.1.1-4
NFA (see Net free area)
Nickel-base alloys, as material of construction, 4.5.2-S
Nitrogen:

critical heat flux table for flow boiling of in vertical
tube, 2.7.3-29

saturation properties, 5.5 J-36
superheated gaseous, thermodynamic properties, 5.5.2-5

Noise, in air-cooled heat exchangers, 3.8.9-l
Nonane saturation properties, 5 5 .l-10
Nonaqueous fluids, critical heat flux in, 2.7.3-612.7.3-30
Noncircular cylinders (see Cylinders)
Noncondensables:

in boiling, 2.7.2-8
in condensation, 2.1.6-2, 2.6.1-2,2.6.3-S/2.6.3-7,

2.6.4-5/2.6.4-6,2.6.5-212.6.5-3
Nondestructive testing, of heat exchangers, 4.7.6-114.7.6-2
Nonmetallic materials, for heat exchangers, 4.5.2-6
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Non-Newtonian flow:
free convective heat transfer from: spheres, 2.5.7-25

vertical plates, 2.5.7-10/2.5.7-11
properties of rheologically complex fluids in, 5.3.1-l/5.3.8-3
single-phase fluid flow and pressure drop in, 2.2.8-l/2.2.8-13

experimental characterization of non-Newtonian fluids,
2.2.8-112.2.8-6

models for non-Newtonian fluids, 2.2.8-6/2.2.8-9
turbulent flow of non-Newtonian fluids, 2.2.8-11
volume flow rate/pressure drop relations, 2.2.8-9/2.2.8-l 1

single-phase forced convective heat transfer with,
2.5.12-l/2.5.12-16

in channel flows, 2.5.12-6/2.5.12-15
equations and dimensionless groups for, 2.5.12-5/2.5.12-6
governing physical properties in, 2.5.12-2/25.12-5

Non-uniform heat flux, critical heat flux with, 2.7.3-18/2.7.3-22
North, C., 4.8.3-l/4.8.3-3
No-tubes-m-window shells, calculation of heat transfer and

pressure drop in, 3.3.11-l/3.3.1  l-3
Nozzles:

analytic basis for codes for, 4.3.3-2
comparison of codes for, 4.3.4-2
impinging jets from, heat transfer in, 2.5.6-l/2.5.6-10

arrays of nozzles, 2.5.6-S/2.5.6-6
optical spatial arrangement, 2.5.6-6/2.5.6-9
single nozzles, 25.64/25.6-S

in shell-and-tube heat exchangers: constructional features of,
4.2.5-12,4.2.6-214.2.6-3

description of, 2.2.7-l
impingement protection for, 3.3.5-10/3.3.5-11
pressure change across inlet nozzle, 2.2.7-2/2.2.7-3
pressure change across outlet nozzle, 2.2.7-312.2.74

index to U.S., U.K., and F.R.G. codes for, 4.3.2-9/4.3.2-10
loss coefficients in, 2.2.2-20

NTU (see Number of transfer units)
Nuclear fuel suspensions, properties of, 5.3.1-2/5.3.1-3
Nucleate boiling:

augmentation of, 2.7.9-l/2.7.94
in axial flow reboilers, 3.6.2-613.6.2-7
in evaporators, 3.5.7-213.5.7-3
in forced convective boiling of binary and multicomponent

mixtures, 2.7.8-l/2.7.8-2
in forced convective heat transfer in vertical tubes,

2.7.3-112.7.3-12
in horizontal tubes, 2.7.4-l/2.7.4-7
in kettle reboilers, 3.6.2-l/3.6.2-4
outside tubes and tube bundles in crossflow,  2.7.5-l/2.7.5-7
in pool boiling of binary and multicomponent mixtures,

2.7.7-l/2.7.74
in pool boiling systems, 2.7.2-312.7.3-9

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gases on, 2.7.2-8
influence of gravitational acceleration on, 2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-8/2.7.2-9
influence of surface conditions on, 2.7.2-712.7.2-8
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

Nucleation:
augmentation devices for, 2.1.9-112.7.9-2
in binary systems, 2.7.6-5
heterogeneous, in boiling, 2.7.1-3/2.7.14
homogeneous, of vapor bubble in liquid, 2.7.1-2/2.7.1-3
in supersaturated vapor, 2.6.7-l/2.6.7-2
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Nucleation sites:
critical size for nucleation: in pool boihng,�2.7.2-212.7.2-3

in subcooled forced convective boiling, 2.7.36
enhancement of number and activity of, 2.7.9-l/2.7.9-2
size in binary mixtures, 2.7.6-5
sizing of active, 2.7.1-512.7.1-6

Nuclei, formation in supersaturated vapor, 2.6.7-l/2.6.7-2
Number of transfer units (NTU):

in air-cooled heat exchangers, 3.8.5-1/3.8.5-S
average value in nonuniform heat transfer in shell-and-tube

heat exchangers, 2.1.4-l/2.1.4-3
as basis for design of plate heat exchangers, 3.7.2-I

rating in, 3.7.7-l
in cooling of slab, 2.1.3-l/2.1.3-2
in cooling towers, 3.12.24/3.12.2-S
in heat exchangers, 1.2.4-3
in particle-to-fluid heat transfer in fluidized beds,

2.X5-2/2.5.5-3
in transient heat transfer, definition of, 2.1.2-2/2.1.3-7
(See also 0 or &NTU method)

Numerical methods:
application in furnace prediction, 3.11.7-S
for cases in which flow patterns must be calculated,

1.4.2-l/1.4.2-2
applications, 1.4.2-311.4.2-4
discretization, 1.4.2-1
finite difference equations for, 1.4.2-l/1.4.2-2
solution procedure, 1.4.2-2/1.4.2-3

for the solution of heat exchangers with a prescribed flow
pattern, 1.4.1-l/1.4.1-6

discretization, 1.4.1-l/1.4.1-3
finite difference equations for, 1.4.1-3/1.4.14
influence of fineness of discretization, 1.4.1-S/1.4.1-6

special applications of, 1.4.3-l/1.4.3-6
calculations of heat transfer coefficients, 1.4.3-3/1.4.34
flows with chemical reactions, 1.4.3-211.4.3-3
flows with radiation, 1.4.3-3
turbulent flow in empty spaces, 1.4.3-2
two-phase flows, 1.4.3-1

in transient conduction calculations, 2.4.3-8/2.4.3-10
Nusselt:

description of modes of heat transfer, 2.1.9-2
equations for condensation: inside horizontal tube, 2.6.2-13

outside horizontal tube, 2.6.2-9
vertical surface, 2.6.2-2

Nusselt-Graetz  problem, in laminar heat transfer in ducts, 2.5.1-2
Nusselt number:

in combined and free and forced convection: around
immersed bodies, 2.5.9-l/2.5.9-6

in channels, 2.5.10-2/2.5.10-11
definition, 1.2.3-2

in finned tube banks, 2.5.3-11
in flow over tube banks, 2.5.3-l/2.5.3-6

forms of correlation for, 2.1.34
in free convection over immersed bodies, 2.5.7-2
for heat transfer in tubes, 2.1.36
in lam&r flow in ducts, 2.5 .1-2/2.5.1-S
in liquid metal flow, 2.5.13-l/2.5.134
in non-Newtonian flows, 2.5.12-712.5.12-16
in nonuniform heat transfer in packed beds, 2.1.4-3/2.1.44
in particle to fluid heat transfer in fixed beds, 2.5.4-l
in plate heat exchangers, 3.7.5-l
in single-phase flow over immersed bodies, 2.5.2-l/2.5.2-8
in systems with heat transfer augmentation,

2.5.11-l/2.5.11-12
in turbulent flow in ducts, 2.5.1-S/2.5.1-11

0
Oblate spheroids, free convective heat transfer from, 2.5.7-25
Octane saturation properties, 5.5.1-9
Oldroyd eight constant model, for non-Newtonian fluid, 2.2.8-8
ONB (onset of nucleate boiling):

in pool boiling, 2.7.2-12
in subcooled boiling in vertical tubes, 2.7.3-512.7.3-7

One equation models, for turbulent boundary layers, 2.2.1-28
Openings, mechanical design aspects, 4.1.8-l/4.1.8-2
Operational envelope of a heat pipe, 3.10.4-l
Opposed convection:

around immersed bodies, 2.5.9-11
in vertical tubes, 2.5.10-6

Optimization methods, for heat exchanger design, 3.3.4-2
Organic solids, density, 5.4.1-2
Orifices:

loss coefficients in, 2.2.2-21
two-phase gas liquid flow, 2.3.2-1712.3.2-18

OTL (see Outer tube limit)
Outer tube limit, in shell-and-tube heat exchangers, 4.2.5-9
Outlet effects, in shell-and-tube heat exchangers, 3.3.6-9/3.3.6-10
Overall heat transfer coefficient, 2.1.2-l

approximate values: in shell-and-tube exchangers,
3.1.44/3.1.4-s

in liquid metal heat exchangers, 2.5.13-3
in various heat exchangers, 2.1.2-3/2.1.24

in air-cooled heat exchangers, 3.8.5-1/3.8.5-S
Overall power hypothesis, for critical heat flux in flow boiling,

2.7.3-19
Oxygen:

saturation properties, 5.5.1-37
superheated gaseous, thermodynamic properties of, 5.5.2-6

Packed beds (see Fixed beds)
Packing relationship, in cooling tower design, 3.12.2-3/3.12.24
Packings, for cooling towers, 3.12.2-8/3.12.2-10
Packings, for fixed beds:

characteristics, 2.2.5-2
effective conductivity of various in fixed beds: beds with gas

flow, 2.8.2-212.8.2-s
stagnant beds, 2.8.1-3/2.8.1-S

Paikert, P., 3.8.1-l/3.8.9-4
Paints, spectral characteristics of reflectance of surfaces treated

with, 2.9.2-1412.9.2-17
Palen and Small correlation, for critical heat flux in tube banks,

2.7.5-6
Palen, J. W., 3.6.1-l/3.6.5-6
Panel immersion exchangers, 4.4.4-2/4.4.4-3
Parallel flow (see Cocurrent  flow)
Parallel plates, (see Plates)
Partial boiling in subcooled forced convective heat transfer,

2.7.3-812.7.3-9
Particle convective component, in heat transfer from fluidized

beds, 2.8.4-212.8.4-3
Particle emissivity, 2.9.7-2
Particle Reynolds number in fixed beds, 2.2.5-2
Particles:

fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.56
free falJ velocity of, 2.3.3-3

0 1983 Hemisphere Publishing Corporation



HEAT EXCHANGER DESIGN HANDBOOK / Index I-25

Particles (Cont.):
particle-to-wall heat transfer in fluidized beds,

2.8.4-l/2.8.4-8
Particulate fluidization, 2.2.6-l
Pass arrangements, in plate heat exchangers, 3.7.8-l/3.7.8-3
Passes, tube side, 4.2.5-314.2.5-4

�boxed in �  4 2. .54
number of, 4.2.5-314.2.54
partition plates between, 4.2.5-3

Passive methods, for augmentation of heat transfer,
2.5.11-l/2.5.11-3

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.5.11-t/2.5.11-8
in free convection, 2.5 .l l-3

Pearson number, 2.5.12-6
Peclet  number, 1.2.3-2/1.2.3-3,  2.1.5-2

heat and mass transfer at low, in fluid&red beds,
2.5.5-312.5.5-5

in heat transfer in liquid metal systems, 2.5.13-l/25.13-4
in non-Newtonian flow, 2.5.12-6

Peng-Robinson equation of state, 5.1.2-4
application to hydrocarbons, 5.2.2-2

Penner�s rule, in absorption of radiation by gases, 2.9.5-7
Pentane:

normal, critical heat flux for flow boiling of in vertical tube,
2.7.3-29

saturation properties of, 5.5 .l-8
Perfect gas (see Ideal gas)
Perforated fins, in plate fm heat exchangers, 3.9.3-1
Perforated plates, loss coefficients in, 2.2.2-20
Periodic variations in temperature, thermal conduction in

bodies with, 2.4.5-112.4.5-4
Petroleum properties, 5.3.1-3
Phase change number, 2.4.4-l
Phase envelope, for natural gas mixture, 5.2.14
Phase equilibrium:

in binary mixtures, 2.7.6-l/2.7.6-3
in multicomponent mixtures, 2.7.6-3/2.7.6-4
(See also Equilibrium, phase)

Phase rule (Gibbs), 5.2.1-1
Phase separation, as source of corrosion problems, 4.5.3-5
PHE (see Plate heat exchanger)
Phenol saturation properties, 5.5.1-20
Phonons, in thermal conductivity of solids, 5.4.3-l/5.4.3-3
Physical properties:

of mixtures of fluids, 5.2.1-l/5.2.5-5
of pure fluids, 5.1.1-l/5.1.5-3
of rheologically complex media, 5.3.1-i/5.3.8-3
of solids, 5.4.0-l/5.4.5-5
tables of, 5.5.1-l/5.5.8-3
variation with temperature: effect in developing flow,

2.2.2-11
effect on flow in tube banks, 2.2.4-1012.2.4-12
effect on flow over cylinder, 2.2.3-6
effect on friction factor in circular pipe flow,

2.2.2-712.2.2-8
effect in heat transfer of flat plates, 2.5.2-212.5.2-3
effect in laminar flow heat transfer in channels,

2.5.1-4
effect in turbulent flow heat transfer in channels,

2.5.1-6/2.5.1-7
nature of variation, 2.2.1-9
in polymers, 2.5.12-2/2.5.12-4

Pm fins (see Spine fins)
Pi theorum, in dimensional analysis, 2.2.1-11
Pipe fittings (see Piping components)

Pipes, circular:
augmentation of heat transfer in, 2.5.11-4/2.5.11-P

internally finned for, 2.5.11-5/2.5.116
boiling of binary and multicomponent mixtures in,

2.7.8-112.7.8-7
critical heat flux, 2.7.8-6/2.7.8-7
forced convective (including mass transfer effects),

2.7.8-212.7.8-6
nucleate boiling, 2.7.8-l/2.7.8-2

combined free and forced convection in, 2.5.10-l/2.5.10-12
in condensers, 3.4.1-1/3.4.9-S
horizontal channels, 2.5.10-7/2.5.10-11
vertical pipes, 2.5.10-2/2.5.10-l

flow boiling in: horizontal pipes, 2.7.4-112.7.4-7
vertical pipes, 2.7.3-l/2.7.3-37

free convective heat transfer from outside of,
2.5.7-2012.5.7-24

horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-23/2.5.7-24

heat transfer to, in fluidized beds, 2.8.4612.8.4-7
heat transfer to liquid metals in, 2.5 .13-l
laminar heat transfer in, 2.5 .l-2

in hydrodynamically developed flow, 2.5.1-l
in thermally and hydrodynamically developing flow,

2.5.1-2
pneumatic conveyance (gas solids flow) in, 2.3.3-l/2.3.3-2
radiative heat transfer along, 2.9.3-15/2.9.3-16
roughened surface, radiative heat transfer along,

2.9.4-P/2.9.4-10
single-phase fluid flow and pressure drop in fully developed

flow in, 2.2.2-I/2.2.2-7
effect of free convection on, 2.2.2-512.2.2-7
effect of temperature dependent fluid properties on,

2.2.2-7
friction factor, 2.2.2-112.2.2-2
influence of additives on, 2.2.2-7
turbulence characteristics in, 2.2.2-l/2.2.2-5

turbulent heat transfer in, 2.5.1-5/2.5.1-g
two-phase gas-liquid flow in, 2.3.2-l/2.3.2-33

flow regimes in, 2.3.2-l/2.3.2-5
hydrodynamics of flow in, 2.3.2-712.3.2-26

use in shell-and-tube heat exchangers for single-phase flow,
3.3.1-1/3.3.11-s

Pipes, noncircular:
triangular ducts: single-phase fluid flow and pressure drop in,

2.2.2-712.2.2-10
laminar flow, 2.2.2-712.2.2-8
turbulent flow, 2.2.2-P/2.2.2-10

(See also Rectangular ducts, Square ducts)
Piping components:

gas-liquid flow and pressure drop in, 2.3.2-15/2.3.2-18
bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-1712.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contractions, 2.3.2-16/2.3.2-17
sudden enlargements, 2.3.2-i6

single-phase fluid flow and pressure drop in, 2.2.2-14/2.2.2-20
curved ducts, 2.2.2-1412.2.2-17
enlargements, 2.2.2-17/2.2.2-19
miscellaneous fittings, 2.2.2-19/2.2.2-20

Plain tube banks (see Tube banks, plain)
Plan&s constant, 2.9.1-3
Planck�s law, for spectral distribution of blackbody radiation,

2.9.1-3
Plane shells: steady-state thermal conduction in, 2.4.2-l/2.4.2-3
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Plastic  analysis, in mechanical design, 4.1.2-l/4.1.2-2
Plate-and-frame heat exchangers (see Plate heat exchangers)
Plate coil baffles, in agitated vessels, 3.14.2.3/3.14.2-4
Plate fin heat exchangers, 1.1.4-2, 3.9.1-l/3.9.1-2

approximate overall heat transfer coefficients in, 2.1.24
calculation procedure for a rating problem, 3.9.9-I
correlation of heat transfer and friction data for,

3.9.6-l/3.9.6-2
definition of geometric terms for, 3.9.2-l
description of, 3.1.2-5
goodness factor comparisons for, 3.9.7-l/3.9.7-3
laminar  flow surfaces, 3.9.5-l/3.9.5-3
mechanical design, 4.4.3-1/4.4.3-P

brazing, 4.4.3-314.4.34
construction, 4.4.3-l/4.4.3-3
flow distributors, 4.4.3-3
materials, 4.4.3-714.4.3-8
plate fin-tube construction, 4.4.3-514.4.3-7

multifluid service in, 3.9.12-l/3.9.12-2
pressure drop calculation in, 3.9.10-l/3.9.10-2
procedures for the thermal sizing problems m,

3.9.11-l/3.9.11-2
recent theory and data on vaporization and condensation in,

3.9.13-l/3.9.134
specifications of sizing  and rating problems in, 3.9.8-l/3.9.8-2
surface geometries for, 3.9.3-1
surface performance data for, 3.9.4-l/3.9.4-2

Plate fins, efficiency of, 2.5.3-g/2.5.3-10
Plate heat exchangers:

approximate overall heat transfer coefficients in, 2.1.24
construction and operation of, 3.7.1-l/3.7.1-3
corrugation design, 3.7.3-l/3.7.3-2
costing, 4.8.4-l/4.8.4-2
description, 3.1.2-3/3.1.24

gasketed  plate, 3.1.2-3
lamella  (Ramen),  3.1.2-3/3.1.24
spiral plate, 3.1.2-3

factors affecting plate design, 3.7.6-l/3.7.6-2
corrugation geometry, 3.7.6-l/3.7.6-2
distribution, 3.7.6-2

factors governing plate specification, 3.7.2-l
fouling, 3.7.9-l
friction factor correlations, 3.7.4-l/3.7.4-2
heat transfer correlations, 3.7.5-l/3.7.5-2
mechanical design, 4.4.2-114.4.2-g

frame design, 4.4.2-514.4.2-7
gasket design and properties, 4.4.2414.4.2-5
plate arrangements, 4.4.2-l
plate construction features, 4.4.2-l/4.4.2-2
plate design features, 4.4.2-3/4.4.24

methods of surface area calculation, 3.7.10-l/3.7.104
overall plate design for, 3.7.7-l 13.7.7-2
plate arrangements and correction factors for, 3.7.8-l/3.7.8-4

concurrency corrections, 3.7.8-l/3.7.8-2
distribution along port manifolds, 3.7.8-3/3.7.84
end effects, 3.7.8-213.7.8-3
types of pass arrangements, 3.7.8-l

thermal mixing in, 3.7.11-l/3.7.11-2
twophase  flow applications, 3.7.12-1

Plates:
characteristic of, as packings  for fixed beds, 2.2.5-2
parallel, laminar  heat transfer in flow between, 2.5 .l-3

in hydrodynamically developed flow, 2.5.1-3
in thermally and hydrodynamically developing flow,

2.5.1-3
Plate-type evaporator, 3.5.2-6

Plug flow:
regions of occurrence of: in horizontal flow, 2.3.2-212.3.24

in inclined tubes, 2.3.2-4/2.3.2-5
in systems with phase change, 2.3.2-6/2.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

in vertical channels, 2.3.2-19
bubble rise velocity in, 2.3.2-19

Plug flow model, for furnaces, 3.11.5-l/3.11.5-2
Pneumatic conveyance, 2.3.3-l/2.3.3-2

in horizontal pipes, 2.3.3-l/2.3.3-3
in inclined pipes, 2.3.3-2
in vertical pipes, 2.3.3-l

Pneumatic conveying dryer, 3.13.7-2
P-NTU  method:

application to single pass exchangers, 1.3.1-2/1.3.14
for calculation of heat exchangers, 1.2.44/1.2.4-5

Poiseuille law (see Hagen  Poiseuille law)
Polarization, of thermal radiation, 2.9.2-12/2.9.2-14
Polymers:

degradation temperature, 2.5.12-1
physical properties, 2.5.12-2/2.5.124,5.3.6-l/5.3.7-2

specific heat capacity, 2.5.12-3
thermal conductivity, 2.5.12-2
viscosity, 2.5.12-212.5.12-4

non-Newtonian heat transfer to, 2.5.12-l/2.5.12-15
Pool boiling, 2.1.7-6/2.1.7-8

augmentation of heat transfer in, 2.7.9-l/2.7.9-2
boiling curve for, 2.7.2-l/2.7.2-2
critical heat flux in, 2.7.2-P/2.7.2-13

geometric effects on, 2.7.2-l l/2.7.2-12
liquid viscosity effect on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13

film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling, 2.7.2-312.7.3-g

correlations for. 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gas on, 2.7.2-8
influence of gravitational acceleration on,

2.7.2-P
influence of liquid subcooling on, 2.7.2-P
influence of size and orientation of surface on,

2.1.2-812.7.2-P
influence  of surface conditions on, 2.7.2-712.7.2-8
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-P

of binary and multicomponent mixtures, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-2
transition boiling, 2.7.7-5

onset of nucleate boiling in, 2.7.2-2/2.7.2-3
transition boiling in, 2.7.2-13

Porous surfaces, for enhancement of boiling heat transfer,
2.7.9-1

Post-burnout heat transfer (see Postdryout heat transfer,
Transition boiling, Film boiling)

Postdryout heat transfer:
correlations for in vertical tubes, 2.7.3-31/2.7.3-34

with departure from thermodynamic equilibrium,
2.7.3-3212.7.3-33

empirical correlations, 2.7.3-31/2.7.3-32
semi-theoretical, 2.7.3-3312.7.3-34

in evaporators, 3.5.7-3
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Powders:
classification of types of, in fluidized beds, 2.2.6-312.2.6-4
thermal conductivity under vacuum, 2.1.1-2

Power law fluid (non-Newtonian), 2.2.8-7
forced convective heat transfer to, 2.5.12-l/2.5.12-16

2.5.7-10, 2.5.1-25
1.2.3-4,2.1.3-3

laminar
formulas for, 5.1.4-7
of liquid water, 5.5.34

5.5.1-l/5.5.5.140
shell-side, in shell-and-tube heat exchangers, 3.3.5-17
turbulent, 2.2.1-19

Pressure coefficient:
for flow over single cylinder, 2.2.4-2

Pressure control of condensers, 3.4.5-1
Pressure drop:

3.4.7-l/3.4.7-2
3.2.3-5/3.2.3-6

in fhridized  beds, 2.2.6-2
in gas-liquid flow, 2.3.2-7/2.3.2-18

frictional, in straight pipes, 2.3.2-9/2.3.2-12
in shell-and-tube heat exchangers, 2.3.2-12/2.3.2-13
in singularities, 2.3.2-15/2.3.2-18
in stratified flow, 2.3.2-2312.3.2-24
in vertical annular flow, 2.3.2-19

in headers, nozzles and turnarounds in shell-and-tube heat
exchangers, 2.2.7-l/2.2.7-11

in internally finned tubes, 2.5.11-5/2.5.11-6
2.3.1-l/2.3.1-10

in gas-solid flow, 2.3.3-2,2.3.34/2.3.3-7
overall, in cooling towers, 3.12.3-3/3.12.3-5
in the pa&ings 3.12.2-10/3.12.2-11

3.9.10-l/3.9.10-2
3.7.4-1/3.7.4-Z

1.2.4-5/1.2.4-6
reboilers,

on the shell side of shell-and-tube heat exchangers,

as limitation in design, 3.3.10-6
m

2.2.2-l/2.2.2-25
2.2.5-l/2.2.5-5

2.2.1-l/2.2.1-35
2.2.8-9/2.2.8-11

2.2.4-112.2.4-17, 3.3.7-l/3.3.7-4
in 2.7.3-912.7.3-10

Pressure gradient:
effect in transition boundary layer flow over flat plate,

2.2.1-24
(See also Pressure drop)

Process heaters, fired, 
Prolate spheroids, free convective heat transfer from,

2.5.7-25
dropwise 2.6.5-3/2.6.5-4

Propane:
saturation properties, 5.5.1-5

5.5.2-6/5.5.2-7
I-Propanol
2Propanol
Propeller agitator, 

heat transfer in agitated vessels with, 3.14.3-1
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Propylene:
saturation properties, 5.5.16
superheated gaseous, thermodynamic properties, 5.5.2-7

Propylene oxide saturation properties, 5.5.1-24
Proximity agitators, 3.14.2-1

heat transfer in agitated vessels with, 3.14.3-3/3.14.3-6
Pugh, S. F., 5.4.5-1/5.4.5-5,5.5.8-l/5.5.8-3
Pulsations, use in augmentation of heat transfer, 2.5.1 l-8
Pushkina and Sorokin correlation, for flooding in vertical tubes,

2.3.2-22
P-V-T correlations, for pure fluids, 5.1.2-l/5.1.2-4
Pyramid, free convective heat transfer from, 2.5.7-25

Quality, in multiphase flows:
flow quality, 1.2.1-1,2.3.14,2.7.3-l
static quality, 1.2.1-1,2.3.14

R
Radiant heat exchanger, 2.9.8-4
Radiating fin, 2.9.84/2.9.8-6
Radiation:

diffusion method, for calculation of nonisothermal gas
radiation, 2.9.7-512.9.7-6

effect in film boiling, 2.7.2-15
effect on heat transfer in packed beds, 2.8.3-2
heat transfer coefficient, 2.9.8-2
in heat transfer from fluidized beds, 2.8.4-3,2.8.4-6/2.8.4-7
models for, in furnaces, 3.11.74/3.11.7-S
networks, 2.9.3-8/2.9.3-10

with a gas, 2.9.64
numerical calculation of flows involving, 1.4.3-3
(See also Radiative heat transfer)

Radiation shields, in radiation heat transfer, 2.9.3-12/2.9.3-13
Radiative heat transfer:

acting with conduction and convection, 2.9.8-l/2.9.8-10
combined phenomena in, 2.9.8-l
around hollow cylinder, 2.9.8-612.9.8-7
in molecular gas convection, 2.9.8-7/2.9.8-10
in radiant heat exchanger, 2.9.8-4
from radiating tin, 2.9.84/2.9.8-6
radiation coupled transient heating or cooling,

2.9.8-312.9.84
thermal network analysis of, 2.9.8-l/2.9.8-3

gas radiation properties, 2.9.5-l/2.9.5-13
equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.9.5-4
molecular, 2.9.5-812.9.511
physics, of, 2.9.54
spectral, band and total property definitions,

2.9.54i2.9.5-8
in furnaces, 3.11.3-l/3.11.7-6
introduction to, 2.9.1-l/2.9.1-5

blackbody radiation, 2.9.1-312.9.1-5
radiant intensity and flux, 2.9.1-2/2.9.1-3
thermodynamic surfaces and surface systems,

2.9.1-l/2.9.1-2
nonisothermal gas radiation, 2.9.7-l/2.9.7-13
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Radiative heat transfer, nonisothermal gas radiation (Conr.):
differential formulations for, 2.9.7-5/2.9.7-8
equation of transfer for, 2.9.7-112.9.7-2
geometric considerations, 2.9.7-212.9.7-3
molecular gas radiation in, 2.9.7-10/2.9.7-13
slab geometry, 2.9.7-312.9.7-5
spectral considerations and scaling approximations in,

2.9.7-812.9.7-10
radiation transfer between perfectly diffuse surfaces,

2.9.3-112.9.3-17
diffuse-walled passages, 2.9.3-1312.9.3-16
radiation network, 2.9.3-8/2.9.3-10
radiosity-irradiation formulations, 2.9.34/2.9.3-8
refractory surfaces, 2.9.3-8
selected working relations for, 2.9.3-10/2.9.3-13
shape factors for, 2.9.3-l/2.9.34

radiation transfer between specular and imperfectly diffuse
surfaces, 2.9.4-l/2.9.4-11

mirror-image concept, 2.9.4-l/2.9.4-2
Monte Carlo algorithms, 2.9.4-2/2.9.4-S
rough walled passages, 2.9.4-g/2.9.4-10
specular and imperfectly diffuse surfaces, 2.9.4-l
specular walled passages, 2.9.4-512.9.4-7
surface models, 2.9.4-7/2.9.4-g

surface radiation characteristics, 2.9.2-l/2.9.2-20
absorption and emission characteristics, 2.9.2-l/2.9.2-3
approximations, 2.9.2-10/2.9.2-12
electromagnetic theory and the Fresnel relations,

2.9.2-712.9.2-10
polarization, 2.9.2-1212.9.2-15
radiation characteristics in thermal design,

2.9.2-1512.9.2-20
reflection and transmission characteristics,

2.9.2-312.9.2-7
between surfaces and isothermal gas, 2.9.6-l/2.9.6-9

calculation of, 2.9.6412.9.6-8
heat transfer at black wall, 2.9.6-l
mean beam length concept for, 2.9.6-2/2.9.6-3
Monte Carlo solutions for, 2.9.6-8/2.9.6-g
radiation network in, 2.9.6-4
radiosity-irradiation formulation for gas filled enclosure

wall, 2.9.6-312.9.6-l
wall layer transmission in, 2.9.6-3

Radiators, automotive, construction, 4.4.3-5/4.4.3-7
Radiometers, application in gas radiation property measurement,

2.9.5-3
Radiosity, Stephan�s law for, 2.9.1-3
Radiosity-irradiation formulations in radiative heat transfer,

2.9.34/2.9.3-8
for gas-filled enclosure wall, 2.9.6-3/2.9.64

Ramen heat exchanger (see Lamella  heat exchanger)
Raoult�s law for partial pressure, 2.7.6-l
Rating of heat exchangers, 3.1.3-2, 3.3.4-l

computer program structure for, 3.1.3-3
Rayleigh  instability, in free convection, 2.5.8-2
Rayleigh number, 1.2.3-4,2.2.1-16, 2.2.2-6

critical, for instability in free convection: in enclosures heated
from below, 2.5.8-3/2.5.8-6

in horizontal layers, 2.5.8-212.5.8-3
in free convection over immersed bodies, 2.5.7-3

Reay, D., 3.13.7-l/3.13.7-3
Reboilers:

approximate overall coefficients in, 2.1.2-3
shell-and-tube, 3.6.1-l/3.6.5-6

calculation procedures for, 3.6.5-l/3.6.5-6
pressure drop in, 3.6.3-l
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special design considerations for, 3.6.4-l/3.6.44
thermal design of, 3.6.2-l/3.6.2-10

as type of heat exchanger, 1.1.5-2
(&e also Boilers)

Reciprocal mode integrating sphere, for reflection and
transmission measurements in radiation, 2.9.2-7

Rectangles:
closed form solutions for mean beam lengths between,

2.9.64
radiative heat transfer shape factors for opposite and

adjacent, 2.9.3-3
table of mean beam lengths, 2.9.6-5

Rectangular ducts:
combined free and forced convective heat transfer in,

2.5.10-11, 3.9.5-l/3.9.3-3
critical heat flux in flow boiling in, 2.7.3-20
laminar  flow in, 2.2.2-7/2.2.2-g
radiative heat transfer along, 2.9.3-16/2.9.3-17
turbulent flow in, 2.2.2-10

Rectangular enclosures, free convective heat transfer in:
when heated and cooled on vertical sides, 2,5.8-6/2.5.8-13
when heated from below, 2.5.8-312.5.8-6

Rectangular tins, for plate fin exchangers, 3.9.3-l
Redlich-Kwong and Redlich-KwongSoave  equations of state,

5.1.24
application to hydrocarbons, 5.2.2-115.2.2-2

Reduced pressure, correlations for pool boiling using,
2.7.2-512.7.2-7

Reentrance cavities, for enhancement of boiling, 2.7.9-l/2.7.9-2
Reference temperature:

in calculation of friction factor in circular duct, 2.2.2-7
for laminar flow over flat plates, 2.2.1-23
for turbulent flow over flat plates, 2.2.1-29

Reflectance (see Reflectivity)
Reflection, of thermal radiation, from solid surfaces:

characteristics of, 2.9.2-3/2.9.26
measurement of, 2.9.2-6/2.9.2-7

Reflectivity, of solid surfaces, 2.9.2-3
measurement of, 2.9.2-612.9.2-7

Reflectometer, heated cavity, 2.9.2-7
Reflux condensers, 3.4.3-2

flooding phenomena in, 2.6.2-9, 3.4.3-2/3.4.3-3
Refractories, density of, 5.4.1-l/5.4.1-2
Refractory services, 2.9.3-8

in furnaces, 3.11.3-6
heat transfer by radiation between source, sink and,

2.9.3~11/2.9.3-12
Refrigerant 12:

critical heat flux table for flow of in vertical tube, 2.7.3-29
saturation properties 3.5.1-21

Refrigerant 13 saturation properties, 5 5.1-2 1
Refrigerant 21 saturation properties, 5.5 #l-22
Refrigerant  22 saturation properties, 5.5.1-22
Regenerative heat exchangers, l.l.l-3/1.1.1-4

periodic operation of, 1.1.6-1
Regimes of heat transfer, in ducts, single phase flow,

2.5.1-1
Relaminarization, of turbulent flow, 2.2.1-16
Residence times, in dryers:

with non-prescribed material flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.13.5-2

Retrograde behavior, in phase envelope for natural gas,
5.2.14/5.2.1-5

Reynolds number, 2.1.1-3
as limiting criteria for applicability of molecular flux

relationship, 2.1.1-3
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Reynolds number (Cont.):
bubble, 2.3.2-19
definition of, 1.2.3-211.2.3-3

in fmed tube bundles, 2.5.3-11
in condensation on vertical surface, 2.6.2-3
in cross flow over tube banks, 2.2.4-l/2.2.4-12,

2.5.3-l/2.5.3-8,  3.3.7-l/3.3.74
particle, fixed beds, 2.2.5-2

fluidized  beds, 2.2.6-2
shell-side, in shell-and-tube heat exchangers, 3.3.5-16
in two-phase gas-liquid flow, 2.3.2-10

Rheologically  complex materials, properties of:
disperse compositions, 5.3.1-l/5.3.1-3

nuclear fuel suspensions, 5.3.1-2/5.3.1-3
petroleum, 5.3.1-3
two-component composition% 5.3.1-l/5.3.1-2

effect of external electric and magnetic fields on,
5.3.8-l/5.3.8-2

lubricants: classification of, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.35-2
oils, 5.3.3-l/5.3.3-2

polymers, 5.3.6-l/5.3.7-2
Rheology, shear flow experiments used in, 2.2.8-3
Richardson number, 2.2.1-11
Ring cells, in free convection, 2.5.8-2
Ring stiffness, in shell-and-tube heat exchangers, 4.1.2-8/4.1.2-g
Rod bundles:

critical heat flux in flow in, 2.7.3-2112.7.3-22
turbulent longitudinal flow in, 2.2.2-10

Rohsenow correlation, for nucleate boiling, 2.7.24
application in forced convection boiling in vertical tubes,

2.7.3-712.7.3-8
Roll cells, in free convection, 2.5.8-2
Roller expansion, of tubes into tube sheets, 4.2.6-614.2.6-7
Room, thermal network for combined radiation and convection

in, 2.9.8-3
Rossby number, 2.2.1-11
Rotary dryer, 3.13.24

practical design of, 3.13.7-2
Rotating drums, heat transfer to particle bed in, 2.8.34/2.8.3-5
Rotation, as device for heat transfer augmentation, 2.5.11-4,

2.5.11-8
Roughness, surface:

in augmentation of condensation, 2.6.6-l/2.6.6-2
in augmentation of heat transfer, 2.5 .ll-2,2.5.1 l-3/2.5.1 14
as enhancement device in boiling, 2.7.9-2
completely rough surface, 2.2.2-2
effect in flow in fixed beds, 2.2.54
effect on flow over cyiinders,  2.2.3-6
effect in pool boiling: critical heat flux, 2.7.2-13

nucleate boiling, 2.7.2-312.7.2-8
effect on pressure drop in tube banks, 2.2.4-14/2.2.4-15
effect on skin friction in turbulent flow over flat plate,

2.2.1-29
effect in transition flow over flat plate, 2.2.1-25
radiative heat transfer from, 2.9.4-7/2.9.4-10
values for commercial surfaces, 2.2.24

Rough walled passages, radiative heat transfer down,
2.9.4-g/2.9.4-10

Ruiz, C., 4.1.1-l/4.1.8-3

S
Saddle supports, for heat exchangers, as source of assymetric

loading, 4.1.2-2/4.1.2-g
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Sand roughness, equivalent, 2.2-l-29/2.2.1-30
Sardesai, R. G., 2.6.4-l/2.6.4-7
Saturated boiling:

in pool boiling, 2.7.2-112.7.2-17
in vertical tubes, 2.7.3-1012.7.3-12

nucleate, 2.7.3-10/2.7.3-11
two-phase forced convective, 2.7.3-l l/2.7.3-12

Saturated fluids, tables of physical properties, 5.5.1-l/5.5.140
Saturation pressure, 2.7.1-1
Saturation temperature, 2.7.1-1
Saunders, E. A. D., 4.2.1-l/4.2.6-13
Scaling approximations, in nonisothermal gas radiation,

2.9.7-812.9.7-10
narrow band scaling: the Curtis Godson approximation,

2.9.7-812.9.7-g
wide-band scaling, 2.9.7-g/2.9.7-10

Scattering bed models, for radiative heat transfer from surfaces,
2.9.4-812.9.4-g

Scattering coefficient, 2.9.5-2
Schack wide-band model, for gas radiation properties, 2.9.5-6
S&hinder,  E. U., 2.1.1-1/2.1.7-8,3.13.1-1/3.13.6-l
Schliinder  equations:

for developing laminar flow, 2.5.1-2
for gas conduction in packed beds, 2.8.3-l

Schmidt number, 1.2.34
S&rock and Grossman correlations, for forced convective heat

transfer in two-phase flow, 2.7.3-g
Schunk,  M., 5.1.1-1/5.1.5-3,5.4.1-l/5.4.4-6
Schwier, K., 5.5.3-1/5.5.3-S
Scraped surfaces:

in augmentation of heat transfer, 25 .l l-3
heat exchangers, description of, 3.1.26
in heat exchangers, 1.1.4-2
heat transfer coefficients with, 3.14.34/3.14.36
mechanical design for, 4.4.4-514.4.4-6

Scaling devices, in shell-and-tube heat exchangers, 4.2.5-814.2.5-g
Seider-Tate equation, for heat transfer in heat exchangers, 3.3.2-2
Selection of heat transfer equipment:

for condensation duty, 3.4.2-l/3.4.24
dryers, 3.13.2-l/3.13.24
for evaporation, 3.5.5-l/3.5.5-2
general introduction to, 3.1.2-l/3.1.26
reboilers,  3.6.1-2/3.6.1-6

selection table, 3.6.1-6
Semiconductors, thermal conductivity, 5.4.3-3
Separated flow model:

application to stratified flow prediction, 2.3.2-2312.3.2-24
conservation equations for: in gas-liquid flow, 2.3.2-812.3.2-g

in multiphase flows, 2.3.1-6/2.3.1-7
Separators, for use in association with evaporators,

3.5.4-l/3.5.4-2
Series solutions, for one-dimensional transient conduction,

2.4.3-l/2.4.3-7
Serrated fins, in plate fm heat exchangers, 3.9.3-l
Shah correlation, for boiling in horizontal tubes, 2.7.4-5
Shape factor, in radiative heat transfer between diffuse surfaces,

2.9.3-112.9.34
Shear flow, of non-Newtonian fluids, 2.2.8-l/2.2.8-3
Shear free flow, of non-Newtonian fluids, 2.2.8-312.2.8-6
Shear rate, in fluid, 2.2.8-l
Shear stress:

distribution of wall, in flow over single cylinder, 2.2.3-5
interfacial effect on filmwise condensation: on vertical

surfaces, 2.6.2-512.6.2-7
turbulent, in pipe flow, 2.2.2-5

Shelf dryer, 3.13.24

blishing Corporation
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Shell-and-tube heat exchanger:
application of low-fin tubes in, 3.3.11-2/3.3.11-3
approximate overall coefficient in, 2.1.2-3
approximate sizing of, 3.1.4-l/3.1.4-9

basic design equation for, 3.1.4-9
estimation of heat load, 3.1.4-1/3.1.4-Z
estimation of mean temperature difference, 3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-313.1.4-6
estimation of surface area, 3.1.4-6/3.1.4-7
example of, 3.1.4-7/3.1.4-g

baffle leakage in, numerical calculation of, 1.4.2-3
condensation in, 3.4.1-l/3.4.1-5
corrosion and other damage of, 4.5.3-l/45.3-7
description of 3.1.2-2/3.1.2-3
Ffactor and tWTU charts for, 1.5.2-l/1.5.2-15

E-shell  with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-S
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

F-type shells, thermal leakage in, 1.5.2-14/1.5.2-15
introduction to design features, 1.1.5-l/1.1.5-2
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: basic principles, 4.1.1-l/4.1.8-3

constructional features of, 4.2.1-l/4.2.6-13
design codes for, 4.3.1-l/4.3.5-11
example of calculations, 4.3.6-l/4.3.6-23

multipass, 1.1.1-2
non-uniform heat transfer in, 2,1.4-l/2.1.4-3
numerical solutions for: with flow pattern calculation,

1.4.2-l/1.4.24
with prescribed flow patterns, 1.4.1-l/1.4.1-6

pressure drop in headers, nozzles and turnarounds in,
2.2.7-112.2.7-I 1

thermal design, 3.3.1-l/3.3.1  I-5
auxiliary calculations, 3.3.6-l/3.3.6-11
calculation of shell-side heat transfer coefficient and

pressure drop, 3.3.8-l/3.3.8-3
extension to other shell, baffle and tube bundle

geometries, 3.3.11-l/3.3.11-3
ideal tube-bank correlations for, 3.3.7-l/3.3.7-4
input data and recommended practices, 3.3.5-l/3.3.5-17
objectives and background, 3.3.1-l/3.3.1-2
performance evaluation when geometry specified,

3.3.9-l/3.3.94
practices of design, 3.3.4-1/3.3.4-S
procedures for segmentally baffled exchangers,

3.3.10-l/3.3.10-8
recommended method: principles and limitations,

3.3.3-113.3.3-5
survey of shell-side flow correlations, 3.3.2-l/3.3.26

Shells, for shell-and-tube heat exchangers:
costing, 4.8.2-l/4.8.2-5
inside diameter: metric practice for, 3.3.5-3

U.S. practice for, 3.3.5-3
materials of construction, 4.5.2-l/4.5.2-2
mechanical design: analytical basis for codes, 4.3.3-l

basic principles, 4.1.3-1
constructional features of, 4.2.6-l
index to U.S., U.K., and F.R.G. codes for, 4.3.2-2/4.3.2-3

Shell-to-baffle clearance, in shell-and-tube heat exchangers,
3.3.5-1313.3.5-14

Sherwood number, 1.2.3-2,2.1.5-2
in particle-to-fluid mass transfer in fixed beds, 2.5.4-l/2.5.4-6

Shipes, K. V., 4.4.1-l/4.4.1-7
Short-tube vertical evaporator, 3.5.2-l
Shulman, Z. P., 5.3.1-l/5.3.8-3
Silver method, for calculation of multicomponent condensation,

2.6.3-412.6.3-5
Similarity, theory of, 2.2.1-10/2.2.1-13
Simultaneous heat and mass transfer (see Heat and mass transfer,

combined)
Singham,  J. R., 3.12.1-l/3.12.64
Single-phase convective heat transfer (see Convective heat

transfer, single-phase)
Single-phase fluid flow:

in ducts and fittings, 2.2.2-l/2.2.2-25
in fixed beds, 2.2.5-112.2.5-5
over immersed bodies, 2.2.3-l/2.2.3-9
introduction and fundamentals, 2.2.1-l/2.2.1-35
in headers, nozzles and turnarounds, 2.2.7-112.2.7-l 1
in tube banks, 2.2.4-l/2.2.4-17

Singularities, two-phase gas-liquid pressure drop across,
2.3.2-1512.3.2-18

bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-17/2.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contraction, 2.3.2-1612.3.2-17
sudden enlargement, 2.3.2-16

Sink, in radiation:
heat transfer between source, refractory and,

2.9.3-11/2.9.3-12
heat transfer from source to, 2.9.3-10/2.9.3-11

Skin friction coefficient, 2.2.1-20
in flow over cylinders, 2.2.3-5
in flow over tube banks, 2.2.4-312.2.4-5
Ludwieg-Tillman formula for, 2.2.1-26
Stratford formulas for, in boundary layers, 2.2.1-21
in turbulent flow over flat plates, 2.2.1-29

Slab:
heat transfer in cooling of, 2.1.3-l/2.1.3-2
leaching process in, 2.1.5-2
radiative heat transfer in non-isothermal gas in,

2.9.7312.9.75,2.9.7-10/2.9.1-13
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-812.4.3-10
series solution for, 2.4.3-112.4.3-7
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
Slip ratio (see Velocity ratio)
Slot, radiative heat transfer along, 2.9.3-15/2.9.3-16
Slug flow:

hydrodynamics of, 2.3.2-2412.3.2-25
mechanism of critical heat flux in, 2.7.3-22
regions of occurrence of, in gas-liquid flow in horizontai

tubes, 2.3.2-l/2.3.2-5
Slugging, in fluidized  beds, 2.2.6-l
Smith, R. A., 3.5.1-l/3.5.8-3
Smoluchowski effect, 2.1.1-2
Snell�s  law, in radiation, 2.9.2-9
Solar absorber, 2.9.2-1512.9.2-16
Solar reflector, 2.9.2-16
Soldered fins,  in double pipe exchangers, 3.2.5-  1
Solid fuels, properties of, 3.11.3-3
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Solid-gas flow:
flow patterns in, 2.3.3-2
free-fall velocity in, 2.3.3-3
pressure drop in, 2.3.3-2, 2.3.3412.3.3-g
principles of pneumatic conveyance by, 2.3.3-l/2.3.3-2

horizontal pipes, 2.3.3-l/2.3.3-2
inclined pipes, 2.3.3-2
vertical pipes, 2.3.3-l

velocity ratio in, 2.3.3-4
Solidification, heat conduction in, 2.4.4-l/2.4.4-2
Solid-liquid flow:

flow patterns in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-212.3.4-6
principles of hydraulic conveyance, 2.3.4-l

Solids:
as constituents in multiphase flows, 2.3.1-1
physical properties, 5.4.1-l/5.4.5-5

density, 5.4.1-l/5.4.1-2
elastic properties, 5.4.5-l/5.4.5-5
emissivity, 5.4.4-l/5.4.44
specific heat, 5.4.2-115.4.2-2
thermal conductivity, 5.4.3-l/5.4.3-3

total emissivities, 3.11.3-6
Solids circulation, in fluidized beds, 2.2.6-612.2.6-7
Sound velocity:

in ideal gas, 2.2.1-8
in two-phase gas-liquid flow, 2.3.2-27

Source, in radiation:
radiative heat transfer between refractory, sink and,

,2.9.3-l  l/2.9.3-12
radiative heat transfer between sink and, 2.9.3-10/2.9.3-11

Spacers, in she&and-tube heat exchangers, 4.2.5-8/4.2.5-g
Spalding,  D. B., 1.1.1-l/1.4.3-6
sparging:

for agitation of vessels, 3.1.4-2
of reboilers, 3.6.4-3

Specific enthalpy, 1.2.1-1
of saturated liquids and vapors, 5.5.1-l/5.5.1-40
of superheated gases, 5.5.2-1/5.5.2-l I

Specific entropy, of superheated gases, tables of, 5.5.2-1/5.5.2-l  1
Specific heat (see Specific heat capacity)
Specific heat capacity, 1.2.1-2/1.2.1-3

in polymers, 2.5.12-8,5.3.6-2
in pure fluids, 5.1.34/5.1.3-7
of liquid water, 5.5.3-2
of multicomponent mixtures, 5.2.3-815.2.3-g
of saturated liquids and vapors, 5.5.1-l/5.5.1-5
of solids, 5.4.2-l/5.4.2-2

Specific internal energy, 1.2.1-1
Specific volume:

of polymers, 5.3.6-2
of superheated gas, tables of, 5.5.2-1/5.5.2-l 1
of the gas phase, 5.1.2-2/5.1.2-3
of the liquid phase, 5.1.2-l

Spectral absorptivity:
in gases, 2.9.5-5
of metals at room temperatures, 2.9.2-l l/2.9.2-12

Spectral emissivity, in gases, 2.9.5-5
Specular surface, 2.9.4-l

radiative heat transfer between imperfectly diffuse surfaces
and, 2.9.4-l/2.9.4-11

Specular-walled passages, radiative heat transfer in,
2.9.4-512.9.4-7

with adiabatic sides, 2.9.4-612.9.4-7
with isothermal sides, 2.9.4-5/2.9.4-6
with non-isothermal sides, 2.9.4-6
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Spheres:
characteristics of, as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-112.5.9-6
in transverse flow, 2.5.9-6
in vertical flow, 2.5.9-l/2.5.9-4

concentric, free convective heat transfer in, 2.5.8-16
drag coefficients for, 2.2.3-2
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.2-8,  2.5.4-112.5.4-l
free convective heat transfer from, 2.5.7-2412.5.7-25
heat transfer to beds of moving, agitated and vibrated,

2.8.3-312.8.3-8
single-phase forced convection heat transfer to,

2.5.2-512.5.2-8,  2.5.4-l
combined correlation for, 2.5.2-5,2.5.4-l
in restricted channel, 2.5.2-5

transient conduction in, 2.4.3-l/2.4.3-10
numerical methods for, 2.4.3-8/2.4.3-10
series solutions for, 2.4.3-l/2.4.3-7
solutions using internal heat transfer coefficient,

2.4.3-712.4.3-8
Spherical shells:

mechanical design, of, 4.1.3-l/4.1.3-2
steady-state thermal conduction in, 2.4.2-l/2.4.2-3

Spheroids (oblate and prolate), free convective heat transfer
from, 2.5.7-25

Spine fins:
efficiency, 2.5.3-9
in plate fin exchangers, 3.9.3-l

Spiral heat exchanger:
approximate overall heat transfer coefficients in, 2.1.24
description of, 3.1.2-3t3.1.2-4
mechanical design of, 4.4.4414.4.4-5

Spray dryers, 3.13.7-213.13.7-3
Sprays, in heat exchangers, 1.1.4-2
Square ducts:

laminar flow in, 2.2.2-7/2.2.2-g
roughened watl, radiative heat transfer along, 2.9.4-g/2.9.4-10

Stable equilibrium, of vapor and liquid, 2.7.1-1
Staggered tube banks:

application in shell-and-tube heat exchangers, 3.3.5-S
correlations for heat transfer in, 2.5.3-l/2.5.3-16

finned tubes, 2.5.3-l 1
plain tubes, 2.5.3-2

drag coefficients for tubes in, 2.2.4-4
pressure drop in, with plain tubes, 2.2.4-8/2.2.4-g

correction factors for overall number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
pressure drop with finned tubes, 2.2.4-13/2.2.4-14

Stagnant packed beds (see Fixed beds)
Stainless steels:

as materials of construction, 4.5.2-3/4.5.24
austenitic, 4.5.2-4
ferritic, 4.5.2-314.5.24

spectral characteristics of reflectance from oxidized surface
of, 2.9.2-15

Stanton number, 1.2.3-1,2.2.1-11
startup:

of heat pumps, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

State diagram, for fluidized beds, 2.2.6-2
Static mixer inserts, as enhancement device in condensation,

2.6.6-3
Static quality (see Quality)

Ming  Corporation
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Steels, as material of construction, 4.5.2-2/4.5.24
austenitic stainless, 4.5.24
carbon steel, 4.5.2-214.5.2-3
ferritic stainless, 4.5.2-314.5.24
low alloy steels, 4.5.2-3

Stefan-Boltzmann constant, 2.9.1-3
Stefan�s law, for blackbody radiation, 2.9.1-3
Stegmaier, W., 2.3.3-l/2.3.3-10
Stephan  and Korner correlation, for boiling of binary mixtures,

2.1.7-2
Stephan-Maxwell  equations for diffusion, 2.1.5-1
Stirred beds, heat transfer to, 2.8.3-4
Stirred reactor model, for furnaces, 3.11.4-l/3.11.4-6
Stirred tanks (see Agitated vessels)
Straight fins (longitudinal fms)

application in double-pipe heat exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.3-l/3.2.3-3

Stratfords method, for solution of boundary layer equations,
2.2.1-21

Stratification, in gas-liquid flow (see Stratified flow)
Stratified flow:

as source of dryout  in evaporative heat transfer,
2.1.4-I/2.1.4-4

in bends, 2.7.4-212.7.4-3
in helical coils, 2.1.4-312.7.44
in horizontal tubes, 2.7.4-112.7.4-2

prediction of, in horizontal and inclined tubes,
2.3.2-2312.3.2-24

regions of occurrence of: in condensation, 2.3.2-7
in horizontal tubes, 2.3.2-212.3.24
in inclined tubes, 2.3.2412.3.2-5
in shell-and-tube heat exchangers, 2.3.2-512.3.2-6

Stream analysis methods, for shell-side heat transfer and pressure
drop in shell-and-tube heat exchangers, 3.3.2-3/3.3.2-6

Stress equation models, for turbulent boundary layers, 2.2.1-29
Stresses:

allowable, comparison of codes for, in mechanical design of
heat exchangers, 4.3.4-l

types of, in heat exchangers, 4.1.1-l/4.1.1-2
Stress tensor:

in non-Newtonian fluids, 2.2.8-2
in single phase fluid flow, 2.2.1-2
in turbulent flow, 2.2.1-15

Stress-strain curve, for solids, 5.4.5-2/5.4.5-3
Strouhal number, 2.2.3-3

values for: banks of tubes, 2.2.4-15/2.2.4-16
flow over blunt bodies, 2.2.3-l
flow over single cylinders, 2.2.34,2.2.4-l

in vortex shedding as source of tube vibration, 4.6.4-l/4.6.4-2
Subchannel  analysis, for critical heat flux in rod bundles, 2.7.3-21
Subcooled boiling:

in pool boiling, 2.7.2-l/2.7.2-17
in vertical tubes, 2.7.3-S/2.7.3-10

fully developed, 2.1.3-l/2.1.3-8
onset of, 2.1.3-S/2.7.3-7
partial, 2.7.3-812.7.3-g
single phase convection, 2.7.3-5
void fraction in, 2.7.3-g/2.7.3-10

Subcooling:
in condensers, 3.4.64
of liquid: effect on critical heat flux, 2.7.3-13

effect on forced convective boiling, 2.7.3-S/2.7.3-10
effect on pool boiling: critical heat flux,

2.7.2-1212.1.2-13
nucleate boiling, 2.7.2-9

of vapor in condensation, 2.6.7-l

Sublayer, viscous, 2.2.2-l
Suction:

effect in transition flow over fiat plate, 2.2.1-25
effect in turbulent flow over flat plate, 2.2.1-30
effect on laminar flow over flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.11-3,2.5.1 l-9

Sudden contractions (see Contraction)
Sudden enlargements (see Enlargement)
Superficial velocity, in multiphase flow, 2.3.14
Superheated liquid, in metastable state, 2.7.1-1
Superheated gases, thermodynamic properties of,

5.5.2-l/5.5.2-11
Superheated vapor, condensation of, on vertical surface, 2.6.2-3
Supersaturation, as cause of fogging in condensers:

conditions producing, 2.6.7-212.6.7-3
description of, 2.6.7-l

Supports, for heat exchangers (see Saddle supports, Bracket
supports)

Suppression of nucleate boiling, 2.7.3-10/2.7.3-l 1
Surface condensers, 3.4.3-5
Surface finish:

effect in pool boiling:
critical heat flux, 2.7.2-13
nucleate boiling, 2.7.2-312.7.2-g

(See 41~0  Roughness, surface)
Surface, hydraulically smooth, 2.2.2-l
Surface models, in radiative heat transfer, 2.9.4-7/2.9.4-g

diffraction models, 2.9.4-712.9.4-8
geometric optics models, 2.9.4-8
scattering bed models, 2.9.4-8/2.9.4-g

Surface roughness (see Roughness, surface)
Surface tension:

devices depending on, for heat transfer augmentation,
2.5.11-2

methods of estimating, 5.1.5-l/5.1.5-2
in mixtures of fluids, 5.2.4-l/5.2.4-3
tables of, for saturated fluids, 5.5.1-l/5.5.140

Sutherland formula, for viscosity variation with temperature,
2.2.1-9

Sutterby fluid (non-Newtonian), free convective heat transfer to,
2.5.7-11

Swirling flow, in augmentation of heat transfer, 2.5.11-2

T
Taborek, J., 1.5.2-l/1.5.3-12, 3.3.1-l/3.3.11-5
Taitel and Dukler flow regime map, for horizontal and inclined

gas-liquid flows, 2.3.2-312.3.24
Tapes, twisted (see Twisted tapes)
Teflon, use in heat transfer enhancement:

in boiling,  2.7.9-l
in condensation, 2.6.6-l

TEMA (Tubular Exchanger Manufacturers Association):
example of calculation of mechanical design of TEMA type

AJS, 4.3.6-l/4.3.6-23
mechanical design standards, 4.3.1-2/4.3.1-3

index to, 4.3.2-l/4.3.2-11
recommended baffle characteristics in segmentally baffled

exchangers, 3.3.5-8
specification sheet for exchanger, 3.3.4-2
standards, 3.3.1-l
type designation system, 4.2.2-l/4.2.2-3

Temperature-dependent physical properties (see Physical
properties, variation with temperature)
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Temperature distribution:
in condensation, 2.6.1-2
in fixed beds: in stagnant conditions, 2.8.1-l/2.8.1-2,

2.8.1-1012.8.1-14
with flow-through bed, 2.8.2-l/2.8.2-2,2.8.2-7

series solutions for, in transient conduction, 2.4.3-l/2.4.3-7
Ternary mixtures, diffusion and mass transfer in, 2.154
Testing and inspection of heat exchangers:

certification, 4.7.7-l
cleanliness and storage, 4.7.9-l
constructions, 4.7.5-l
fittings, 4.7.8-l
materials, 4.7.2-l
nondestructive testing, 4.7.6-l/4.7.6-2
objectives of, 4.7.1-l/4.7.1-2
preparation and dispatch, 4.7.10-l
stages of inspection, 4.7.4-l
welding, 4.7.3-l

Thermal conduction (see Conduction, heat)
Thermal conductivity:

effective, in fixed beds: with flow, 2.8.2-2/2.8.2-S
with no flow (stagnant), 2.8.1-l/2.8.1-14

effective, of wicks in heat pipes, 3.10.3-l
of liquid water, 5.5.3-3
of multicomponent mixtures, 5.2.3-7/5.2.3-8
of polymers, 2.5.12-2
of pure fluids, 5.1.4-5 /5 .1.4-7

gases, 5.1.4-515.1.46
liquids, 5.1.4-7

of rheologically complex materials, 5.3.1-l/5.3.2-3
of saturated vapors and liquids, 5.5.1-l/5.5.140
of solids, 5.4.3-l/5.4.3-3

electrical conductors, 5.4.3-2/5.4.3-3
electrical insulators, 5.4.3-l/5.4.3-2
semiconductors, 5.4.3-3
tables of, 5.5.6-l/5.5.6-4

of typical tube materials in heat exchangers, 3.3.5-5
Thermal contact resistance, 2.4.6-l/2.4.64
Thermal design, constructional features affecting, in

shell-and-tube heat exchangers, 3.1.1-l/3.1.4-9,
4.2.5-l/4.2.5-23

Thermal diffusivity of liquid water, 5 5.3-S
Thermal expansion, effect of, in shelf-and-tube heat exchangers,

3.3.44
Thermal expansion coefficient:

in gases, 5.1.2-3
of liquid water, 5.5.3-3
in liquids, 5.1.2-2
in saturated liquids, tables of, 5.5.1-l/5.5.140

Thermal leakage in F-type shell-and-tube heat exchangers,
1.5.2-14/1.5.2-15

Thermal mixing in plate heat exchangers, 3.7.11-l/3.7.11-2
Thermal network analysis of radiation acting with conduction

and convection, 2.9.8-112.9.8-3
Thermal stress:

in heat exchanger shells, 4.1.3-2
numerical methods in the production of, 1.4.24
in tube plates, 4.1.44

Thermodynamic properties:
of saturated fluids, 5.5.1-l/5.5.140
of superheated gases, 5.5.2-l/5.5.24

Thermodynamic surface in radiative heat transfer,
2.9.1-l/2.9.1-2

Thermoexel surface, for enhancement of boiling,
2.7.9-112.7.9-2

Thermosiphon, as form of heat pipe, 3.10.1-l
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Thermosiphon reboilers (see Vertical thermosiphon reboilers,
Horizontal thermosiphon reboilers)

e-NTU method:
application to single pass counter and cocurrent flow

exchangers, 1.3.1-2/1.3.1-4,  1.5.2-l/1.5.2-2
charts and equations for heat exchanger desfgn,

1.5.2-2/1.5.3-12
for counter flow, 1.5.2-2

cross flow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 1.5.3-4
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 15.35
two tube rows, two tube passes, unmixed, 1.5.3-9

E-shell  with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-9
four E-shells in series, 1.5.2-8
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 15.2-l 1
single pass cocurrent, 1.5.2-3
six E-shells in series, 1.52-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.4-5, 1.5.2-l/1.5.3-12
Thickness of boundary layers (displacement, momentum,

energy, density, temperature), 2.2.1-20
Three-phase flows:

classification, 2.3.1-2
gas-liquid-liquid, 2.3.1-2
gas-liquid-solid, 2.3.1-2
solid-liquid-liquid, 2.3.1-2

Thwaites  method for solution of boundary layer equations,
2.2.1-21

Tie rods in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Tinker method for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-3/3.3.2-6
Titanium as material of construction, 4.5.2-5
T-junctions, loss coefficients in, 2.2.2-20
Toluene saturation properties, 5.5.1-12
Tong F-factor method, for critical heat flux with nonuniform

heating, 2.7.3-1912.7.3-20
Toroidal  shells, mechanical design, 4.1.3-2
Total emissivity in gases, 2.95-5
Transcendental equations in transient conduction, 2.4.34
Transient behavior:

in free convective heat transfer on vertical plates,
2.5.7-g/2.5.7-10

of heat exchangers, 1.1.6-l
in radiation-coupled heating or cooling, 2.9.8-3/2.9&I

Transition boiling:
in binary and forced convective boiling, 2.7.7-5
in forced convection over vertical surfaces, 2.7.3-30
in pool boiling, 2.7.2-13

Transition flow, heat transfer in free convective flow over
vertical surfaces in, 2.5.7-4/2.5.7-5

Transmission of thermal radiation in solids:
characteristics, 2.9.2-312.9.2-6
measurement, 2.9.2-6/2.9.2-7

Transmissivity of solids:
definition, 2.9.2-3
measurement, 2.9.2-612.9.2-7

Transport phenomena, approximate model for in dilute gases,
2.1.1-1
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Transport properties:
of pure fluids, 5.1.4-l/5.1.4-7
turbulent, 2.1.1-3

Transverse flow, combined free and forced convection  m,
2.5.94/2.5.9-6

Treated surfaces, for augmentation of heat transfer, 2 5 .l l- 1
Triangular duct:

laminar flow in, 2.2.2-9
laminar heat transfer in, 3.9.5-l/3.9.5-3

Triangular fins, in plate tin exchangers, 3.9.3-l
Triangular relationship, in annular gas-liquid flow, 2.3.2-20
Triple interface (gas/solid/liquid), 2.3.1-2
Trouton�s rule, for heat of vaporization, 5.1.3-3
Truelove, J. S., 3.11.1-l/3.11.76
True temperature difference, in double pipe exchangers, 3.2.34
Tube-baffle damage, in heat exchangers, 4.5.3-3
Tube banks, finned:

application in kettle reboilers, 3.6.2-6
mechanical design, in air cooled heat exchangers,

4.4.1-214.4.1-s
single-phase flow and pressure drop in, 2.2.4.13/2.2.4-15

correlation for pressure drop for staggered banks with
annular (ring shaped) fins, 2.2.4-13/2.2.4-14

correlation for staggered banks with helical fins, 2.2.4-14
single-phase heat transfer in, 2.5.3-6/2.5.3-16

comparison of experimental data and correlations for,
2.5.3-1312.5.3-15

fin efficiency in, 2.5.3-6/2.5.3-l 1
heat transfer correlations for, with high-fmed tubes,

2.5.3-1112.5.3-12
heat transfer correlations for, with low-finned tubes,

2.5.3-12/2.5.3-13
types used in air-cooled heat exchangers, 3.8.4-l/3.8.4-2

Tube banks, plain:
boiling on outside of tubes within, 2.7.54/2.7.5-l

critical heat flux in, 2.7.5-S/2.7.5-7
heat transfer coefficients in, 2.7.5-4/2.7.5-S

condensation in horizontal, 2.6.2-10/2.6.2-12
condensation in vertical, 2.6.2-2/2.6.2-10
flow induced vibration in, 4.6.1-l/4.6.6-3
single-phase flow and pressure drop in, 2.2.4-l/2.2.4-12,

3.3.7-l/3.3.74
description of, 2.2.4-l/2.2.4-3
drag and pressure drop in, 2.2.4-3/2.2.4-12,3.3.7-l/3.3.74
Strouhal numbers in, 2.2.4-15/2.2.4-16

single-phase heat transfer to, 2.5.3-l/2.5.3-8
with liquid metals, 2.5.13-2
single row of tubes, 2.5.3-l/2.5.3-2,2.5.3-3
tube banks, 2.5.3-212.5.3-8,  3.3.7-l/3.3.74

Tube banks, roughened tubes, effect of roughness on Euler
number in, 2.2.4-14/2.2.4-15

Tube bundles:
characteristics of in shell-and-tube heat exchangers,

3.3.4-313.3.44
(See also  Rod bundles, Tube banks)

Tube counts, in shell-and-tube heat exchangers:
constructional features affecting, 4.2.5-9/4.2.5-12
simplified equations for, 3.3.5-l l/3.3.5-12
tables of, 4.2.5-1314.2.5-23

Tube end attachment, in shell-and-tube heat exchangers:
arc welding: on inner face, 4.2.6-10

on outer face, 4.2.6-8
explosive expansion, 4.2.6-714.2.6-8
explosive welding, 4.2.6-8/4.2.6-10
roller expansion, 4.2.6-6/4.2.6-7
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Tube-m-plate extended surface configurations, fin efficiency of,
2.5.3-10

Tube plates, in shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
basic mechanical principles of design of, 4.1.4-l/4.1.4-4

equivalent plates, 4.1.4-1
perforated, stresses in, 4.1.4-3/4.1.44
plates connected by tubes, 4.1.4-2
stresses and edge rotation of unperforated, 4.1.4-l/4.1.4-2
thermal stresses, 4.1.44

comparison of codes for, 4.3.4-2
constructional features of, 4.2.6-S/4.2.6-6,4.5.3-3
double, constructional features of, 4.2.3-10/4.2.3-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-714.3.2-9
materials of construction for, 4.5.2-l

Tubes:
characteristics of, in shell-and-tube heat exchangers,

4.2.5-l/4.2.5-3
bimetal, 4.2.5-2
diameter and thickness, 4.25-l
integrally finned, 4.2.5-3
length, 4.2.5-l/4.2.5-2
pitch, 4.2.5-2

circular (see Pipes, circular)
codes for mechanical design of:

analytical basis of, 4.3.3-l
index to U.S., U.K., and F.R.G. codes, 4.3.2-3

flow-induced vibration of, 4.6.2-l/4.6.6-3
natural frequency of, 4.6.2-l/4.6.24

materials of construction for, 4.5.2-l
mechanical design characteristics of, 4.15-l
noncircular (see Pipes, noncircular)
recommended dimensions of, in shell-and-tube heat

exchangers, 3.3.54/3.3.5-S
thermal conductivity of typical materials for, 3.3.5-5

Tubesheets, in shell-and-tube heat exchangers (see Tube plates)
Tube-side passes (see Passes, tube-side)
Tubular Exchanger Manufacturers Association (see TEMA)
Tubular immersion exchangers, 4.4.4-2/4.4.4-3
Tubular reactor, nonuniform heat and mass transfer in,

2.1.4-312.1.44
Tunnel dryer, 3.13.24
Turbine agitators:

axial flow, 3.14.2-2
disk, 3.14.2-l/3.14.2-2
flat blade, 3.14.2-l/3.14.2-2
glass coated, 3.14.2-l
heat transfer in vessels agitated by, 3.14.3-1
pitched blade, 3.14.2-1

Turbine exhaust condensers, air cooled, 3.8.9-2
Turbulence.:

characteristics in circular pipe flow, 2.2.2-1/2.2.2-S
effect in film condensation, 2.6.2-4/2.6.2-S
integral scale of, 2.2.1
limitation of phenomenological transport laws by,

2.1.1-3/2.1.1-4
modeling of, 2.2.1-14/2.2.1-16

in furnace prediction, 3.11.7-2/3.11.7-3
origin of, 2.2.1-16
relarninarfzation  of, 2.2.1-16

Turbulent boundary layers:
differential methods for, 2.2.1-28/2.2.1-29

large-eddy simulations, 2.2.1-29
one-equation models, 2.2.1-28
stress-equation models, 2.2.1-29
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Turbulent boundary layers: differential methods for (Cont.):
two-equation models, 2.2.1-28
zero-equation models, 2.2.1-28

Integral methods for, 2.2.1-26/2.2.1-27
Turbulent buffeting, as source of tube vibration, 4.6.4-2
Turbulent energy, integral equation for, 2.2.1-20

dissipation of, 2.2.1-20
production of, 2.2.1-20

Turbulent flow:
in boundary layers, 2.2.1-18
in circular pipes, 2.2.2-112.2.2-5
combined free and forced convective heat transfer in channels

in, 2.5.10-6/2.5.10-11
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
in condensation, on vertical surfaces, 2.6.24/2.6.2-5
conservation equations for, 2.2.1-13/2.2.1-14

averaging in, 2.2.1-13
in empty spaces, numerical calculation of, 1.4.3-2
fundamentals of, 2.2.1-13/2.2.1-16
heat transfer in free convective flow over vertical surfaces in,

2.5.7-4
modeling of, 2.2.1-14/2.2.1-16
of non-Newtonian fluids, 2.2.8-11/2.2.8-12
in noncircular  pipes, 2.2.2-9/2.2.2-10
in plate heat exchangers, 3.7.10-2/3.7.10-3
relaminarization in, 2.2.1-16
single-phase heat transfer in ducts in, 2.5.1-5/2.5.1-13

augmentation of, 2.5.11-4/2.5.11-9
concentric annuli,  2.5.1-10/2.5.1-11
in liquid metal systems, 2.5.13-l/2.5.13-2
smooth tubes, 2.5.1-S/2.5.1-9

Turbulent transport properties, 2.1.1-3
Turnarounds, in heat exchangers, 2.2.7-l

pressure losses in, 2.2.7-812.2.7-9
Twisted tapes:

enhancement of boiling heat transfer by, 2.7.9-312.7.94
enhancement of condensation by, 2.6.6-3
as inserts for augmentation of heat transfer, 2.5.11-7/2.5.1  l-8

Twoequation models, for turbulent boundary layers, 2.2.1-28
Two-phase flows:

classification of, 2.3.1-2
liquid-liquid flows, 2.3.1-2
numerical calculation of, 1.4.3-l
(See also Gas-liquid flow, Solid-gas flow, Solid-liquid flow)

Two-shell pas exchanger (see F-shells)

U
i& method, 2.1.2-5
omethod,  2.1.2-712.1.2-9
Ulinskas, R., 2.2.4-l/2.2.4-17
Unequal baffle spacing, correction factor for, 3.3.6-11
UNIFAC method, for estimation of thermodynamic properties

of mixtures, 5.2.2-615.2.2-9
tables of constants for use with, 5 .5.46/5 5.4-7

Uniform heat flux:
combined free and forced convection in channels with:

horizontal channels, 2.5.10-7/2.5.10-11
vertical channels, 2.5.104/2.5.10-7

critical heat flux in vertical tubes with, 2.7.3-12/2.7.3-18
solutions and correlations for free convective heat transfer
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within: horizontal and inclined plates, 2.5.7-18
vertical plates, 2.5.7-612.5.7-9

Uniform wall temperature, combined forced and free convection
in channels with:

horizontal channels, 2.5.10-7
vertical channels, 2.5.10-3/2.5.10-4

Uniheads, as form of double-pipe heat exchanger, 3.2.4-l
United Kingdom, mechanical design of heat exchangers in:

guide to national practice, 4.3.5-3
index to BS1500 code, 4.3.2-l/4.3.2-11

United States of America (see U.S.)
Universal laws, for turbulent boundary layers, 2.2.1-25 /2.2.1-26

law of the wake of D. Coles,  2.2.1-26
law of the wall, 2.2.1-25
table of, 2.2.1-27
universal velocity profile, 2.2.1-26
velocity defect law of von Karman, 2.2.1-26

Universal velocity profile, 2.2.1-26
Universal velocity defect law, 2.2.2-2
Unsteady flows:

in ducts, 2.2.2-14
over cylinders, 2.2.3-6

Upward facing surfaces, free convective heat transfer from,
2.5.7-15/2.5.7-18

U.S., mechanical design of heat exchangers in:
guide to national practice, 4.3.5-2
index to ASME VIII code and TEMA standards,

4.3.2-l/4.3.2-11
Usher, .I. Dennis, 3.7.1-1/3.7.12-2,4.4.2-1/4.4.2-g,

4.8.4-l/4.8.4-2
U.S.S.R. Academy of Sciences, tables of critical heat flux data

for water, 2.7.3-1712.7.3-18
U-tube bundles, for shell-and-tube heat exchangers,

3.3.5-12/3.3.5-13,4.2.34
vibration of, natural frequencies in, 4.6.2-3

V
Vacuum condensers, air cooled, 3.8.9-2
Vacuum operation, of reboilers, 3.6.4-3
Valves:

loss coefficients in, 2.2.2-20
open, two-phase gas-liquid flow pressure losses in, 2.3.2-18

van der Waals equation of state, 5 .1.2-3/5.1.2-4
Vaned bends, single-phase flow and pressure drop in,

2.2.2-1612.2.2-17
Vapor belt, in condensers, 3.4.3-5
Vapor blanketing, as mechanism of critical heat flux, 2.7.3-22

in kettle reboilers,  3.6.2-S
as source of accelerated corrosion, 4.5.3-4

Vapor injection, effect of on boiling heat transfer in tube bundles
bundles, 2.7.5-5

Vaporization, choice of evaporator type for, 3.5.5-l
in plate-fin heat exchangers, 3.9.13-l/3.9.13-2

Vaporization, heat of (see Heat of vaporization)
Vaporizer, double bundle, constructional features,

4.2.3-9
Vapor-liquid disengagement, in kettle reboilers, 3.6.2-6
Vapor-liquid separation, for evaporators, 3.5.4-l/3.5.4-2

3.5.4-l/3.5.4-2
Vapor pressure, variation with temperature,

5.1.3-l/5.1.3-2
Vapor recompression, in evaporation, 3.5.3-2
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Velocity defect law:
for turbulent boundary layers, 22.1-26
universal, 2.2.2-2

Velocity distribution:
in circular pipe flow, 2.2.2-3
distorted inlet, effect on single phase flow and pressure drop,

2.2.2-11
Velocity fluctuations, in turbulent pipe flow, 2.2.2412.2.2-s
Velocity ratio (slip ratio):

in gas-liquid flow, 2.3.2-13
in solid-gas flow, 2.3.3-4

Venting of condensers, 3.4.5-2
Vertical cones (see Cones, vertical)
Vertical cylinders (see Cylinders, Vertical pipes, Pipes, circular)
Vertical cylindrical fired heater, 3.11.2-l
Vertical pipes:

annular flow in, 2.3.2-19/2.3.2-21
boiling in, 2.7.3-l/2.7.3-37

critical heat flux, 2.7.3-12/2.7.3-30
heat transfer in region where critical heat flux has been

exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-10/2.7.3-12
subcooled boiling, 2.7.3-512.7.3-10

bubble flow in, 2.3.2-18/2.3.2-19
combined free and forced convective heat transfer in:

laminar flow (assisting convection), 2.5.10-2/2.5.10-6
laminar flow (opposing convection), 2.5.10-6
regimes in, 2.5.10-2
turbulent convection, 2.5.106

condensation in, 2.6.2-212.6.2-9
effect of interfacial shear, 2.6.2-5/2.6.2-7
effect of waves and turbulence, 2.6.2-412.6.2-5
laminar flow, 2.6.2-2/2.6,24
reflux condensation, 2.6.2-712.6.2-9

condensers with condensation inside, 3.4.3-l/3.4.3-3
downflow, 3.4.3-l/3.4.3-2,  3.4.9-213.4.9-3
upflow,  3.4.3-213.4.3-3,  3.4.9-3

condensers with condensation outside, 3.4.3X1,3.4.94
flooding in: in gas liquid vertical flow, 2.3.2-21/2.3.2-23

in reflux condensation, 2.6.2-712.6.2-9
flow regimes in gas-liquid flow in, 2.3.2-l/2.3.2-2
free convective heat transfer from outside of,

2.5.7-2312.5.7-24
hydraulic conveyance in, 2.3.4-112.3.4-3
plug (or slug) flow in, 2.3.2-19
pneumatic conveyance in, 2.3.3-l
(See also Pipes, circular; Pipes, noncircular)

Vertical plates (see Vertical surfaces)
Vertical surfaces:

combined free and forced convective heat transfer to,
2.5.9-l/2.5.94

combined heat and mass transfer on, 25.7-12
film boiling in forced convection on, 2.7.3-30/2.7.3-31
filmwise condensation on, 2.6.2-212.6.2-9
free convective heat transfer from, 2.5.7-2/25.7-13

combined equation for uniform wall temperature case,
2.5.7-S/2.5.7-6

dimensionless groupings for, 2.5.7-212.5.7-3
laminar flow with uniform wall temperature,

2.5.7-312.5.74
non-Newtonian, 2.5.7-10/2.5.7-11
solution for uniform heat flux, 2.5.7612.5.7-g
transient behavior of, 2.5.7-912.5.7-11
transition flow with uniform wall temperature,

2.5.74/2.5.7-S
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turbulent flow with uniform wall temperature,
2.5.14/2.5.7-5

free convective mass transfer to,
2.5.7-1112.5.7-12

pool boiling, from 2.7.2-l/2.7.2-15
Vertical thermosiphon reboilers:

calculation procedures for, 3.6.5-3/3.6.54
heat transfer characteristics of, 3.6.2-6/3.6.2-10

convective and nucleate boiling, 3.6.2613.6.2-7
film boiling in, 3.6.2-9
heat flux limitations in, 3.6.2-7/3.6.2-9
mist flow, 3.6.2-9
temperature profiles in, 3.6.2-9/3.6.2-10

shell-side characteristics, advantages and disadvantages,
3.6.1-5

tube-side characteristics, advantages and disadvantages,
3.6.1-313.6.1-5

Vertical tubes (see Vertical pipes)
Vibrated beds, heat transfer to, 2.8.3-S/2.8.3-6
Vibration:

in augmentation of heat transfer, 2.5.11-3,2.5.114,
2.5.11-8,2.7.9-4

numerical methods for prediction of occurrence of, 1.4.24
(See also Flow-induced vibration)

Viscometric functions (non-Newtonian flow), methods of
determining, 2.2.84

Viscosity:
liquid, effect on critical heat flux in pool boiling, 2.7.2-12
of liquid water, 5 5.34
of multicomponent mixtures, 5.2.3-2/S  .2.3-6
non-Newtonian, 2.2.8-2
of pure fluids, 5.1.3-l

gases, 5.1.4-1
liquids, 5.1.4-l/5.1.4-5

relation with density for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.140
small variations in, 2.2.1-9/2.2.1-10
variation with temperature:

Chapman-Rubescin formula for, 2.2.1-9
Sutherland formula for, 2.2.1-9

Viscosity number (Vi), 2.3.2-19
Viscous dissipation, influence on heat transfer in non-Newtonian

flows, 2.5.12-10/2.5.12-14
Viscous sublayer, in duct flow, 2.2.2-l
Voidage,  in fixed beds, definition, 2.2.5-l
Void fraction, 2.3.1-3

correlations for in gas-liquid flow, 2.3.2-13/2.3.2-15
CISE correlations for, 2.3.2-14/2.3.2-15
drift flux models for, 2.3.2-13/2.3.2-14
homogeneous, 2.3.2-13
Martinelli  correlations for, 2.3.2-14

models for in gas-liquid flow:
horizontal stratified flow, 2.3.2-2312.3.2-24
vertical bubble flow, 2.3.2-18/2.3.2-19
vertical plug flow, 2.3.2-19

in subcooled boiling, 2.7.3-912.7.3-10
Volumetric heat transfer coefficient, 1.1.2-2
Volumetric mass transfer coefficient, 1.1.2-2
von Karman friction factor equation for fully rough surface,

2.2.2-3
von Karman  velocity defect law, 2.2.1-26
Vortex shedding:

from single cylinders, 2.2.3-3
as source of tube vibration,

4.6.4-l/4.6.4-2
in tube banks, 2.2.4-15/2.2.4-16
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Votator, agitator, 3.14.2-1
heat transfer with, 3.14.3-6

Wallis correlations:
for flooding, 2.3.2-22

application in reflux condensation, 2.6.2-8
for interfacial friction factor, 2.3.2-21

Wallis criterion, for transition from stratified to annular flow,
applications in condensation, 3.4.6-2

Walt  baffles, in agitated vessels, 3.14.2-2
Wall layer transmissivity, 2.9.1-1212.9.1-13
Wall temperature:

effect in laminar flow along flat plate, 2.2.1-22
effect of distribution of, in laminar flow along flat plate,

2.2.1-2312.2.1-24
Wake, Coleslaw of the, 2.2.1-26
Waste heat boilers, corrosion and failure in, 4.5.34/4.5.3-5
Water:

critical heat flux values for, in tubes (table), 2.7.3-17/2.7.3-18
emissivity of gaseous, 5.5.5-l/5.5.5-2
liquid, properties of, 5.5.3-l/5.5.3-5
pool boiling curve for, at atmospheric pressure, 2.7.2-l
saturated properties: (O�-SO�C),  3.12.2-6

(O-647 K), 5.5.1-37
superheated gaseous, thermodynamic properties of,

5.5.2-915.5.2-l 1
Water loss, from cooling towers, 3.12.6-2
Water tube boiler, 3.11.2-3
Wavelengths, of blackbody radiation, 2.9.14/2.9.1-S
Waves, interfacial, effect on film condensation on vertical

surface, 2.6.2412.6.2-5
Wavy fiis, in plate fin exchangers, 3.9.3-l
Webb, R. L., 3.9.1-1/3.9.134,4.4.3-l/4.4.3-9
Weber, M., 2.3.3-112.3.4-l
Weber number, 1.2.3-5
Welded channel head, in shell-and-tube heat exchanger, 4.2.4-l
Welded fins, in double pipe exchangers, 3.2.5-l
Welding:

testing and inspection of, 4.7.3-l
of tubes into tube sheets: arc, 4.2.6-8,4.2.6-10

explosive, 4.2.6-8/4.2.6-10
Welds, corrosion of, 4.5.3-514.5.3-6
Wentz and Thodos equation, for fixed-bed pressure drop, 2.25-3
Wet-bulb temperature, 3.13.3-2/3.13.34

Wettability, of surface, effect on pool boiling, 2.7.2-9
Whalley and Hewitt correlations:

for entrainment, 2.3.2-22
for interfacial roughness, 2.3.2-2 1

White-Metzner model, for non-Newtonian fluid, 2.2.8-8
Wicking,  in enhancement of heat transfer, 2.5.11-2
Wicks, for heat pipes:

characteristics of, 3,10.6-l/3.10.6-2
effective thermal conductivity of, 3.10.3-l

Window zone, in shell-and-tube heat exchangers:
calculation of effective areas of, for flow through,

3.3.6-l/3.3.6-2
pressure drop in gas-liquid flow in, 2.3.2-12/2.3.2-13

Winter, A. H., 2.5.12-l/2.5.12-16
Wire inserts, coiled, for enhancement of heat transfer in boiling,

2.7.9-3
Wispy annular flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Working fluid, selection of for heat pipe, 3.10.5-l/3.10.5-2

X
m-Xylene  saturation properties, 5.5.1-l 3
o-Xylene  saturation properties, 5.5.1-13
pXylene  saturation properties, 5.5.1-14
X-type shells (cross flow shells):

application in condensers, 3.4.9-3
description of, 3.3.4-3

Y
Yawed tube banks, pressure drop in, 2.2.4-12
Youngs modulus, 5.4.5-3

table of values of, 5.5.8-2

a
Zero equation models, for turbulent boundary layers, 2.2.1-28
Zivi equation, for void fraction, 2.6.2-14
Zone model, for furnaces (see Multizone  model)
Zuber-Findlay model, for two-phase flows, 2.3.1-9/2.3.1-10
Zuber theory, for critical heat flux in pool boiling, 2.7.2-10
gukauskas,  A., 2.2.4-112.2.4-11,  2.5.3-l/2.5.3-16
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