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1 .l DESCRIPTION OF HEAT EXCHANGER TYPES 1.1.0-l

1.4.0
Structure of the section

D. Brian Spalding

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

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

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

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

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

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

4.1.1
Types of flow configuration

D. Brian Spalding

A. Introduction

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

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

B. Counter flow

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

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

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

t
T1 ,out

I
T -2,Ol.H

‘t’

I
- Tz,in

T,,in

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

C. Parallel flow

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

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

,t,

T1,out

I
Tz,in  -
I - T2~out

t
T,,in

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

T2,in

T,,in

,out

T1,out

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

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

D. Cross flow

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

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

E. Cross counter flow

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

T2,out

Tz,in

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

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

F. Multipass shell and tube

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

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

G. The general case

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

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

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

3. The individual streams come into thermal con-

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

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

T2,OUf
Tz,in

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

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

T2,out t

Fl
T1.i”

T1,OUf

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

H. Nonsimultaneous flow configurations:
Regenerators

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

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

t Tz.out t T,,out

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

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

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

I. Conclusion

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

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

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

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

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

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

1.1.2
Types of interactions

between streams

D. Brian Spalding

A. Heat transfer

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

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

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

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

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

B. Simultaneous heat and mass transfer

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

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

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

C. The interaction coefficient

If two streams interpenetrate within the volume of a
heat exchanger, the magnitude of the interaction per
unit volume is conveniently quantified by way of a
coefficient. Thus, if heat transfer is in question, the
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1 .1.2-2 1.1 DESCRIPTION OF HEAT EXCHANGER TYPES / 1.12 Types of Interactions

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

&,I = &IV, - 7’2) (1)

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

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

&,I = P�O&l  -x2 1 (2)

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

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

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

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

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

4 = U(T, - Tz)

and

(3)

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

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

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

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

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

IA.3
Types of temperature

change pattern

D. Brian Spalding

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

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

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

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

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

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

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

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

7

T2,out

T,,in”

counter flow
T,,in

Distance

T Parallel f low
2 .I�

T2,out
rI,O”f

Distance

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

�2 ,in

Tt ,in

Distance

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

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

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

C. The general case

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

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

1.1.4
Types of interface
between streams

D. Brian Spalding

A. Introduction

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

B. Plain tubes

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

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

C. Finned tubes

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

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

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

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

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

D. Matrix arrangements

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

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

E.

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

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

F. Sprays

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

Tube

Air

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

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

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

G. Scraped surfaces

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

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

equipment

D. Brian Spalding

A. Introduction

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

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

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

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

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

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

The designs differ in the following ways, among
others:

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

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

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

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

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

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

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

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

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

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

C. Evaporators, boilers, and reboilers

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

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

D. Condensers

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

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

In power station condensers, the steam is usually on

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

E. Cooling towers

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

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

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

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

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

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

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

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

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

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

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

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

I
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1.1 DESCRIPTION OF HEAT EXCHANGER TYPES 1.1.6-1

1.1.6
Unsteady operation

D. Brian Spalding

A. Transient behavior of steady-state
heat exchangers

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

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

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

B. Periodically operating heat exchangers
(regenerators)

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

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

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

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

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

1.2.0
Structure of the section

D. Brian Spalding

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

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

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

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

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

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

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

1.2.1
Thermodynamics: Brief notes

on important concepts

D. Brian Spalding

A. Temperature

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

B. Specific internal energy

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

MAu=Q-W (1)

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

C. Specific enthalpy

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

h=u+!!
P

(2)

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

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

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

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

D. Quality

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

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

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

A similar relationship holds for the reciprocals of the
densities,

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

(5)

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

x _ h-4 _ UP- UPI

h‘?  -4 ‘IPg - IlPl
(6)

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

XE n;r,

nil +ni,
(7)

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

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

E. Mass fraction

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

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

c Xi = 1 (8)
all i

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

h= 1 Xihi (9)
all i

where hi is the specific enthalpy of species i at its

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

F. Specific heat capacities

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

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

au
&= cl0
and

(10)

(11)

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

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

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

h = cp(T- To) (12)

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

correspondingly written as

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

(13)

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

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

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

T2 cp dT
T,

h2 s T, VT,

which has of course the same meaning as

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

(14)

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

G. Interphase equilibrium

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

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

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

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

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

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

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

29.0 p 11.0 -�
xH,O,g  = - � - - -

18.0 PH,O 18.0 >
(18)

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

1.0 -

0.0
Liquid *------+  Gas

Distance

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

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

H. Conservation laws

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

A(&fxi)  = tij (19)

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

(20)

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

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

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

4.2.2
Flux relationships

D. Brian Spalding

A. Individual and overall heat
transfer coefficients

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

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

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

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

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

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

,T

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

(2)

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

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

hbc‘kbc =-
&bc

bcud =-
6cd

(5)

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

U-W, - 7�2) = G~AIATI  - To)

= LYabAabtTa  - Tb)

= abcAbc(Tb - Tc)

= %Axi(Tc  - Td)

= adzAdz @d - T2 1

(6)

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

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

-1
(7)

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

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

-lu = (f-3)

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

B. Individual and overall mass
transfer coefficients

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

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

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

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

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

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

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

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

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

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

C. Simultaneous heat and mass transfer

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

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

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

interface
The energy equation accounting for the latent heat

of vaporization

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

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

interface
Tg,l,  the temperature at the interface

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

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

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

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

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

46 =PgPg@1 -h2) (13)

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

4. The expression for h, is

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

+ xH,O,l  Aho (14)

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

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

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

x 0�2  - To) + XH,O,sat,Z  uo (1%

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

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

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

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

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

D. General remarks

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

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

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

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

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

62 -@4#l (16)

(17)

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

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

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

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

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

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

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

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

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

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

1.2.3
Transfer coefficient dependences

D. Brian Spalding

A. Introduction

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

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

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

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

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

B. Stanton number?

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

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

St, z !Q
ni (2)

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

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

St = z- (3)
CPrn

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

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

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

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

C. Nusselt and Sherwood numbers

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

by

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

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

!+ (5)

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

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

(6)

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

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

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

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

0 1983 Hemisphere I

D. The friction coefficient f

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

fEL=&
pv2 vm (7)

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

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

St =f (8)

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

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

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

E. Reynolds and Peclet numbers

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

(9)

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

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

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

Re=$$- (10)

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

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

f=E

for laminar flow, and

f = 0.026 Re-�� (12)

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

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

Pe ZGLQ,
rcb

(13)

o 1983 Hemisphere I

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

Per 5f!L (14)

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

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

by

Nu = 0.565 Pe�� (15)

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

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

Momentum/heat, the Prandtl number

Momentum/matter, the Schmidt number

Sc s s = Pr Le

Heat/matter, the Lewis+  number

(16)

(17)

(18)

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

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

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

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

Woe = 0.332 Re1�2  Pr1�3 (19)

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

Nqoc  = 0.0295 ReOs Pr�3 (20)

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

Nulo,  = 0.023 Re0.8  Pr�3 (21)

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

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

N&i, = 0.3 Re0.6  Pr1�3 (22)

The Chilton-Colburn analogy between friction and
heat transfer is

St =f Pr -2�3 (23)

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

G. Grashof and Rayleigh numbers

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

The Grashof number

Gr=L3gnp*
v2

(24)

The Rayleigh number

Ra=-L3g,pcp$ (25)

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

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

For a vertical flat plate in laminar flow,

Nu = 0.535 Grn4  Pr1�3 (26)

For a vertical flat plate in turbulent flow,

Nu = 0.135 Gr1�3  Pr1�3 (27)

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

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

RasGrPr (28)

H. Other dimensionless quantities

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

F o -  cyL2
P

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

The Froude number

(30)

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

The Graetz number

Gz-Pe g
0

(31)

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

The Weber number

we =V2PL
u

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

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

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

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

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

Enthalpy ratios, for example,

Tin - Tout
�  Ah

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

liquid density; fluid conductivity/solid conductivity

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

I. Correlations

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

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

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

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

St = constant  ReexPonent  prexnonent (34)

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

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

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

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

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

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

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

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

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

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

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

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

St zfQ-2'3 (35)

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

The Chilton-Colburn analogy implies that the ratios

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

(St)-�  = b(uf-1’2 + f-l) (36)

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

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

a = 8.32 $
314

020.7: D 1- 1

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

u<0.7:

-1n 1; +4.6(:r�l  - 11) (38)

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

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

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

1.2.4
Balance equations applied

to complete equipment

D. Brian Spalding

A. Relation between enthalpy changes

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

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

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

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

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

B. Relation between temperature changes

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

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

that is,

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

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

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

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

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

C. Relation between concentration changes

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

h,o�*x,,o�*  -~Linx,,in +&,ou*XZ,out
4r2&XZ,~ = 0 (4)
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where the subscript i to x has been omitted for ease of
writing and reading.

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

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

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

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

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

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

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

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

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

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

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

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

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

E. �Average� interaction coefficients
and driving forces

Although the stream-to-stream coefficients for heat and
mass transfer vary from point to point within the
equipment, and although the differences of temperature
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and concentration vary still more widely as a rule, it is
common practice to focus attention on formulas involv-
ing space average quantities. Thus, for heat transfer in
the absence of mass transfer, the formula is

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

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

\ WI - Tz)dA
U(T, -T2)=  ” A (9)

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

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

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

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

ATM  is often conveniently calculated from the
relationship

AT, = ATLM  F (10)

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

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

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

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

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

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

1. The general heat exchanger case:

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

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

2. The case of no phase change:

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

= 6, AT,

3. The water-steam case:

(13)

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

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

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

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

F. The number of transfer units, NTU

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

NTU EE1
61

NTU k!!2 .
c2

(15)

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

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

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

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

G. Heat exchanger effectiveness
in the absence of phase change

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

Now the maximum possible heat transfer rate,

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

&ax = Cnin ATmax (17)

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

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

= &in ATmax m�n  ATmax
(19)

Here it is noticed that:

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

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

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

Because of the connections between ATM/AT,,  ,

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

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

(20)

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

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

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

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

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

(a) The F correction factor method

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

ATMF=
ATLM

(21)

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

A= Q
UFAT,, (22)

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

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

ATLM
E = NTUminF ATm, (23)

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

Rr �2
c,

(24)

and

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

Tl,in - T2,ti ATmax (25)

Thus

F = FfR,  P, configuration) (26)

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

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

forR’F<l,PaE
1

(27)

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

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

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

(b) The P-NTU method

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

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

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

F

0.6 -

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

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

0.7 -

0.6 -

0.5 -

0.4 -

0.3-

0.2-

0.1 1 10
NTU

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

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

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

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

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

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

(c) The 8 method

The definition of 0 is

eF ATM
ATmax

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

E=NTU,in  0 (31)

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

P=NTUz 0 (32)

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

I. Pressure drop and pumping power

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

TI, in

tkrrg 0,��

+ R-1
TI, out

0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1.0

0.9
0.9

0.8 0.8

0.7 0.7

0.6 0.6

2 0 . 5 0 . 5  tR

0.4 0.4

0.3 0.3

0.2 0.2

0.1 0.1

0
-+ E,

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

ME Pin -Pout
Pref &?f

(33)

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

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

it
Vref =

Pref &ef
(34)

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

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

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

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

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

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

-=fef+ (37)
ref

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

1NTU _ �ref
N-W-I  Mcp feff (38)

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

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

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

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

(39)

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

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

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

p = Pin -Pou t
II4 Pref

(40)

that is, as

(41)

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

Of course, increasing ,Smf ordinarily increases other

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

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

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

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

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

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

1.2.5
The differential equations

governing streams

D. Brian Spalding

A. The differential equations for enthalpy

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

&dhl- . da4~-
dz,

-41-2 dz,

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

41�2  = U(Tl - r2> (2)

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

Figure 1 Control volumes for derivation of differential balance
equations.

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

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

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

n;l dh�+M
’ dz,

dko
’ dz, (4)

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

B. The differential equation for temperature

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

(5)

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

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

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

c s+d
’ dz,

dkO
’ dz2

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

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

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

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

T1 -T2 dz,

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

C. The differential equation for concentration

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

and

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

2

Combination by simple addition leads to

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

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

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

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

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

(13)

Addition yields

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

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

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

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

E. Some remarks about the solution
of the equations

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

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

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

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

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

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

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

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

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

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

1.2.6
Partial differential equations
for interpenetrating continua

D. Brian Spalding

A. Introduction

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

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

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

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

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

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

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

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

B. Differential equations for temperature

(a) Independent variables

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

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

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

(b) Dependent variables

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

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

(c) Porosities

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

RI +Rz +R, = 1 (1)

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

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

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

Finally, the proportion of volume occupied by the
metal is

(4)

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

(d) The energy equations

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

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

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

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

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

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

Terms representing phase changes

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

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

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

(6)

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

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

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

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

(e) Common (but unnecessary) simplifications

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

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

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

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

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

(f) The heat fhm terms

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

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

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

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

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

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

(g) The steady state

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

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

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

T
m

= UlTi  +U2T2

Ul + u2

and

.
4m-t1 =qm-*2 =

T2 - TI
Wl + uu2

(14)

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

(h) The prediction of heat exchanger
performance

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

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

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

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

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

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

(i) Application to a cross-flow heat exchanger

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

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

(16)

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

l/U1 + vu2

(17)

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

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

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

and

aT2 aT2
GaZ=Cs F+W�~  -T2)

(18)

(19)

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

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

(a) The physical principles
and phenomena involved

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

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

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

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

(6) The mass conservation equation

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

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

(20)

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

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

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

(c) The momentum equations

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

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

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

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

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

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

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

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

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

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

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

(d) The friction terms

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

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

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

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

(f) Discussion of the mathematical problem

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

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

These practices can now be represented by the
equations

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

fr=fQr+f'u (26)

fi =fqzffSw (27)

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

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

(e) Initial and boundary conditions

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

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

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

tions usually take the form of:

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

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

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

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

ufe, r, z, tj

40, r, z, 0

wff% r, 4 Q-

Pfe, r, z, Q-

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

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

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

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

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

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

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

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

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

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

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

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

situations for which analytical solutions can be pro-
cured.

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

1.3.1
Uniform-transfer-coefficient

solutions for the no-phase-change
heat exchanger

D. Brian Spalding

A. Introduction

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

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

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

(1)

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

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

B. Single-pass counter flow

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

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

- NTU,) (2)

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

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

T= 2,out - T2,in

mu2
(3)

from which it is easy to derive

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

1 2

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

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

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

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

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

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

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

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

(7)

Expansion of the logarithm as a series gives

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

+ . . .

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

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

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

it can be concluded that

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

(9)

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

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

(a) The F-correction-factor method

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

0 1983 Hemisphere P

Number of transfer units, NTU,

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

(6) The P-NTU2 method

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

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

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

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

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

(12)

(c) The 6 method

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

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

which may be expressed more symmetrically as

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

(14)

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

R+l: 8+ 1
1 + NTU

C. Single-pass parallel flow

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

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

+ N-N)1 (16)

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

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

NTUz + NTU2
(17)

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

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

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

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

AT,, =
AT, - AT,

In @LIATy)

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

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

(a) The F-correction-factor method

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

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

(20)

where

l-/=&=7

and

R # 1:
R+l

�  E In I(1 - P)/(l  - PR)l

R=l: -E=
1 - P

P (23)

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

(b) The P-NTU2 method

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

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

(24)

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

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

ratio.

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

Number of transfer units, NTU,

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

(c) The 8 method

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

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

or, more symmetrically,

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

(25)

(26)

D. Cross-flow exchangers

There are three cross-flow configurations that require
attention:

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

not.

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

P = 1 - exp
I

exp (-NT&  Rrl)  - 1

R77 I

where n is defined by

q z NTU;*22

For case 2, [5] gives the formula

P = {[l - exp (-NTU2)]  -�

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

(28)

(29)

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

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

P (30) .

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

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

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

E. Other configurations

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

~ 1 - exp (-NTU,dm)

(32)

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

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

D. Brian Spalding

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

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

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

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

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

1.4.4
Cases with prescribed

flow patterns

D. Brian Spalding

A. Introduction

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

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

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

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

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

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

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

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

B. Discretization

(a) Subdivision of space

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

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

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

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

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

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

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

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

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

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

(b) Subdivision of time

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

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

C. Finite-difference equations

(a) Nature of the finite-difference equations

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

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

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

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

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

+aL +ap- -Si (1)

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

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

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

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

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

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

(b) Origin of the equations

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

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

The interpolation procedures recommended here are
as follows:

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

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

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

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

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

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

(c) Some details

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

aN = 1@P  ’ RN)&@&  + cd (3)

D = 1 AP + AN
n 2 rN - rp

(4)

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

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

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

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

ap- = RpVppp- (7)

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

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

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

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

Si, = -U X cell volume (9)

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

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

E. More economical solution procedures

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

0 1983 Hemisphere F

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

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

F. The utility of calculations based
on prescribed flow distributions

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

(a) The sensitivity to the j70 w
pattern prescription

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

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

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

(b) Transient performance

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

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

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

(d) Parametric studies

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

G. The influence of the fineness
of discre tiza tion

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

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

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

/
�redicted  /

Asymptotic value

x
E x

x
x

0�

Number of grid points

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

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

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

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

I

I
(a)

(6)

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

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

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

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

1.4.2
Cases in which the flow patterns

must be calculated

D. Brian Spalding

A. Introduction

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

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

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

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

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

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

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

B. Discretization

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

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

C. Finite-difference equations

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

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

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

The source terms now contain several components,
namely :

Forces exerted on the control volume by pressure
differences

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

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

included within the a�s

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

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

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

(1)

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

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

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

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

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

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

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

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

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

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

(7)

(8)

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

b; = bi’@b - pi) (10)

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

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

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

(11)

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

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

D. A straightforward solution procedure

Section 1.4.1D,  indicates how the Gauss-Seidel point-
by-point adjustment procedure, applied iteratively to all
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the grid nodes, can lead fmally to a converged solution
to the temperature equations. The counterpart of this
procedure, which solves the associated velocity equa-
tions, can now be described.

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

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

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

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

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

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

E. More economical procedures

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

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

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

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

(a) Detection of the role of buoyancy forces

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

In boilers, of course, the buoyancy forces are often
employed as the main or only means of promoting
circulation of the water past the heating surfaces, but in
other types of heat exchanger the effects of buoyancy
may have been disregarded during the design phase.

A numerical procedure allows such effects to be
quantified. Indeed, it is easier to conduct the relevant
�numerical experiment� than it would be to perform a
physical one even on the most elaborately instrumented
apparatus, for, in the computation, the gravitational
acceleration can be easily �switched off� by setting the
value of g, to zero, but a visit to outer space is needed
before the equivalent effect can be achieved in practice!

(6) Influences of baffle leakage

A baffle is a resistance to flow that is highly directional:
it impedes flow normal to it, but augments only slightly
the resistance to flow along its surface.

Such directional resistances are easy to introduce
into the numerical procedure, mainly by way of the $J
terms; and 5�;  for UT  and u can be zero while that for w
is very large.

All baffles are leaky to some extent, and the effects
of this leakiness can be predicted only by a complete
calculation, of the kind indicated above, that takes
account of the resistances to flow in all directions and so
computes how the various velocity components adjust
themselves to comply with the loss of momentum and
mass conservation.
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(c) Fouling, corrosion, vibration, thermal stress

Heat exchanger performance deteriorates in the course
of time as a consequence of deposition of material that
builds insulating layers on heat transfer surfaces.

Sometimes the deposited material interacts deleteri-
ously with the material of which the heat exchanger is
composed, which is thereby corroded, or suffers other
damage.

Effects of this kind are strongly influenced by
details of the flow pattern, for deposition occurs most
readily in regions of low velocity, and even in regions of
the equipment where the average velocity is sufficient to
prevent deposition, there may be small subregions where
this condition is not satisfied. These small departures
from the average may suffice to put the heat exchanger
out of commission, with serious economic consequences.

Numerical prediction procedures that disclose
details of velocity distributions are especially useful for
the light they can cast on processes of this kind, for they
indicate where deposition is likely to occur, and they
can also be useful in determining what design changes,
such as provision of flow redistribution plates, are likely
to be advantageous.

Flow-pattern predictions can also reveal regions in

which tubes are likely to vibrate as a consequence of the
high velocity of the fluid flowing between them, and
detailed knowledge of the temperature distribution in
the tubes, tube supports, and shell permits thermal
stresses, both steady and transient, to be computed.

It therefore follows that, even when the thermal
performance of a heat exchanger is so insensitive to the
flow pattern (under design conditions) that the complete
numerical study is regarded as unnecessary by the
thermal specialist, the structural designer may need to
commission such a study for his or her own purposes.

G. References

So far, few publications have appeared in which calcula-
tions of flow patterns in heat exchangers, and of their
influence on performance, have been presented. How-
ever, two papers by Patankar and Spalding [14, 151,
provide preliminary exemplifications of what can be
achieved; and [16]  gives a more extensive discussion of
possible applications. Further information about the
numerical procedures outlined above can be found in
[17], [18], [19], and [201.

Nomenclature and References for Section 1.4.2 appear at the end of Section 1.4.3.
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1.4.3
Special applications of numerical

solution procedures

D. Brian Spalding

A. The prediction of two-phase flows

When a liquid stream begins to boil, or a vapor phase to
condense, two new factors have to be taken account of
by the numerical analyst. The first is that rather larger
changes take place in the density and in other properties
of the fluid, while the temperature remains practically
constant. Thus, the variable property problem, which
will have been dealt with to some extent in connection
with the single-phase fluid, here assumes a greater
quantitative significance.

The second factor is that the two phases, although
present in the same region of the heat exchanger, and
fairly intimately interspersed, may be proceeding in
different directions and at different velocities. Typically,
the vapor is likely to travel upward at a greater velocity
than the liquid, because the pressure gradient, which is
shared by the two phases (apart from surface tension
effects, not affecting the argument) exerts the same
upward force on each per unit volume, whereas the
gravitational field exerts a much greater downward force
per unit volume on the liquid than on the vapor.

This second factor substantially increased the
numerical analyst�s task, for he or she must now
calculate two sets of velocity components rather than
one, and the relevant equations are interlinked not only
by their common pressure but also by interphase
momentum transfer terms, which depend on the relative
velocities of the two phases.

This is a branch of numerical fluid mechanics that is

undergoing rapid and intense development. The problem
of obtaining solutions to the equations has been solved,
and the need is now for an increase in knowledge
concerning the interphase transfer laws.

It must be recognized that to regard the problem as
that of obtaining just two sets of velocity components is
itself an idealization that will not always be acceptable,
for at any particular point, not all particles of the
liquid phase will be proceeding at the same velocity. A
familiar example in which wide velocity differences
occur is the fountain formed when water flows from a
nozzle vertically upward into the atmosphere; all the
water falls down again, and so, in the absence of a
significant lateral wind, there is a large volume near the
axis of the fountain in which both upward-moving and
downward-moving water can be found.

Likewise, when the vapor is dispersed within the
liquid in the form of bubbles, it is possible to observe
situations in which the larger bubbles are moving upward
while the smaller ones are moving downward. It follows
that to ascribe a single velocity to the vapor phase is a
distortion of reality.

In general, therefore, a two-phase flow may require
a more elaborate treatment than the six-velocity-
component one outlined above. However, there is much
work to be done with the latter before further advances
are seriously envisaged.

Some account of problems and methods of the
numerical treatment of two-phase flows will be found in
[ill, WI, auf [431.
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B. Turbulent flow in empty spaces

In the foregoing account of numerical prediction pro-
cedures, the emphasis has been on heat exchanger shells
that are extensively ftied by tubes and baffles, the
presence of which dominates the flow. However, there
are often some regions that are free from such inclu-
sions, and sometimes, as when the dominant mode of
heat transfer is by radiation, the shell may be entirely
empty.

Because of the large sizes of practical equipment,
Reynolds numbers are high; the flow is therefore
turbulent. The question therefore arises: Are the equa-
tions that have been presented in Sec. 1.2.6 and in the
pesent section capable of describing and predicting
turbulent flow in empty spaces?

The answer is that the equations, although still
valid, must be augmented by further differential equa-
tions that will predict important features about the
turbulence, and how its properties are distributed in
space.

The topic touched upon here is that of �turbulence
modeling,� introductory accounts to which can be
found in [21]  and [22]. A few remarks will be made
here, so that the essence of the matter can be appreci-
ated.

What the energy and momentum equations need to
obtain from a turbulence model is a set of values of the
effective thermal conductivity and the effective viscos-
ity, for all relevant locations of the finite-difference grid.
The concept implicit in most turbulence models is that
these transport properties are functions primarily of the
local fluctuation energy of the turbulence and of the
local size of the eddies (more elaborate presumptions are
sometimes also made).

What a turbulence model therefore often supplies is
a pair of differential equations, to be solved simultane-
ously with the equations of energy and momentum, the
dependent variables of which are either the fluctuation
energy and the length scale themselves, or some quanti-
ties from which they can be derived.

The problem of turbulent flow in an empty space is
therefore somewhat (but only somewhat) more complex
than that of flow in a space filled with flow obstruc-
tions: the number of equations rises by two, because of
the turbulence model, and these equations are strongly
linked with those for velocity; but the equations for the
temperatures of the tube-side fluid, and of the metal,
have disappeared by way of compensation.

It is therefore quite easy to make predictions of
turbulent flow in empty spaces, and many successful
computations (in the sense of quantitatively in accord
with reality) have been made and reported in the
literature. This is not to say, however, that agreement
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with experiment is always good, or that all problems
concerned with the development of turbulence models
have been solved. Particular uncertainty still attaches to
those regions of flow in which buoyancy effects are
influential, and to those in which the effective transport
properties are not much greater than the laminar ones.
Research can be expected to have to continue to this
topic for many years before even the fairly modest (in
this respect) needs of heat exchanger designers are fully
met.

C. Flows involving chemical reaction

Although the emphasis in this handbook is on �unfired�
heat exchanger equipment, it may be useful in the
present context to examine briefly the special problems
that arise when numerical prediction procedures are
applied to flow and heat transfer phenomena in which
an exothermic chemical reaction, for example, the
combustion of a fuel, plays a significant role.

Usually the combustion takes place in empty spaces,
and the flow is turbulent. Therefore the remarks of Sec.
B are relevant. However, there are further complications:
specifically, if the behavior of the flame is to be
predicted (and the heat transfer rate can scarcely
otherwise be computed), it is necessary to solve at least
some partial differential equations having concentration
as their dependent variables.

There is one situation that permits fairly satis-
factory predictions to be based on the solution of a
single additional equation; this may be that for the
concentration of any chemically inert constituent, such
as nitrogen; or it may be the equation for the mass
fraction of a chemical element, regardless of the
chemical species between which it is distributed; or yet
again the equation for the mass fraction of material
derived from the fuel system, irrespective of whether or
not the fuel has reacted chemically.

This special situation is characterized as follows:

The fuel enters in a separate stream from the
oxygen.

The chemical reactivity of the fuel is such that the
fuel burns just as soon as it encounters oxygen (the
so-called physically controlled or mixed-is-burned
phenomenon).

The flow is fully turbulent.

It is a situation that is quite commonly approached
in furnaces and other heating equipment, and it is easy
to handle numerically because there is only one addi-
tional differential equation, and that is one, as it
happens, without any complicated source terms.

Of the more general situation, in which the chemical
reactions proceed too slowly for the mixing rate to be
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limiting, it is appropriate to record the following major
facts:

Most chemical reactions proceed by way of many
intermediate stages, so that a complete description may
involve quantitative concern with some tens of concen-
tration variables.

Although knowledge of the rate constants of the
reactions into which these species enter is never as
complete or as precise as would be desirable, such
progress has been made by chemical kineticists in recent
years that shortage of rate constant information is
seldom the major cause of inadequacy of predictions.

When the flow is laminar, numerical solution pro-
cedures are available for solving the flame prediction
problem, albeit often at rather great expense (because
there are many equations to solve, and because fine grids
are needed for thin-reaction zone regions).

When the flow is turbulent, uniting knowledge of
chemical kinetics with knowledge of turbulence presents
special difficulties that have not yet yielded to entirely
general and valid solution procedures.

Consequently, the prediction of kinetically in-
fluenced turbulent combustion phenomena must still be
regarded as a matter for the research worker rather than
for the practicing engineer. However, there are reasons
for hope that this situation may soon change.

This brief account will close by drawing the reader�s
attention to a few sources of further enlightenment,
namely, [23], [24], [25],  and [26].

D. Flows involving radiation

Often a major mode of heat transfer from a flame is by
way of radiation. It is therefore appropriate to touch
upon the question of how radiative transfer can be
incorporated into numerical solution procedures.

In principle, of course, the Hottel zone method
[27] can be applied. In practice, this becomes enor-
mously expensive if it is to take account of the strong
nonuniformities of concentration and temperature that
exist in practical combustion chambers, and that are
brought to light by the prediction procedures of the
kind under discussion here. In practice, therefore, it is
seldom used in conjunction with these procedures.

What is used, as a rule, is some variant of the flux
method, usually ascribed to Schuster [28] and Hamaker
[29]. Examples of its use in furnace calculations are
represented by [30], [31],  and [32].  It involves the
solution of additional finite-difference equations, rather
simpler in form than those given earlier (because
radiation is neither convected nor stored), but soluble by
similar techniques.

Whereas the finite-difference equations for tempera-
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ture, concentration, and velocity are in full conformity
(when the grid is fine enough) with the basic differential
equations, it is not true, unfortunately, that the finite-
difference equations of the radiation flux method
exhibit that conformity, no matter how fine (or coarse)
the grid. The reason is that all versions of the flux
method that have existed until now overidealize the
angular distribution of radiation, treating it as being
collected into bundles having direction normal to the
main cell surfaces. This idealization, essential if the
problem is to be numerically tractable, ignores an
important feature of real radiation phenomena, namely,
that radiation travels obliquely as well.

No solution to this difficulty has yet been found
that is simple enough for practical use. Consequently,
radiative transfer problems can still be only approxi-
mately solved.

It ought to be mentioned, however, that this mathe-
matical difficulty is not the only hindrance to the re-
liable prediction of radiation from flames, for knowledge
of the local radiative properties of the gases is required,
and those are wavelength-dependent and often not
known. As a last source of difficulty, it should be further
remarked that often the most active radiating species in
a flame is the soot that is suspended in it, and the kinetics
of soot formation and oxidation constitutes one of the
least well-documented chapters of chemical kinetics.

Radiation from flames must therefore also be
regarded as the research worker�s preserve at the present
time.

E. Calculation of heat transfer coefficients

The last topic in this section is the role of numerical
methods in predicting heat transfer coefficients, that is,
as a replacement for the experimentally based �correla-
tions� that are discussed in Sec. 1.2.3.

This application requires a radical change of scale in
the object of study. Instead of being concerned with the
heat exchanger as a whole, attention is confined, for
example, to a short length of a single passage between
three heat exchanger tubes in a bank. Then, of course,
the problem becomes one of turbulent flow in an empty
space, of the kind discussed in Sec. B; on the other hand,
the space in question is now much smaller, and the
characteristic Reynolds number will also be smaller.

This last feature is important for if now the solution
of the finite-difference equations is to lead, as it well
may, to predictions of Nusselt number-Reynolds number
relationships, these equations must hold for regions close
to the walls in which the turbulent contributions to the
transport properties may not be much greater than the
laminar contributions. This is just that domain in which,
as has been stated above, turbulence models are least
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well developed; therefore the extent to which heat Nevertheless, prospects for future progress along
transfer formulas can currently be obtained in this these lines are good. References [33]  and [34] expatiate
manner is severely limited. upon this theme and contain further relevant references.

NOMENCLATURE FOR SECTIONS 1.1.0-l .4.3

A

a

;
b
b
b’
b”

b*
c

c

G cp
cu
Cf
D
D

E
E
F

Fo
Fr
f

interface area across which heat transfer occurs,
m*
coefficient in finite-difference equation, kg/m* s
a constant
dimensionless driving force for mass transfer
mass flow rates across cell boundaries, kg/m* s
a constant
corrections to b, kg/m* s
differential coefficient of b’ with respect to p�,
kg/N s
approximate value of b, kg/m* s
product of mass flow rate and constant-pressure
specific heat capacity, W/K
�upwind� specific heat times density times
velocity, W/m*  K
constant-pressure specific heat capacity, J/kg K
constant-volume specific heat capacity, J/kg K
friction factor
diameter, m
thermal conductivity divided by internode dis-
tance, W/m*  K
effectiveness of a heat exchanger
error in continuity equation, kg/s
ratio of effective temperature difference to
logarithmic mean temperature difference
Fourier number
Froude number
friction coefficient

fe ,fr,fz friction terms in momentum equations,
N/m3

fveTfqr>fqz components of fe, f,, f, dependent on
intraphase viscous action, N/m3

f;, f,", fl remaining components of fe , fr, f,, divided
by the relevant velocity component, N s/m4

ni product of density and velocity, kg/m* s
Gr Grashof number
GZ Graetz number
g conductance, kg/m* s

gn gravitational acceleration, m/s*
He Henry number
h specific enthalpy, J/kg
Ah latent heat of vaporization, J/kg
L length dimension, m
Le Lewis number
M mass of material, kg
A mass flow rate of material in a stream, kg/s
m,, Rij, etc. mass transfer rate across an interface per

unit interface area, kg/m* s

r+rvOr  mass transfer rate across an interface per unit
volume of the space within which the interface
area is distributed, kg/m3 s

NTU number of transfer units
NVH number of velocity heads (pressure drop)
Nu Nusselt  number
43, nry nz number of subdivisions of the 8, r, and z

P
P

Pe
Pr

P
P�

Ei
Li

4VOl

R

R
Ra
Re

;

dimensions
heat exchanger performance parameter
power needed to pump a fluid through a heat
exchanger, W
Peclet number
Prandtl number
pressure, N/m*
pressure correction, N/m*
quantity of heat, J
rate of heat supply or exchange, W
heat transfer rate across an interface per unit
interface area, W/m*
heat transfer rate across an interface per unit
volume of the space within which the interface
area is distributed, W/m3
ratio of mass flow X specific heat capacity
products for a heat exchanger
porosity, i.e., fraction of volume accessible to a phase
Rayleigh number
Reynolds number
radius, m
cross-sectional area of a fluid stream, m*

S,, $, contributions to the source of a transported
property at grid point P, various/s

SC Schmidt number
Sh Sherwood number
St Stanton number
T temperature, �C
t time, s
u heat transfer coefficient, W/m*  K
uvor volumetric heat transfer coefficient, W/m3  K
u specific internal energy, J/kg
u velocity (component in 0 direction), m/s
V volume, m3
u velocity (component in r direction), m/s
W quantity of work, J

% rate of performance of shaft work, W
We Weber number

x
velocity (component in z direction), m/s
spacing of tubes in one direction, m

X mass fraction
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x quality
22 flow quality
Y spacing of tubes in a second direction, m

Z distance in axial (or flow or vertical) direction, m

;
individual heat transfer coefficient, W/m2 K
individual mass transfer coefficient, m/s

a01 volumetric mass transfer coefficient, s-l
r exchange coefficient, kg/m s
AT,, logarithmic mean temperature difference, K

mean temperature difference causing heat trans-
fer, K
increase in
diffusion coefficient, m2 /s
dynamic viscosity, kg/m s
parameter in expressions for F and P
ratio of effective to maximum possible tempera-
ture difference
angular coordinate
parameter in expression for F
effective thermal conductivity, W/m K
thermal conductivity, W/m K
density, kg/m3
surface tension constant, N/m
either Prandtl number or Schmidt number, as
appropriate
shear stress, N/m2
a transported fluid property, various

min, max streams of minimum or maximum mass
flow rate times specific heat capacity, respec-
tively

max largest possible
ref reference
N, S, E, W, H, L north, south, east, west, high, low

neighbors of a grid point, respectively
n, s, e, w, h, 1 control volume faces separating a grid

point from its N, S, E, W, H, Z, neighbors,
respectively

P grid point under consideration
P- the same grid point at the previous time instant
a air
b bulk
i component i
i interface
m metal
S saturation condition of gas phase adjacent to

liquid
t transferred substance
w, H20 water
4 Y ends of a heat exchanger
1,2 streams in a heat exchanger
1, 2,3 coordinate direction
. . . -+... from . . . to . . .
lot
XC

Subscripts

eff effective
in, out entry and exit points, respectively, of fluid

streams
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1.5 MEAN TEMPERATURE DIFFERENCE 1.5.1-1

1.5.1
Introduction

J. Taborek

A. Background

This section presents charts (together with their associ-
ated equations) for use in the performance evaluation or
design of specific industrial heat exchanger configura-
tions. The methods selected for these working charts are

1. F-correction-factor method (see Sets. 1.2.4 and
1.3.1

2. 8-NTU method (see Sets. 1.2.4 and 1.3.1

Since the two methods are derived from the same
basic equations, they must give the same answer.
However, one or the other of the two methods may be
advantageous for specific calculations. In particular:

1. The F-correction-factor method has the unique
advantage that it directly represents the departure of the
effective temperature driving force AT, for any flow
system from the best possible value for counter flow
ATLJ~.  The method is particularly suitable for process
heat exchanger calculations where usually the tempera-
ture profiles and heat balances are specified from the
process conditions but the heat transfer rate U and often
the heat exchanger surface A are not known. As a matter
of fact, the overall heat transfer rate U will usually be a
function of the design configuration considered. The
problem to be solved is then to select an exchanger
design type that would operate with the highest possible
effective temperature driving force or, for that matter,
eliminate quickly such design types as may be not
operable at all.

2. The B-NTU  method is particularly suitable for
preliminary evaluation of systems where the coefficient

U can be considered known and constant (as in compact
heat exchangers) and/or the surface A can be controlled
by addition of incremental moduli without affecting the
rate 17,  such as plate exchangers and �compact� plate-fin
units. In many of these cases, the overall plant eco-
nomics are strongly dependent on the optimum utiliza-
tion of the available AT versus capital investment in heat
transfer surfaces. The heat transfer area and usually one
of the terminal temperatures are not fixed a priori but
are chosen as a result of the economic optimization or
design process.

B. Conditions for validity

In Sec. 1.2.4, three of the primary assumptions for
validity of the F-correction-factor and 0 methods are
stated, namely, that the overall heat transfer coefficient
U, the flow rate, and specific heat of the two streams are
constant through the heat exchanger. The assumptions
of constant U is never exact but is often accepted for
practical reasons. In addition, a number of other
assumptions are implicit to the definition of the log
arithmic mean temperature difference, and thus the F
and 0 charts. These include, in approximate order of
importance:

1. For pure counter flow or cocurrent  flow, the
temperature of either fluid is uniform over any cross
section of its path. In other words, the thermal history
of any particle in either stream is identical to any other
particle in that stream, that is, complete mixing, no
stratification or bypassing.

2. For baffled shell-and-tube exchangers, the heat
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1.5.1-2 1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.1 Introduction

transferred in each baffle compartment is small com-
pared to the overall; that is, the number of baffles is
large (usually 25).

3. There is no change of phase of either fluid in
only a part of the exchanger. If condensation or boiling
occurs, it must do so uniformly over the entire surface
and in such a way that equal quantities of heat are
exchanged for equal changes of the fluid temperature.
This produces a linear plot of heat exchanged versus
temperature. Isothermal boiling or condensation com-
plies with these conditions.

4. There is equal heat transfer in each tube or shell
pass.

5. Heat losses to surroundings are negligible.

C. Definitions of quantities

An arbitary heat exchanger is illustrated in Fig. 1. An
amount of heat Q is transferred between streams 1 and
2. The F-correction-factor and 0 methods use the
following definitions (see Sec. 1.2.4 for details). First,
the general defining equation is

Q = UA AT,,, (1)

where U is the overall heat transfer coefficiency, A is the
exchanger surface area, and AT,,, is a suitably defined
effective mean temperature difference. For a pure
counter current flow, with the assumptions given in Sec.
B, AT,,, becomes ATLM, the logarithmic mean tempera-
ture difference, defined as

Equally, Q can be defined by the heat balances of
streams 1 and 2,

Q = Cl [CT, >i - CT1 lo 1 = Cz [CT* >o - (Tz >iJ (3)

where C1 and C, are the �heat capacities� of the two
streams (MCP).

For configurations other than counter flow, a
correction factor F is defined as

AT,
F = AT,, (4)

The relationships for F are conveniently formulated in
terms of the parameter R (ratio of stream heat capacity
or stream temperature differences) and P (�thermal
effectiveness�).

Arbitrary Heat Exchanger Configurslmns IT, ,” stream I, Flow Rate P
Contacting Streams I and 2 ,T,,, srresm 2. Flow Rate P2

Figure 1 Flow streams to arbitrary heat exchanger.
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R= $= (T~)i-(Tl)o
(Tz >o - CT2  Ii

p = SzIo - (Tz)i
(Tl)i  - U�zh

(5)

(6)

The �thermal effectiveness� P is the ratio of the
change of temperature of stream 2 and the maximum
possible difference between the inlet temperatures of the
two streams. The term ATM can also be expressed in
terms of the R and P parameters as follows:

ATLM = (Tlh - (TI)o ,C R - l
R

\
!n

t
I(1 - f�)/(l - fW1 g+ 1

(7)

The term in braces will be frequently repeated in the
derivations and it is therefore assigned a symbol 6 :

R - l 1 - P
’ = In [(I -P)/(l - PR)]  R+l =P Rel (8)

The number of transfer units for stream 2 (NT&)
is defined as

mu
2
_ AU = (Tzlo - (T2h

c2 AT,

The NTU value itself has only a vague physical signifi-
cance as roughly a �heat exchanger size factor,� being
proportional to the product of U and A. The original
reason for introducing the NTU method was that the
unknown heat balance case, where both outlet tempera-
tures are unknown, can be solved without reiterative
calculations-a chore impossible with the F method.
Further interpretation of the NTU methods is given in
detail in Sec. 1.2.4. Of the various methods representing
NTU, the 8 method was selected because it is graphically
compatible with the F-correction-factor method.

The parameter 0 is defined as

e = (T, )F’(Tz)i (10)

The charts are such that knowing two of the three
parameters, P, R, and NTU2,  8, and thus AT, can be
directly determined. Only the 0 method permits this
convenience. Note that the above variables are inter-
related as follows:

NTU,  = A
P

’ = Fp6 = N’W

D. AT,,, -8-NTU2  -F charts and how to use them

Based on the definitions in Sec. C, a series of graphic
charts have been calculated, based on equations docu-
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1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.1 Introduction 1.5.1-3

NTU,

1

R = Constant

0 1.0

� =
CT2  ),, - CT,  );
CT,  ji - CT2  ji

Figure 2 Schematic relation of the F-P and 8-P-NTLJ,  charts.

mented in subsequent sections. The charts are arranged
in a dual configuration, as schematically represented in
Fig. 2:

1. 0 versus P versus NTU2,  with R = const as
parameter

2. Fversus P, with R = const as parameter

Notice that the interrelation of all the parameters can be
easily established by visual inspection.

Graphs are presented as figures in Sec. 1.5.2 for the
most common shell-and-tube exchangers and in Sec.
1.5.3 for a number of typical cross-flow configurations.
In the, following examples the use of the charts is
demonstrated.

(a) Case I: Calculation of effective mean
temperature difference AT, knowing
inlet and outlet temperature of both streams

This case can be solved using the F-factor charts as
follows:

1. Calculate R and P from Eqs. (5) and (6).
2. For the particular configuration, read the F value

corresponding to the calculated R and P from the F
chart (or calculate Fusing the equations given).

3. Calculate ATM from Eq. (2).
4. Calculate AT, = F ATLM  [Eq. (4)]  .

Alternatively, the 0 charts may be used:

1. Calculate R and P from Eqs. (5) and (6).
2. Read 0 from upper charts for particular con-

figuration (or calculate e from equations given).
3. Calculate AT, from Eq. (10).

Note that in the latter case, NTU2  can be read directly
from the charts.

(b) Case 2: Calculation of outlet temperature
of both streams where C, , C,, U, A,
and the stream inlet temperatures are known

This case can be dealt with via the 8 charts as follows:

1. Calculate R from Eq. (5) and NTU2  from Eq.

(9).
2. From the 0 chart, read off the value of P

corresponding to the calculated value of R and NTU2.
(Alternatively, P can be calculated from the equations
presented.)

3. By rearranging Eq. (6), determine (T2)0  from P
and the inlet temperature values.

CT2  10 = P[(T,  h - CT2 hI + (7�2  >i (13)

4. Calculate (T,),  from Eq. (5):

0�1 lo = (TI Ii - RKT,),  - (7�2 )il (14)

The F-correction-factor method would require a reitera-
tive procedure for the same calculation.

(c) Case 3: Calculation of required area A
where inlet and outlet temperatures of both
streams are known and the overall coefficient
U is also assumed to be known

Here, the 0 charts may be employed as follows:

1. Calculate R and P from Eqs. (5) and (6).
2. Read the value of NTU2  corresponding to the

calculated R and P from the 8 chart.
3. Calculate A from

A = NT&C2

U
The same calculation can be achieved using the F-
correction-factor charts, but this involves the additional
calculation of ATLM.  Furthermore, the values of NT&
obtained via the 0 method can be useful for comparative
purposes.

(d) Case 4: Relationship between NTUz , F
and Fmi,  using visual inspection of charts

The relationship between NTU2  and F can be read from
the dual graphs. This is useful since good practice
requires operation above a certain minimum F factor
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(Fmin). If the system is operated at too low a value of F,
it falls into the region where large decreases in F occur
for small differences in P. Thus, the performance is very
sensitive to deviation from the given temperatures.

There is no straightforward criterion for definition
of the value of Fmin. In principle it is a judgment of
how much the exchanger designer is willing to sacrifice
on loss of AT,,, for potential gain in other effects or cost
of the unit. Two typical examples can be shown to
illustrate this problem.

1. If outlet temperatures form a cross, (T,)o >
U-z),> a low value of F factor may result. A simple

remedy is to use two (or more) exchangers in series,
which will result in higher F values. This, however,
causes a considerable cost increase, and the designer may
decide to take the F-factor penalty and larger-size single
unit.

2. A single tube-pass TEMA E shell-and-tube ex-
changer is considered to be in counter flow and
therefore to have no limitation on temperature cross

with F = 1. However, tube-side flow velocity for such a
tube-pass arrangement may be inherently low, resulting
in low tube-side CY  and increased fouling. Switching to
two (or more) tube-passes will improve these problems
at a cost of having an F-factor penalty to AT,,,. Again,
an engineering judgment will be necessary to arrive at
the best possible solution, which in most cases is not
quite obvious.

The suggestion has been made to limit Fmin  so that
no outlet temperature cross will result. This criterion
provides reasonable values of Fmin  m 0.8 for TEMA E
and J shells, but is too restrictive for units in series and
multitube-pass cross flow (Fmin  z 0.95), where larger F
penalties can be tolerated and economically justified.

In summary, the best generalized recommendation
that can be given is to use Fmin  z 0.8 but to assure that
this value on the F curves does not fall into the steeply
decreasing region characteristic of low and high values of
R. Otherwise, sound engineering judgment is the ulti-
mate criterion.

Nomenclature for Section 1.5. I appears at the end of Section 1.5.3.
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1.52
F and 8 charts for shell-and-tube

exchangers

J. Taborek

W Charts for the following types of common shell-and-
tube exchangers are presented in the following figures.
Descriptive material, comments on proper usage, and
documentation of equations from which the graphs have
been constructed are included with each specific con-
figuration.

1. Counter flow
2. Cocurrent flow
3. TEMA E shell, 1-W
4. TEMA E shell, 2 in series
5. TEMA E shell, 3 in series
6. TEMA E shell, 4 in series
7. TEMA E shell, 5 in series
8. TEMA E shell, 6 in series
9. TEMA J shell, one tube pass

10. TEMA J shell, 2N tube passes
11. TEMA G shell, 2N tube passes
12. TEMA F shell, partition

thermal leakage

Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
Fig. 6
Fig. 7
Fig, 8
Fig. 9
Fig. 10
Fig. 11

Fig. 12

A. Counter flow

Counter flow is included here only as being the best
possible temperature-driving force utilization. For this
case, by definition, AT,,, = ATLM  and F = 1 .O. The 0
method representation is given in Fig. 1.

Credit and thanks is given to Mr. John Ward of AERE,
Hanvell,  U.K., for computer calculation of the graphs presented
in this section and Sec. 1.5.3.

The intercept of the R = const curves at 8 = 0 occurs at

P 1
= -max

IR R21.0
= l.�lR,*.o

The line of R = 0 is the same for all the flow systems, as
it corresponds to fluid 2 being isothermal. In such a case,

- P
e=ln(l -P) R=0I

(3)

B. Cocurrent flow

Cocurrent flow AT,,., can be calculated directly from the
ATIN, but is presented here in the F-factor form, as it is
the least effective flow configuration. The principal
limitation is, of course, that the cold fluid outlet
temperature must be below the hot fluid exit
temperature-an unacceptable limitation in many cases,
particularly where heat recovery is involved.

All other flow systems will be somewhere between
the pure counter current and cocurrent flow. However,
before dismissing cocurrent flow as undesirable, let us
make the following observations.

1. Cocurrent flow produces the most uniform tube
wall temperature between hot end inlet and cold end
outlet, thus minimizing the thermal stress.

2. The highest wall temperature is lower than for
counter flow, thus eliminating, in appropriate cases,
problems associated with high wall temperature, such as
fouling, material selection, etc.

3. In the case of flow reboilers, cocurrent flow
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3 (T, Ji - (T, Jo
R= ~ = (Tt)o-(T,)i

T, and T, are interchangeable

- NTU, = AU/C,

1.0 1.0

0.9

1.2
0. B

0. 7 1.4

+? 1.6
N 0. 6

e& � 1.8

a �+? 0. 5 2.0
r(

b
0. 4 2.5

II
a

3. 0
E.  3

4.0

0. 2 5.0

a. 1

0. E
0. a 0. 1 0. 2 0. 3 0. 4 0. 5 8. 6 0.7 0. 6 0. 9 I.0

* P - Thermal Effectiveness = (~l)i((~,)i

Figure 1 Mean temperature difference relationships: counter flow.

produces the highest AT at the entrance of streams, thus
potentially contributing (in appropriate cases) to early
initiation of nucleate boiling, which would not occur
with counter flow.

The following equations are readily deduced from
the basic definitions.

-CR + 1)
F=Un[1-P(R+1)]

me pm,x at F = 0 is defined as

(4)

The results are shown in Fig. 2.

C. TEMA E shell-and-tube flow arrangements

This section will cover the most common flow arrange-
ments in shell-and-tube exchangers, that is, a variety of
shell flow geometries and tube pass arrangements.

0 1983 Hemisphere I blishing Corporation

(a) TEMA E shell with even number
of tube passes (l-2N)

In commonly accepted nomenclature, the single shell
pass (1) and the even number of tube passes (2N)  are
designated as a 1-W configuration. This practice will be
used in the following sections.

Under the assumption that the shell fluid is
�mixed,� that is, not stratified along the flow path,
Underwood [ 1 ] performed the original integration for a
1-2 flow system, which after some rearrangements
appears as

F=(6)~ {[2--p(l  +R-;)],[2-P(1  +R+q)]}

(6)

where

rl=diFT-i- (Q)

Underwood also proved that it is immaterial whether
tube-side flow direction in the first pass in counter flow
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i;N
e

2 ’a K
c

II
0

R= >=
(Tl)i - Vi)0

1 (T2Jo -(T,),

T, and T, are interchangeable

NTU, = AU/C,

0.6

0.5

0. 4

0.3

0. 2

0. I

0.0

1.6

0.9

0.6

0. 7

0. 6

n * 0. 2 0. 3 0 . 40 . 50. 6 0. 7 0. 6 0. 9 1.0
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0.0 0. I 0.2 0: 3 0: 4 0.5 0.6 0.7 0.9 0.9 1.0

+ P - Thermal Effectiveness = p, ji _ (T2ji

Figure 2 Mean temperature difference relationships: cocurrent  flow.
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(shown in Fig. 3) or cocurrent  flow with respect to shell
flow. Subsequently [2] , four tube-pass arrangements
were analyzed, but the differences were found to be very
small compared to the validity of basic assumptions.
Therefore, Eq. [6] is considered valid for any even
number of tube passes. For an infinite number of tube
passes, the correction factor F charts will transit to that
of cross flow with both fluids mixed (see Sec. 1.5.3).
Even for this extreme case, the F values above 0.7 are
within 2% of the l-2N solutions.

The asymptotic value of P is reached at

P 2
max = l+R+rl

(6) Multiple E shells in series, each
with two or any even number of tube passes

If the temperature range is very large, for example,
(T,), s (T,),, a single unit with 2N tube passes would
not be acceptable (P>P,,,) (see Figs. 4-8). In such
cases (if counterflow is excluded for other reasons),
resort is taken to employing several units where both the
shell-side and tube-side flow are in series. Using M
identical units of the TEMA E shell type in series, the F
factor (or NT&)  can be calculated from Eq. (6) if,
according to Bowman [2], the P parameter is expressed
as follows:

1 -(xyM
P=R-Ql/M

p*
= M-P&f-  1) Rcl (8)

R#l

x = PoR - 1
P, - 1 (9)

and where R and PO are based on the overall terminal
temperatures of the system.

The asymptotic Pmax values can be determined
from

P
zM - 1 2M

max =
Z”--R  R#t =m+fi R=l

(10)

where

Z,vR+l
q+R-1

and 17 is defined in Eq. (ti).
Although it has never been proven mathematically,

according to Gardner [3], the same procedure will apply
to any series of identical exchangers, with identical
inlet-outlet configurations of each unit.

D. TEMA J shell divided-flow exchanger

The divided-flow J shell is used mainly to accommodate
very low pressure drops. As only one-half the stream

0 1983 Hemisphere F
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traverses one-half the length, the shell-side pressure drop
is only about one-eighth that of a TEMA E shell. A
schematic sketch of the flow is shown in Fig. 9. Notice
that a single nozzle inlet is shown (usual arrangement)
and that the shell outlet temperatures from the two
outlet nozzles will not be the same. The temperature
profile refers to the mixed outlet temperature. Con-
sequently, if two J shells in series should be calculated
by Eq. (8), the shells will have to be connected so that
the second shell again has a single nozzle entry-an
inconvenience in piping arrangement. If the second shell
is connected with two inlet nozzles to the two outlet
nozzles of the first shell, the AT, relations do not
strictly apply and may be on the unsafe side. The AT,
analysis for J shells is well summarized by Jaw [4].

(a) J shell with single tube pass

The solution for this case (see Fig. 9) is identical to that
for the TEMA E shell (1-m with the fluid �unmixed�
and is due to Gardner [5].

2R + &R+o.5)

2R - $-CR +“‘) Rfo.5

=I- 1+1/G
2+h@ R - o . 5

where $J is defined as

C#J = exp & = exp (NT&)
0

ln@=&=NTU, =f

The Max values can be calculated as

P*ax =1-2-l
2R + ’ R>o.s

= 1oolR<o.5

(1 la>

(1 lb)

Ok)

(12b)

(13)

In definition of R and P, T, represents the shell-side
fluid and T, and Tz cannot be interchanged.

(b) J shell with two or any even
number of tube passes

Jaw [4] analyzed cases with two and four tube passes
and found that the results are within very small
differences. Extending the number of tube passes to
infinity, the case becomes identical to that of mixed-
mixed cross flow, as derived by Gardner [6]. Again, the
differences were found to be negligible compared to the
two-tube-pass solution in the region of interest, that is,
F > 0.5. Therefore, Gardner�s solution is recommended
for any even number of tube passes.

blishing  Corporation
1

#



I.5  MEAN TEMPERATURE DIFFERENCE / 1.5.2 F and 0 Charts

(TIJi - (T,jo
(Tz)o L (T&

T, and T, are interchangeable

-NTU, = AU/C,

1.0

0. 6

0. 1

AR-.-
0.5 0. 6 0. 7 0. 9 0.9 1.0

0.9

0. a
I ‘u \I\,\ \ \ 1 \ \

I \ \\\\\ \ \ \�\ �\ \I\ ’
0.7 --
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0. 1 0.2 0: 3 0. 4 0.5 0.6 0.7 0. s 0.9 1.0

--w P - Thermal Effectiveness =
Uplo - (Tz)i
(T1 ji _ CT2 ji

Figure 3 Mean temperature difference relationships: one E shell with any even number of tube passes (shell fluid mixed).
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tk

(Tl)i, + h @Jo,
I c

T, and T, are interchangeable

F NTU, = AU/C,
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a e
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w P - Thermal Effectiveness =
CT2  10 - 02 Ii
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Figure 4 Mean temperature difference relationships: two E shells in series, each with two or any even number of tube
passes.
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1. 0

0. 9

0. 0

e. ..

0. 6

m. s

0. 4

0. 3

0. 2

0. :

0. m

1.0

a 9

a 8

a 7

0. 6

a 5

a 4

a 3

(Tq )i - (T1 )oR= �$ = --
1 (T, 10 - (T2 Ii

T, and T, are interchangeable

NTU, = AU/C,

1. 2

1. 4

I. 6

I.8

2. 0

2. 5

3. 0

4. 0

5. 0

0. m 0. ; 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 I. m

__) P - Thermal Effectiveness =
CT210 ~ (Tz)i
(T--(T):

I 1 2 1

Figure 5 Mean temperature difference relationships: three E shells in series, each with two or any even number of tube

passes.
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R= >= (Tl >i - 0�1  Jo
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+ NTU, = AU/C,
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Figure 6 Mean temperature difference relationships: four E shells in series, each with two or any even number of tube
passes.
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Figure 7 Mean temperature difference relationships: five E shells in series, each with two or any even number of tube

passes.
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5 - (T,)o - Vz)i

T, and T, are interchangeable

- NTU, = AU/C,

1.0

0.9

0.8

0.7 1. 4

1.6
0.6

1.6

0. 5 2. 0

0.4 2. 5

3. 0
0. 3

4.0

0.2 5. 0

0. 1

0. 0
0.0 0. 1 0.2 0.3 0. 4 0.5 0. 6 0.7 0. a 0.9 1.0

1.0 I? = 0.1
0.2

0. 9

0. 6

0. 5

0. 4

0. 3
0.0 0. 1 0.2 0.3 0. 4 0. 5 0.6 0. 7 0. e 0. 9 1.0

__) P - Thermal Effectiveness =
02 10 - 02 >i
(Tlji  _ (Tzji

Figure 8 Mean temperature difference relationships: six E shells in series, each with two or any even number of tube
passes.
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Figure 9 Mean temperature difference relationships: TEMA J shell, one tube pass.
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Figure 10 Mean temperature difference relationships: TEMA J she& two or any even number of tube passes, and
mixed-mixed cross flow.
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1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.2 F and 6 Charts 1.5.2-13

R= g= (T,a - (T,Jo
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T, and T, are not interchangeable
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Figure I1 Mean temperature difference relationships: TEMA G shell, two or any even number of tube passes.
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1.5.2-14 1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.2 F and 6 Charts

( R
p= ($2-1  +$!l-lnle >

-1
___ - - (14) J = j--& [(I + G + 2RG)e’  + 2RD]

The derivation assumes that the tube-side fluid enters at
the side of shell outlet nozzles. Notice from Fig. 10 that
the curves form a Pmax at values approximately cor-
responding to F = 0.5 and bend backward to lower P
values at the 0 = 0 intercept. Operation in the region
below Pm,, is not recommended.

Comparison of the F values for one tube pass to 2N
tube passes indicates that one-tube-pass solutions result
in higher thermal effectiveness.

E. TEMA G shell split-flow exchanger
with 2N tube passes

In TEMA G shells, the flow is split into two streams
separated by a longitudinal baffle (see Fig. 11). The
shell-side pressure drop is approximately the same as for
an E-type exchanger. Under the assumption that the
tube-side fluid enters at the shell outlet nozzle side, the
thermal effectiveness is substantially higher than for an
E (1-w exchanger.

The solution of this case is due to Schindler and
Bates [7] and appears after some rearrangements as
follows :

(15)

G= I-emb =-
2R - ’ R#o.s 2’ R - o . 5

(20)

Stream 1 in definitions of R and R is on the shell side
and cannot be interchanged with stream 2. Definition of
6 is in Eq. (8), Sec. 1.5.1.

F. TEMA F shell

The F shell has a longitudinal baffle dividing the shell
into two compartments. If used, as is usual, with two
tube passes, the arrangement results in pure counter flow
with F = 1. For four tube passes, the configuration
would be treated as two E (1-m exchangers in series.

There are two inherent problems in the F-shell
application:

1. As the longitudinal baffle is exposed on one side
to the hot end of the stream and on the other side to the
cold end of the stream, there is a thermal conduction

\ \ \ I \ Ill\ Xl N\
I

0 . 8

-1 - P - l
I I I II II I I I I _

- =3025 2 0  15 IO 7.5 5 2 11 - (R)(P) 1 I I I

I I I I I I _-.
0.002 0.003 0.005 0.007 0.01 0.02 0.03 0.05 0.07 0.1 0.2 0 . 3

R2X2Y

Figure 12 Correction factor Fb for thermal leakage through longitudinal baffle in TEMA F shell exchangers.
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1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.2 F and fl Charts 1.5.2-15

heat exchange that decreases the effectiveness of the
thermal profile. A method to account for this ineffi-
ciency was first developed by Whistler [8] and later
rearranged into a dimensionless form by Rozenman and
Taborek [9]. It can be expressed as an additional
correction factor Fb as follows:

A T ,  =F(Fb)ATm (21)

For a two-tube-pass arrangement, F = 1 .O. The baffle
correction factor Fb is expressed as

Z6
Fb = In [(l + Zx)/(l - Z X ) ] (22)

Z=~4PY+(R-l)2 (23)

x= p
2-PR-P (24)

y = Ab ub
A uo (25)

where, in consistent units,

A = total outside surface of the tubes
Ab = surface of the longitudinal baffle
U, = overall heat transfer coefficient
ub = heat transfer coefficient through the partition,

defined as

(26)

CY~ = convective coefficient at the baffle, usually
assumed equal to the shell-side coefficient

Lb = baffle thickneSS

6 = defined in Eq. 1..5.1(8)
Xb = thermal conductivity of the baffle material

Graphic representation is shown in Fig. 12.
2. The baffle can be welded to shell wall, in which

case there is no leakage between the two shell halves.
However, in most cases the tube bundle is removable for
cleaning, and in such case a flexible sealing strip will
effectively seal leakage of the fluid at the higher pressure
in the shell inlet compartment to lower pressure at the
outlet compartment. However, the seals are often
damaged at times of tube bundle removal and the
consequent leakage will further-and sometimes sub-
stantially-deteriorate the effective temperature profne.

This case has been analyzed in [9] . The difficulty is
in assigning the proper value of the seal gap, which can
only be estimated.

Nomenclature for Section 1.52 appears at the end of Section 1.5.3.
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1.5 MEAN TEMPERATURE DIFFERENCE 1.5.3-l

1.5.3
Fand 0 charts for cross-flow

arrangements

J. Taborek

W In this section we present solutions to the most
common cases of cross-flow heat exchanger configura-
tions. A very complete reference on this general subject
is the work of Stevens et al. [l] , where analytical
solution of numerous configurations are given-many of
them of rather academic interest only. However, there
are no numerical or graphic solutions included. Another
very useful reference with a good bibliography is by
Nicole [2], which is devoted specifically to air-cooled
units.

A. Definition of terms

(a) Mixed and unmixed streams

The analytical developments distinguish two extremes of
fluid: �mixed� or �unmixed.� The following definitions
are based partially on [2].

Complete mixing implies that all the fluid in any
given plane normal to the flow has the same tempera-
ture, although this temperature does change in the
direction of flow. Unmixed flow implies, on the other
hand, that temperature differences within the fluid in at
least one direction normal to the flow can exist but that
no heat flux due to these differences occurs.

When the fluid is unmixed, the terminal tempera-
ture of either stream is defined as that which would
result after complete mixing.

The three possible basic flow combinations for a
single-pass cross-flow exchanger, if it is assumed that
either fluid is completely mixed or unmixed, are shown
here schematically. It is assumed that there is no
variation of temperature in the third dimension.

tA
Both fluids mixed Fluid A unmixed Both fluids unmixed

Fluid B mixed

Bowman et al. [3] noted in 1940 that a method of
calculating the AT, when either or both fluids are only
partially mixed does not exist; this is still the case. They
also noted that AT, is lower when either fluid is mixed
than when both are unmixed.

In many real-life exchangers, the actual flow will be
partially mixed, although for high-fin tubes the fins
under close spacing will act as flow straighteners and the
flow will closely approach the �unmixed� case.

(b) Pass arrangement

In multipass arrangements in cross flow, the overall
direction of flow of the one fluid relative to the other is
either counter current or cocurrent. True counter-
current flow yields the maximum attainable temperature
difference, whereas cocurrent flow yields the smallest
temperature difference for the same terminal tempera-
tures. Hence, multipass air coolers are almost invariably
of the counter-cross-flow type except in unusual cases,
such as where low pour points or a high viscosity index
of the process fluid may dictate the use of cocurrent
cross flow. Primarily the counter-cross-flow type where
the process fluid flows in alternate directions in alternate
passes will be considered in this section. Some cases of
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1.5.3-2 1.5 MEAN TEMPERATURE DIFFERENCE / 1 S.3  F and 8 Charts for Cross-Flow Arrangements

cocurrent cross flow are discussed later. Stevens et al.
[4] noted that the multipass arrangement where the
flow is in the same direction in each pass yields a slightly
higher AT,,, for the same terminal temperatures. For
obvious practical reasons, such arrangements are seldom
used in the process industry. Nicole [2] lists a few cases
for cocurrent cross flow with two and three passes, but
the results obtained by numerical methods are not
shown, the reader being referred to the extremely
hard-to-obtain [4].

(c) Temperature profile considerations

For all nonisothermal conditions, all the restrictive
limitations underlying the L.MTD  validity (see Sec.
1.5.1) must be respected with the addition of the
following condition: The flow of both fluids is evenly
distributed over the total jlow  area In air-cooled
exchangers this condition is assumed to be reasonably
satisfied, although some air maldistribution, occasionally
quite severe, will exist. The effects on the validity of
AT, have never been investigated, and it is a common
industrial practice to assume that compensating errors
will restore a reasonable balance. Some caution, espe-
cially in cases of close temperature approaches, is indi-
cated. Similar comments of caution apply to the tube-
side fluid distribution in the inlet headers, especially if
viscous fluids or two-phase mixtures are involved.

Some additional observations regarding cross-flow
AT, are of interest. In any cross-flow arrangement
(even when both streams are completely mixed), the
temperatures of the two streams may cross. The greater
the number of passes in a counter-cross-flow arrange-
ment, the larger will be the attainable temperature cross,
and for the extreme case of very large number of passes,
AT, will approach that of counter flow.

For single-tube-pass, multiple-tube-row configura-
tions, the effectiveness increases with the number of
rows to approach the values of unmixed-unmixed cross
flow. This is practically true for F > 0.8 for a number of
tube rows larger than four.

Graphic solutions in the form of 8 and F charts are
included for the most common cross-flow configurations
as figures in this section, with equations and comments
to proper usage.

1. Unmixed-unmixed cross flow (Fig. 1)
2. One tube pass, one tube row (Fig. 2)
3. One tube pass, two tube rows (Fig. 3)
4. One tube pass, three tube rows (Fig. 4)
5. One tube pass, four tube rows (Fig. 5)
6. Two tube passes, two tube rows, unmixed

between passes (Fig. 6)
7. Three tube passes, three tube rows, unmixed

between passes (Fig. 7)

0 1983 Hemisphere I
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8. Four tube passes, four tube rows, unmixed
between passes (Fig. 8)

9. Two tube passes, four tube rows, mixed between
passes (Fig. 9)

B. Solutions of Tm  for mosf common
cross-flow configurations

(a) Unmixed-unmixed cross flow

This is an industrially important flow arrangement
representing the case of a large number of unmixed
channels in both streams. The original solution is due to
Nusselt [S] , later reformulated into a more manageable
equation by Mason [6].

where 6 is defined in Eq. 1.5.1(8) and

N=NTU=F+

(1)

(2)

Figure 1 was calculated from this equation withp = 10.
Even with high-speed computers, the trial-and-error
calculations are rather lengthy. An alternative method
using numerical integration is faster, as described in Ref.
PI.

(b) Mixed-mixed cross fro w

This case has no industrial application known to the
author and is shown here only as an extreme of the
cross-flow arrangements. The solution quoted here is
shown in Fig. 1.5.2(  10) and is identical to TEMA J shell
with 2N tube passes.

(c) One tube pass and one, two, three,
or four tube rows

These flow configurations, shown schematically in Figs.
2-5, represent important industrial design arrangements.
Essentially a number of tube rows n is connected to a
common header in parallel.

The general solution for these cases is shown by
Nicole in [2]. In our nomenclature, noting that Nicole�s
p = PR, q = P, and r = 0 = FP6 = P/NTU2, the equation
becomes

blishing  Corporation
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(T& (T2 )o
C- (T. j: - CT. LR=/= >I�1  X1��

1 Cr, 10 - (Tr )i

T, and T, are interchangeable

- NTU, = AU/C,

1. a

0. Q

0. a

0. 7

0.5-1 \ 1 \i\.:\.,

0. 1 0. 2 0. 3 0. 4 0.5 0. 6 0. 7 0. 0 0. 9 1. 0

CT2 )o -
P - Thermal Effectiveness

CT2  Ii
- = (~l)i-

Figure 1 Mean temperature difference relationships: cross flow, both fluids unmixed.
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C
R= &=

fl,a - Pl)O
1 Cr,)o  - cT*)i

T, and T, are not interchangeable

wo (T1 Ii

g#+Y+#+
(Tl Jo (Ta)i

- NTU, = AU/C,
1.0
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2.0

0.0 0. 1 0.2 a. 3 0. 4 0.5 0. 6 0.7 0. a 0.9 1.0
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- P - Thermal  Effectiv~eaa  =
(T,)o - (Ta)i
cT,ji  _ T, i

Figure 2 Mean temperature difference relationships: cross-flow unit, one tube row, unmixed.
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Figure 3 Mean temperature difference relationships: cross-flow unit, two tube rows, one pass, unmixed.
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14

R+ (Tl )i - (Tl)o
02 Jo - CT2 )i
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- P - Thermal Effectiveness = q~~(~2)i

Figure 4 Mean temperature difference relationships: cros+flow unit, three tube rows, one pass, unmixed.
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Figure 5 Mean temperature difference relationships: crospflow  unit, four tube rows, one pass, unmixed.
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1.5.3-8 1.5 MEAN TEMPERATURE DIFFERENCE / 1 S.3  F and 0 Charts for Cross-Flow Arrangements

P  =  (l/R) (1 - [(n exp  (MR))/(l  + Zrz: Xi=o (i)

X Ki exp (-[(i - j)(P/rzr)]  Ci=, (nKR)k/k!})]}-’

(3)

where

f = (i I;,,!

that is, the number of combinations of i taken j at a
time, and

K =  1 -exp(---&)=  I - e x p  (-5)

(3a)

The expansions of Eq. (3) are shown in [2]. It
should be mentioned that identical solutions were
obtained by Gardner in 1946 [7] but never published.
In our nomenclature, the solutions for the various tube
rows are as follows:

1. One tube row, Fig. 2:

p= ;.(I -@R)
(4)

2. Two tube rows, Fig. 3:

P = f [I - e-2KR(I  + RK2)]

3. Three tube rows, Fig. 4:

(5)

,
,sKR

+ RK2(3 - K) + (3,2)R'K;] -' (6)}

4. Four tube rows, Fig. 5:

P = ( l /R)  {I - {[e4KR ]/[I + RK2(6 - 4K + K2)

+ 4R2K4(2  -K) + (8/3)R3K6]}-'1 (7)

For a larger number of tube rows, the solution
approaches that of unmixed-unmixed flow (Fig. 1).

(d) Multitube-pass arrangements with equal
numbers of multiple tube rows (U-bend sections)

A schematic representation of these flow arrangements is
shown in Figs. 6-8. They are essentially U-bend sections
with flow in tube passes alternating the flow direction in
each subsequent tube row. The solutions are based on
[2]. Again, the same solutions have been derived in the
unpublished [7].

Using the general formula

0 1983 Hemisphere I
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the expressions for A are as follows:

1. Two tube rows, two passes (Fig. 6):

@R (9)

2. Three tube rows, three passes (Fig. 7):

A=K~-f-RK(I-Z)le�R+(l-~)II�XR

(10)

3. Four tube rows, four passes (Fig. 8):

A=$;+$)+K(1-2)

[;-;K(l-;)e2Kj+(l-$e4KR  (11)

4. Five tube rows, five passes (no figure):

+ [K(l  -;K+kK3)  -3RK2(l  $]e3-

,sKR

5. Six tube rows, six passes (no figure):

(12)

A=; 1 -KKK2  -;K3 +;K4

+ ;K2 - &K3 +

;K3 + SK4 - RK2
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C2 0�1  Ii - (T1 Jo
R= q = (T&-(TJi

T1 and T, are not interchangeable

- NTU, = AU/C,

1 . 0

0. g

0 . 6

0. 6

(T*)o
*:)i

+ + (T ).
t t (Tl)O

2 1

1.6

1.6

2 . 0

0. 0 0. 1 0. 2 0. 3 0. 4 0. 5 0 . 6 0. 7 8. e 0. 9 1. 0

- P - Thermal Effectiveness =
(T2)o - (T2)i
(Tl)i _ (T2)i

Figure 6 Mean temperature difference relationships: cross-flow unit, two tube rows, two passes, unmixed between passes.
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1 P,), - (T*)i

T, and T, are not interchangeable

- NTU, = AU/C,
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P Thermal Effectiveness
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(Tl)i - 0�2)i

.
Figure 7 Mean temperature difference relationships: cross-flow unit, three tube rows, three passes, unmixed between
passes.
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T1 and T, are not interchangeable

- NTU, = AU/C,
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Figure 8 Mean temperature difference relationships: cross-flow unit, four tube rows, four passes, unmixed between passes.
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R= C, = v,)i-(T,)o
5 (Tz)o - (Ta)i

T, and T, are not  interchangeable
- NTU, = AU/C,

1.0

a 0

a0

a 7

a6

a 5

a4

a 3

a2

ai

a 0

1. a

a 0

a 0
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01 )i
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- P - Thermal Effectiveness =
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01 )i - (Ta)i

Figure 9 Mean temperature difference relationships: cross flow, four tube rows in two passes, two tube rows per pass,
mixed at the header.
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1.5 MEAN TEMPERATURE DIFFERENCE / 1.5.3  F and 0 Charts for Cross-Flow Arrangements 1.5.3-13

Beyond six tube rows and six passes, the solutions for all
practical purposes approach that of pure counter flow,
at least in the region of industrial interest, that is,
F> 0.8. Even the 44 solution is already so close to the
counter-flow solution that figures for the 5-5 and 6-6
arrangements are not shown and the equations are
documented for archival purposes only.

(e) Multitube-pass arrangements with
any number of tube rows, mixed
or unmixed between tube passes

The variety of the possible flow arrangements between
tube passes and tube rows, mixed or unmixed, either in
the flow through the exchanger itself or between passes,
is extremely numerous and beyond the objectives of this
handbook. Many solutions to such cases are given in [l ]
and [8], but only a limited number are of industrial

A

CP
Cl
c2

F
FIllill
Fb
ni
P

interest. Furthermore, as noted in the very pertinent
�Discussion� to [I] by Landis, many of the solutions
are within 2% of the base cases. Realizing the number of
assumptions underlying the validity of the solutions
(many of which are at least somewhat violated), it
appears that some rational simplification could be
established-a challenge to future researchers. From the
many possible solutions, explicit or obtainable only by
numerical integration, a relatively simple case but
common in practice is presented here for two passes
with four tube rows, that is, two tube rows per pass, Fig.
9. The analytical solution in [2], in terms of Eq. (8),
appears as

(4 - K + 2RK’) + e4KR

+,(, -; +$)(I ~~~~$1 +m2)-2
(14)

NOMENCLATURE FOR SECTIONS 1.5.1-1.5.3

heat exchanger total surface area, m2
specific heat capacity, J/kg K
heat capacities of streams 1 and 2, respectively
[Eq. 1.5.1(3)],  J/kg
LMTD correction factor
minimum recommended value of F
longitudinal baffle correction [Eq. 1.5.2(21)]
flow rate, kg/s
thermal effectiveness [Eq. 1.5.1(6)]

R correlational parameter [Eq. 1.5.1(5)]
NTU2  number of transfer units defined in Eq. 1.5.1(9)
U overall heat transfer coefficient, W/m2  K
6 auxiliary term [Eq. 1.5.1(S)]

AT, effective temperature difference, K
ATM log mean temperature difference, K
8 temperature effectiveness parameter, defined in

Eq. 1.5.1(10)
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.1-1

1.6.1
IntrZion

E. S. Gaddis

4 Single-phase multipass shell-and-tube heat ex-
changers provided with segmental baffles have a more
or less cross flow through the tube bundle. Baffle-
induced shell-side flow might influence the effective
mean temperature difference and hence the effective-
ness of the heat exchanger. The influence of the baffles
on the exchanger effectiveness and on the mean temper-
ature difference is ignored in most present thermal de-
sign calculations. This can be justified in the following
cases:

1. Large number of baffles.
2. Heat capacity rates k, and k, (t = kc) of the

two streams differ greatly from one another.
3. Number of transfer units (NTU) is small.

If neither of the above conditions is fulfilled, the
error in computing the effectiveness of the heat ex-
changer due to ignoring the influence of the baffle-
induced shell-side flow may not be small. In such cases
it is possible to use numerical methods, as described in
Sec. 1.4, to evaluate the thermal performance of the
apparatus. The heat exchanger can be divided into a
number of cells (subexchangers) as shown in Fig.
1.4.1(5). The purpose of this section is to illustrate with
numerical examples the calculation procedure and to
present rules that enable the engineer to choose the flow
configuration with the highest heat exchanger effective-
ness.

Nomenclature and References for Section 1.6 appear at the end of Section 1.6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.2-1

1.6.2
Calculation procedure

E. S. Gaddis

H In this section the cross flow of the shell-side fluid
across the tube bank between two adjacent baffles or
between a baffle and the adjacent tubesheet is regarded
as one pass. This usage should be distinguished from
the more general one shell-side pass, which means that
the fluid flows from one end of the shell to the other,
with baffles treated as only a minor interruption of the
basically one-dimensional flow. According to the
present designation, the heat exchanger in Fig.
1.4.1(5a) has seven shell passes. Figure 1 in this section
shows one of the heat exchanger cells. Leakage and
bypass currents are ignored in this analysis. It is as-
sumed in further calculations that stream 1 is the stream
with the lower heat capacity rate. The following equa-
tions may be written in the steady state:

Q, = C,(T:�-  T,? (1)

Qc = 4,(r;, - Ty) (2)

0, = E,k,(T:  - TJ (3)

where E, is the effectiveness of the cell, defined by

E = T;�-  T�
c

T; - T,’ (4)

It is convenient to carry out the calculations with dimen-
sionless temperatures defined by

e = T- T,,
T,, - T,,

(5)

where T,, and TTi  are the heat exchanger inlet tempera-
tures of stream 1 and stream 2, respectively. It is clear
that for all cells 0 I 0 I 1 and the dimensionless heat
exchanger inlet temperatures are 8,i = 0 and CJi = 1.

t,, T;, 0;

1 t,,T;', 0;

Figure 1 Heat exchanger cell.

Equations (l)-(3)  with Eq. (5) give the following di-
mensionless equations:

0: = a0/ + bei (6)

e:= e&f +fl:

where

(7)

a=l-EC

b = EC

e-l-REC

f - REc

+ (0 I R I 1)
2

(8)

(9)

(10)

(11)

(12)

The numerical value of the cell effectiveness EC  may or
may not be the same in all cells (see Sec. 1.6.9). It is
assumed at this stage that. the cell effectiveness is
known; this is discussed in Sec. 1.6.7. The constants a,
b, e, and f in Eqs. (6) and (7) can be evaluated (R is
known). Equations (6) and (7) may then be written for
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1.6.2-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.2 Calculation Procedure

each cell. For a heat exchanger of NC cells there are 2N,
equations in 2N, unknowns; these are the dimensionless
outlet temperatures of both streams in each cell. The
inlet cell temperatures for each stream are identical with
the exit temperatures of the preceding cells, and the
dimensionless inlet temperatures of the heat exchanger
are known. The solution of the algebraic linear equa-
tions gives the required temperature distribution.

The effectiveness E of the heat exchanger is by def-

E - T,, - T,,

Tzr  - T,,
= %l (13)

where T,, is the heat exchanger outlet temperature of
stream 1. The effectiveness of the heat exchanger is
thus identical with the dimensionless heat exchanger
outlet temperature of the stream with the lower heat
capacity rate.

inition

Nomenclature and References for Section 1.6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.3-1

1.6.3
Numerical examples

E. S. Gaddis

n A shell-and-tube heat exchanger has two tube
passes and two segmental baffles. The flow configura-
tion of the idealized heat exchanger is shown in Fig. 1;
both heat exchanger inlet nozzles are in the same cell. It
is required to calculate the effectiveness of the heat ex-
changer and to calculate the outlet temperatures of both
fluids. The following data are given:

Mass flow rate &!,  = M, - 0.083 4 kg/s
Specific heat capacity c, = c, - 10�  J/kg K
Inlet temperature of cold fluid T,, =I 10°C
Inlet temperature of hot fluid T2,  = 60°C
Cell effectiveness E, = 0.4

It is assumed that E, is constant in all cells; a calculation
of the value of EC  is carried out in the example in Sec.
1.6.7.

Calculations:

6, = A&c, = 0.083 4 x 10� - 83.4 W/K

c:, = A&c, = 0.083 4 x 10�  = 83.4 W/K

Both streams have the same heat capacity rate; it is as-
sumed that stream 1 is the tube-side stream

Eq. 1.6.2(8): a = 0.6

Eq. 1.6.2(9): b = 0.4

Eq. 1.6.2(12): R = 1.0

Eq. 1.6.2(10): e - 0.6

Eq. 1.6.2(11): f= 0.4

The 12 equations for the 6 cells are given in Table
1. The solution shown in Table 1 was obtained by itera

Figure 1 Flow configuration for the heat exchanger in the example.

tion methods. A constant temperature profile was as-
sumed for each stream at the first iteration step (0,�  - 0
and @�  - 1.0); better numerical values were obtained
in the following iteration steps. The computations were
carried out in the flow direction of each stream, substi-
tuting for the temperatures on the right-hand side of the
equations the last calculated numerical values. Table 1
shows that the solution has converged after about eight
iterations. More sophisticated methods, e.g., successive
over-relaxation (see Sec. 1.4),  may be used to acceler-
ate convergence.

Eq. 1.6.2(13): E = 0.54

Eq. 1.6.2(5): T,, = (Tz,  - T,iFL,  + T,i

= (60 - 10) x 0.54 + 10

= 37°C

T2o = (r,i  - T&o + T,>

- (60 - 10) x 0.46 + 10

= 33°C
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1.6.3-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL. BAFFLES / 1.6.3 Numerical Examples

�lbble  1 Equations for the example in Sec. 1.6.3 and their solution by iteration methods

Iteration step

Equation� 1 2 3 4 5 6 7 8 9 10

e;,, - 0 . 4 0 0.400 0.400 0.400 0.400 0.400 0.400 0.400 0.400 0.400
e;,, - 0.68;,, + 0.48;,, 0 0.640 0.554 0.486 0.463 0.454 0.450 0.449 0.448 0.448
e;,, - 0.68;,, + 0.48;;,, 0 0.784 0.585 0.503 0.475 0.465 0.460 0.458 0.458 0.458
e;,, - 0.684,) + 0.48;;,, 0 0.870 0.605 0.518 0.482 0.468 0.463 0.461 0.460 0.459
wi,, - 0.68;;,, + 0.48;,, 0 0.922 0.655 0.559 0.523 0.509 0.503 0.501 0.500 0.500
e;;,, - 0.68;;1,, + 0.48;;,, 0 0.953 0.633 0.576 0.554 0.545 0.542 0.540 0.540 0.540

eii,, - 0 . 6 1.0 0.600 0.600 0.600 0.600 0.600 0.600 0.600 0.600 0.640
e;;,, - 0.68;;,, + 0.48;;,, 1.0 0.729 0.622 0.584 0.569 0.564 0.561 0.560 0.560 0.560
e;;,, - 0.68;;,, + 0.4e;;,, 1.0 0.785 0.615 0.557 0.534 0.525 0.522 0.521 0.520 0.520
e;;,, - 0.68;;,, + 0.486,) 1.0 0.631 0.529 0.494 0.481 0.475 0.473 0.472 0.472 0.472
e;,, - 0.68;;,, + 0.48;,, 1.0 0.635 0.539 0.491 0.474 0.467 0.464 0.463 0.462 0.462
e;;,, - 0.68;0, + 0.48;,, 1.0 0.694 0.557 0.496 0.474 0.466 0.462 0.461 0.461 0.460

�Numbers between brackets indicate cell number in Fig. 1.6.3(l).

The temperature distribution (outlet cell temperatures) of the tube-side fluid (stream 1) leads, depending on the
is shown in Fig. 2a. flow direction of stream 2, to the flow configurations

If the flow direction of the shell-side fluid (stream shown in Figs. 2b and c. The numbering of the cells in
2) is reversed, the flow configuration in Fig. 2d is ob- Fig. 2 is carried out always in the flow direction of
tained. On the other hand, reversing the flow direction stream 1, and cell 1 is located always at the same posi-

1 2 3 4 5 6
(a) Cell number

60 1.0

E
50 0.8
:wzN
l-a

40 - -0.6
=- :.-
l-a

30 0.4

20 0.2

10 0

,;,;,,,60E

1 2 3 4 5 6
(b) Cell number

1 2 3 4 5 6
(Cl Cell number (d) Cell number

Figure 2 Temperature distribution inside the heat exchanger for different flow configurations.
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1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.3 Numerical Examples 1.6.3-3

tion. The temperature distribution in the other three
cases is shown also in Fig. 2; the computed heat ex-
changer effectivenesses are as follows.

For the flow configuration in Fig. 2b:
For the flow configuration in Fig. 2c:
For the flow configuration in Fig. 2d:

E = 0.63
E - 0 . 5 4

E = 0.63

Thus, two of the four flow configurations (Figs. 2a
and c) have the same lower effectiveness; the other two
flow configurations (Figs. 2b and d) have the same
higher effectiveness. It is seen in Fig. 2 that the temper-
ature distributions for the two streams, even for the

flow configurations with the same effectiveness, are dif-
ferent. For example, the outlet temperature of stream 1
for the two flow configurations with the same higher
effectiveness (Figs. 2b and 6) is 41.5 �C. Nevertheless,
stream 1 has a monotonic temperature distribution for
the flow configuration in Fig. 2b and has a maximum of
47.5 �C  at the outlet of cell 4 for the flow configuration
in Fig. 2d. Knowledge of the highest or the lowest tem-
perature of each fluid might be important in certain
cases, for example, when phase change, polymeriza-
tion, crystallization, etc. must be avoided inside the heat
exchanger.

Nomenclature and References for Section 1.6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.4-1

1.6.4
Rules for highest

heat exchanger effectiveness

E. S. Gaddis

W The effectiveness of a shell-and-tube heat ex-
changer with segmental baffles depends on the relative
position of the inlet and outlet nozzles for both fluids,
among other parameters. As demonstrated in Sec.
1.6.3, some flow configurations lead to the same higher
and others to the same lower heat exchanger effective-
ness. The inlet nozzle of stream 2 may be located rela-
tive to the inlet nozzle of stream 1 at four different
positions. The four possible geometries (G) are shown
in Fig. 1 and hereafter are called G. 1, G.2, G.3, and
G.4. The relative position of the outlet nozzles for each
geometry depends on the number of passes for each
stream, whether this number is even or odd. In general:

E = f(E,,,, Ec.z, . . . , Ec.i+,,  R G, M, N) (1)

For the case where the cell effectiveness EC  is constant

E = fE, R, G, M, N> (2)

Here M and N are the numbers of passes for stream 1
and stream 2, respectively.

The rules illustrated in Fig. 2 were obtained from
computations carried out for a large number of flow
configurations [ 1, 21, and were verified in a variable-
geometry heat exchanger [2].  It is seen in Fig. 2 that
each flow configuration pair with the same lower or the
same higher heat exchanger effectiveness has a common
property: one of the two flow configurations can be ob-
tained from the other by reversing the flow direction for
both streams. Reversing the flow direction for only one
of the two streams leads to a flow configuration of one
of the other pair with either higher or lower heat ex-
changer effectiveness. it is possible to distinguish be-
tween the flow configurations with lower and with

0 1986 Hemisphere F
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Figure 1 Relative position of the inlet nozzles for the two streams.

higher heat exchanger effectiveness by the following
rule: each flow configuration with the lower heat ex-
changer effectiveness has either both inlet or both outlet
nozzles in the same cell, and each flow configuration
with the higher heat exchanger effectiveness has an inlet
and an outlet nozzle in the same cell.

There are different rules for flow configurations
with both odd numbers M and N. In that case, G. 1 al-
ways has the lowest and G.4 always has the highest heat
exchanger effectiveness; the other two geometries, G.2
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1.6.4-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.4 Rules for Exchanger Effectiveness

N M
Equal lower heat Equal higher heat
exchanger Effectiveness exchanger Effectiveness

even

Figure 2 Heat exchangers with different flow configurations and equal heat exchanger effectiveness values.

mble 1 Rules for heat exchangers with odd
numbers of passes M and N

N
iii

Higher heat exchanger effectiveness
in direction of arrow -

>l G.l G.2 G.3 G.4
- 1 G.l G.2” G.3” G.4
<I G.l G.3 G.2 G.4

�G.2 and G.3 are identical when R - 1.

and G.3, have heat exchanger effectivenesses that al-
ways lie between those of geometries G. 1 and G.4 (see
Table 1). Reversing the flow direction of both fluids,
when both M and N are odd, does not change the geom-
etry G of the heat exchanger.

Nomenclature and References for Section 1.6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.5-1

1.6.5
Special case

of two tube passes

E. S. Gaddis

n The special case of two tube passes has a simple
flow configuration, which enables a quick calculation of
the heat exchanger effectiveness [3]. The computation
procedure is described by an example. Consider the
heat exchanger treated in Sec. 1.6.3 with geometry G. 1.
This heat exchanger is illustrated once more in Fig. la,
while Fig. lb is intended to clarify the type of connec-
tion between the cells. It is seen in Fig. lb that parallel
flow (P) exists between cells 2, 3, and 4 and counter
flow (C) between cells 5 and 6.

The effectiveness of a heat exchanger composed of
two units coupled in parallel flow or in counter flow
may be evaluated from the following equations (4).

For parallel flow:

E = E,,, + Eu,z  - (1 + Wu.,Eu.z (1)
and for counter flow:

(2)

where E.,, and Eu,2  are the effectivenesses of the two
coupled units. The effectivenesses E, E,.,, and E,,* are
defined by Eq. 1.6.2(13)  with the appropriate tempera-
tures. For the special case where E.,, = E,,* = E. and
R = 1, the heat exchanger effectiveness is given by:

For parallel flow:

E = 2E,(l - E.) (3)

and for counter flow:

(4)

0 1986 Hemisphere F
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Figure 1 Steps for evaluating the effectiveness of a heat exchanger
with two tube passes.

Combining cells 2 and 3 and cells 5 and 6 in Fig. 1
in part heat exchangers yields the following relation-
ships:
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1.6.5-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.5 Special Case of Two Tube Passes

where EC,, is the effectiveness of cell i and E,,, is the
effectiveness of a part heat exchanger from cell i to cell
.i.

Cell 4 and the part heat exchanger from cell 2 and
cell 3 are connected in Fig. lc in parallel. Thus

EP.2-4 = E,,, + Ec.4 - (1 + Wp.z-,Ec..,

In a similar way in Fig. Id

(7)

and in Fig. le

E - &,, + E,,,, - (1 + W$p,z., (9)

Assuming, as in the example in Sec. 1.6.3, that
EC,, = . + . = EC, = E, - 0.4 and R = 1 yields

Ep.2.3 - 2E,(l  - EC) = 0 . 4 8 0

E 2E
P.54 - c = 0.571

1 + EC

EP.24 = 0.496

EP.24 - 0.699

E = 0.54

It is worth mentioning that the part heat exchanger from
cell 2 to cell 6 has an effectiveness EP,z., = 0.699.
Thus, the heat exchanger effectiveness E increases by
about 30% if for that geometry the heat transfer surface
in cell 1 is insulated.

It is seen in Fig. 1 that reversing the flow direction
for both streams does not change the type of intercon-
nection (parallel or counter) between two adjacent cells,
between a cell and the adjacent part heat exchanger, or
between two adjacent part heat exchangers. This ex-
plains why the effectiveness of a heat exchanger does
not change when the flow direction for both streams is
reversed. On the other hand, reversing the flow direc-
tion for one of the two streams changes the type of
interconnection between the heat exchanger compo-
nents; the effectiveness of the heat exchanger, depend-
ing on the available interconnections with parallel and
with counter flow, either decreases or increases.

Nomenclature and References for Section I. 6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.6-1

1.6.6
Heat exchangers

with longitudinal baffles

E. S. Gaddis

n A shell-and-tube heat exchanger with a longitudinal
baffle, as illustrated schematically in Fig. la, may be
treated as two units coupled in parallel flow or in
counter flow.

Example: The heat exchanger in Fig. la is pro-

longitudinal baffle

qTJ+Jz -+TJqJIz

p a r a l l e l  f l o w (Cl c o u n t e r f l o w

Figure 1 A shell-and-tube heat exchanger with a longitudinal baffle;
shell-side nozzles are located near the tube-side nozzles.

0 1986  Hemisphere P lblishing  Corporation

vided from each side of the longitudinal baffle with two
tube passes and two segmental baffles. It is required to
calculate the heat exchanger effectiveness given the fol-
lowing data:

Cell effectiveness E, = 0.4
Ratio of heat capacity rates R = 1

The calculations are as follows.
Case of parallel flow (Fig. la, left): The effective-

ness Eu,,  of unit 1 with geometry G. 1 was calculated in
the example in Sec. 1.6.3. It is clear from the rules
given in Fig. 1.6.4(2) that the two coupled units shown
in Fig. lb, left, have the same effectiveness (geometries
G.l and G.3). Thus,

E,,, = Eu,z - E. - 0.54

From Eq. 1.6.5(3)

E = 2 x 0.54(1  - 0.54) = 0.5

For parallel flow the heat exchanger has an effective-
ness that is lower than the effectiveness of each unit.

Case of counter flow (Fig. la, right): The effec-
tiveness of unit 1 with geometry G.4 is 0.63 (see the
example in Sec. 1.6.3). Also in this case, both units
(G.2 and G.4) have the same effectiveness. From Eq.
1.6.5(4)

E = 2 �  o�63  = 0 77
1 + 0.63 *

Counter flow is thus superior not only because of the
higher heat exchanger effectiveness attainable by virtue
of the counter-flow coupling between the two units, but



1.6.6-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.6 Longitudinal Baffles

qJ-qT+
p a r a l l e l  f l o w

(al

lb)

(c) c o u n t e r f l o w

Figure 2 A shell-and-tube heat exchanger with a longitudinal baffle;
shell-side nozzles are located apart from the tube-side nozzles.

also because of the higher effectiveness of each unit.
Shell-and-tube heat exchangers provided with seg-

mental baffles and a longitudinal baffle are customarily
illustrated as in Fig. la, with the shell-side nozzles lo-
cated adjacent to the tube-side nozzles. Presumably it is
considered that this layout alone with counter flow (Fig.
la, right) yields the highest heat exchanger effective-
ness. This is certainly the case when the heat exchanger
is provided with an odd number of tube passes from
each side of the longitudinal baffle. The number of shell
passes from each side of the longitudinal baffle, induced
by the segmental baffles, is bound to be odd by the
construction. Let us consider the layout in Fig. 2a with
an even number of tube passes from each side of the
longitudinal baffle and with the shell-side nozzles lo-
cated apart from the tube-side nozzles. It can be shown
by the rules in Fig. 1.6.4(2) that the layout in Fig. 2a
yields the same lower and the same higher heat ex-
changer effectiveness for parallel and for counter flow,
respectively, as the layout in Fig. la [3].

Nomenclature and References for Section 1.6 appear at the end of Section I. 6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.7-1

1.6.7
Cell effectiveness

E. S. Gaddis

n The cell effectiveness EC,  required for evaluating
the heat exchanger effectiveness, may be expressed by
(see Sec. 1.2.4)

EC  = f(NTU,,  R, cell flow configuration)

where

(1)

NTU = UA,c A (2)

Apart from a few tube rows in the baffle cut near the
shell, the shell-side flow is more or less across the tube
bundle. The numerical value of the cell effectiveness
lies between those for cross flow with both fluids un-
mixed and for cross flow with the shell-side fluid later-
ally mixed. Comparing the numerical values of cell ef-
fectiveness for the two limiting cases shows that both
values in the range NTU, I 1 are practically equal [2].
Since the number of transfer units of a cell is seldom
higher than unity, either of the two relationships may be
used. A number of the available equations are reviewed
in Sets. 1.3.1 and 15.3.

Example: It is required to evaluate the cell effec-
tiveness for the heat exchanger treated in Sec. 1.6.3
given the following additional data:

Total heat transfer area A = 2.5 m*
Overall heat transfer coefficient U = 143 W/m* K

It is assumed that the heat transfer area is the same in
each cell and that the overall heat transfer coefficient is
constant in the heat exchanger.

Calculations:

Number of cells in the heat exchanger N, = 6
Heat transfer area in each cell A, = (2.5/6) - 0.417 m�

Equation (2): number of transfer units of a cell

NTU, =
143 x 0.417 _ o 715

83.4 .

Since NTU, < 1, the cell effectiveness may be evalu-
ated from an equation for one of the two limiting cases.
The equation for cross flow with one fluid laterally
mixed is simpler than that for cross flow with both flu-
ids unmixed, and is thus used hereafter for calculating
Ec.

For the case where the fluid with the lower heat
capacity rate is laterally mixed (shell-side flow), the cell
effectiveness is given by [5]

E -
1 - exp(- R NTUJ

R I
(3)

and for the case where the fluid with the higher heat
capacity rate is laterally mixed, the cell effectiveness is
given by [5]

E = 1 - exp{ -R[l - exp( - NTUJ]}
c R (4)

When R = 1, Eqs. (3) and (4) become identical, or

E, = 1 - e x p {  - [l - exp(  -NTU,)]} (5)

Even in the case R # 1, Eqs. (3) and (4) yield, in the
range NTU, 5 1, almost the same value (maximum de-
viation < 1%). Substituting in Eq. (5) gives cell effec-
tiveness EC = 0.4.

Nomenclature and References for Section 1.6 appear at the end of Section 1.6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.8-1

1.6.8
Comparison

of the conventional method
and the cell method

E. S. Gaddis

n As mentioned in Sec. 1.6.7, the cell effectiveness is
not very sensitive to the flow configuration inside the
cell (NTU, I 1). Considering the case of constant cell
effectiveness in all cells, substituting from Eq. 1.6.7( 1)
in Eq. 1.6.4(2)  and rearranging gives

E = f(NTU, R, G, M, N-j (1)

The number of transfer units of the heat exchanger
NTU is related to the number of transfer units of the
cell NTU, by

N T U  = F = MNNTU, (NTU, = constant) (2)
I

The dependence of the heat exchanger effectiveness
on the number of transfer units for the heat exchanger
geometries treated in Sec. 1.6.3 is shown in Fig. 1. For
comparison, the heat exchanger effectiveness evaluated
by the conventional method (ignoring baffle-induced
flow) is also shown in Fig. 1 (dashed line). The effec-
tive mean temperature difference in the latter case was
evaluated from the equations presented in Sec. 1.5, and
Eq. 1.2.4(19)  was used to relate the heat exchanger ef-
fectiveness to the effective mean temperature differ-
ence .

The following remarks can be made:

1. The conventional method fails to show the de-
pendence of the effectiveness on the relative position of
the inlet and outlet nozzles.

2. The heat exchanger effectiveness obtained by
the conventional method lies between the higher and
lower values obtained by the cell method.

; O,l

R-l
cell method

t/

conventional methodconventional method

;
0 J

0 1 2 3 L 5 6 7

N u m b e r  o f  T r a n s f e r  U n i t s  (NTU)

Figure 1 Comparison of the conventional method and the cell
method for the heat exchanger treated in Sec. 1.6.3.

3. The conventional method shows a monotonic
dependence of the heat exchanger effectiveness on the
number of transfer units. The cell method shows a simi-
lar behavior for flow configurations G.2 and G.4; the
other two flow configurations (G.l and G.3) have a
maximum at about NTU = 3.

4. At low NTU values both methods predict practi-
cally the same heat exchanger effectiveness. The differ-
ences between the higher and the lower values obtained
by the cell method diminish.

Nomenclature and References for Section 1.6 appear at the end of Section 1.6.9.
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1.6 SHELL-AND-TUBE HEAT EXCHANGERS WITH SEGMENTAL BAFFLES 1.6.9-1

1.6.9
General remarks

E. S. Gaddis

H The numerical examples presented in Sets. 1.6.3
and 1.6.6 are for the case where the cell effectiveness is
constant. This implies that the number of transfer units
in a cell NTU, is constant. To accommodate the shell
nozzles, the designer is obliged in many cases to use a
spacing between the baffles and the tubesheets which is
different from the spacing between the neighboring baf-
fles. In such cases, and in many other cases, the overall
heat transfer coefficient and the cell heat transfer area
are different in the different cells. This leads to different
numbers of transfer units NTU, and different cell effec-
tiveness values EC. However, the calculation procedure
does not change.

a
A
AC
b

:
e
E
EC
EU
E,

f
G

The cell method was applied in Sec. 1.6.3 for one
of the most common shell configurations (TEMA: E
shell) and extended in Sec. 1.6.6 for the case where the
shell is provided with a longitudinal baffle (TEMA: F
shell). The cell method can be applied equally well for
other shell flow configurations with segmental baffles,
e.g., shells with divided flow (TEMA: J shell). The
heat exchanger may be divided into a number of cells;
the inlet and outlet temperatures in the different cells
are then related to one another, as in the cases dis-
cussed, by using the information obtained from the flow
configuration in the layout of the heat exchanger consid-
ered.

Nomenclature and References for Section I. 6 appear at the end of Section I. 6.9.

NOMENCLATURE FOR SECTIONS 1.6.1-1.6.9

dimensionless constant [Eq. 1.6.2(8)]
total heat transfer area in the heat exchanger, mZ
heat transfer area in a cell, mZ
dimensionless constant [Eq. 1.6.2(9)]
constant-pressure specific heat capacity, J/kg K
heat capacity rate (=&lc),  W/K
dimensionless constant [Eq. 1.6.2( lo)]
heat exchanger effectiveness, dimensionless
cell effectiveness, dimensionless
unit effectiveness, dimensionless
effectiveness of a part heat exchanger composed
of a number of cells, dimensionless
dimensionless constant [Eq. 1.6.2(1  l)]
geometry of a heat exchanger defining the relative

position of the inlet nozzles for the two streams-
G.l, G.2, G.3, and G.4 [Fig. 1.6.4(l)]

M number of passes for stream 1
ii mass flow rate, kg/s
N number of passes for stream 2
NC number of cells in a heat exchanger
NTU number of transfer units of a heat exchanger, di-

mensionless [Eq. 1.6.8(2)]
NTU, number of transfer units of a cell, dimensionless

[Eq. 1.6.7(2)]

8, rate of heat exchange in a cell, W
R ratio of heat capacity rates of two streams, dimen-

sionless [Eq. 1.6.2(12)]
T temperature, �C
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1.6.9-2 1.6 HEAT EXCHANGERS WITH SEGMENTAL BAFFLES / 1.6.9 General Remarks

u overall  heat transfer coefficient,  W/m� K
0 dimensionless  temperature  [Eq.  1.6.2(S)]

Superscripts
I at cell inlet
w at cell outlet

Subscripts

1 for stream 1 (stream with lower i7)
2 for  stream 2 (stream with higher 6)

li
lo
2i
20
i
i-j

for  stream 1 at heat exchanger inlet
for  stream 1 at heat exchanger outlet
for  stream 2 at heat exchanger inlet
for stream 2 at heat exchanger outlet
for cell i or unit i, where i stands for a number
for a part  heat exchanger from  cell i to cell j,
where i and j stand for  numbers  and j > i

REFERENCES FOR SECTIONS 1.6.1-1.6.9

1. Gaddis, E. S., and Schliinder, E. U., Temperaturverlauf und iibertragbare  Warmemenge  in Rohrenkesselapparaten  mit Umlenkblechen,
Verfahrenstechnik,  vol. 9, no. 12, pp. 617-621, 1975.

2. Gaddis, E. S. iiber  die Berechnung des Austauscherwirkungsgrades und der mittleren  Temperaturdifferenz in mehrglngigen  Rohrbiin-
delwarmeaustauschem  mit Umlenkblechen, Vetidrenstechnik,  vol. 12, no. 3, pp. 144-149, 1978.

3. Gaddis, E. S., and Vogelpohl, A. ijber den Wirkungsgrad und die mittlere Temperaturdifferenz von Rohrbiindelwlrmeiibertragem  mit
Umlenkblechen und zwei rohrseitigen Gangen, Chem. Eng.  Process., vol. 18, pp. 269-273, 1984.

4. VDI Wiirmeatlas,  Sec. N, 3d ed., VDI-Verlag, Dusseldorf, 1977.
5. Kays, W. M., and London, A. L., Compact Heat Exchangers, 3d ed., McGraw-Hill, New York, 1984.
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I N D E X

A
Absorption of thermal radiation:

in gases, 2.9.5-l/2.9.5-12
gas mixtures, 2.9.5-l l/2.9.5-12
measurement, 2.9.5-2/2.9.54
molecular, 2.9.5-8/2.9.5-11

in solids, 2.9.2-212.9.2-3
characteristics, 2.9.2-l/2.9.2-2
measurement, 2.9.2-3

Absorption coefficient, 2.9.5-2
Absorption spectra in gases, 2.9.5-4/2.9.5-8
Absorptivity:

of particles, 2.9.5-l
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
Acentric factor:

definition, 5.1.1-1,5.2.1-3
in hydrocarbons, 5.2.1-3/5.2.14

Acetic acid saturation properties, 5.5.1-27
Acetone saturation properties, 5.5.1-27
Acetylene saturation properties, 5.5.1-15
Ackerman correction factor in condensation, 2.6.3-6
Acoustic vibration of heat exchangers, 4.6.4-3/4.6.44
Active systems for augmentation of heat transfer:

in condensation, 2.6.6-l/2.6.6-3
definition, 2.5.11-3
in forced convection, 2.5.11-4/2.5.11-9
in free convection, 2.5.1 l-8/2.5.11-9

Additives:
effect on friction factor, 2.2.2-7
use in heat transfer augmentation, 2.5.11-2,2.7.94

Adiabatic flows, compressible, in duct, 2.2.2-13
Advanced models for furnaces, 3.11.7-l/3.11.7-5
Aggregative fluidization,  2.2.6-l
Agitated beds, heat transfer to, 2.8.34

A slash between two page numbers (e.g., 2.7.3-22/2.7.3-26)
indicates a range of those pages.
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Agitated vessels, 3.14.1-1
approximate overall heat transfer coefficients in, 2.1.2-5
equipment used in, 3.14.2-l/3.14.24

gas sparging,  3.14.2-l/3.14.2-2
mechanical agitators, 3.14.2-1
vessel internals, 3.14.2-213.14.24

heat exchanger, description of, 3.1.2-5/3.1.26
heat transfer correlations for, 3.14.3-l/3.14.3-8

with anchors and helical ribbons, 3.14.3-l/3.14.34
with nonproximity agitators, 3.14.3-l/3.14.3-3
scraped-wall pipe and related equipment, 3.14.34/3.14.3-6

Ahmad  scaling method for critical heat flux in flow boiling of
nonaqueous fluids, 2.7.3-8

Air:
properties of dry and saturated, 3.12.2-6
saturated liquid/vapor properties, 5 5.1-29
superheated gaseous, thermodynamic properties,

5.5.2-815 5.2-9
Air-activated gravity conveyor, 2.3.3-2
Air-cooled heat exchangers:

comparison of air and water as coolants, 3.8.1-1
cooling air supply: by fans, 3.8.7-l/3.8.7-3

by natural draft, 3.8.8-l
costing, 4.8.3-l/4.8.3-3
custom built, 3.8.2-l/3.8.2-2
description, 3.1.24/3.1.2-5
finned tube bundles for, 3.8.4-l/3.8.4-2
finned tube systems for, 3.8.3-l/3.8.3-3
mechanical design, 4.4.1-l/4.4.1-7

for cold climates and viscous fluid, 4.4.1-7
components, 4.4.1-214.4.1-6
nomenclature for, 4.4.1-2
structural design factors, 4.4.1-6/4.4.1-7

special features, 3.8.9-l/3.8.94
sound emission from, 3.8.9-l

thermal rating, 3.8.5-l/3.8.5-5
tubeside flow arrangements, 3.8.6-l

Albedo for single scatter in radiation, 2.9.7-2
Aluminum, spectral characteristics of anodized surfaces, 2.9.2-16
Ammonia, saturated properties of, 5.5.1-29
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I-2 HEAT EXCHANGER DESIGN HANDBOOK / Index

AMTD (see Arithmetic mean temperature difference)
Analogy between heat and mass and momentum transfer,

1.2.36/1.2.3-7,2.1.5-l/2.1.54
Analytic solutions for heat exchangers, 1.3.1-1/1.3.2-l
Analytical solution of groups, for calculation of thermodynamic

properties of nonhydrocarbons, 5.2.2-315.2.2-g
tables of constants for, 5.5.4-l/5.5.4-6

Anchor agitators:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Andrade equation for variation of viscosity with temperature,
5.1.4-3

Anelasticity, 5.4.5-5
Angled tubes, use in increasing flooding rate in reflux

condensation, 2.6.2-812.6.2-g
Aniline, saturation properties, 5.5.1-26
Anisotropy of elastic properties, 5.4.54/5.4.5-S
Annular dispersed flow (see Annular flow)
Annular distributor in shell-and-tube heat exchangers, 3.3.5-11
Annular ducts:

critical heat flux in flow in, 2.7.3-20
forced convective heat transfer in single phase flow:

laminar flow, 2.5.1-3/2.5.14
with liquid metals, 2.5.13-l/2.5.13-2
turbulent heat transfer in, 2.5.1-6, 25.1-10/2.5.1-11

free convective heat transfer m closed-end: horizontal,
2.5.8-14/2.5.8-16

vertical (heated on vertical curved surfaces),
2.5.8-13/2.5.8-14

single phase flow and pressure drop in, 2.2.2-7/2.2.2-10
Iaminar  flow, 2.2.2-712.2.2-g
turbulent flow, 2.2.2-912.2.2-10

Annular fins, efficiency, 2.5.3-9
Annular flow:

critical heat flux in, 2.7.3-2212.7.3-30
hydrodynamics in horizontal tubes, 2.3.2-2512.3.2-26
hydrodynamics in vertical tubes, 2.3.2-19/2.3.2-21

deposition and entrainment correlations, 2.3.2-2 1
interfacial roughness relationship, 2.3.2-20
triangular relationship for, 2.3.2-10

regimes of occurrence of: in horizontai  flow, 2.3.2-312.3.24
in inclined tubes, 2.3.2412.3.2-5
in systems with phase change, 2.3.2-612.3.2-7

Ammli (see Annular ducts)
Arc welding of tubes into tube sheets:

on inner face, 4.2.6-10
on outer face, 4.2.6-8

Archimedes number, 2.2.1-11
Area of tube outside surface in shell-and-tube heat exchangers:

charts for, 3.1.4-6,3.3.10-5
Argon, saturated properties, 5.5.1-30
Arithmetic mean temperature difference, definition, 3.1.4-2
Armstrong, Robert C., 2.2.8-1/2.2.8-13,2.5.12-l/2.5.12-16
ASME VIII code, for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-2
index to, 4.3.2-l/4.3.2-11

ASOG (see Analytical solution of groups)
Assisted convection:

around immersed bodies, 2.5.9-l/2.5.9-4
in vertical channels, 2.5.9-2/2.5.9-6

Asymmetric loading, in heat exchangers, 4.1.2-2/4.1.2-g
Augmentation of heat transfer, 2.5.11-l/2.5.1  1-12,

2.6.6-l/2.6.64,2.7.9-1/2.7.9-5
active systems for: definition, 2.5.1 l-3

in forced convection, 2.5.11-8/2.5.11-g

in free convection, 2.5 .114
compound systems for, 2.5.1 l-9
in boiling, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-3/2.7.94

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.6.6-212.6.6-3
in vapor space, 2.6.6-l/2.6.6-2

in kettle reboilers, 3.6.26
in shell-and-tube heat exchangers using low finned tubes,

3.3.11-2/3.3.11-3
passive systems for: definition, 25.1 l-1/2.5.11-3

in forced convection, 2.5.114/2.5.11-8
in free convection, 2.5.11-3

performance evaluation criteria for, 2.5.11-g/2.5.1  l-10
Austenitic chromium-nickel steels, as material of construction,

4 5 . 2 4
Average phase velocity in multiphase flows, 2.3.14

B
Baffle leakage in shell-and-tube heat exchangers:

numerical methods for predictions of, 1.4.2-3
recommended design procedures for accounting for,

3.3.1-l/3.3.11-5
Baffle pipes in agitated vessels, 3.14.2-3/3.14.24
Baffles in shell-and-tube heat exchangers:

constructional features affecting thermal design:
clearances, 4.2.5-7

aoss type, 4.2.5414.2.5-5
longitudinal type, 4.2.5-8
maximum pitch, 4.2.5-7
support type, 4.2.5-514.2.56
thickness, 4.2.5-7

disk-and-doughnut, 3.3.11-2
double segmental, 3.3.1 l-2
leakage effects associated with (see Baffle leakage, Leakage

effects)
number of, calculation of, 3.3.6-4
segmental, recommended characteristics of, 3.3.5-7/3.3.5-10

Baker flow regime map for horizontal gas-liquid flow, 2.3.2-3
Balance equation (applied to complete equipment),

1.2.4-l/1.2.4-7
average interaction coefficients and driving forces for,

1.2.4-211.2.4-3
conventional representations of heat exchanger performance

by, 1.2.4411.2.4-5
differential form of, 1.2.5-l/1.2.5-3

for enthalpy, temperature and concentration,
1.2.5-l/1.2.5-3

solution and closure, 1.2.5-211.2.5-3
for enthalpy, temperature and concentration changes,

1.2.4-l/1.2.4-2
NTU and effectiveness in, 1.2.4-3/1.2.44

Band dryer:
description, 3.13.24
practical design, 3.13.7-l/3.13.7-2

Banks of tubes (see Tube banks)
Barrels for shell-and-tube heat exchangers (see Shells)
Basket-type evaporator, 3.5.2-l/3.5.2-3
Bauer, R., 2.8.1-l/2.8.1-14,  2.8.2-l/2.8.2-8
Bayonet tube heat exchangers, constructional features of,

4.2.3-914.2.3-10

0 1983 Hemisphere Publishing Corporationr TMD4L A



HEAT EXCHANGER DESIGN HANDBOOK / Index I-3

Beer-Lambert law, 2.9.5-S
Bell, Kenneth J., 3.1.1-l/3.1.4-9
Bell-Delaware method for shell-side heat transfer and pressure

drop in shell-and-tube heat exchangers, 3.3.2-S/3.3.2-6
modified form as basis for recommended procedure,

3.3.3-1/3.3.11-s
Bell and Ghaly method for calculation of multicomponent

systems:
condensation, 2.6.3-4/2.6.3-5
evaporation, 2.7.8-5

Bellows, expansion, for shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
constructional features, 4.2.6-10/4.2.6-l 1
index to U.S., U.K., and F.R.G. codes for, 4.3.2-10/4.3.2-11

Benard cells in free convection in horizontal fluid layers,
2.5.8-l/2.5.8-3

Bends:
boiling heat transfer in tubes with, 2.7.4412.7.4-6
dryout  in tubes with, 2.7.4-212.7.4-4
enhancement of condensation in, 2.6.6-3
multiphase pressure loss in: gas-liquid systems, 2.3.2-17

solid-gas systems, 2.3.3-7
solid-liquid systems, 2.3.44

single-phase fluid flow and pressure drop in, 2.2.2-16/2.2.2-17
loss coefficients for, 2.2.2-16
use of vaned  bends, 2.2.2-1612.2.2-17

Benedict-Webb-Rubin equation of state, 5.2.2-3
Benzene saturation properties, 5.5.1-12
Berenson  equation for pool film boiling from a horizontal

surface, 2.7.2-14
Bergles, Arthur E., 2.5.11-1/2.5.11-12,2.6.6-l/2.6.6-4,

2.7.9-112.7.9-S
Bernoulli equation, application to flow across cylinders, 2.2.4-l
Bimetal tubes, use of in shell-and-tube heat exchangers, 4.2.5-2
Binary mixtures:

bubble growth in, 2.7.6-512.7.6-7
bubble nucleation in, 2.7.6-5
condensation of 2.1.6-212.1.6-3,  2.6.3-7
condensers for, 3.4.4-l/3.4.4-2
constants for, for use in calculation of multicomponent

systems, 5 .5.4-l/5.5.4-9
diffusion and mass transfer in, 2.1.5-l/2.1.54
forced convection boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7.8-6
critical heat flux in, 2.7.8-6/2.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

phase equilibria in, 2.7.6-l/2.7.6-3
pool boiling of, 2.7.7-112.7.7-7

critical heat flux, 2.7.7-412.7.7-5
film boiling, 2.7.76
minimum heat flux, 2.7.7-S/2.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-4
transition boiling, 2.7.7-5

Bingham fluid (non-Newtonian), 2.2.8-7
Biot number:

in conduction, 2.4.3-2
in melting and solidification, 2.4.4-l/2.4.4-2

Black surface:
heat transfer between gas and, 2.9.6-l/2.9.6-2
spectral characteristics of reflectance from selective,

2.9.2-17
Blackbody radiation, 2.9.1-3/2.9.1-S

Blake-Carmen-Kozeny equation, 2.2.5-2
Blasius equation for friction factor, 2.2.2-3
Block-type heat exchanger, 4.4.44
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Blowing (see Injection)
Blunt bodies, drag coefficients for, 2.2.3-7
Boilers:

combustion systems for firing, 3.11.2~2/3.11.2-3
as type of heat exchanger, 1.1.5-2
(See also Reboilers)

Boiling:

augmentation of heat transfer in, 2.7.9-l/2,7.9-5
pool boiling, 2.7.9-1/2.7.9-Z
within tubes, 2.7.9-312.7.9-s

in axial flow reboilers, 3.6.2-6
basic processes, 2.7.1-112.7.1-g

bubble detachment and frequency, 2.7.1-7/2.7.18
bubble growth, 2.7.1612.7.1-7
evaporation, 2.7.1-2
heterogeneous nucleation, 2.7.1-3/2.7.1-S
homogeneous nucleation, 2.7.1-212.7.1-3
sizing of active nucleation sites, 2.7.1-S/2.7.16
vapor formation, 2.7.1-112.7.1-2

of binary and multicomponent mixtures:
basic process in, 2.7.6-l/2.7.6-7
forced convective boiling, 2.7.8-i/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in evaporators, 3.5.7-213.5.7-3
in horizontal tubes, 2.7.4-112.7.4-l

dryout  in (including bends and coils), 2.7.4-l/2.7.4-4
heat transfer rates in, 2.7.44/2.7.46

in kettle and horizontal thermosiphon reboilers,
3.6.2-l/3.6.2-6

pool boiling, 2.7.2-112.7.2-17
boiling curve for, 2.7. l-l
critical heat flux in, 2.7.2-g/2.7.2-13
film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling in, 2.7.2-312.7.2-g
onset of nucleate boiling in, 2.7.2-2/2.7.2-3
transition boiling in, 2.7.2-13

outside tubes and tube bundles, 2.7.5-l/2.7.5-7
single tube in crossflow, 2.7.5-l/2.7.54
tube bundles, 2.7.5412.7.5-7

in vertical tubes, 2.7.3-l/2.7.3-37
critical heat flux, 2.7.3-1212.7.3-30
heat transfer in the region where cAtica1  heat flux has

been exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-1/2.7.3-S
saturated boiling, 2.7.3-1012.7.3-12
subcooled boiling, 2.7.3-S/2.7.3-10

Boiling curve:
in binary mixtures, 2.7.7-l
in pool boiling, 2.7.2-l

effect of surface finish on, 2.7.2-3
for single horizontal tube in crossflow, 2.7.5-l
for tube banks, 2.7.5-4

Boiling length:
definition, 2.7.3-15
quality/boiling length correlations, 2.7.3-15

application of nonuniform heating cases, 2.7.3-19
Boiling number, definition, 2.7.4-5
Boiling point, normal, 5.1.3-1

of commonly used fluids, 5.5.1-l/5.5.1-40
Boiling range (in multicomponent mixtures), influence on

selection of reboilers, 3.6.1-6
very wide, effect on reboiler design, 3.6.4-3

Boiling surface in boiling in vertical tubes, 2.7.34
Bolted channel head in shell-and-tube exchanger, 4.2.4-l
Bolted cone head in shell-and-tube heat exchanger, 4.2.4-2
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Bolting of flanges in shell-and-tube heat exchangers,
4.2.64/4.2.6-S

Boltzmann�s  constant, 2.9.1-3
Bonnet head, in shell-and-tube heat exchanger, 4.2.4-l/4.2.4-2
Borishanski, V. M., 2.5.13-l/2.5.134
Borishanski correlation for nucleate pool boiling, 2.7.2-5
Botterill,  J. S. M., 2.8.4-l/2.8.4-8
Boundary layer:

in combined free and forced convection heat transfer to
immersed bodies, 2.5.9-l/25.9-3

concept, 2.2.1-16/2.2.1-17
equations, 2.2.1-17/2.2.1-18

continuity, 2.2.1-17
internal energy, 2.2.1-18
internal forms of, 2.2.1-20
Levy-Lees transformation of, 2.2.1-18/2.2.1-20
mean kinetic energy, 2.2.1-17
momentum, 2.2.1-17
solutions of, 2.2.1-20/2.2.1-22
turbulent kinetic energy, 2.2.1-18

on flat plate, 2.2.1-22/2.2.1-30
in flow over cylinders, 2.2.3-312.2.3-5
in flow over immersed bodies, 2.2.3-l/2.2.3-2
in heat transfer to flat plates: laminar boundary layer,

2.5.2-1125.2-2
turbulent, 2.5.2-2

theory, 2.2.1-16/2.2.1-30
as example of theory of models, 2.2.1-13

Thickness of (displacement, momentum, energy, density,
temperature); 2.2.1-20

Turbulent: prediction methods for, 2.2.1-26/2.2.1-29
universal laws for, 2.2.1-25/2.2.1-26

Bouss inesq approximat ions :
application in free convective flows, 2.5.7-l
for gravity effect, 2.2.1-10

application to laminar flow in circular duct, 2.2.2-5
Boussinesq number, definition, 2.5.7-2
Bowring  correlations for critical heat flux, 2.7.3-16/2.7.3-18
Bracket supports for heat exchangers, index to U.S., U.K., and

F.R.G. codes for, 4.3.2-7
Branches, mechanical design aspects, 4.1.8-l/4.1.8-2
Brazing in plate fm heat exchanger construction, 4.4.3-3/4.4.34
Bricks, drying of, 3.13.5-2/3.13.5-5
Brinkman  number, 2.5.12-6
British Standards Institute code for mechanical design of heat

exchangers (see BS 1500 code)
Bromley equation for film boiling from horizontal cylinders,

2.7.2-14
BS 1500 code for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-i/4.3.1-3
index to, 4.3.2-l/4.3.2-11

Bubble crowding as mechanism of critical heat flux, 2.7.3-22
Bubble flow:

drift flux model for, in vertical flow, 2.3.2-18/2.3.2-19
regions of occurrence: in horizontal flow, 2.3.2-2/2.3.2-4

in inclined tubes, 2.3.24/2.3.2-S
in shell-and-tube heat exchangers, 2.3.2~5/2.3.2-6
in systems with phase change, 2.3.2612.3.2-7
in vertical Sow, 2.3.2-l/2.3.2-2

Bubbles:
in boiling of binary mixtures: growth, 2.7.6-5/2.7.6-7

nucleation, 2.7.6-5
in boiling of single components: detachment and frequency,

2.7.1-712.7.1-8
growth, 2.7.1-612.7.1-7

nucleation, 2.7.1-l/2.7.1-6
in fluidized beds, 2.2.6412.2.6-7

coalescence, 2.2.6-512.2.6-6
single bubbles, 2.2.6412.2.6-5
spatial distribution, 2.2.6-612.2.6-7

in gas-liquid flow: horizontal tubes, 2.3.2-212.3.24
vertical tubes, 2.3.1-l/2.3.2-2,  2.3.2-18/2.3.2-19

rise velocity of gas bubbles in liquid, 2.3.2-18/2.3.2-19
Buffer layer in duct flow, 2.2.2-l
Bulk viscosity, 2.2.1-2
Bundle-induced convection in kettle reboilers, 3.6.2-2/3.6.2-3
Buoyancy effects:

on developing flows in ducts, 2.2.2-l 1
on flows, 2.2.1-10/2.2.1-11
inducing flow in channels, free convection heat transfer with,

2.5.7-19/25.7-20
on larninar  flow over flat plate, 2.2.1-24

Buoyancy-induced flow in channels, free convective heat transfer
with, 2.5.7-19/2.5.7-20

Burnout (see Critical heat flux)
1,2-Butadiene  saturation properties, 5.5.1-16
1,3-Butadiene  saturation properties, 5 5 l-1 7
Butane saturation properties, 5 5.1-7
Butanol saturation properties, 5.5.1-19
Butter-worth, D., 2.6.1-l/2.6.3-10
f-Butyl alcohol saturation properties, 5 5.1-20
By pass (shell-to-tube bundle):

clearances in shell-and-tube heat exchangers, 3.3.5-14
heat transfer and pressure drop correction factors for,

3.3.6-813.3.6-g
BWR equation of state (see Benedict-Webb-Rubin equation of

state)

C
Cabin heater, 3.11.2-2
Calorically perfect gas, 2.2.1-8
Carbon dioxide:

emissivity of gaseous, 5.5.5-2
saturation properties, 5.5.1-30
superheated gaseous, thermodynamic properties, 5.5.2-2

Carbon monoxide saturation properties, 5 5.1-3  1
Carbon steel as material of construction, 4.5.2-2/45.2-3
Carbon tetrachloride saturation properties, 5.5 .l-3 1
Carmen-Kozeny equation (see BlakeCarmen  Kozeny equation)
Carrean fluid (non-Newtonian), 2.2.8-7
Carryover of solids in fluidized beds, 2.2.6-3
Cavitation as source of damage in heat exchangers, 4.5.3-l
Centrifugal dryer, 3.13.2-4
Ceramics, spectral characteristics of reflectance from, 2.9.2-18
Certification of heat exchangers, 4.7.7-l
Channel emissivity, 2.9.7-11/2.9.7-12
Channel flow, heat and mass transfer in, 2.1.7-l/2.1.7-2
Chapman-Rubescin formula for viscosity variation with

temperature, 2.2.1-9
Chemical formulas of commonly used fluids, 5 .5.1-l/5.5.1-40
Chemical reactions, numerical calculation of flows involving,

1.4.3-2/1.4.3-3
Chen correlation for forced convective boiling, 2.7.3-l l/2.7.3-13
Chenoweth, J. M., 4.6.1-l/4.6.6-3
Chevron troughs as corrugation design in plate heat exchangers,

3.7.1-1, 3.7.3-l 13.7.3-2,  3.7.6-2
CHF (see Critical heat flux)
Chillers, construction features of, 4.2.3-9
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ChiltonColburn analogy, 1.2.3-6
Chisholm, D., 2.6.7-l/2.6.7-4,  3.10.1-1/3.10.7-9,4.8.1-l
Chisholm correlations:

for frictional pressure drop in straight channels, 2.3.2-l 1
for pressure drop in singularities, 2.3.2-15/2.3.2-18

Chlorine, saturation properties, 5.5 .l-32
Chloroform, saturation properties, 5.5 .l-26
Choice of heat transfer equipment (see Selection of heat transfer

equipment)
Chugging flow (gas-liquid), in shell-and-tube heat exchangers,

2.3.2-512.3.2-6
Churchill, S. W., 2.5.7-l/25.10-12
Churchill and Chu correlations for free convective heat transfer:

horizontal cylinders, 2.5.7-2 1
vertical plates: laminar flow, 2.5.7-3

turbulent flow, 2.5.7-4
Churn flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Circles, radiative heat transfer shape factors between parallel

coaxial, 2.9.3-3
Circular cylinders (see Cylinders)
Circulation, modes of in free convection: in enclosures heated

from below, 2.5.8-6
CISE correlations for void fractions, 2.3.2-14/2.3.2-15
ClapeyronClausius  relationship (see Clausius-Clapeyron

relationship)
Clausius-Clapeyron relationship:

application in evaporation, 2.7.1-2
in homogeneous nucleation, 2.7.1-3

Cleaning of shell-and-tube heat exchangers, 3.3.4-5
Climbing film evaporator, 3.5.2-4
Closed distillation process, 2.1.7-8
Coalescence of bubbles in fluidized beds, 2.2.6-512.2.6-6
Coatings for corrosion protection, 4.5.2-514.5.2-6
Cocurrent  flow:

F-factor chart for, 1.5.2-3
heat exchangers, 1.1.1-l/1.1.1-2

single-phase temperature pattern in, 1.1.3-l
solutions for, 1.3.1-l/1.3.1-4

0-NTU chart for, 1.5.2-3
Codes, mechanical design:

analytic basis of code rules, 4.3.3-l/4.3.3-2
comparison of principal codes, 4.3.4-l/4.3.4-3

cylinders: external pressure, 4.3.4-l/4.3.4-2
flanges, 4.3.4-214.3.4-3
nozzles, 4.3.4-3
stresses, 4.3.4-l
tubesheets, 4.3.4-2

example of applications, 4.3.6-l/4.3.6-23
guides to national practice in application of, 4.3.5-114.3.5-g

France (SNCT),  4.3.5-6
Germany (Merkblatter), 4.3.54
Holland (Stoomwesen), 4.3.5-5
Italy (ANCC),  4.3.5-7
Japan: high pressure, 4.5.3-9

standard, JIS-B8243,4.3.5-8
U.K. (BS 1500),  4.3.5-3
U.S. (ASME VIII), 4.3.5-2

index to U.S., U.K., and F.R.G. codes, 4.3.2-1/4.3.2-l  1
conical shell, 4.3.2-314.3.24
cylindrical shell and channel, 4.3.2-2/4.3.2-3
dished head, 4.3.24
flanges, 4.3.2-514.3.2-7
flat head, 4.3.2414.3.2-5
floating head, 4.3.2-5
nozzles, 4.3.2-914.3.2-10
shell bellows, 4.3.2-10/4.3.2-11
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supports, 4.3.2-7
tubes, 4.3.2-3
tubesheets, 4.3.2-714.3.2-g

introduction, 4.3.1-l/4.3.1-3
Coiled tubes (see Helical coils, Curved ducts)
Coiled wire inserts for enhancement of heat transfer in boiling,

2.7.9-3
Colburn and Drew method for binary vapor condensation, 2.6.3-7
Colburn and Hougen method for condensation in presence of

noncondensable gases, 2.6.3-6
Colburn equation for single-phase heat transfer outside tube

banks, 3.3.2-l
Colburn j factor:

application in heat exchangers, 3.3.1-2
definition, 2.1.3-4
for flow over tube banks, 3.3.7-l/3.3.74
in plate fin exchangers, 3.9.4-l/3.9.6-2
values of heat transfer in tubes, 2.1.3-7

Colebrook-White equation for friction factor in rough circular
pipe, 2.2.2-3

Coles, law of the wake, 2.2.1-26
Collier, J. G., 2.7.1-l/2.7.8-10
Column internal reboiler (see Internal reboilers)
Combined conductive, convective, and radiative heat transfer,

2.9.8-l/2.9.8-10
Combined free and forced convection heat transfer:

in channels, 25.10-l/2.5.10-10
horizontal channels, 2.5.10-712.5.10-12
vertical channels: laminar assisted convection,

2.5.10-212.5.10-6
laminar opposing convection, 25.106
turbulent, 25.10-b/2.5.10-7

around immersed bodies, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
horizontal plates (transverse flow), 25.9-412.5.9-6
immersed bodies (transverse flow), 2.5.9-6
opposing convection, 2.5.94
slightly inertial flow regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-112.5.9-3
turbulent regime (assisting convection), 2.5.9-4

Combined heat and mass transfer, 2.1.6-l/2.1.64
in condensation of mixtures, 2.1.6-212.1.6-4
in drying, 2.1.6-l/2.1.6-2
in evaporation of binary and multicomponent mixtures,

2.7.8-212.7.8-6
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12/25.7-13

Combining flow, loss coefficients in, 2.2.2-20
Combustion chambers (see Furnaces)
Combustion model for furnaces, 3.11.7-313.11.7-4
Compact heat exchangers (see Plate fin heat exchangers)
Compartment dryers, 3.13.2-3

Compound systems for augmentation of heat transfer, 2.5.1 l-9
Compressible flow:

in ducts, 2.2.2-1212.2.2-14
adiabatic (Fanno) flow, 2.2.2-13
basic equations for, 2.2.2-1212.2.2-13
with constant heat transfer, 2.2.2-1212.2.2-13
over cylinders, 2.2.3-6
inviscid  flow with heat addition, 2.2.2-13
low density effect in, 2.2.2-13

Computer methods for heat exchanger design:
discussion of, 3.3.10-l/3.3.10-2
logic of, 3.1.3-3/3.1.3-4
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Computer methods for heat exchanger design, logic of (Cont.):
design, 3.1.3-3/3.1.34
rating, 3.1.3-3

plate exchangers, 3.7.104
Computer program for Monte Carlo calculations of radiative

heat transfer, 2.9.4412.9.4-5
Concentration, choice of evaporator type for, 3.5.5-l/3.5.5-2
Concentric spheres, free convective heat transfer in, 2.5.8-16
Concurrency corrections in plate heat exchangers,

3.7.8-l/3.7.8-2
Condensation:

combined heat and mass transfer in, 2.1.6-2/2.1.64
dropwise, 2.6.5-112.6.54

calculation of heat transfer in, 2.6.5-212.6.5-3
introduction to, 2.1.7-6
mechanism of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promoters for, 2.6.5-3/2.6.54

fti, introduction to, 2.1.74/2.1.7-6
fiiwise, of pure vapor, 2.6.2-l/2.6.2-19

outside horizontal and inclined tubes, 2.6.2-912.6.2-12,
3.4.6-3

inside horizontal tubes, 2.6.2-12/2.6.2-15,3.4.6-2
interfacial resistance in, 2.6.2-15
liquid metals, 2.6.2-1512.6.2-16
on vertical surfaces, 2.6.2-212.6.2-9,  3.4.6-3

on finned tubes, 3.4.6-3
fogging in, 2.6.7-l/2.6.74

conditions producing supersaturation, 2.6.7-212.6.7-3
design to minimize, 2.6.7-3
effects of, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l

in horizontal tubes, flow regimes in, 2.3.2-7
in plate exchangers, 3.7.12-1
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
introduction to, 2.6.1-l

heat transfer resistances in, 2.6.1-2
modes of, 2.6.1-l/2.6.1-2

of vapor mixture, 2.6.3-l/2.6.3-10,  3.4.6-4
approximate method, 2.6.3-212.6.3-5
binary vapor mixtures, 2.6.3-7
multicomponent mixtures, 2.6.3-7/2.6.3-g
single vapor with noncondensable gas, 2.6.3-5 12.6.3-7

of vapor mixtures forming immiscible liquids, 2.6.4-l/2.6.4-7
eutectic mixtures, 2.6.4-212.6.4-3
with incondensable gases, 2.6.4-S/2.6.4-7
non-eutectic mixtures, 2.6.4-312.6.4-s

Condensation curves:
description, 2.6.3-l/2.6.3-2
differential, 2.6.3-412.6.3-5
integral, 2.6.3-312.6.3-S

Condensers:
approximate overall heat transfer coefficients in, 2.1.2-3
design procedures for, 3.4.9-l/3.4.9-4

overall, 3.4.9-l/3.4.9-2
inside tubes, 3.4.9-213.4.9-3
outside tubes, 3.4.9-313.4.94

discussion of types of, 3.4.3-l/3.4.3-6
horizontal in-tube, 3.4.3-313.4.34
horizontal, outside tube, 3.4.3-413.4.36
vertical in-tube, downflow,  3.4.3-l/3.4.3-2
vertical in-tube, upflow,  3.4.3-213.4.3-3
vertical, outside tube, 3.4.36

fogging in, 2.6.7-112.6.7-4,  3.45-2
heat transfer in, 3.4.6-l/3.4.6-4
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finned tubes, 3.4.6-3
outside horizontal tubes, 3.4.6-3
with mixtures, 3.4.6-4
subcooling in, 3.4.64
inside tubes, 3.4.6-l/3.4.6-2
outside vertical tubes, 3.4.6-313.4.64

introduction to, 3.4.1-I
mean temperature difference in, 3.4.8-l/3.4.8-3
operational problems in, 3.4.5-l/3.4.5-2

fogging, 3.4.5-2
due to limited vapor load, 3.45-l/3.4.5-2
pressure control, 3.4.5-l
venting, 3.4.5-2

pressure drop in, 3.4.7-l/3.4.7-2
selection of type of, 3.4.2-l/3.4.24
temperature patterns in, 1.1.3-l/1.1.3-2
as type of heat exchanger, 1.1.5-2
for use in association with evaporators, 35.4-2
for vapor mixtures, 3.4.3-l/3.4.4-2
(See also Condensation)

Conduction, heat:
basic equations for, 2.4.1-l/2.4.1-2
in melting and solidification, 2.4.4-l/2.4.4-3
periodic change of temperature in, 2.4.5-l/2.454
steady state, 2.4.2-l/2.4.2-3

in bodies with internal heat sources, 2.4.2-3
plane, cylindrical and spherical shells without internal

heat sources, 2.4.2-l/2.4.2-3
thermal contact resistance in, 2.4.6-l/2.4.6-2
transient response to a step change in temperature,

2.4.3-112.4.3-12
one-dimensional systems, 2.4.3-112.4.3-10
multidimensional systems, 2.4.3-1012.4.3-11

Conductors, thermal conductivity of, 5.4.3-215.4.3-3
Cones, vertical:

free convective heat transfer from, 2.5.7-24

Conical shells, mechanical design of:
analytic basis for codes, 4.3.3-l
basic principles of, 4.1.3-2
index to U.K., U.S., and F.R.G. codes for, 4.3.2-3/4.3.24

Connors equation for fluid elastic instability, 4.6.4-2
Conservation equations:

for chemical species, 1.2.1-3
in differential form, 2.2.1-512.2.1-7
in duct flow, 2.2.1-312.2.1-5
in furnaces, 3.11.7-l/3.11.7-2
for gas-liquid flows, 2.3.2-812.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-812.3.2-g

in integral form, 2.2.1-212.2.1-5
for multiphase flows, 2.3.1-412.3.1-7

homogeneous model for, 2.3.14/2.3.1-7
separated flow model for, 2.3.1612.3.1-7

for turbulent flows, 2.2.1-1312.2.1-14
Construction elements of heat exchangers, 4.1.1-214.1.2-3
Contact angle, 2.3.1-2

influence in nucleate boiling, 2.7.1-5,2.7.2-2
Contact resistance:

influence on particle-to-wall heat transfer in packed beds,
2.8.3-3

thermal, 2.4.6-l/2.4.6-4
Continuity equation:

applications in heat exchanger calculations, 1.2.6-5
in boundary layer, 2.2.1-17
in compressible duct flows, 2.2.2-12
differential form in single phase flow, 2.2.1-512.2.1-7
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Continuity equation (Cont.):
in gas-liquid flows, 2.3.2-8/2.3.2-9
integral form in single phase flow, 2.2.2-2
in multiphase flows: homogeneous, 2.3.1-5

separated flow, 2.3.1-25
in turbulent flow, 2.2.1-14

Continuum model, for fluids, 2.2.1-1

Continuum theories, for non-Newtonian fluids, 2.2.86/2.2.8-g
Lodge�s rubber-like liquid, 2.2.8-8
Maxwell model, 2.2.8-7
Oldroyd eight constant model, 2.2.8-8
White-Metzner model, 2.2.8-8

Contraction, sudden, pressure drop in: single-phase flow,
2.2.2-20

two-phase gas-liquid flow, 2.3.2-16/2.3.2-17
two-phase gas-liquid flow, 2.3.2-16/2.3.2-17

Control:
of heat pipes, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

Convection effects, on heat transfer in kettle reboilers:
bundle induced, 3.6.2-213.6.2-3
externally induced, 3.6.2-3

Convective boiling (see Boiling)
Convective heat transfer, single phase:

around immersed bodies: single bodies, 2.5.2-3/2.5.2-8
smooth flat plates, 2.5.2-l/2.5.2-3

augmentation of, 2.5.11-l/2.5.11-12
in combined free and forced convection (see Combined free

and forced convection)
channel flows, 2.5.10-l/2.5.10-12
immersed bodies, 2.5.9-l/2.5.9-7

effect of radiation on, 2.9.8-l/2.9.8-10
in fixed beds, 2.8.2-l/2.8.2-8,  2.8.3-l/2.8.3-3
in flow over tube banks, 2.5.3-112.5.3-16

fined tubes, 2.5.3-612.5.3-16
plain tubes, 2.5.3-l/2.5.3-6

forced convection in ducts, 2.5.1-l/2.5.1-13
laminar  flow, 2.5.1-2/2.5.1-5
turbulent flow, 2.5.1-5/2.5.1-13

in free convection: immersed bodies, 2.5.7-l/2.5.7-31
layers and enclosures, 2.5.8-l/2.5.8-25

with impinging jets, 2.5.6-l/2.5.6-10
in liquid metal systems, 2.5.13-l/2.5.134
with non-Newtonian fluids, 2.5.12-l/2.5.12-16

in channels with viscous heating, 2.5.12-10/2.5.12-14
in channels without viscous heating, 2.5.12-6/2.5.12-10
with dilute polymer solution, 2.5.12-14/2.5.12-15

in packed and agitated beds, 2.8.3-l/2.8.3-9
Conversion factors, for physical properties, 5.5 .l-3
Conveyor, gravity:

air activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-9

Cooling towers:
effect of variation in atmospheric pressure on,

3.12.6-213.12.6-3
hybrid, 3.12.5-113.12.5-5

assisted draft, 3.12.5-3/3.12.5-4
closed-circuit evaporative coolers, 3.12.5-4/3.12.5-5
dry, 3.12.5-l/3.12.5-2
wet-dry, 3.12.5-213.12.5-3

introduction to, 3.12.1-1
mechanical draft, 3.12.4-l/3.12.4-4
natural draft: dry, 3.8.2-l/3.8.2-2,  3.8.8-l

wet, structural design, 3.12.3-6/3.12.3-7
wet, thermal design, 3.12.3-l/3.12.3-6
main features of, 3.12.4-l/3.12.4-2
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thermal performance and design, 3.12.24/3.12.44
packing region in, 3.12.2-l/3.12.2-13

departures from uniform counter flow in,
3.12.2-12/3.12.2-13

heat and mass transfer in, 3.12.2-l/3.12.2-3
packings in, 3.12.2-8/3.12.2-11
state of air leaving, 3.12.2-11/3.12.2-12
theory of thermal design of, 3.12.2-3/3.12.24

testing and acceptance of, 3.12.6-l/3.12.6-2
as type of heat exchanger, 1.1.5-2
water loss from, 3.12.6-2

Cooper, Anthony, 3.7.1-l/3.7.12-2
Copper-base alloys, as material of construction, 4.5.2414.5.2-5
Correlation, general nature of, 1.2.3-5/1.2.3-6
Correspondence principle, in physical properties, 5.1.1-1
Corrosion:

associated with phase separation, 4.5.3-5
associated with welds, 4.5.3-5/4.5.36
erosion/corrosion, 4.5.3-l/4.5.3-2
fretting, 4.5.3-2
gas-vapor phase, 4.5.3-614.5.3-7
materials of construction to avoid, 4.5.2-2145.2-6
in shell-and-tube heat exchangers, 3.3.4-5
vapor blanketing as cause, 4.5.34
in various equipment: reboilers, 4.5.3-5

waste heat boilers, 4.5.3-4
Corrugation design, for plate heat exchangers, 3.7.3-l/3.7.3-2,

4.4.2-314.4.2-4
Costing of heat exchangers:

air-cooled, 4.8.3-l/4.8.3-3
introduction to, 4.8.1-1
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

Countercurrent flow:
critical heat flux in, 2.7.3-26
gas-liquid, in vertical channels, 2.3.2-21/2.3.2-22
heat exchangers, 1.1.1-1

temperature pattern for in single-phase flow, 1.1.3-1
.9-NTU chart for, 1.5.2-2

Counterflow (see Countercurrent flow)
Coupled thermal fields, in transient conduction, 2.4.3-12
Cowie, R. C., 4.8.2-l/4.8.2-5
Creeping flow, in combined free and forced convection around

immersed bodies, 2.5.9-3
Critical density, of commonly used fluids, 5.5.1-l/5.5.1-40
Critical flow, in gas-liquid systems, 2.3.2-26/2.3.2-29

Henry-Fauske model for, 2.3.2-2812.3.2-29
homogeneous models for, 2.3.2-28

Critical heat flux:
in axial flow reboilers, 3.6.2-713.6.2-8
in counter-current flow, 2.7.3-26
enhancement of, in boiling in tubes, 2.7.9-3/2.7.94

pool boiling, 2.7.9-l/2.7.9-2
in evaporators, 3.5.7-3
in flow in vertical annuli, 2.7.3-2012.7.3-21
in flow in vertical tubes, 2.7.3-13/2.7.3-30

nomenclature for, 2.7.3-13
with non-uniform heat flux, 2.7.3-18/2.7.3-20
with uniform heat flux, 2.7.3-1312.7.3-18

in forced convective boiling of binary and multicomponent
mixtures, 2.7.8-612.7.8-7

departure from nucleate boiling, 2.7.8-612.7.8-7
dryout,  2.7.8-7

in kettle reboilers, 3.6.2-4/3.6.2-5
mechanisms of, 2.7.3-2212.7.3-26

annular flow prediction methods for, 2.7.3-2312.7.3-26

blushing Corporation
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Critical heat flux (Cont.):
with nonaqueous fluids, 2.7.3-2612.7.3-30
in pool boiling, 2.7.2-912.7.2-13

geometric effects in, 2.7.2-10/2.7.2-l 1
liquid viscosity effects on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13
Zuber analysis for, 2.7.2-912.7.2-10

in pool boiling of binary and multicomponent mixtures,
2.7.i4/2.7.7-5

in rectangular channels, 2.7.3-20
in rod bundles, 2.7.3-2112.7.3-22
outside single tubes in crossflow, 2.7.5-212.7.5-3
outside tubes in tube banks, 2.7.5-512.7.5-7

correlations for, 2.7.5-612.1.5-7
mechanisms of, 2.7.5-512.7.5-6

Critical pressure:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-6
in pure fluids, 5.1.1-2

Critical Rayleigh number, in free convection, 2.5.8-212.5 8-3,
2.5.8-3/2.5.8-6

Critical temperature:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-5
in pure fluids, 5.1.1-l/5.1.1-2

Critical velocity, in stratification in bends and horizontal tubes,
2.1.4-112.7.4-3

Critical volume, 5.1.1-2
Crocco�s integral, application to boundary layer equations,

2.2.1-19
Cross counter flow heat exchangers, 1.1.1-2

solutions for, 1.3.1-l/1.3.14
Crossflow:

in air-cooled heat exchangers, 3.8.5-113.8.5-5
boiling in over horizontal tubes and tube banks,

2.7.5-I/2.7.54
in cooling towers, 3.12.2-12/3.12.2-13
over cylinders (see Cylinders)
flow induced vibration in, 4.6.1-l/4.6.6-3
heat exchangers: definition of, 1.1.1-2

solutions for heat transfer in, 1.2.64, 1.3.14
pressure drop in gas-liquid, 2.3.2-12
in shell-and-tube heat exchangers, 3.3.6-3/3.3.6-4
temperature difference correction (F-correction) and B-NTU

charts for various configurations of, 1.5.3-l/15.3-13
with both streams mixed, 1.5.3-3
one tube row, unmixed, 1.5.34
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two passes, unmixed, 1.5.3-9

over tube banks (see Tube banks)
Crossflow shells (see X-shells)
Crystallization, choice of evaporator type for, 3.55-2
Curved ducts:

dryout in evaporative heat transfer in, 2.7.4-212.7.44
single-phase fluid flow and pressure drop in,

2.2.2-1412.2.2-16
flow characteristics in, 2.2.2-1412.2.2-15
laminar flow in, 2.2.2-1512.2.2-16
turbulent flow in, 2.2.2-16

-

Cut-and-twist factor, in enhancement of heat transfer in double
pipe heat exchangers, 3.2.3-l

Cyclohexane, saturation properties of, 5.5.1-11
Cyclopentane, saturation properties of, 5 5.1-l 1
Cylinders:

banks of cylinders (see Tube banks)
boiling from outside horizontal in crossflow, 2.7.5-l/2.7.54
characteristics of as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-112.5.9-6
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-112.8.2-8
flow across, 2.2.3-312.2.3-7

circdar,2.2.2-312.2.2-6
noncircular, 2.2.3-612.2.3-7
pressure coefficient in, 2.2.4-2

free convective heat transfer from, 2.5.7-2012.5.7-24
horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-23/2 5.7-24

free convective heat transfer inside horizontal, 2.5.8-14
hollow, radiation and conduction around, 2.9.8-6/2.9.8-7
pool boiling from, 2.7.2-l/2.7.2-15

critical heat flux in, 2.7.2-912.7.2-12
radiative heat transfer on nonisothermal gas in, 2.9.7-3
steady-state thermal conduction in, 2.4.2-l/2.4.2-3
transient conduction in, 2.4.3-112.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
single-phase heat transfer in flow over, 2.5.2412.5.2-5
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
under external pressure, comparison of mechanical design

codes for, 4.3.4-l/4.3.4-2

D
Damage, sources of in heat exchangers, 4.5.3-l/4.5.3-7,

4.6.1-l/4.6.1-2
Damkohler  number:

definition, 2.2.1-l 1
modified form for compressible flows with heat transfer,

2.2.2-12
Damping:

capacity, anelasticity, and, 5.4.5-5
of flow-induced vibration, 4.6.24

Davis and Anderson criterion, for onset of nucleate boiling,
2.7.3-6

Decane, saturation properties of, 5.5.1-10
Degradation temperature, of polymers, 2.5.12-1
�Del� operator (see Differential vector operators)
Delaware method, for shell-side heat transfer and pressure drop,

(see Bell-Delaware method)
Dengler and Addoms correlation, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Density:

definition, 2.2.1-1
fluid with constant, 2.2.1-8/2.2.1-9
fluid with small variations of, 2.2.1-8
of liquid water, 5.5.3-2
of multicomponent liquid mixtures, 5.2.3-l/5.2.3-2
relation with viscosity for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.1-40
of solids, 5.4.1-l/5.4.1-2

graphite and carbon, 5.4.1-1
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Density, of solids (Cont.):
metal alloys, 5.4.1-1
organics, 5.4.1-2
refractories, 5.4.1-l/5.4.1-2

Deposition of droplets in annular flow, 2.3.2-21,2.7.3-24
Design of heat exchangers, introduction, 3.1.1-l/3.1.4-9
Design procedures, for segmentally baffled heat exchangers,

3.3.10-l/3.3.10-8
Desuperheaters for use in association with evaporators, 3.5.4-2
Developing flow in ducts:

single-phase flow and pressure drop in, 2.2.2-10/2.2.2-11
hydrodynamic entrance region in, 2.2.2-10/2.2.2-l 1
various forms and effects on, 2.2.2-l 1

Diathermanous fluid, 2.9.1-1
Differential condensation:

calculation of condensation curves, 2.6.34
description, 2.6.3-112.6.3-3

Differential formulations for nonisothermal gas radiation,
2.9.7512.9.1-g

embedding, 2.9.7-l/2.9.1-8
multiflex methods, 2.9.7-612.9.7-7
radiation diffusion, 2.9.7-512.9.7-6

Differential resistance term in heat exchanger design, 3.3.9-2
Differential vector operators in heat conduction, 2.4.1-2
Diffraction models for radiative heat transfer from surfaces,

2.9.4-l/2.9.4-8
Diffuse surfaces, radiative heat transfer between, 2.9.3-l/2.9.3-17
Diffuse wall passages, radiative heat transfer in, 2.9.3-13/2.9.3-16
Diffusers, single-phase flow and pressure drop in,

2.2.2-1712.2.2-19
effect of inlet conditions, 2.2.2-18/2.2.2-19
with free discharge, 2.2.2-17/2.2.2-18
methods of improving performance in, 2.2.2-19
performance, 2.2.2-17

Diffusion coefficients:
in gases, 5.2.5-3/5.254
in liquids, 5.2.5-l/5.2.5-3

Dimensional analysis:
pi theorem for, 2.2.1-11/2.2.1-12
and theory of similarity, 2.2.1-10/2.2.1-13

Dimensionless groups:
equivalent groups in heat and mass transfer, 2.1.5-2
in fluidization, 2.2.6-212.2.6-3
in free convective heat transfer to immersed bodies,

2.5.7-212.5.7-3
table of, 2.2.1-11

Dimensionless numbers (see Dimensionless groups)
Dimensionless time (see Fourier number)
Dimethyl  propane saturated properties, 5 5.1-6
Direct contact condensation:

introduction, 2.6.1-1
mechanical construction, 4.4.4-614.4.4-7

Direct contact cooling, 4.4.4-8
Direct contact evaporation, 4.4.4-7
Dirt (see Fouling)
Discretization in numerical analysis:

for cases where flow patterns must be calculated, 1.4.2-1
in design of heat exchangers with prescribed flow patterns,

1.4.1-l/1.4.1-6
effect of fineness, 1.4.1-5/1.4.1-6
subdivision of space, 1.4.1-l/1.4.1-2
subdivision of time, 1.4.1-2/1.4.1-3

Disk-and-doughnut baffled heat exchangers, 3.3.11-2
Disk turbine agitator, 3.14.2-l/3.14.2-2

heat transfer in vessel agitated by, 3.14.3-1
Disks, free convective heat transfer from inclined, 2.5.7-25

Dispersed bubble flow (see Bubble flow)
Dissipation of turbulent energy, 2.2.1-20
Distillation, closed distillation process, 2.1.7-8
Distribution:

annular, in shell-and-tube heat exchangers, 3.3.5-l 1
design in fluidized beds, 2.2.6-712.2.6-8

Dittus-Boelter  equation, for single-phase forced convective heat
transfer, 2.7.3-5

Dividing flow, loss coefficients in, 2.2.2-19
DNB (departure from nucleate boiling) (see Critical heat flux)
Donohue method, for shell-side heat transfer in shell-and-tube

heat exchangers, 3.3.2-2
Double-pipe heat exchanger:

approximate overall heat transfer coefficients, 2.1.2-3
description, 3.1.2-l/3.1.2-2
design, 3.2.1-l/3.2.6-2

applications of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters for, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages of, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

Double segmental baffled heat exchangers, 3.3.11-2
Downward facing surfaces, free convective heat transfer from,

2.5.7-1312.5.7-15
Downward flow in vertical tubes, flow patterns in gas/liquid,

2.3.2-2 ,*

Dowtherm A saturation properties, 5.5.1-28
Dowtherm  J saturation properties, 5.5.1-28
Drag coefficient:

for circular cylinder, 2.2.3-3/2.2.34
definition, 2.2.3-2
in fluidized beds, 2.2.6-2
for sphere, 2.2.3-3
on tube in tube bank, 2.2.4-312.2.4-5

Drag force:
on immersed bodies, 2.2.3-212.2.34
on tube in tube bank, 2.2.4-312.2.4-5

Drag reduction, 2.2.8-11/2.2.8-12
effect on heat transfer, 2.5.12-14/2.5.12-15

Drift flux model for two-phase flows, 2.3.1-7/2.3.1-g
Droplets:

deposition and entrainment of, in annular flow, 2.3.2-21
nucleation of in supersaturated vapors, 2.6.7-l/2.6.7-2
use in augmentation of heat transfer, 2.5.11-8

Dropwise condensation:
calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction, 2.1.7-6,2.6.1-l, 2.6.5-l
mechanisms of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promotors for, 2.6.5-3/2.6.5-4

Dry cooling towers, 3.8.2-1/3.8.2-2,3.8.8-l, 3.12.5-l/3.12.5-2
Dry-wall convection, in evaporation (see Postdryout heat

transfer)
Dryers:

classification and selection, 3.13.2-l/3.1  3.2-4
introduction, 3.13.1-l/3.13.1-2
layout and performance data, 3.13.3-l/3.13.3-5

description of drying process in the Mollier chart,
3.13.3-4/3.13.3-5

energy and mass balances, 3.13.3-l/3.13.3-2
Mollier chart, 3.13.3-1
wet bulb temperature in, 3.13.3-2/3.13.34

practical design, 3.13.7-l/3.13.7-3
band dryers, 3.13.7-l/3.13.7-2
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Dryers, practical design (Cont.):
fluid bed dryers, 3.13.7-2
pneumatical conveying dryers, 3.13.7-2
rotary dryers, 3.13.7-2
spray dryers, 3.13.7-213.13.7-3

prediction of drying rates in, 3.13.4-l/3.13.4-5
prediction of residence time in: with nonprescribed material

flow, 3.13.6-l
with prescribed material flow, 3.13.5-l/3.15.5-5

as type of heat exchange equipment, 1.1.5-3
Drying, combined heat and mass transfer in, 2.1.6-l/2.1.6-2
Drying loft, 3.13.2-3
Drying plant (see Dryers)
Drying rates, prediction of, 3.13.4-l/3.13.4-5
Dryout:

introduction, 2.7.3-2
as mechanism for critical heat flux: of liquid film,

2.7.3-2212.1.3-30
under a vapor clot, 2.7.3-22

(See also Critical heat flux)
Ductile fracture as failure mode of heat exchanger, 4.1.1-3
Ducts, single-phase fluid flow and pressure drop in,

2.2.2-112.2.2-25
circular pipes, fully developed flow, 2.2.2-l/2.2.2-7
compressible flow in, 2.2.2-12/2.2.2-14
curved ducts, 2.2.2-1412.2.2-17
developing flow in, 2.2.2-10/2.2.2-l 1
losses in piping components in, 2.2.2-14/2.2.2-20
noncircular ducts, fully developed flow, 2.2.2-712.2.2-10
unstead flow in, 2.2.2-14

Durand correlation for heterogeneous conveyance in solid/liquid
flow, 2.3.4-6

E
E-type shells in shell-and-tube heat exchangers:

recommended calculation methods for pressure drop and heat
transfer in, 3.3.1-l/3.3.10-8

temperature difference correction (F) and &NTU  charts for,
1.5.2-5/1.5.2-10

Edcert  number, 2.2.1-11
Eddy viscosity:

definition, 2.2.2-2
relation to mixing length, 2.2.24

Edwards, D. K., 2.9.1-l/2.9.8-12,55.5-l/5.5.54
EEC code for thermal design of heat exchangers, 4.3.1-3
Effective thermal conductivity of fixed beds, 2.8.1-l/2.8.1-14,

2.8.2-212.8.2-5
Effective tube length in shell-and-tube heat exchangers, 3.3.5-17
Effectiveness of a heat exchanger, defmition, 1.2.4-3,2.1.2-2
Efficiency of fins, 2.5.3-612.5.3-7
Elastic analysis, in mechanical design, 4.1.2-11
Elastic properties of solids:

anelasticitydamping capacity, 5.4.5-5
anisotropy, 5.4.5415.4.5-5
introduction to, 5.45-l -
isotropic materials, 5.4.5-315.454
static and dynamic properties, 5.4.5-2
stress-strain curve, 5.4.5-2/5.4.5-3
tables of, 5.5.8-115.5.8-3

Electric fields, effect on properties of rheologically  complex
materials, 5.3.8-l/5.3.8-2

Electromagnetic theory of radiation, 2.9.2-7/2.9.2-10

Electrostatic fields in augmentation of heat transfer,
25.11-3/2.5.114,2.5.11-g/25.11-9,2.7.9-4

Elhadidy relation between heat and momentum transfer, 1.2.36
Embedding methods for radiative heat transfer in nonisothermal

gases, 2.9.7-l/2.9.1-8
Emission of thermal radiation, in solids, 2.9.2-l/2.9.2-3

characteristics of, 2.9.2-l/2.9.2-2
measurement of, 2.9.2-3

Emissivity:
of gaseous combustion products, 3.11.34
of gases, 2.9.5-l/2.9.5-13

table, 5.5.5-115.5.54
of solids, 5.4.4-115.4.4-6
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
tables, 5.5.7-1155.7-3
total, of solids, table, 3.11.3-6

EMTD (effective mean temperature difference) in air-cooled heat
exchangers, 3.8.54/3.8.5-5

Enclosures:
annuli, free convective heat transfer in: horizontal,

2.5.8-1412.5.8-16
vertical (heated on vertical curved surfaces),

2.5.8-1312.5.8-14
concentric spheres, free convective heat transfer in, 2.5.8-16
free convection heat transfer in, when heated from below,

2.5.8-312.5.8-6
critical Rayleigh number, 2.5.8-3/2.5.8-6
heat transfer rates, 2.5.8-6
modes of circulation, 2,5.8-6

honeycombs, free convective heat transfer in,
2.5.8-2012.5.8-23

horizontal cylinders, free convective heat transfer inside,
2.5.8-14

inclined, free convective heat transfer in, 2.5.8-17/2.5.8-20
large aspect ratios, 2.5.8-17/2.5.8-19
moderate aspect ratios, 2.5.8-20

rectangular, free convective heat transfer in, when heated
from the sides, 2.5.8-6/2.5.8-13

flow patterns in, 2.5.8-612.5.8-8
large aspect ratios, 2.5.8-g/2.5.8-10
with local heating, 2.5.8-13
low aspect ratios, 2.5.8-10/2.5.8-13

Energy, internal (see Specific internal energy)
Energy equation:

in boundary layers, 2.2.1-18
in compressible duct flow, 2.2.2-12
differential form in single-phase flow, 2.2.1-5/2.2.1-7
in gas-liquid flows, 2.3.2-8/2.3.2-g

homogeneous flow, 2.3.2-8
separated flow, 2.3.2-812.3.2-g

in heat exchangers, 1.2.6-2/1.2.6-3
integral form in single-phase flow, 2.2.1-3
in multiphase flows: homogeneous, 2.3-l-5/2.3.1-6

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Enhancement devices:
for condensation, 2.6.6-l/2.6.64
for single-phase heat transfer, 2.5.11-l/2.5.11-12

Enhancement of heat transfer (see Augmentation)
Enlargements in pipes:

single-phase flow and pressure drop in, 2.2.2-17/2.2.2-19
diffusers, 2.2.2-1712.2.2-19
sudden enlargements, 2.2.2-19
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Enlargements in pipes (Cont.):

twophase flow and pressure drop in, 2.3.2-15/2.3.2-16
slow change, 2.3.2-15/2.3.2-16
sudden enlargement, 2.3.2-16

Enthalpy:
changes in streams in heat exchangers, 1.2.4-l/1.2.4-2
of saturated liquids and vapors, 55.1-l/5.5.1-40
(See also Specific enthalpy)

Enthalpy balance equations for cooling towers, 3.12.2-5
Entrainment in annular gas-liquid flow, 2.3.2-l 1, 2.7.3-24
Entrance effects in heat and mass transfer:

comparison of laminar and turbulent flows, 2.1.7-l/2.1.7-2
in turbulent flow heat transfer, 2.5 .l-7

Entrance lengths, hydrodynamic in pipe flow, 2.2.2-10/2.2.2-11
Entrance losses for tube inlet in shell-and-tube heat exchanger,

2.2.1-712.2.7-g
Entropy (see Specific entropy)
Elitvos number:

in bubble departure, 2.7.1-8
definition, 2.3.2-19

Equations of state:
Benedict-Webb-Rubin, 5.2.2-3
Peng-Robinson, 5.1.24
Redlich-Kwong, 5.1.24
Redlich-Kwong-Soave, 5.1.24
van der Waals, 5.1.2-3/5.1.2-4

Equilibrium interphase:
in binary and multicomponent mixture, 2.7.6-l/2.7.64,

5.2.1-l/5.2.1-8
hydrocarbon phase behavior, 5.2.1-3/5.2.1-5
in mixtures of undefined components, 5.2.1-5/5.2.1-g
nonhydrocarbon phase behavior, 5.2.1-5
vapor-liquid, 5.2.1-2/5.2.1-3

introduction, 1.2.1-3
metastable and stable, 2.7.1-1

Equilibrium vapor nucleus, 2.7.1-3
Equivalent sand roughness, 2.2.1-29/2.2.1-30
Ergun equation, for pressure drop in fixed beds,

2.2.5-2
Ethane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of, 5.5.2-2

Ethanol:
critical heat flux table for flow boiling of in vertical tube,

2.7.3-29
saturation properties of, 5.5.1-18

Ethyl acetate saturation properties, 5 5 .l-25
Ethyl benzene saturation properties, 5 5 .l-14
Ethyl ether saturation properties, 5 5.1-23
Ethylene:

saturation properties of, 5.5.1-15
superheated gaseous, thermodynamic properties, 5.5.2-3

Ethylene oxide saturation properties, 5.5.1-24
Euler number:

definition, 2.2.1-11
effect of roughness on, in flow over tube banks,

2.2.4-1412.2.4-15
in flow over tube banks, 2.2.4-512.2.4-12

European Economic Community (see EEC code for thermal
design of heat exchangers)

Eutectic mixtures, condensation of forming immiscible liquids,
2.6.4-212.6.4-3

Evaporation:
flow regimes in, 2.3.2-6/2.3.2-7
at an interface, 2.7.1-2

interfacial  resistance in, 2.1.7-8
introduction to, 2.1.7-6/2.1.7-8
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
in plate heat exchangers, 3.7.12-1
(See also Boiling)

Evaporative coolers, 3.12.54/3.12.5-5
Evaporators:

arrangements for, 3.5.3-l/3.5.3-2
flash evaporation, 3.5.3-2
multiple effect, 3.5.3-l/3.5.3-2
vapor recompression, 3.5.3-2

choice of type of, 3.5.5-l/3.55-2
concentration, 3.5.5-113.5.5-2
crystallization, 3.5.5-2
vaporization, 3.5.5-l

design aspects, 3.5.4-l/3.5.4-2
condensers for, 3.5.4-2
desuperheaters for, 3.5.4-2
hot fluid space in, 3.5.4-1
separators for, 3.5.4-l/3.5.4-2

estimation of heat transfer coefficients in, 3.5.7-l/3.5.7-3
estimation of pressure drop and circulation in, 3.5.6-1
estimation of surface area in, 3.5.8-1
introduction to, 3.5.1-l
as type of heat exchanger, 1.1.5-2
types, 3.5.2-l/3.5.2-7

basket type, 3.5.2-l/3.5.2-3
climbing fti, 3.5.24
falling film, 3.5.24/3.5.2-5
horizontal shell side, 3.5.2-l
horizontal tube side, 3.5.2-513.5.2-6
long-tube vertical, 3.5.2-3/3.5.24
plate-type, 3.5.2-6
short-tube vertical, 3.5.2-l

Exit losses for tubes in shell-and-tube exchanger, 2.2.7-8
Expansion joints, mechanical design of:

basic principles of, 4.1.6-1
constructional details of, 4.2.6-10/4.2.6-l 1

Expansion of tubes into tube sheets:
explosive, 4.2.6-7
roller, 4.2.6-614.2.6-7

Explosive welding of tubes into tube sheets, 4.2.6-8/4.2.6-10
Extended surfaces (see Fins)
Externally induced convection, in kettle reboilers, 3.6.2-3
Extinction coefficient, 2.9.5-l
Extinction efficiency, 2.9.5-l
Extruders, heat transfer in, 3.14.3-5/3.14.3-6
Eyring fluid (non-Newtonian), 2.2.8-7

F
F-correction method:

application to single-pass cocurrent  and countercurrent flow
exchangers, 1.3.1-2/1.3.14,1.5.2-l/1.5.2-2

F-factor charts and equations for various heat exchanger
configurations, 1.5.2-2/1.5.3-12

crossflow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, one pass, unmixed, 1.5.3-7
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 15.34
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
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F-correction method, F-factor charts and equations for various
heat exchanger configurations, crossflow (Cont.):

two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two tube passes, unmixed, 1.5.3-9

double-pipe heat exchangers, 3.2.34/3.2.3-5
E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells  in series, 1.5.2-8
Gshell, even number of tube passes, 1.5.2-l 3
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
single pass cocurrent,  1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells  in series, 1.5.2-7
two E-shells in series, 1.5.26

for calculation of heat exchangers, 1.2.44, 1.5.1-l/1.5.3-12
F-factor method:

for temperature difference (see F-correction method)
tong, for critical heat flux with non-uniform heat flux,

2.7.3-1912.7.3-20
F-type shells:

calculation of heat transfer and pressure drop in, 3.3.1 l-2
discussion of, 3.3.4-3
thermal leakage in, 1.5.2-14/1.5.2-15

Failure modes of heat exchangers, 4.1.1-3/4.1.1-5
corrosion and other damage mechanisms, 4.5.3-l/45.3-7
ductile fracture, 4.1.1-3
high strain fatigue, 4.1.1-5
incremental collapse, 4.1.1-3/4.1-l-5

Falling film evaporator:
description of, 3.5.2413.5.2-5
mass transfer in, 2.1.7-8

Fanning friction factor (see Friction factor)
Fanno flow, 2.2.2-13
Fans in air-cooled heat exchangers:

drive design, 3.8.7-2,4.4.1-4/4.4.1-6
noise emission, 3.8.9-l
power consumption, 3.8.1-113.8.7-2
selection and sizing, 3.8.7-l

Fatigue as failure mode of a heat exchanger, 4.1.1-5,
4.5.3-2/4.5.3-3,4.6.1-2

Ferritic stainless steels, as material of construction,
4.5.2-314.5.24

Fick�s law for diffusion, 2.1.1-2
extensions to multicomponent system, 2.1.5-I
limitations in, 2.1.1-l/2.1.1-4

Film boiling:
in axial flow reboilers, 3.6.2-9
in cross flow over single cylinder, 2.7.5-3/2.7.54
in forced convective boiling on vertical surfaces,

2.7.3-3012.7.3-31
vertical flat plate, 2.7.3-3012.7.3-31
vertical rod, 2.7.3-31

in kettle reboilers, 3.6.2-5
in pool boiling, 2.7.2-1412.7.2-15

Film cooler, approximate overall heat transfer coefficients in,
2.1.24

Film temperature, definition of for turbulent flow over flat
plate, 2.2.1-29

Films in heat exchangers, 1.1.4-2
Filmwise condensation:

description of, 2.6.1-1
of pure vapors, 2.6.2-l/2.6.2-19

inside horizontal tubes. 2.6.2-1212.6.2-M
outside horizontal tubes, 2.6.2-g/2.6.2-12
interfacial resistance in, 2.6.2-15
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with liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-2, 2.6.2-9

Finite difference equations:
application to natural convection in enclosures, 2.5.8-8
for flow pattern calculation, 1.4.2-l/1.4.24
for heat exchangers, 1.4-l-3/1.4.14

Finned-tube banks (see Tube banks finned)
Fins:

application in enhancement of boiling heat transfer,
2.7.9-112.7.94

as augmentation devices, 2.5.1 l-2
in condensation, 2.6.6-212.6.6-3
internally finned tubes, 2.5.11-5/2.5.11-6,2.6.6-2/2.6.6-3
in natural convection, 25.1 l-3/2.5.11-4

on cylinders in tube banks: pressure drop in,
2.2.4-1312.2.4-14

effect on flow over cylinders, 2.2.3-612.2.3-7
free convective heat transfer from, 2.5.7-25
longitudinal (straight): application in double-pipe heat

exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.1-113.2.6-2

low finned tubes: applications in shell-and-tube heat
exchangers, 3.3.11-2/3.3.114

correlation for single-phase heat transfer in flow over,
2.5.3-12/2.5.3-13

use in boiling augmentation, 2.7.9-l/2.7.9-2
radiating, 2.9.84/2.9.8-6
single-phase forced convective heat transfer to banks of tubes

with, 2.5.3-612.5.3-16
efficiency of fins in, 2.5.3-6/2.5.3-11
experimental data compared with correlations for,

2.5.3-13/2.5.3-15
heat transfer correlations for high fms, 2.5.3-11/2.5.3-12
heat transfer wrrelations for low fins, 2.5.3-12/2.5.3-13

types, in heat exchangers, 1.1.4-l
types used in air-cooled heat exchangers, 3.8.3-l/3.8.3-3

Fire-tube boiler, 3.11.2-3
Fired heaters, 3.11.2-l/3.11.2-2
Firsova,  E. V., 2.5.13-l/2.5.134
Fittings, pipe (see Piping wmponents)
Fixed beds:

characteristics of packings in, 2.2.5-2
heat transfer in, with gas flowing through, 2.8.2-l/2.8.2-7,

2.8.3-l/2.8.3-3
contact area resistance in, 2.8.3-2
effective thermal conductivity in, 2.8.2-2/2.8.2-5
fluid-to-particle heat transfer in, 2.5.4-l/2.5.4-6
heat transfer fromwahsof,  2.8.2-5/2.8.2-7,2.8.3-l/2.8.3-3
molecular gas conduction influence in, 2.8.3-l/2.8.3-2
onedimensional temperature fiild in, 2.8.2-7
radiative heat transfer in, 2.8.3-2
twodimensional temperature field in, 2.8.2-l/2.8.2-2

heat transfer in stagnant (with no flow through),
2.8.1-l/2.8.1-14

effective thermal conductivity of, 2.8.1-3/2.8.1-5
heat transfer coefficient from walls  to, 2.8.1-5/2.8.1-10
onedimensional temperature field in, 2.8.1-10/2.8.1-14
two-dimensional temperature field in, 2.8.1-l/2.8.1-2

non-uniform heat transfer in, 2.1.4-3/2.1.44
single-phase flow and pressure drop in, 2.2.5-l/2.2.5-5
voidage  in, 2.2.5-l

Fixed tubesheet, shell-and-tube exchangers:
comparison of codes, 4.3.4-2
mechanical features, 4.2.3-l/4.2.34

Flanges, mechanical design of in heat exchangers:
basic principles, 4.1.7-l/4.1.7-2
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Flanges, mechanical design of in heat exchangers (Cont.):
comparison of codes, 4.3.4-2/4.3.4-3
constructional features, 4.2.6-314.2.6-5
index to U.S., U.K., and F.R.G. codes, 4.3.2-514.3.2-7

Flash evaporation, 3.5.3-2
Flat absorber of thermal radiation, 2.9.2-15
Flat plate:

free convective heat transfer on: inclined and horizontal
plates, 2.5.7-1312.5.7-19

vertical plates, 2.5.7-212.5.7-13
laminar  flow along, 2.2.1-22/2.2.1-24

effect of buoyancy forces, 2.2.1-24
effect of density-viscosity function, 2.2.1-22
effect of Mach number, 2.2.1-23
effect of Prandtl number, 2.2.1-23
effect of suction or injection, 2.2.1-23
effect of wall temperature, 2.2.1-22
effect of wall temperature distribution, 2.2.1-23/2.2.1-24
higher order effects, 2.2.1-24
reference temperature, 2.2.1-23

single-phase forced convective heat transfer in, 2.5.2-l/2.5.2-3
transition flow along, 2.2.1-2412.2.1-25

effect of outer flow turbulence, 2.2.1-24
effect of pressure gradient, 2.2.1-24
heat transfer in, 2.2.1-25
suction on blowing effect, 2.2.1-25
surface roughness, 2.2.1-25

turbulent flow along, 2.2.1-29/2.2.1-30
effect of suction or injection, 2.2.1-30
heat transfer on, 2.2.1-29/2.2.1-30
Mach number effect on, 2.2.1-30
skin friction on, 2.2.1-29

Flat reflector of thermal radiation, 2.9.2-14
Floating head designs for shell-and-tube heat exchangers:

analytical basis for codes for, 4.3.3-l
comparison of codes for, 4.3.4-2
detailed constructional features, 4.2.3414.2.3-7

outside packed type, 4.2.3-7
packed-lantern ring type, 4.2.3-5/4.2.3-6
pull through type, 4.2.3-5
split backing ring type, 4.2.34/4.2.3-5

discussion, 3.3.5-12/3.3.5-13
example of calculation of heat exchanger mechanical de&n

with, 4.3.6-l/4.3.6-23
flanges in, 4.2.6-3
mechanical design of: basic principles of, 4.1.4-2/4.1.4-4

Flooding phenomena:
in gas-liquid flow in vertical tubes, 2.3.2-2112.3.2-23
in reflux condensation, 2.6.2-712.6.2-9,  3.4.3-213.4.3-3
Pushkina and Sorokin correlation for, 2.3.2-22
as source of critical heat flux limitation in countercurrent

flow: in tube banks, 2.7.5-5/2.7.5-6
in tubes, 2.7.3-26

Wallis  correlation for, 2.3.2-22, 2.6.2-8
Flow distribution in plate heat exchangers, 3.7.6-2,

3.7.8-3/3.7.84,4.4.3-3
Flow-induced vibration, 4.6.1-l/4.6.6-3

design considerations, 4.6.6-l/4.6.6-3
introduction, 4.6.1-l/4.6.1-2

sources of damage by, 4.6.1-l/4.6.1-2
prediction procedure, 4.6.5-l/4.65-2
shell-side velocities causing, 4.6.3-l
tube bundle vibration characteristics, 4.6.2-l/4.6.24

amplitude of vibration, 4.6.24
damping, 4.6.24
finned-tube natural frequencies, 4.6.2-3

span lengths, 4.6.2-3
straight tube natural frequencies, 4.6.2-l/4.6.2-3
U-bend tube natural frequencies, 4.6.2-3

vibration phenomena, 4.6.4-l/4.6.4-4
acoustic vibration, 4.6.4-3/4.6.44
combined phenomena, 4.6.44
fluid elastic whirling, 4.6.4-2
parallel flow eddy formation, 4.6.4-3
turbulent buffeting, 4.6.4-2
vortex shedding, 4.6.4-l/4.6.4-2

Flow patterns (see Flow regimes)
Flow quality (see Quality)
Flow regimes:

in combined free and forced convection in channels:
circular pipes, 2.5.10-l/2.5.10-2
rectangular channels, 2.5.10-l 1

in combined free and forced convection around immersed
bodies, 2.5.9-l/2.5.9-4

in condensation forming immiscible liquids, 2.6.4-2
in fixed beds, 2.8.2-2
in fluidtied  beds, 2.2.6-1, 2.2.6-3
in gas-liquid flow, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
inclined tubes, 2.3.2412.3.2-5
shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6,  3.4.7-2
systems with phase change, 2.3.2-612.3.2-7
vertical tubes, 2.3.2-112.3.2-2

influence of free convection on, in horizontal pipe flow,
2.2.2-6

in natural convection in enclosures, 2.5.8-6/2.5.8-8
in single-phase flow in tube banks, 2.2.4-l/2.2.4-3
in single-phase flow over immersed bodies:

boundary layer regime, 2.2.3-l/2.2.3-2
over circular cylinders, 2.2.3-3
over noncircular cylinders, 2.2.3-612.2.3-7

in solid-gas flow, 2.3.3-2
Fluid elastic instability as source of flow-induced vibration,

4.6.4-2
Fluid elastic whirling (see Fluid elastic instability as a source of

flow induced vibration)
Fluid mechanics, Eulerian formulation for, 2.2.1-1
Fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.5-6
Fluidized bed dryer:

description, 3.13.24
practical design, 3.13.7-2

Fluidized bed gravity conveyors, 2.3.3-712.3.3-g
Fluidized beds:

bed-to-immersed tube heat transfer in, 2.8.4-612.8.4-7
bed-to-wall heat transfer in, 2.8.4-l/2.8.4-8

interphase gas convective component, 2.8.4-3
particle convective component, 2.8.4-2/2.8.4-3
predictive methods for, 2.8.44/2.8.4-6
radiative component, 2.8.4-3

fluid-to-particle heat transfer in, 2.5.5-l/2.55-6
introduction, 2.5.1-l/2.5.5-2
low Peclet numbers, 2.5.3-3/2.5.36
recommended equations, 2.5.5-212.5.5-3

single-phase fluid flow and pressure drop in, 2.2.6-l/2.2.6-9
local structure in, 2.2.6X1/2.2.6-8
minimum velocity for fluidization in, 2.2.6-2/2.2.6-3
pressure drop, 2.2.6-2
state diagram for, 2.2.6-2/2.2.6-3
types of fluidization, 2.2.6-l/2.2.6-2

use in augmentation of heat transfer, 2.5.1 l-8
Fluids:

models for, 2.2.1-7/2.2.1-10

0 1983 Hemisphere Publishing Corporationr 1ND4L A



I-14 HEAT EXCHANGER DESIGN HANDBOOK / Index

Fluids, models for (Cont.):
calorifically  perfect, 2.2.1-8
constant density, 2.2.1-812.2.1-g
continuum, 2.2.1-l
perfect gas (ideal gas), 2.2.1-7/2.2.1-8
small density variation, 2.2.18

physical properties: mixtures of fluids, 5.2.1-l/5.25-5
pure fluids, 5.1.1-l/5.1.5-3
rheologically  complex, 5.3.1-l/5.3.8-3
tables, 5.5.1-l/5.5.54

Fluorine saturation properties, 5.5.1-32
Fluted tubes, application in evaporators, 2.7.9-3
Flux method, for modeling radiation in furnaces, 3.11.7-5
Flux relationships in heat exchangers, 1.2.2-l/1.2.2-4
Fog formation (see Fogging in condensation)
Fogging in condensation, 2.6.7-l/2.6.74

design to minimize, 2.6.7-3, 3.4.5-2
effects of, 2.6.7-3, 3.4.5-2
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Forced convection heat transfer, single-phase (see Convection
heat transfer)

Forced convective boiling (see Boiling)
Forced flow reboilers:

characteristics, advantages, and disadvantages of, 3.6.1-5
heat transfer characteristics of, 3.6.2-6/3.6.2-10

Forster and Zuber correlation for nucleate boiling, 2.7.24
Fouling:

in double-pipe heat exchangers, 3.2.6-l
in evaporators, 3.5.7-l/3.5.7-2
influence in selection of reboiler type, 3.6.16
numerical methods in the prediction of, 1.4.24
in plate heat exchangers, 3.7.9-l
in reboiler design, 3.6.4-l/3.6.4-2

fouling resistances in reboilers, 3.6.4-2
in shell-and-tube heat exchangers, 3.3.4-5, 3.3.5-14/3.3.5-15

as limiting factor in design, 3.3.10-7/3.3.10-8
as source of damage, 4.5.3-S

Four phase flows, examples, 2.3.1-2
Fourier law for conduction, 2.1.1-2,2.4.1-l

limitations in, 2.1.1-l/2.1.14
Fourier number (Fo):

defmition, 1.2.3-5, 2.1.3-2
in packed beds, 2.8.3-l/2.8.3-3
in solidification and melting, 2.4.4-l/2.4.4-2
in transient conduction, 2.4.3-l/2.4.3-7

Frames for plate heat exchangers, 4.4.2-5/4.4.2-7
France, guide to national practice for mechanical design, 4.3.5-6
Free convection:

augmentation of heat transfer in: active systems for, 2.5.114
passive systems for, 2.5.11-3

combined with forced convection (see Combined free and
forced convection)

effect on laminar flow heat transfer in channels,
2.5.1412.5.1-5

effect of, on single-phase flow in vertical ducts, 2.2.2-l 1
heat transfer around immersed bodies, 2.5.7-l/2.5.7-3  1

generalized solutions for, 2.5.7-25/2.5.7-28
horizontal cylinders, 2.5.7-20125.7-23
inclined and horizontal surfaces, 2.5.7-1312.5.7-19
open ended channels, 2.5.7-19/2.5.7-20
other shapes, 2.5.7-25
s p h e r e s ,  2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7-2312.5.7-24
vertical plates, 2.5.7-212.5.7-13
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influence on friction factor in circular pipe flow,
2.2.2-512.2.2-7

in layers and enclosures, 2.5.8-l/2.5.8-25
circular vertical ammli  heated and cooled on vertical

curved surfaces, 2.5.8-1312.5.8-14
concentric spheres, 2.5.8-16
enclosures heated from below, 2.5.8-3
honeycombs, 2.5.8-2012.5.8-23
horizontal annuli, 2.5.8-14/2.5.8-16
horizontal cylinders, 2.5.8-14
inclined enclosures, 2.5.8-17/2.5.8-20
infinite horizontal layers, 2.5.8-l/2.5.8-3
rectangular enclosures heated and cooled on the sides,
2.5.8-612.5.8-13

occurrence in flow in horizontal circular pipe, Metais and
Eckert diagram for, 2.2.2-6

Free-fall velocity of particles, 2.3.3-3
Free molecule conditions, maximum shear stress, heat flux, and

mass flux in, 2.1.1-2
Free-stream turbulence, effect on flow over cylinders, 2.2.3-6
Freeze protection of air-cooled heat exchangers, 4.4.1-l/4.4.1-2,

4.4.1-7
Fresnel relations in reflection of radiation, 2.9.2-9
Fretting corrosion, 4.5.3-2
Friction coefficient (see Friction factor)
Friction factor:

in circular pipe flow, 2.2.2-l/2.2.2-2
definition, 2.2.2-l
Moody chart for, 1.2.3-3,2.2.2-2

definition, 1.2.3-2
in fiied beds, 2.2.5-3
in flow over tube banks, 3.3.7-l/3.3.74
interfacial, 2.3.2-2112.6.26
liquid film, 2.3.2-10
in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
on the shell side of double-pipe heat exchangers,

3.2.3-513.2.3-6
of solid in solid gas flow, 2.3.3-512.3.3-7

definition, 2.3.3-5
in horizontal pneumatic conveyance, 2.3.3-S/2.3.3-6
in vertical pneumatic conveyance, 2.3.3-5

in systems with heat transfer augmentation: coiled tubes,
2.5.11-7

internally finned tubes, 2.5.1 l-6
roughened surfaces, 2.5.1 l-2/25.11-5
twisted tape systems, 2.5.11-7

Friction multipliers in gas-liquid flow:
correlation for: in singularities, 2.3.2-15/2.3.2-18

in straight channels, 2.3.2-g/2.3.2-12
defmition, 2.3.2-9

Friction velocity definition, 2.2.1-25
Frictional pressure drop (see Pressure drop)
Friedel correlation for frictional pressure gradient in straight

channels, 2.3.2-11
Froude number:

definition, 1.2.3-5,  2.2.1-l 1
in fluidized beds, 2.2.6-212.2.6-3

Fuels, properties of, 3.11.3-2/3.11.3-3
Fugacity, 5.2.1-2
Furnaces:

advanced modelsfor, 3.11.7-l/3.11.7-6
in boilers, 3.11.2-2/3.11.2-3
heat transfer in, 3.11.36

heat sink, 3.11.3-3/3.11.36
heat source, 3.11.3-l/3.1  1.3-3
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Furnaces, heat transfer in (Cont.):
heat transfer of the sink, 3.11.3-6
refractory surfaces, 3.11.3-6

introduction, 3.11.1-1
multizone model for, 3.11.6-l/3.11.64
plug flow model for, 3.11.5-l/3.11.5-2
in process heaters, 3.11.2-l/3.11.2-2
radiation characteristics of row of cylinders backed by

refractory wall in, 2.9.3-12/2.9.3-13
stirred reactor model for, 3.11.4-l/3.1  1.4-6
as type of heat exchange equipment, 1.15-3

G
G-type shells in shelf-and-tube heat exchangers:

description, 3.3.4-3
temperature difference correction factor (fl and 0-NTU

chart for, 1.5.2-13
Galileo number, 2.2.1-11

in bubble rise in liquids, 2.3.2-19
Gas heater, approximate overall heat transfer coefficients in,

2.1.2-3
Gas-liquid flows:

applications of one-dimensional equations, 2.3.2-712.3.2-18
conservation equations, 2.3.2-8/2.3.2-g
correlation for void fraction, 2.3.2-13/2.3.2-15
frictional pressure drop in straight channels,

2.3.2-912.3.2-12
pressure changes across singularities, 2.3.2-15/2.3.2-18
pressure drop in heat exchangers, 2.3.2-12/2.3.2-13

critical two-phase flow, 2.3.2-2612.3.2-29
flow patterns in, 2.3.2-112.3.2-7

horizontal tubes, 2.3.2-212.3.24
shell-and-tube heat exchangers, 2.3.2-512.3.26
in systems with phase change, 2.3.2-6/2.3.2-7
inclined tubes, 2.3.24/2.3.2-5
vertical tubes, 2.3.2-l/2.3.2-2

hydrodynamics of specific flow regimes (horizontal),
2.3.2-2312.3.2-26

annular flow, 2.3.2-2512.3.2-26
slug  t-low, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

hydrodynamics of specific flow regimes (vertical),
2.3.2-1812.3.2-23

annular flow, 2.3.2-1912.3.2-21
bubble flow, 2.3.2-1812.3.2-19
counter-current flow and flooding, 2.3.2-2112.3.2-23
plug-slug flow, 2.3.2-19

in plate heat exchangers, 3.7.12-1
Gas-solid flow (see Solid-gas flow)
Gas sparging, for agitation of vessels:

description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3

Gaseous fuels, properties of, 3.11.3-2
Gases:

as constituent of multiphase flows, 2.3.1-2
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
diffusion coefficients in, 5.2.5-3/5.2.5-4
emissivity of, 2.9.5-l/2.9.5-13

table of, 5.5.5-115.5.5-4
emissivity of combustion product mixtures of, 3.11.34,

5.5.5-315.5.5-4
isothermal, radiative heat transfer in, 2.9.6-l/2.9.6-9

nonisothermal, radiative heat transfer in, 2.9.7-l/2.9.7-13
P-?-T  relationships for, 5.1.2-l/5.1.24
radiation properties, 2.9.5-l/2.9.5-12

equation of transfer for, 2.95-112.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.954
molecular, 2.95-812.9.5-11
physics of, 2.9.54
spectral, band and total property definition,

2.9.5412.9.5-8
superheated, thermodynamic properties of, tables,

5.5.2-115.5.2-11
thermodynamic properties, 5.1.3-l/5.1.3-7
transport properties, 5.1.3-l/5.1.3-7

Gasketed plate heat exchangers (see Plate heat exchangers)
Gaskets:

for flanges in shell-and-tube heat exchangers, 4.2.6-314.2.64
for graphite block exchangers, 4.4.44
in plate heat exchangers, design and properties,

4.4.2414.4.2-5
Geometric optics models for radiative heat transfer from surfaces,

2.9.4-8
Germany, Federal Republic of, mechanical design of heat

exchangers in:
guide to national practice, 4.3.54
index to Merkblatter code, 4.3.2-114.3.2-l 1

Gersten, K., 2.2.1-112.2.3-g
Gibbs phase rule, 5.2.1-1
Girth flanges, in shell-and-tube heat exchangers:

analytical basis for code for, 4.3.3-2
constructional details of, 4.2.6-3

Gn (heat generation number), 2.5.126
Gnielinski, V., 2.5.1-112.5.4-6
Goodness factor, as a basis for comparison of plate fin heat

exchanger surfaces, 3.9.7-l/3.9.7-3
Goody narrow band model for gas radiation properties, 2.9.5-5
Graetz number:

definition, 1.2.3-5,2.1.3-2
in non-Newtonian flows, 2.5.12-612.5.12-7

Graetz problem (see NusseltCraetz  problem)
Graphite, density of, 5.4.1-1
Graphite block heat exchanger, 4.4.44
Grashof number, 1.2.34,2.2.1-11,  2.2.2-6

in free convection over immersed bodies, 2.5.7-2
Gravitational acceleration, effect in pool boiling, 2.7.2-9
Gravity conveyor:

air-activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-g

Gregorig effect in enhancement of condensation, 2.6.6-l/2.6.6-2
Griffith, P., 2.6.5-l/2.6.54
Groeneveld correlation for postdryout heat transfer, 2.7.3-3 1
Groeneveld and Delorme correlation for postdryout heat transfer,

2.7.3-3212.7.3-33
Group contribution parameters tables, 5.5.4-10
Guerrieri and Talty correlations for forced convective heat

transfer in two-phase flow, 2.7.3-8
Guldberg�s rule for critical temperature, 5.1.1-l
Guy, A. R., 3.2.1-113.2.6-2

H
Hagen-Poseville  law, 2.1.1-2, 2.2.2-1, 2.2.2-3
Hagen-Rubens relation, between electrical and optical constants,

2.9.2-10
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Hampson coils (see Helical coils)
Handley and Heggs equation for fixed bed pressure drop, 2.2.5-3
Harris, D., 4.3.6-l/4.3.6-23
Hausen equation for developing laminar flow, 25.1-2
Headers in shell-and-tube heat exchangers, 2.2.7-l/2.2.7-2

inlet distribution header, 2.2.7-512.2.7-6
outlet combining headers, 2.2.7�6/2.2.7-7
tube entry/exit pressure loss, 2.2.7-712.2.7-8

Heads, in heat exchangers:
analytic basis for codes, 4.3.3-l
constructional features of affecting mechanical design,

4.2.6-l/4.2.6-2
index of U.K., U.S.A., and F.R.G. codes for, 4.3.2414.3.2-s
mechanical design of, 4.1.8-1
types of, in shell-and-tube exchangers, 4.2.4-l/4.2.4-2

bolted channel, 4.2.4-l
bolted cone, 4.2.4-2
Bonnett type, 4.2.4-114.2.4-2
high pressure, 4.2.4-214.2.4-3
welded channel, 4.2.4-l

Heat and mass transfer:
combined, 2.1.6-l/2.1.6-4

in condensation, 2.1.6�2/2.1.64
in cooling towers, 3.12.2-l/3.12.2-3
in drying, 2.1.6-l/2.1.6-2
in heat exchangers, 1.1.2-1, 1.2.2-311.2.24
in single-phase free convection, 2.5.7�1212.5.7�13

relations between, 1.2.3-611.2.3-7
state of the art, 2.1.7-l/2.1.7-8

Heat capacity (see Specific heat capacity)
Heat conduction (see Conduction, heat)
Heat exchanger design, introduction, 3.1.1-l/3.1.4-9

approximate sizing of shell-and-tube heat exchangers,
3.1.4-l/3.1.4-9

basic design equation, 3.1.4-1
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference,

3.1.4-213.1.4-3
estimation of overall heat transfer coefficient,

3.1.4�313.1.4-6
estimation of surface area, 3.1.4-6/3.1.4-7
example, 3.1.4-713.1.4-g

fundamental concepts, 3.1.1-l/3.1.1-3
basic design equation, 3.1.1-2
heat transfer coefficients, 3.1.1-1
mean temperature difference, 3.1.1�213.1.1-3

logic of the design process, 3.1.3-l/3.1.34
criteria for successful design, 3.1.3-l/3.1.3-2
relationship among selection rating and design,

3.1.3�2/3.1.34
simplified example of design modification algorithm for

computer, 3.1.3-313.1.34
types of heat exchangers and their applications,

3.1.2-l/3.1.2-6
air-cooled, 3.1.2413.1.2-5
double-pipe, 3.1.2-l/3.1.2-2
mechanically aided, 3.1.2-5
plate fin or matrix, 3.1.2-5
plate heat, 3.1.2-313.1.24
shell-and-tube, 3.1.2-213.1.2-3

Heat exchangers:
agitated vessels, 3.14.1-l/3.14.3-8
air-cooled, thermal design, 3.8.1-l/3.8.94
condensers, 3.4.1-1/3.4.9-S
corrosion and other damage, 4.5.3-l/4.5.3-7
costing, 4.8.1-l/4.8.4-2

an-cooled, 4.8.3-l/4.8.3-3
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

definitions and quantitative relationships, 1.2.0-l/1.2.6-7
balance equations for equipment, 1.2.4-l/1.2.4-7
differential equations for streams in, 1.2.5-l/1.2.5-3
flux relationships, 1.2.2-l/1.2.24
partial differential equations for interpenetrating continua

in, 1.2.6-l/1.2.6-7
thermodynamic concepts, 1.2.1-l/1.2.1-3
transfer coefficient dependences, 1.2.3-l/1.2.3-7

description of, 1.1.0-1/1.1.6-l
equipment forms, 1.1.5-l/1.1.5-3
interactions between streams in, 1.1.2-l/1.1.2-2
interfaces between streams in, 1.1.4-l/1.1.4-2
temperature change patterns, 1.1.3-l/1.1.3-2
types of flow configuration, 1.1.1-l/1.1.14
unsteady operation, 1.1.6-1

design, 3.1.1-l/3.1.4-9
double pipe, 3.2.1-l/3.2.6-2

application of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

F-correction method for, 1.2.44, 1.3.1�2/1.3.14
F-factor charts for, 1.5.2�311.5.3-12
gas-liquid pressure drop in, 2.3.2�12/2.3.2-13
liquid metal heat transfer in, 2.5.13�8/2.5.13-4
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: air-cooled, 4.4.1-l/4.4.1-7

basic principles, 4.1.1-l/4.1.8-3
block type, 4.4.44
direct contact, 4.4.4-614.4.4-8
double-pipe, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
example of design, 4.3.6-l/4.3.6-23
heat pipes, 4.4.4-914.4.4-11
helical (Hampson) coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-314.4.44
plate tin heat exchangers, 4.4.3-114.4.3-g
plate heat exchangers, 4.4.2-l/4.4.2-8
scraped surface, 4.4.4-514.4.4-6
shell-and-tube (codes), 4.3.1-1/4.3.5-l
shell-and-tube (construction), 4.2.1-l/4.2.6-13
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-214.4.4-3

numerical solution methods for: with calculation of flow
pattern, 1.4.2-l/1.4.24

with prescribed flow patterns, 1.4.1-l/1.4.1-6
plate fin, 3.9.1-l/3.9.134
plate, thermal design of, 3.7.1-l/3.7.12-2
P-NTU method for, 1.2.4-4/1.2.4-S, 1.3.1-2
pressure drop in headers, nozzles, and turnarounds, 2.2.7-l
radiant, 2.9.84
representation as interpenetrating continua,

1.2.6-l/1.2.6-7
shell-and-tube (single phase), thermal design of,

3.3.1-l/3.3.11-5
.9 method chart for, 1.5.2-l/1.5.3-12
0 method for, 1.2.4-5, 1.3.1�2/1.3.14

Heat generation number (Gn),  2.3.12-6
Heating media, for reboilers, 3.6.2-10
Heat of vaporization, 5.1.3-215.1.34

of commonly used fluids, 5.5.1-l/5.5.140
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Heat pipes:
axial heat transfer and operational envelope for, 3.10.4-l
characteristics of wicks for, 3.10.6-l/3.10.6-2
circulation and axial heat transfer in, 3.10-2-l/3.10.2-3
introduction to, 3.10.1-l/3.10.1-2
mechanical design of exchangers using, 4.4.4-914.4.4-11
selection of working fluid for, 3.10.5-l/3.10.5-2
start-up and control of, 3.10.7-l/3.10.7-2
temperature distribution and radial heat flux in,

3.10.3-l/3.10.3-2
Heat transfer:

analogy with mass transfer, 2.1.5-l/2.1.54
augmentation of (see Augmentation of heat transfer)
in cooling towers, 3.12.2-l/3.12.2-2
enhancement of, (see Augmentation of heat transfer)
in fluidized beds, fluid-to-particle, 25-S2/2.556
in non-uniform systems, 2.1.4-l/2.1.44

in packed beds, 2.1.4-312.1.44
in shell-and-tube heat exchangers, 2.1.4-l/2.1.4-3

single phase convective (see Convective heat transfer, single
phase)

in transition flow over flat plate, 2.2.1-25
in tubes: Colburnj-factor (larninat  and turbulent), 2.1.3-7

correlations for, 2.5.1-l/2.5.1-11
Nusselt numbers for (laminar  and turbulent), 2.1.3-6

in turbulent flow over flat plates, 2.2.1�2912.2.1-30
by radiation (see Radiative heat transfer)

Heat transfer coefficient:
in agitated vessels, 3.14.3-l/3.14.3-8
in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
average and overall values for, discussion, 1.2.4-211.2.4-3
in bed-to-wall heat transfer in fluidized beds, 2.8.4-l/2.8.4-7
in boiling in a vertical tube, 2.7.3-l/2.7.3-37

variation with quality of, 2.7.3-3
in boiling in horizontal tubes, bends, and coils,

2.7.4-112.7.4-7
in boiling of binary and multicomponent mixtures: forced

convective, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in boiling on outside of single tubes and tube banks,
2.75-l/2.7.5-7

in combined free and forced convection: in channels,
2.5.10-l/2.5.10-10

over immersed bodies, 2.5.9-l/25.9-6
in condensation, 2.6.1-2
in double-pipe exchangers, 3.2.3-313.2.3-3
in evaporators, 3.5.6-I/3.5.7-3
in fmed beds: between wall and bed, stagnant (no flow)

conditions, 2.8.1-S/2.8.1-10
particle-to-fluid, 2.5.4-1,2.8.3-l/2.8.3-3

in flow over tube banks, 2.5.3-l/2.5.3-8
in fluidized beds: particle-to-fluid heat transfer,

2.5.5-l/25.5-6
in free convection: in layers and enclosures, 2.5.8-112.5.8-25

over immersed bodies, 2.5.7-112.5.7-31
individual, definition of, 1.2.2-l/1.2.2-2,2.1.2-6

typical values of, 2.1.2-6
internal, use in transient conduction calculations,

2.4.3-712.4.3-8
with liquid metals, 2.5.13-l/2.5.134
local, definition, 2.5.1-1
mean, along duct, 25.1-l
in moving, agitated, and vibrated beds of particles,

2.8.3-312.8.3-g
in non-Newtonian flows, 2.5.12-l/2.5.12-16
numerical calculation of, 1.4.3-311.4.34
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overall definition of, 1.2.2-1/1.2.2-2,2.1.2-l, 3.1.1-1
in various heat exchangers, 2.1.2-312.1.24

in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7-5-l
in pool boiling, 2.7.2-l/2.7.2-17
radiation, 2.9.8-2
in reboilers, 3.6.2-l/3.6.2-10
on the shell side in shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
in single-phase flow in ducts: laminar flow, 25.1�3125.14

turbulent flow, 2.5.1-S/25.1-11
volumetric, 1.1.2-2

Heat transfer regimes:
in boiling in a vertical tube, 2.7.3-2
in free and forced single-phase convection, 2.5.10-2

Heated cavity reflectometer, 2.9.2-7
Heggs, P. J., 2.2.5-l/2.2.5-5
Helical coils:

in agitated vessels, 3.14.2-213.14.2-3
heat transfer to, 3.14.3-l/3.14.3-2

augmentation of boiling heat transfer using, 2.7.94
convective boiling in, 2.7.4-S/2.7.46
cooler, approximate overall heat transfer coefficients in,

2.1.24
dryout  in evaporative heat transfer in, 2.7.4-312.7.44
Hampson-type for heat exchangers, 4.4.4814.4.4-g
single-phase flow and pressure drop in, 2.2.2-1412.2.2-16,

2.5.1 l-612.5.1 1-7
single-phase heat transfer in, 2.5.11-6/2.5.11-7

Helical inserts, for enhancement of heat transfer in boiling,
2.7.9-3

Helical ribbon agitator:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3�3/3.14.34

Helium:
saturation properties, 5.5.1-33
superheated, thermodynamic properties, 5.5.2-115.5.2-2

Helmholtz reciprocity principle, in radiative heat transfer, 2.9.26
Henry, J. A. R., 2.2.7-l/2.2.7-11
Henry-Fat&e model, for critical two-phase flow,

2.3.2-2812.3.2-29
Henry�s law, for partial pressure, 2.7.6-l
Heptane saturation properties, 5 5 .l-9
Heterogeneous conveyance in horizontal pipes, 2.3.4-312.3.46
Heterogeneous nucleation in boiling, 2.7.1-3/2.7.1-S
Hewitt, Geoffrey F., 2.3.1-l/2.3.2-33
Hexagonal cells, in free convection, 2.5.8-2
Hexane saturation properties, 5 5 .l-8
Hicks equation, for fixed-bed pressure drop, 2.2.5-3
High finned tubes, correlations for single-phase heat transfer in

flow over, 2.5.3�1112.5.3-12
Hohlraum cavity, 2.9.1-3
Holland, guide to national practice for mechanical design of heat

exchangers, 4.3.5-5
Homogeneous condensation (fog formation), 2.6.1-1

effects, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Homogeneous model:
conservation equations for, in multiphase flows,

2.3.1412.3.1-7
in gas-liquid flows: conservation equations, 2.3.2-8

critical flow estimation by, 2.3.2-28
frictional pressure drop correlations based on, 2.3.2-10
pressure drop in singularities calculated by,

2.3.2�1512.3.2-18
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Homogeneous model (Cont.):
in solid-liquid flow, 2.3.4-212.3.4-3

Homogeneous nucleation:
of droplets in supersaturated vapor, 2.6.7-l/2.6.7-2
of vapor bubbles in liquids, 2.7.1-212.7.1-3

table of values of temperature for various substances,
2.7.1-4

Honeycombs:
free convective heat transfer in, 25.8�2012.5.8-23
loss coefficients in, 2.2.2-20

Horizontal cylinders:
free convective heat transfer inside, 2.5.8-14
(See also Cylinders, Horizontal tubes)

Horizontal layers, of fluid, free convection heat transfer in,
2.5.8-l/25.8-3

Horizontal pipes:
hydraulic conveyance in, 2.3.4-l/2.3.4-6
pneumatic conveyance in, 2.3.3-l/2.3.3-2
(See also Pipes, circular; Horizontal tubes)

Horizontal plates (see Horizontal surfaces; Flat plates)
Horizontal shell-side evaporator, 3.5.2-l
Horizontal surfaces:

combined free and forced convection in transverse flow over,
2.5.94/2.5.9-6

free convective heat transfer from, 25.7�1312.5.7-18
downward facing surfaces, 2.5.7�13125.7�15
upward facing surfaces, 25.7�1512.5.7-18

pool boiling from, 2.7.2-l/2.7.2-15
Horizontal thermosiphon reboilers:

calculation procedures for, 3.6-S-213.6.5-3
characteristics, advantages and disadvantages of, 3.6.1-3
thermal design, 3.6.2-l/3.6.26

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.2413.6.2-s
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics of, 3.6.26
mixture effects, 3.6.2-313.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor liquid disengagement in, 3.6.2-6

Horizontal tube-side evaporator, 3.5.2-5 13.5.2-6
Horizontal tubes:

boiling outside with crossflow, 2.7.5-l/2.7.5-4
combined free and forced convection in, 2.5.10-7/2.5.10-l 1

with uniform heat flux, 2.5.10�712.5.10�11
with uniform wait  temperature, 2.5.10-7

combined free and forced convective heat transfer from
outside, 2.5.9-l/2.5.9-6

condensation on inside, 2.6.2-12/2.6.2-15,3.4.6-l/3.4.6-2
annular flow, 2.6.2-15
flow regimes, 2.6.2-1212.6.2-13,  3.4.6-2
stratifying flow, 2.6.2-1312.6.2-14,  3.4.6-2

condensation on outside of, 2.6.2-912.6.2-12,  3.4.6-3
in bundles, 2.6.2�1012.6.2�12
effect of vapor shear, single tube, 2.6.2-g/2.6.2-10
laminar  flow, single tube, 2.6.2-9

condensers with condensation inside, 3.4.3-313.4.34,  3.4.9-3
condensers with condensation outside, 3.4.3-513.4.36,

3.4.9-313.4.94
convective boiling in, 2.7.4-l/2.7.4-7

dryout in, 2.7.4-l/2.7.44
heat transfer in, 2.7.4-412.7.4-6

flow regimes in gas-liquid flow in, 2.3.2-212.3.24
free convective heat transfer from outside of,

2.5.7�2012.5.7-23

heat transfer to, in fluidized beds, 2.8.4-612.8.4-7
hydrodynamics of various two-phase flow regimes in,

2.3.2-2312.3.2-26
annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-2s
stratified flow, 2.3.2-2312.3.2-24

pool boiling from, 2.7.2-l/2.7.2-15
(See also Horizontal pipes; Pipes, circular)

Hottel�s rule, in absorption of radiation by gases, 2.9.5-7
Hsu criterion, for onset of nucleate boiling, 2.7.2-2
Hybrid cooling towers, 3.12.5-l/3.12.5-5

assisted draft towers, 3.125-313.12.54
closed circuit evaporative coolers, 3.12.5413.12.5-s
wet-dry towers, 3.125�2/3.12.5-3

Hydraulic conveyance:
homogeneous and pseudohomogeneous, 2.3.4-212.3.4-3
in horizontal tubes: flow regimes in, 2.3.4-l/2.3.4-2

heterogeneous conveyance in, 2.3.4-312.3.4-6
Hydraulically smooth surface, 2.2.2-l
Hydrocarbons:

phase behavior, 5.2.1�315.2.14
thermodynamic properties, 5.2.2-l/5.2.2-9

Hydrodynamic entrance length, in single-phase flow in ducts,
2.2.2�1012.2.2�11

Hydrogen:
saturated properties, 5.5.1-33
supersaturated gaseous, thermodynamic properties, 5 5.24

Hydrogen chloride saturation properties, 5 5 .l-34
Hydrogen fluoride saturation properties, 5.5.1-34
Hydrogen sulfide saturation properties, 5.5 .l-35
Hydrostatic testing of shell-and-tube heat exchangers,

4.2.6-1114.2.6-13
Hysteresis: in boiling curve, 2.7.2-8

reduction of, using porous surfaces, 2.7.9-3

I
Ideal gas law, 2.2.1-7
Ideal gas, velocity of sound in, 2.2.1-8
Illingworth, A., 4.7.1-1/4.7.10-l
Immersed bodies:

combined free and forced convection around, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
opposing convection, 2.5.94
slightly inertial regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/2.5.9-3
transverse flow, 2.5.9-4/25.96
turbulent regime (assisting convection), 2.5.94

free convective heat transfer to, 2.5.7-l/2.5.7-3  1
generalized solutions for, 2.5.7-2512.5.7-28
horizontal cylinders, 2.5.7�2012.5.7-23
inclined and horizontal surfaces, 2.5.7�1312.5.7�19
open-ended channels, 2.5.7�1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7�23/2.5.7-24
vertical plates, 2.5.7-212.5.7-13

single-phase flow over, 2.2.3-112.2.3-g
circular cylinder, 2.2.3-312.2.3-6
flow regimes in, 2.2.3-l/2.2.3-2
forces exerted on, in, 2.2.3-212.2.3-3
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Immersed bodies (Cont):
noncircular cylinders, 2.2.3-612.2.3-l

single-phase forced convective heat transfer to: flat plates,
2.5.2-112.5.2-3

single bodies, 25.2�312.5.2-8
Immersed tubes, heat transfer to, in fluidized beds,

2.8.4-612.8.4-7
Immersion exchangers, 4.4.4-214.4.4-3
Immersion heaters, 4.4.4-214.4.4-3
Immiscible liquids, condensation of vapors producing,

2.6.4-112.6.4-7
description, 2.6.1-1, 2.6.4-l
eutectic mixtures, 2.6.4-212.6.4-3

Imperfectly diffuse surfaces:
definition, 2.9.4-l
radiative heat transfer between specular surfaces and,

2.9.4-l/2.9.4-11
Impingement damage in heat exchangers, 4.5.3-l
Impingement plate:

constructional features of, 4.2.5-714.2.5-8
effect on inlet pressure drop in shell-and-tube heat exchangers,

2.2.7412.2.7-s
in condensers, 3.4.3-5
(See also Impingement protection)

Impingement protection, in shell-and-tube heat exchangers,
3.35�1013.3.5�11

with condensation, 3.4.3-5
Impinging jets:

single-phase heat transfer in, 2.5.6-l/2.5.6-10
average coefficients in, 2.5.6�3/2.5.64
local coefficients in, 2.5.6�212.5.6-3

Inclined cylinders (see Inclined pipes; Cylinders)
Inclined enclosures, free convective heat transfer in,

2.5.8�1712.5.8-20
large aspect ratios, 2.5.8-1712.5.8-19
moderate aspect ratios, 2.5.8-20

Inclined flow, effect of on heat transfer to cylinders,
2.5.24/2.5.2-S

Inclined pipes:
flow regimes in gas-liquid flow in, 2.3.2412.3.2-5
free convection heat transfer on outside of, 2.5.7�2312.5.7-24
pneumatic conveying (solid/gas flow) in, 2.3.3-2
(See also Pipes, circular)

Inclined plates (see Inclined surfaces; Flat plates)
Inclined surfaces, free convective heat transfer from,

2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-1312.5.7-15
upward facing surfaces, 2.5.7�1512.5.7-18

Inclined tubes (see Pipes, circular; Pipes, noncircular; Inclined
Pipes; Cylinders)

Incondensables (see Noncondensables)
Inconel, spectral characteristics of reflectance from oxidized

surface of, 2.9.2-15
Incremental collapse, as failure mode in heat exchanger,

4.1.1�314.1.1-S
Inert gases, effect on condensation, 2.1.6-312.1.6-4
Injection:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flate plates, 2.2.1-30
effect on laminar flow on flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.1 l-3/2.5.11-9

Inlet effects in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
In-life flow, bundles of tubes (see Tube banks)
In-line tube banks:

correction for heat transfer in, 2.5.3-l/2.5.3-16
finned tubes, 2.5.3-l 1

plain tubes, 2.5.3-2
drag coefficients for tubes in, 2.2.44
pressure drop in with finned tubes, 2.2.4-14
pressure drop in with plain tubes, 2.2.4-712.2.4-8

correction factors for small number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
Inspection (see Testing and inspection)
Insulators, thermal conductivity of, 5.4.3-I/5.4.3-2
Integral condensation:

calculation of condensation curves for, 2.6.3-312.6.34
description, 2.6.3-l/2.6.3-3

Integral fmned tubes:
as augmentation device in natural convection, 2.5.11-3
use in shell-and-tube heat exchangers, 4.2.5-3

Interaction coefficients in heat exchangers, 1.1.2-l/1.1.2-2
Interaction parameters for binary systems, tables, 5.5.4-8/5.5.4-g
Interfacial resistance, in condensation, 2.6.2-15
Interfacial roughness, relationships for, in annular gas-liquid flow,

2.3.2�2012.3.2-21
Interfacial shear stress, effect on filmwise condensation:

on vertical surface, 2.6.2-512.6.2-7
Interfacial tension (see Surface tension)
Intermating troughs, as corrugation design in plate heat

exchangers, 3.7.1-1, 3.7.3-1/3.7.3-2,3.7.6-l
Intermittent flows:

gas liquid, in horizontal and inclined flows, 2.3.2-212.3.2-5
plug flow, in vertical pipes, 2.3.2-19
slug flow, in horizontal pipes, 2.3.2-2412.3.2-25

Internal energy (see specific internal energy)
Internal heat sources, temperature distribution in bodies with,

2.4.2-3
Internal heat transfer coefficient, use in transient conduction

calculations, 2.4.3-712.4.3-8
Internal reboilers (in distillation columns), characteristics,

advantages and disadvantages of, 3.6.1�2/3.6.1-3
Internally finned tubes, heat transfer and pressure drop in,

2.5.11-S/2.5.11-6
International Standards Organization (see ISO)
Interpenetrating continua (as representation of heat exchangers):

partial differential equations for, 1.2.6-l/1.2.6-7
porosity in, 1.2.6-2

Intertube velocity, in tube banks, 2.2.4-3
Inviscid  flow, compressible, with heat addition, 2.2.2-1312.2.2-14
Irvine, T. F., Jr., 2.4.6-l/2.4.64
IS0  codes for mechanical design of heat exchangers, 4.3.1-3
Isobutane saturated properties, 5.5.1-6
Isopentane saturation properties, 5.5 .l-7
Isothermal flow, compressible, in ducts, 2.2.2-13
Isothermal gas, radiation heat transfer to walls from,

2.9.6-l/2.9.6-9
Isotropic materials, elastic properties, 5.4.5-3/S  .4.54
Isotropic scattering, 2.9.5-2
Italy, guide to national practice for heat exchanger mechanical

design, 4.3.5-7

J
J-type shells, in shell-and-tube heat exchangers:

calculation of heat transfer and pressure drop in, 3.3.11-l
description of, 3.3.4-3
temperature difference correction Q and &NTU charts for,

1.5.2�1111.5.2-12
Jacket-type heaters, 4.4.4-314.4.44
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Jacob number, 2.7.1-8
Japan, guide to national practice for heat exchanger mechanical

design:
high-pressure gas control law, 4.3.5-9
standard construction (JISB8243),  4.3.5-8

Jayatillska relation, between heat and momentum transfer,
1.2.3-6

Jens and Lottes correlation for subcooled forced convective
boiling of water, 2.7.3-8

Jet impingement dryer, 3.13.24
Jets, impinging (see Impinging jets)

K
Kapitza number, 2.1.74/2.1.7-5
Kern method, for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-2
Kesler and Lee equations, for critical temperature, critical

pressure, acentric factor and molecular weight,
5.2.1-6/5.2.1-8

Kettle reboilers:
calculation procedures for, 3.6.5-l/3.6.5-2
characteristics, advantages and disadvantages of, 3.6.1-2
constructional features of, 4.2.3-714.2.3-8
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.24/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor-liquid disengagement in, 3.6.2-6

Kirchoffs law, in radiative heat transfer, 2.9.2-2
Knudsen number, 2.2.1-11
K-values, in phase equilibrium, 5.2.1-3

1
Lamella  heat exchangers, 3.1.2-3/3.1.24
Laminar boundary layers (see Boundary layers)
Laminar flow:

combined free and forced convective heat transfer in,
2.5.10-l/2.5.10-11

condensation in vertical surfaces, 2.6.2-212.6.2-4
heat transfer in ducts in, 2.5.1-2/2.5.1-5

augmentation of, 2.5.114/2.5.11-8
in concentric annular ducts, 2.5.1-3
free convection effects in, 2.5.1-4/2.5.1-5
withliquid metals, 2.5.13-l/2.5.13-2
between parallel plates, 2.5.1-3
in straight circular pipes, 2.5.1-2

heat transfer in free convection on a vertical surface in,
2.5.7-3

heat transfer in tube bundles in, 2.5.13-2/2.5.13-3
in circular pipes, 2.2.2-l/2.2.2-2
in ducts, characteristic of plate fin heat exchangers,

3.9.5-I/3.9.5-3
in noncircular pipes, 2.2.2-7/2.2.2-g

Laminar flow control, of boundary layers, 2.2.1-25
Laminar sublayer (see Viscous sublayer)

Lancaster, J. F., 4.5.1-l/4.5.3-7
Large eddy simulation, in prediction of turbulent boundary

layers, 2.2.1-29
Latent heat (see Heat of vaporization)
Laws for turbulent flows:

of the wake, 2.2.1-26
of the wall, 2.2.1-25
velocity defect, 2.2.1-26

Layers of fluid, free convection heat transfer in, 2.5.8-l/2.5.8-3
Le Fevre equations for free convective heat transfer, 2.5.7-3
Leakage between streams, in shell-and-tube heat exchangers,

3.3.44/3.3.4-5,4.6.1-2
Leakage effects, on heat transfer and pressure drop in

shell-and-tube heat exchangers, 3.3.1-l/3.3.11-5
shell-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.64/3.3.6-5
tubes-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.6-5
Lessing rings, characteristic of, as packings for fixed beds, 2.2.5-2
Lienhard and Dhir analysis of critical heat flux in pool boiling,

2.7.2.1012.7.2-12
Lienhard and Eichhorn criterion, for transition in critical heat

flux mechanism in crossflow over single tube, 2.7.5-3
Lift force:

in flow in tube banks, 2.2.4-16
in flow over immersed bodies, 2.2.3-3

Liley, P. E., 5.5.6-l/5.5.7-3
Liquid fuels, properties of, 3.11.3-3
Liquid hold-up, 2.3.1-3
Liquid metals:

heat transfer in, 2.5.13-l/2.5.134
in channel flows, 2.5.13-l/2.5.134
condensation of, 2.6.2-1512.6.2-16
in heat exchangers, 2.5.13-3

Liquid-solid flow (see Solid-liquid flow)
Liquids:

as constituent in multiphase flows, 2.3.1-l/2.3.1-2
physical properties of:

in multicomponent mixtures, 5.2.3-l/5.2.44
rheologically  complex, 5.3.1-l/5.3.8-3
saturated property tables for, 5.5.1-l/5  5.140
specific heat capacity, 5.1.3-7
specific volume, 5.1.2-l/5.1.2-2
surface tension, 5.1.5-l/5.1.5-3
thermal conductivity, 5.1.4-615.1.4-7
thermal expansion coefficient, 5.1.2-2
viscosity, 5.1.4-l/5.1.4-5

LMTD (see Logarithmic mean temperature difference)
Loads, types of in heat exchangers, 4.1.1-1
Local conditions hypothesis, for critical heat flux in flow boiling,

2.7.3-1812.7.3-19
Lockhart and Martinelli correlations:

for frictional pressure gradient, 2.3.2-10
for void fraction, 2.3.2-17

Lodge�s rubber-like liquid (non-Newtonian), 2.2.8-8
Logarithmic driving force in mass transfer, 2.1.5-3
Logarithmic law region, 2.2.2-l
Logarithmic Mean Temperature Difference, 1.2.4-2/1.2.4-3,

2.1.2-2, 2.5.1-1, 3.1.1-2
Longitudinal fins (see Straight fins)
Long-tube vertical evaporator, 3.5.2-3/3.5.24
Loss coefficient, 2.2.2-14

for bends, 2.2.2-16
in combining and dividing flow, 2.2.2-19/2.2.2-20
for diffusers, 2.2.2-1712.2.2-18
values for various fittings, 2.2.2-19/2.2.2-20
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Louvered fins, in plate fin exchangers, 3.9.3-l
Low-alloy steels, as material of construction, 45.2-3
Low-finned tubes:

application in shell-and-tube heat exchangers,

3.3.11-2/3.3.11-3
correlations for single phase heat transfer in flow over,

2.5.3.12/25.3-11
use in boiling augmentation, 2.7.9-112.7.9-2

Lubricants, physical properties of:
classification, 5.3.2-l
lubricant-cooling liquids, 5.35-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2
plastic lubricants, 5.3.4-l/5.3,4-2

Ludwieg-Tillmann formula, for skin friction, 2.2.1-26
Lydersen�s incremental method, for critical parameters,

5.1.1-l/5.1.1-2

M
Macdonald equation, for fixed-bed pressure drop, 2.25-3
Mach number, 2.2.1-11

effect on turbulent flow over flat plate, 2.2.1-30
incompressible duct flows with heat transfer, 2.2.2-12

Maddox, R. N., 5.2.1-1/5.2.5-5,55.1-l/5.5.2-11,  5.5.4-l/5.5.4-9
Magnetic fields, effect on properties of rheologically  complex

materials, 5.3.8-l/5.3.8-2
Manifolds (see Headers)
Martin, H., 2.4.1-l/2.4.54,  255-l/25.6-10
Martinelb and Boelter equations for combined free and forced

convection, 2.5.10-2/25.10-3
Martinelli and Nelson correlations:

for frictional pressure gradient, 2.3.2-1012.3.2-l 1
for void fraction, 2.3.2-14

Mass absorption coefficient, 2.9.5-2
Mass and heat transfer, combined:

in condensation, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2

Mass extinction coefficient, 2.9.5-2
Mass fraction, in multicomponent mixtures, 1.2.1-2
Mass scattering coefficient, 2.95-2
Mass transfer:

analogy with heat transfer, 2.1.5-l/2.15-4
in cooling towers, 3.12.2-2/3.12.2-3
in condensation: in multicomponent mixtures, 2.6.3-712.6.3-g

of binary mixtures, 2.6.3-7
of single vapor with noncondensables, 2.6.3-512.6.3-7

with impinging jets, 2.5.6-l/2.5.6-10
in fixed beds, 2.5.4-212.5.2-6
in fluidized beds, 2.5.5-3125.5-6
in nonuniform systems, 2.1.4-l/2.1.44
volumetric coefficient for, 1.1.2-2

Mass transfer coefficient:
in fixed beds, 2.5.4-l/2.5.4-6
individual definition of, 1.2.2-2/1.2.2-3,2.15-212.1.5-3

Matovosian, Robert, 5.5.5-l/5.5.5-4
Materials of construction, for heat exchangers, 4.5.1-l/45.3-7

materials for corrosive service, 45.2-214.5.26
austenitic stainless steels, 45.24
carbon steel, 4.5.2-214.5.2-3
coatings, 4.5.2-514.5.2-6
copper base alloys, 4.5.2-414.5.2-5
ferritic chromium stainless steels, 4.5.2-3
low alloy steels, 4.5.2-3
nickel based alloys, 45.2-5
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non-metallic materials, 4.5.2-6
titanium, 4-5.2-S

materials for noncorrosive service, 45.2-2
product forms, 45.2-114.5.2-2

shells, channels, covers,  and bonnets, 4.5.2-l/4.5.2-2
tubes, 4.5.2-l
tubesheets, 45.2-1

testing and inspection of, 4.7.2-l
Matrix heat exchangers (see Plate fin heat exchangers)
Matrix inversion techniques, in radiative heat transfer,

2.9.3-712.9.34
Maximum bed-to-surface heat transfer, in fluidized beds,

2.8.4412.8.4-5
Maximum heat flux:

by conduction in solids, 2.1.1-2
in condensation, 2.1.74/2.1.7X1
under free molecule conditions in gases, 2.1.1-2

Maximum mass flux:
in condensation, 2.1.74/2.1.7-6
under free molecule conditions, 2.1.1-2

Maximum shear stress, under free molecule conditions, 2.1.1-2
Maximum velocities (in shell-and-tube heat exchangers),

3.3.5.15,4.5.3-3
Maxwell model, for non-Newtonian fluid, 2.2.8-7
Maxwell velocity of a vapor, as limiting phenomenon in

condensation, 2.1.7-4/2.1.7-6
Maxwell�s equations, for electromagnetic radiation,

2.9.2-712.9.2-g
Mean-beam-length concept, in radiative heat transfer:

tables of geometric mean beam lengths, 2.9.6-5
theory of, 2.9.6-212.9.3

theory of, 2.9.6-212.9.6-3
Mean equivalent temperature, of a surface in combined

convective and radiative heat transfer, 2.9.8-2
Mean phase content, 2.3.1-3
Mean temperature difference:

application in shell-and-tube heat exchangers, 3.3.5-17
concept of, 3.1.1-2/3.1.1-3
effective, in kettle reboilers, 3.6.2-4
in condensers, 3.4.8-l/3.4.8-3
(See also Logarithmic mean temperature difference,

Arithmetic mean temperature difference)
Mechanical agitators, for agitated vessels, 3.14.2-l/3.14.2-2

heat transfer correlations for, 3.14.3-l/3.14.3-6
Mechanical design of heat exchangers:

air cooled heat exchangers, 4.4.1-l/4.4.1-7
basic principles, 4.1.1-l/4.1.8-3

expansion joints, 4.1.6-1
flanges, 4.1.7-l/4.1.7-2
heads, openings and branches, 4.1.8-l/4.1.8-2
introduction to, 4.1.1-l/4.1.1-5
methods of analysis, 4.1.2-114.1.2-g
shells, 4.1.3-114.1.3-3
tube plates, 4.1.4-l/4.1.4-3
tubes, 4.1.5-1

block type, 4.4.44
direct contact, 4.4.4-614.4.4-8
double-pipe exchangers, 3.2.5-1/3.2.5-2,4.4.4-l/4.4.4-2
heat pipes, 4.4.4-914.4.4-11
helical (Hampson) coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-314.4.44
plate fin heat exchangers, 4.4.3-l/4.4.3-9
plate heat exchangers, 4.4.2-l/4.4.2-8
shell-and-tube exchangers: constructional features,

4.2.1-l/4.2.6-13
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Mechanical design of heat exchangers, shell-and-tube exchangers:
constructional features (Cont.):
design codes for, 4.3.1-114.3.5-l
example of design, 4.3.1-614.3.6-23

scraped surface, 4.4.4-514.4.4-7
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-214.4.4-3

Mechanical draft cooling towers, 3.12.4-l/3.12.4-2
thermal performance and design, 3.12.4-213.12.44

Mechanical draft fan coolers (see Air-cooled heat exchangers)
Melting, thermal conduction in, 2.4.4-l/2.4.4-2
Melting point of commonly used substances, 5.5.1-l/5.5.140
Mercury:

saturation properties, 5 5.1-35
superheated gaseous, thermodynamic properties of,

5.5.2415.5.2-5

Merkblatter (German) code, for mechanical design of heat
exchangers, 4.3.1-3

index to, 4.3.2-l/4.3.24
Merkel�s  equation, in cooling tower design, 3.12.2-3
Metais and Eckert diagrams, for regimes of convection:

in horizontal pipes, 2.2.6-6,2.5.10-l/2.5.10-2
in vertical pipes, 2.5.10-2

Metastable equilibrium, of vapor and liquid, 2.7.1-1
Methane saturation properties, 5 5 J-4
Methanol saturation properties, 5.5.1-17
Methyl acetate saturation properties, 5.5 .l-25
Methyl-t-butyl ether saturation properties, 5.5.1-23
Metals:

condensation of, 2.6.2-1512.6.2-16
density, 5.4.1-1
liquid, single-phase heat transfer in, 2.5.13-l/2.5  .I34
spectral absorptivity, 2.9.2-1112.9.2-12

Microlayer evaporation, in boiling of binary mixtures, 2.7.6-7
Minimum heat flux in pool boiling:

of binary and multicomponent mixtures, 2.7.7-512.7.7-6
of pure components, 2.7.2.1312.7.2-14

Minimum tubeside velocity, in shell-and-tube heat exchangers,
3.3.5-16

Minimum velocity for fluidtiation, 2.2.6-2
Minimum wetting rate, for binary mixtures, 2.7.8-7
Mirror-image concept, in radiative heat transfer, 2.9.4-l/2.9.4-2
Mirrors, spectral characteristics of reflectance from, 2.9.2-17
Mist flow:

in axial flow reboilers, 3.6.2-9
heat transfer in (see Post-dryout heat transfer)
onset, as mechanism for critical heat flux in reboilers,

3.6.2-812.6.2-g
Mixed convection, occurrence in horizontal circular pipe, Metais

and Eckert diagram for, 2.2.2-6
Mixing length, 2.2.2-4

table of turbulent flow in circular pipes, 2.2.2-3
Mixing vessel (see Agitated vessel)
Mixtures:

of gases, radiation properties, 2.9.5-l l/2.9.5-12
condensers for, 3.4.4-l/3.4.4-2
(See also Binary mixtures, Multicomponent mixtures)

Models, theory of, 2.2.1-1212.2.1-13
Modes of heat transfer, Nusselt description, 2.1.0-2
Molecular gas radiation properties, 2.9.5-812.9.5-l 1
Molecular weight:

of commonly used fluids, 5.5.1-l/5.5.140
Kesler and Lee equation for estimation of in hydrocarbon

mixtures, 5.2.1-7
Molerus, O., 2.2.6-112.2.6-g

Mollier chart, for humid air, 3.13.1-1
description of drying processes in terms of, 3.13.3413.13.3-5

Momentum equation:
in boundary layer, 2.2.1-17
in compressible duct flow, 2.2.1-12
differential form for single-phase flow, 2.2.1-512.2.1-7
in gas-liquid flows, 2.3.2-812.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-812.3.2-g

in heat exchanger calculations, 1.2.6-511.2.6-7
integral form for single-phase flow, 2.2.1-212.2.1-3
in multiphase flows: homogeneous flow, 2.3.1-5

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Monte Carlo methods, in radiative heat transfer, 2.9.4-212.9.4-5
for radiative heat transfer with an isothermal gas,

2.9.6-812.9.6-g
Moody chart:

for critical two-phase flow, 2.3.2-28
for single-phase friction factor in circular pipes, 1.2.3-3,

2.2.2-2
Morcos and Bergles equation, for influence of free convection of

friction factor, 2.2.2-6
Morris, M., 4.3.1-l/4.3.5-11
Mostinski correlations:

for critical heat flux, 3.6.2-5
for nucleate boiling, 2.7.2-6

application to kettle reboilers, 3.6.2-l
Moving bed, heat transfer to, 2.8.3-312.8.34
Moving belt, heat transfer to, 2.1.3-212.1.3-3
Muchowski, E., 2.8.3-112.8.3-g
Mueller, A. C., 3.4.1-l/3.4.9-5
Multicomponent mixtures:

air-cooled condensers for, 3.8.9-213.8.94
boiling of, in kettle reboilers, 3.6.2-313.6.24
condensation of, 2.6.3-7/2.6.3-9,2.6.4-l/2.6.4-7
condensers for, 3.4.4-l/3.4.4-2
diffusion in, 2.1.5-l/2.154
forced convective boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-312.7.8-6
critical heat flux in, 2.7.8-612.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

of gases, radiation properties of, 2.9.5-1112.9.5-12
phase equilibria in, 2.7.6-312.7.6-5
physical properties of, 5.2.1-l/5.2.5-5

diffusion coefficients, 5.2.5-115.25-5
equilibria, 5.2.1-l/5.2.1-8
interfacial tension, 5.2.4-115.2.4-3
thermodynamic properties, 5.2.2-115.2.2-g
thermophysical properties, 5.2.3-115.2.3-g

pool boiling of, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-512.7.76
nucleate boiling, 2.7.7-112.7.7-4
transition boiling, 2.7.7-5

Multidimensional systems, heat conduction in,
2.4.3.1012.4.3-12

Multiflux methods, for radiative heat transfer in non-isothermal
gases, 2.9.7-612.9.7-7

Multipass shell-and-tube heat exchangers, 1.1.1-2
Multiphase fluid flow and pressure drop:

introduction and fundamentals, 2.3.1-l/2.3.1-10
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Multiphase fluid flow and pressure drop, introduction and
fundamentals (Cont.):
classification of multiphase flows, 2.3.1-l/2.3.1-2
conservation equations for, 2.3.1-312.3.1-7
design parameters in, 2.3.1-212.3.1-3
drift flux models for, 2.3.1-7/2.3.1-10

solid-gas flow, 2.3.3-l/2.3.3-10
flow patterns in, 2.3.3-2
pressure drop in, 2.3.3-2, 2.3.3412.3.3-8
principles of pneumatic conveyance, 2.3.3-l/2.3.3-2

solid-liquid flow, 2.3.4-l/2.3.4-7
flow regimes in, 2.3.4-112.3.4-2
pressure drop in, 2.3.4-312.3.4-6

Multiple effect evaporation, 3.5.3-l/3.5.3-2
Multirod clusters (see Rod bundles)
Multizone model, for furnaces, 3.11.6-l/3.11.64
Murray, I., 4.4.4-114.4.4-l 1

N
�Nabla� operator (see Differential vector operators)
Nahme-Griffith number, 2.5.12-6
National practice, in mechanical design, guide to, 4.3.5-114.3.5-g
Natural convection:

as precursor to nucleate boiling, 2.7.2-112.7.2-2
(See also Free convection)

Natural draft cooling towers:
dry, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.125-l/3.125-2
main features of, 3.12.3-113.12.3-2
structural design, 3.12.3-613.12.3-7
thermal performance and design of, 3.12.3-213.12.36

design optimization of, 3.12.3-513.12.3-6
performance away from design point, 3.12.3-6
pressure losses iu, 3.12.3-313.12.3-5
thermal design equation, 3.12.3-213.12.3-3

Natural draft heat exchangers (see Air cooled heat exchangers,
Cooling towers)

Natural frequency of tube vibration in heat exchangers,
4.6.2-l/4.6.24

Navier-Stokes equation, 2.2.1-5
Neon saturation properties, 5.5 .l-36
Neopentane saturated properties, 5.5.1-6
Net free area, in double-pipe heat exchangers, 3.2.3-l
Netherlands, guide to national mechanical design practice, 4.3.5-5
Newton�s law, for momentum transfer, 2.1.1-2

limitationsin, 2.1.1-l/2.1.1-4
NFA (see Net free area)
Nickel-base alloys, as material of construction, 4.5.2-5
Nitrogen:

critical heat flux table for flow boiling of in vertical
tube, 2.7.3-29

saturation properties, 5.5 .l-36
superheated gaseous, thermodynamic properties, 5.5.2-5

Noise, in air-cooled heat exchangers, 3.8.9-l
Nonane saturation properties, 5.5 .l-10
Nonaqueous fluids, critical heat flux in, 2.7.3-612.7.3-30
Noncircular cylinders (see Cylinders)
Noncondensables:

in boiling, 2.7.2-8
in condensation, 2.1.6-2, 2.6.1-2,2.6.3-512.6.3-7,

2.6.4-5 12.6.4-6,  2.6.5 -212.6.5-3
Nondestructive testing, of heat exchangers, 4.7.6-l/4.7.6-2
Nonmetallic materials, for heat exchangers, 4.5.2-6

Non-Newtonian flow:
free convective heat transfer from: spheres, 2.5.7-25

vertical plates, 2.5.7-10/2.5.7-11
properties of rheologically  complex fluids in, 5.3.1-l/5.3.8-3
single-phase fluid flow and pressure drop in, 2.2.8-l/2.2.8-13

experimental characterization of non-Newtonian fluids,
2.2.8-l/2.2.8-6

models for non-Newtonian fluids, 2.2.8-612.2.8-9
turbulent flow of non-Newtonian fluids, 2.2.8-l 1
volume flow rate/pressure drop relations, 2.2.8-912.2.8-l 1

single-phase forced convective heat transfer with,
2.5.12-l/2.5.12-16

in channel flows, 2.5.12-612.5.12-15
equations and dimensionless groups for, 25.12-512.5.12-6
governing physical properties in, 2.5.12-212  5.12-5

Non-uniform heat flux, critical heat flux with, 2.7.3-1812.7.3-22
North, C., 4.8.3-l/4.8.3-3
No-tubes-in-window shells, calculation of heat transfer and

pressure drop in, 3.3.1 l-113.3.1 l-3
Nozzles:

analytic basis for codes for, 4.3.3-2
comparison of codes for, 4.3.4-2
impinging jets from, heat transfer in, 25.6-l/25.6-10

arrays of nozzles, 2.5.6-512.5.6-6
optical spatial arrangement, 25.6-6125.6-g
single nozzles, 25.64125.6-5

in shell-and-tube heat exchangers: constructional features of,
4.2.5-12,4.2.6-214.2.6-3

description of, 2.2.7-l
impingement protection for, 3.3.5-1013.35-11
pressure change across inlet nozzle, 2.2.7-212.2.7-3
pressure change across outlet nozzle, 2.2.7-312.2.74

index to U.S., U.K., and F.R.G. codes for, 4.3.2914.3%10
loss coefficients in, 2.2.2-20

NTU (see Number of transfer units)
Nuclear fuel suspensions, properties of, 5.3.1-215.3.1-3
Nucleate boiling:

augmentation of, 2.7.9-l/2.7.94
in axial flow reboilers, 3.6.2-613.6.2-7
in evaporators, 3.5.7-213.5.7-3
in forced convective boiling of binary and multicomponent

mixtures, 2.7.8-l/2.7.8-2
in forced convective heat transfer in vertical tubes,

2.7.3-112.7.3-12
in horizontal tubes, 2.7.4-l/2.7.4-7
in kettle reboilers, 3.6.2-l/3.6.2-4
outside tubes and tube bundles in crossflow, 2.75-l/2.7.5-7
in pool boiling of binary and multicomponent mixtures,

2.7.7-l/2.7.74
in pool boiling systems, 2.7.2-312.7.3-9

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gases on, 2.7.2-8
influence of gravitational acceleration on, 2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2412.7.2-9
influence of surface conditions on, 2.7.2-712.7.2-g
influence of system pressure on, 2.7.2-7
influence of wettability  of surface on, 2.7.2-9

Nucleation:
augmentation devices for, 2.7.9-l/2.7.9-2
in binary systems, 2.7.6-5
heterogeneous, in boiling, 2.7.1-312.7.14
homogeneous, of vapor bubble in liquid, 2.7.1-212.7.1-3
in supersaturated vapor, 2.6.7-112.6.7-2
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Nucleation sites:
critical size for nucleation: in pool boiling, 2.7.2-2/2.7.2-3

in subcooled forced convective boiling, 2.7.36
enhancement of number and activity of, 2.7.9-l/2.7.9-2
size in binary mixtures, 2.7.6-5
sizing of active, 2.7.1-512.7.1-6

Nuclei, formation in supersaturated vapor, 2.6.7-l/2.6.7-2
Number of transfer units (NTU):

in ah-cooled heat exchangers, 3.8.5-l/3.8.5-5
average value in nonuniform heat transfer in shell-and-tube

heat exchangers, 2.1.4-l/2.1.4-3
as basis for design of plate heat exchangers, 3.7.2-l

rating in, 3.7.7-l
in cooling of slab, 2.1.3-l/2.1.3-2
in cooling towers, 3.12.24/3.12.2-5
in heat exchangers, 1.2.4-3
in particle-to-fluid heat transfer in fluidized beds,

2.5.5-212.5.5-3
in transient heat transfer, definition of, 2.1.2-2/2.1.3-7
(See also f3 or 0-NTU  method)

Numerical methods:
application in furnace prediction, 3.11.7-5
for cases in which flow patterns must be calculated,

1.4.2-l/1.4.2-2
applications, 1.4.2-3/1.4.2-4
discretization, 1.4.2-1
finite difference equations for, 1.4.2-l/1.4.2-2
solution procedure, 1.4.2-2/1.4.2-3

for the solution of heat exchangers with a prescribed flow
pattern, 1.4.1-l/1.4.1-6

discretization, 1.4.1-l/1.4.1-3
finite difference equations for, 1.4.1-3/1.4.14
influence of fineness of discretization, 1.4.1-5/1.4.1-6

special applications of, 1.4.3-l/1.4.3-6
calculations of heat transfer coefficients, 1.4.3-3/1.4.34
flows with chemical reactions, 1.4.3-2/1.4.3-3
flows with radiation, 1.4.3-3
turbulent flow in empty spaces, 1.4.3-2
two-phase flows, 1.4.3-1

in transient conduction calculations, 2.4.3-8/2.4.3-10
Nusselt:

description of modes of heat transfer, 2.1.9-2
equations for condensation: inside horizontal tube, 2.6.2-13

outside horizontal tube, 2.6.2-9
vertical surface, 2.6.2-2

Nusselt-Craetz  problem, in laminar heat transfer in ducts, 2.5.1-2
Nusselt number:

in combined and free and forced convection: around
immersed bodies, 2.5.9-l/2.5.9-6

in channels, 2.5.10-2/2.5.10-11
definition, 1.2.3-2

in finned tube banks, 2.5.3-11
in flow over tube banks, 2.5.3-l/2.5.3-6

forms of correlation for, 2.1.3-4
in free convection over immersed bodies, 2.5.7-2
for heat transfer in tubes, 2.1.3-6
in iamhrar  flow in ducts, 2.5.1-2/2.5.1-5
in liquid metal flow, 2.5.13-l/2.5.13-4
in non-Newtonian flows, 2.5.12-7/2.5.12-16
in nonuniform heat transfer in packed beds, 2.1.4-3/2.1.44
in particle to fluid heat transfer in fixed beds, 2.5.4-l
in plate heat exchangers, 3.7.5-l
in single-phase flow over immersed bodies, 2.5.2-l/2,5.2-8
in systems with heat transfer augmentation,

2.5.11-l/2.5.11-12
in turbulent flow in ducts, 2.5.1-5/2.5.1-11
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Oblate spheroids, free convective heat transfer from, 2.5.7-25
Octane saturation properties, 5.5.1-9
Oldroyd eight constant model, for non-Newtonian fluid, 2.2.8-8
ONB (onset of nucleate boiling):

in pool boiling, 2.7.2-12
in subcooled boiling in vertical tubes, 2.7.3-5/2.7.3-7

One equation models, for turbulent boundary layers, 2.2.1-28
Openings, mechanical design aspects, 4.1.8-l/4.1.8-2
Operational envelope of a heat pipe, 3.10.4-l
Opposed convection:

around immersed bodies, 2.5.9-11
in vertical tubes, 25.106

Optimization methods, for heat exchanger design, 3.3.4-2
Organic solids, density, 5.4.1-2
Orifices:

loss coefficients in, 2.2.2-21
two-phase gas liquid flow, 2.3.2-17/2.3.2-18

OTL (see Outer tube limit)
Outer tube limit, in shelf-and-tube heat exchangers, 4.2.5-9
Outlet effects, in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
Overall heat transfer coefficient, 2.1.2-1

approximate values: in she&and&be exchangers,
3.1.44/3.1.4-5

in liquid metal heat exchangers, 2.5.13-3
in various heat exchangers, 2.1.2-3/2.1.2-4

in air-cooled heat exchangers, 3.8.5-l/3.8.5-5
Overall  power hypothesis, for critical heat flux in flow boiling,

2.7.3-19
Oxygen:

saturation properties, 5.5.1-3 7
superheated gaseous, thermodynamic properties of, 5 5.2-6

Packed beds (see Fixed beds)
Packing relationship, in cooling tower design, 3.12.2-3/3.12.24
Packings, for cooling towers, 3.12.2-8/3.12.2-10
Packings, for fixed beds:

characteristics, 2.2.5-2
effective conductivity of various in fixed beds: beds with gas

flow, 2.8.2-212.8.2-5
stagnant beds, 2.8.1-312.8.1-5

Paikert, P., 3.8.1-l/3.8.9-4
Paints, spectral characteristics of reflectance of surfaces treated

with, 2.9.2-1412.9.2-17
Palen  and Small correlation, for critical heat flux in tube banks,

2.7.5-6
Palen,  J. W., 3.6.1-l/3.6.5-6
Panel immersion exchangers, 4.4.4-2/4.4.4-3
Parallel flow (see Cocurrent  flow)
Parallel plates, (see Plates)
Partial boiling in subcooled forced convective heat transfer,

2.7.3-812.7.3-g
Particle convective component, in heat transfer from fluidized

beds, 2.8.4-212.8.4-3
Particle emissivity, 2.9.7-2
Particle Reynolds number in fixed beds, 2.2.5-2
Particles:

fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.56
free fall velocity of, 2.3.3-3
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Particles (Cont.):
particle-to-wall heat transfer in fluidized beds,

2.8.4-l/2.8.4-8
Particulate fluidization,  2.2.6-l
Pass arrangements, in plate heat exchangers, 3.7.8-l/3.7.8-3
Passes, tube side, 4.2.53/4.2.5-4

�boxed in,� 4.2.54
number of, 4.2.5-314.2.54
partition plates between, 4.2.5-3

Passive methods, for augmentation of heat transfer,
2.5.11-l/2.5.11-3

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.5.114/2.5.11-8
in free convection, 2.5 .ll-3

Pearson number, 2.5.12-6
Peclet number, 1.2.3-211.2.3-3,  2.1.5-2

heat and mass transfer at low, in fluidized beds,
2.5.5-312.5.5-5

in heat transfer in liquid metal systems, 2.5.13-l/2.5.134
in non-Newtonian flow, 2.5.12-6

Peng-Robinson equation of state, 5.1.2-4
application to hydrocarbons, 5.2.2-2

Penner�s rule, in absorption of radiation by gases, 2.9.5-7
Pentane:

normal, critical heat flux for flow boiling of in vertical tube,
2.7.3-29

saturation properties of, 5.5.1-8
Perfect gas (see Ideal gas)
Perforated fins, in plate fin heat exchangers, 3.9.3-l
Perforated plates, loss coefficients in, 2.2.2-20
Periodic variations in temperature, thermal conduction in

bodies with, 2.4.5-l/2.4.5-4
Petroleum properties, 5.3.1-3
Phase change number, 2.4.4-l
Phase envelope, for natural gas mixture, 5.2.1-4
Phase equilibrium:

in binary mixtures, 2.7.6-I/2.7.6-3
in multicomponent mixtures, 2.7.6-312.7.6-4
(See also Equilibrium, phase)

Phase rule (Gibbs), 5.2.1-1
Phase separation, as source of corrosion problems, 4.5.3-5
PHE (see Plate heat exchanger)
Phenol saturation properties, 5.5 .l-20
Phonons, in thermal conductivity of solids, 5.4.3-l/5.4.3-3
Physical properties:

of mixtures of fluids, 5.2.1-l/5.2.5-5
of pure fluids, 5.1.1-l/5.1.5-3
of rheologically  complex media, 5.3.1-l/5.3.8-3
of solids, 5.4.0-l/5.4.5-5
tables of, 5.5.1-l/5.5.8-3
variation with temperature: effect in developing flow,

2.2.2-l 1
effect on flow in tube banks, 2.2.4-1012.2.4-12
effect on flow over cylinder, 2.2.3-6
effect on friction factor in circular pipe flow,

2.2.2-712.2.2-8
effect in heat transfer of flat plates, 2.5.2-212.5.2-3
effect in laminar flow heat transfer in channels,

2.5.1-4
effect in turbulent flow heat transfer in channels,

2.5.1-612.5.1-7
nature of variation, 2.2.1-g
in polymers, 2.5.12-212.5.12-4

Pin fins (see Spine fins)
Pi theorum,  in dimensional analysis, 2.2.1-11
Pipe fittings (see Piping components)

Pipes, circular:
augmentation of heat transfer in, 2.5 .l l-4/2.5.11-9

internally finned for, 2.5.11-S/2.5.114
boiling of binary and multicomponent mixtures in,

2.7.8-112.1.8-1
critical heat flux, 2.7.8X1/2.7.8-7
forced convective (including mass transfer effects),

2.1.8-2/2.1.8-6
nucleate boiling, 2.7.8-l/2.7.8-2

combined free and forced convection in, 2.5.10-l/2.5  .lO-12
in condensers, 3.4.1-l/3.4.9-5
horizontal channels, 2.5.10-712.5.10-11
vertical pipes, 2.5.10-212.5.10-7

flow boiling in: horizontal pipes, 2.7.4-112.7.4-7
vertical pipes, 2.7.3-l/2.7.3-37

free convective heat transfer from outside of,
2.5.7-2012.5.7-24

horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-2312.5.7-24

heat transfer to, in fluidized beds, 2.8.4612.8.4-7
heat transfer to liquid metals in, 2.5.13-l
laminar heat transfer in, 2.5.1-2

in hydrodynamically developed flow, 2.5.1-l
in thermally and hydrodynamically developing flow,

2.5.1-2
pneumatic conveyance (gas solids flow) in, 2.3.3-l/2.3.3-2
radiative heat transfer along, 2.9.3-15/2.9.3-16
roughened surface, radiative heat transfer along,

2.9.4-g/2.9.4-10
single-phase fluid flow and pressure drop in fully developed

flow in, 2.2.2-l/2.2.2-7
effect of free convection on, 2.2.2-512.2.2-7
effect of temperature dependent fluid properties on,

2.2.2-7
friction factor, 2.2.2-l/2.2.2-2
influence of additives on, 2.2.2-7
turbulence characteristics in, 2.2.2-l/2.2.2-5

turbulent heat transfer in, 2.5.1-512.5.1-g
two-phase gas-liquid flow in, 2.3.2-112.3.2-33

flow regimes in, 2.3.2-l/2.3.2-5
hydrodynamics of flow in, 2.3.2-712.3.2-26

use in shell-and-tube heat exchangers for single-phase flow,
3.3.1-l/3.3.11-5

Pipes, noncircular:
triangular ducts: single-phase fluid flow and pressure drop in,

2.2.2-712.2.2-10
laminar flow, 2.2.2-712.2.2-8
turbulent flow, 2.2.2-912.2.2-10

(See also Rectangular ducts, Square ducts)
Piping components:

gas-liquid flow and pressure drop in, 2.3.2-1512.3.2-18
bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-17/2.3.2-18
slow changes in cross section, 2.3.2-1512.3.2-16
sudden contractions, 2.3.2-1612.3.2-17
sudden enlargements, 2.3.2-16

single-phase fluid flow and pressure drop in, 2.2.2-1412.2.2-20
curved ducts, 2.2.2-1412.2.2-17
enlargements, 2.2.2-1712.2.2-19
miscellaneous fittings, 2.2.2-1912.2.2-20

Plain tube banks (see Tube banks, plain)
Plan&s constant, 2.9.1-3
Planck�s law, for spectral distribution of blackbody radiation,

2.9.1-3
Plane shells: steady-state thermal conduction in, 2.4.2-l/2.4.2-3
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Plastic analysis, in mechanical design, 4.1.2-l/4.1.2-2
Plate-and-frame heat exchangers (see Plate heat exchangers)
Plate coil baffles, in agitated vessels, 3.14.2-313.14.24
Plate fin heat exchangers, 1.1.4-2, 3.9.1-l/3.9.1-2

approximate overall heat transfer coefficients in, 2.1.24
calculation procedure for a rating problem, 3.9.9-1
correlation of heat transfer and friction data for,

3.9.6-l/3.9.6-2
definition of geometric terms for, 3.9.2-l
description of, 3.1.2-5
goodness factor comparisons for, 3.9.7-l/3.9.7-3
laminar flow surfaces, 3.9.5-l/3.9.5-3
mechanical design, 4.4.3-114.4.3-g

brazing, 4.4.3-314.4.34
construction, 4.4.3-l/4.4.3-3
flow distributors, 4.4.3-3
materials, 4.4.3-714.4.3-8
plate fin-tube construction, 4.4.3-514.4.3-7

multifluid service in, 3.9.12-l/3.9.12-2
pressure drop calculation in, 3.9.10-l/3.9.10-2
procedures for the thermal sizing problems in,

3.9.11-l/3.9.11-2
recent theory and data on vaporization and condensation in,

3.9.13-113.9.134
specifications of sizing and rating problems in, 3.9.8-l/3.9.8-2
surface geometries for, 3.9.3-l
surface performance data for, 3.9.4-l/3.9.4-2

Plate fins, efficiency of, 2.5.3-912.5.3-10
Plate heat exchangers:

approximate overall heat transfer coefficients in, 2.1.24
construction and operation of, 3.7.1-l/3.7.1-3
corrugation design, 3.7.3-l/3.7.3-2
costing, 4.8.4-I/4.8.4-2
description, 3.1.2-313.1.2-4

gasketed plate, 3.1.2-3
lamella  (Ramen),  3.1.2-313.1.24
spiral plate, 3.1.2-3

factors affecting plate design, 3.7.6-l/3.7.6-2
corrugation geometry, 3.7.6-113.7.6-2
distribution, 3.7.6-2

factors governing plate specification, 3.7.2-l
fouling, 3.7.9-l
friction factor correlations, 3.7.4-l/3.7.4-2
heat transfer correlations, 3.7.5-l/3.7.5-2
mechanical design, 4.4.2-l/4.4.2-8

frame design, 4.4.2-514.4.2-7
gasket design and properties, 4.4.2414.4.2-5
plate arrangements, 4.4.2-l
plate construction features, 4.4.2-l/4.4.2-2
plate design features, 4.4.2-314.4.24

methods of surface area calculation, 3.7.10-l/3.7.10-4
overall plate design for, 3.7.7-113.7.7-2
plate arrangements and correction factors for, 3.7.8-l/3.7.8-4

concurrency corrections, 3.7.8-l/3.7.8-2
distribution along port manifolds, 3.7.8-313.7.8-4
end effects, 3.7.8-213.7.8-3
types of pass arrangements, 3.7.8-l

thermal mixing in, 3.7.11-l/3.7.11-2
twophase flow applications, 3.7.12-1

Plates:
characteristic of, as packings for fixed beds, 2.2.5-2
parallel, laminar heat transfer in flow between, 2.5 .l-3

in hydrodynamically developed flow, 2.5.1-3
in thermally and hydrodynamically developing flow,

2.5.1-3
Plate-type evaporator, 3.5.2-6

Plug flow:
regions of occurrence of: in horizontal flow, 2.3.2-212.3.24

in inclined tubes, 2.3.2412.3.2-5
in systems with phase change, 2.3.2-612.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

in vertical channels, 2.3.2-19
bubble rise velocity in, 2.3.2-19

Plug flow model, for furnaces, 3.11.5-l/3.11.5-2
Pneumatic conveyance, 2.3.3-l/2.3.3-2

in horizontal pipes, 2.3.3-l/2.3.3-3
in inclined pipes, 2.3.3-2
in vertical pipes, 2.3.3-l

Pneumatic conveying dryer, 3.13.7-2
P-NTU  method:

application to single pass exchangers, 1.3.1-2/l  .3.14
for calculation of heat exchangers, 1.2.4-411.2.4-5

Poiseuille law (see Hagen  Poiseuille law)
Polarization, of thermal radiation, 2.9.2-1212.9.2-14
Polymers:

degradation temperature, 2.5.12-l
physical properties, 2.5.12-2/2.5.124,5.3.6-l/5.3.7-2

specific heat capacity, 2.5.12-3
thermal conductivity, 2.5.12-2
viscosity, 2.5.12-212.5.12-4

non-Newtonian heat transfer to, 2.5.12-112.5.12-15
Pool boiling, 2.1.7-612.1.7-8

augmentation of heat transfer in, 2.7.9-112.7.9-2
boiling curve for, 2.7.2-l/2.7.2-2
critical heat flux in, 2.7.2-912.7.2-13

geometric effects on, 2.7.2-1112.7.2-12
liquid viscosity effect on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13

film boiling in, 2.7.2-1412.7.2-15
minimum heat flux in, 2.7.2-1312.7.2-14
nucleate boiling, 2.7.2-312.7.3-g

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gas on, 2.7.2-8
influence of gravitational acceleration on,

2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-812.7.2-g
influence of surface conditions on, 2.7.2-712.7.28
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

of binary and multiwmponent mixtures, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-2
transition boiling, 2.7.7-5

onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-13

Porous surfaces, for enhancement of boiling heat transfer,
2.7.9-l

Post-burnout heat transfer (see Postdryout heat transfer,
Transition boiling, Film boiling)

Post-dryout  heat transfer:
correlations for in vertical tubes, 2.7.3-3112.7.3-34

with departure from thermodynamic equilibrium,
2.7.3-3212.7.3-33

empirical correlations, 2.7.3-3112.7.3-32
semi-theoretical, 2.7.3-3312.7.3-34

in evaporators, 3.5.7-3
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Powders:
classification of types of, in tluidized beds, 2.2.6-3/2.2.&t
thermal conductivity under vacuum, 2.1.1-2

Power law fluid (non-Newtonian), 2.2.8-7

forced convective heat transfer to, 2.5.12-l/2.5.12-16
free convective heat transfer to bodies immersed in,

2.5.7-10, 2.5.7-2.5
Prandtl number, 1.2.34,2.1.3-3

effect on lammar flow over flat plate, 2.2.1-23
formulas for, 5.1.4-7
of liquid water, 5.5.34
of saturated vapors and liquids, 5.5.1-l/5.5.5.140
shell-side, in shell-and-tube heat exchangers, 3.3.5-17
turbulent, 2.2.1-19

Pressure coefficient:
for flow over single cylinder, 2.2.4-2
for flow over tube in tube bank, 2.2.4-2

Pressure control of condensers, 3.4.5-l
Pressure drop:

in condensers, 3.4.7-113.4.7-2
in double-pipe heat exchangers, 3.2.3-513.2.3-6
in evaporators, 3.5.6-l
in fluidized beds, 2.2.6-2
in gas-liquid flow, 2.3.2-712.3.2-18

frictional, in straight pipes, 2.3.2-912.3.2-12
in shell-and-tube heat exchangers, 2.3.2-1212.3.2-13
in singularities, 2.3.2-1512.3.2-18
in stratified flow, 2.3.2-2312.3.2-24
in vertical annular flow, 2.3.2-19

in headers, nozzles and turnarounds in shell-and-tube heat
exchangers, 2.2.7-l/2.2.7-11

in internally finned tubes, 2.5.11-512.5.11-6
in multiphase systems, 2.3.1-l/2.3.1-10

in gas-solid flow, 2.3.3-2,2.3.34/2.3.3-7
overall, in cooling towers, 3.12.3-313.12.3-5
in the packings of cooling  towers, 3.12.2-10/3.12.2-l 1
in plate fin heat exchangers, 3.9.10-l/3.9.10-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
and pumping power in heat exchangers, 1.2.4-511.2.4-6
in reboilers,  3.6.3-l
on the shell side of shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
as limitation in design, 3.3.10-6

in single phase systems: in ducts and fittings,
2.2.2-I/2.2.2-25

in fixed beds, 2.2.5-112.2.5-5
introduction and fundamentals, 2.2.1-112.2.1-35
in non-Newtonian fluid flow, 2.2.8-912.2.8-11
in tube banks, 2.2.4-l/2.2.4-17,  3.3.7-l/3.3.74

in vertical tubes with subcooled boiling, 2.7.3-912.7.3-10
Pressure gradient:

effect in transition boundary layer flow over flat plate,
2.2.1-24

(See also Pressure drop)
Process heaters, fired, 3.11.2-l/3.11.2-2
Prolate spheroids, free convective heat transfer from,

2.5.7-25
Promoters, for dropwise condensation, 2.6.5-312.6.5-4
Propane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of,

5.5.2-615.5.2-7
1-Propanol saturation properties, 5.5.1-18
2Propanol saturation properties, 5.5.1-19
Propeller agitator, 3.13.2-l/3.14.2-2

heat transfer in agitated vessels with, 3.14.3-1

Propylene:
saturation properties, 5.5.1-6
superheated gaseous, thermodynamic properties, 5.5.2-7

Propylene oxide saturation properties, 5.5 .l-24
Proximity agitators, 3.14.2-1

heat transfer in agitated vessels with, 3.14.3-3/3.14.3-6
Pugh, S. F., 5.4.5-1/5.4.5-5,5.5.8-l/5.5.8-3
Pulsations, use in augmentation of heat transfer, 2.5.11-8
Pushkina and Sorokin correlation, for flooding in vertical tubes,

2.3.2-22
P-7-T correlations, for pure fluids, 5.1.2-l/5.1.2-4
Pyramid, free convective heat transfer from, 2.5.7-25

Quality, in multiphase flows:
flow quality, 1.2.1-1, 2.3.14,2.7.3-l
static quality, 1.2.1-1, 2.3.1-4

R
Radiant heat exchanger, 2.9.84
Radiating fin, 2.9.8-412.9.8-6
Radiation:

diffusion method, for calculation of nonisothermal gas
radiation, 2.9.7-512.9.7-6

effect in film boiling, 2.7.2-15
effect on heat transfer in packed beds, 2.8.3-2
heat transfer coefficient, 2.9.8-2
m heat transfer from fluidized beds, 2.8.4-3,2.8.4-612.8.4-7
models for, in furnaces, 3.11.74/3.11.7-5
networks, 2.9.3-812.9.3-10

with a gas, 2.9.64
numerical calculation of flows involving, 1.4.3-3
(See also Radiative heat transfer)

Radiation shields, in radiation heat transfer, 2.9.3-1212.9.3-13
Radiative heat transfer:

acting with conduction and convection, 2.9.8-l/2.9.8-10
combined phenomena in, 2.9.8-l
around hollow cylinder, 2.9.8-612.9.8-7
in molecular gas convection, 2.9.8-712.9.8-10
in radiant heat exchanger, 2.9.84
from radiating fin, 2.9.8412.9.8-6
radiation coupled transient heating or cooling,

2.9.8-312.9.84
thermal network analysis of, 2.9.8-l/2.9.8-3

gas radiation properties, 2.9.5-l/2.9.5-13
equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.9.5-4
molecular, 2.9.5-812.9.5-11
physics, of, 2.9.5-4
spectral, band and total property definitions,

2.9.54l2.9.5-8
in furnaces, 3.11.3-l/3.11.7-6
introduction to, 2.9.1-l/2.9.1-5

blackbody radiation, 2.9.1-312.9.1-5
radiant intensity and flux, 2.9.1-212.9.1-3
thermodynamic surfaces and surface systems,

2.9.1-l/2.9.1-2
nonisothermal gas radiation, 2.9.7-l/2.9.7-13
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Radiative heat transfer, nonisothermal gas radiation (Cont.):
differential formulations for, 2.9.7~5/2.9.7-8
equation of transfer for, 2.9.7-112.9.7-2
geometric considerations, 2.9.7-2/2.9.7-3
molecular gas radiation in, 2.9.7-10/2.9.7-13
slab geometry, 2.9.7-312.9.7-s
spectral considerations and scaling approximations in,

2.9.7-812.9.7-10
radiation transfer between perfectly diffuse surfaces,

2.9.3-112.9.3-17
diffuse-walled passages, 2.9.3-13/2.9.3-16
radiation network, 2.9.3-8/2.9.3-10
radiosity-irradiation formulations, 2.9.34/2.9.3-8
refractory surfaces, 2.9.3-8
selected working relations for, 2.9.3-10/2.9.3-13
shape factors for, 2.9.3-l/2.9.34

radiation transfer between specular and imperfectly diffuse
surfaces, 2.9.4-1/2.9.4-l  1

mirror-image concept, 2.9.4-l/2.9.4-2
Monte Carlo algorithms, 2.9.4-2/2.9.4-5
rough walled passages, 2.9.4-g/2.9.4-10
specular and imperfectly diffuse surfaces, 2.9.4-l
specular walled passages, 2.9.4-512.9.4-7
surface models, 2.9.4-7/2.9.4-g

surface radiation characteristics, 2.9.2-l/2.9.2-20
absorption and emission characteristics, 2.9.2-l/2.9.2-3
approximations, 2.9.2-1012.9.2-12
electromagnetic theory and the Fresnel relations,

2.9.2-712.9.2-10
polarization, 2.9.2-12/2.9.2-H
radiation characteristics in thermal design,

2.9.2-1512.9.2-20
reflection and transmission characteristics,

2.9.2-312.9.2-7
between surfaces and isothermal gas, 2.9.6-l/2.9.6-9

calculation of, 2.9.64/2.9.6-8
heat transfer at black wall, 2.9.6-l
mean beam length concept for, 2.9.6-2/2.9.6-3
Monte Carlo solutions for, 2.9.6-8/2.9.6-g
radiation network in, 2.9.6-4
radiosity-irradiation formulation for gas filled enclosure

wall, 2.9.6-312.9.64
wall layer transmission in, 2.9.6-3

Radiators, automotive, construction, 4.4.3-5/4.4.3-7
Radiometers, application in gas radiation property measurement,

2.9.5-3
Radiosity, Stephan�s law for, 2.9.1-3
Radiosity-irradiation formulations in radiative heat transfer,

2.9.3412.9.3-8
for gas-filled enclosure wall, 2.9.6-312.9.6-4

Ramen heat exchanger (see Lamella heat exchanger)
Raoult�s law for partial pressure, 2.7.6-l
Rating of heat exchangers, 3.1.3-2, 3.3.4-l

computer program structure for, 3.1.3-3
Rayleigh  instability, in free convection, 2.5.8-2
Rayleigh  number, 1.2.34,2.2.1-16,2.2.2-6

critical, for instability in free convection: in enclosures heated
from below, 2.5.8-3/2.5.8-6

in horizontal layers, 2.5.8-2/2.5.8-3
in free convection over immersed bodies, 2.5.7-3

Reay,D., 3.13.7-l/3.13.7-3
Reboilers:

approximate overall coefficients in, 2.1.2-3
shell-and-tube, 3.6.1-l/3.6.5-6

calculation procedures for, 3.6.5-l/3.6.5-6
pressure drop in, 3.6.3-l

special design considerations for, 3.6.4-l/3.6.44
thermal design of, 3.6.2-l/3.6.2-10

as type of heat exchanger, 1.1.5-2
(See also Boilers)

Reciprocal mode integrating sphere, for reflection and
transmission measurements in radiation, 2.9.2-7

Rectangles:
closed form solutions for mean beam lengths between,

2.9.64
radiative heat transfer shape factors for opposite and

adjacent, 2.9.3-3
table of mean beam lengths, 2.9.6-5

Rectangular ducts:
combined free and forced convective heat transfer in,

2.5.10-11, 3.9.5-l/3.9.3-3
critical heat flux in flow boiling in, 2.7.3-20
laminar flow in, 2.2.2-712.2.2-g
radiative heat transfer along, 2.9.3-16/2.9.3-17
turbulent flow in, 2.2.2-10

Rectangular enclosures, free convective heat transfer in:
when heated and cooled on vertical sides, 2.5.8-6/2.5.8-13
when heated from below, 2.5.8-3/2.5.8-6

Rectangular fins, for plate fin exchangers, 3.9.3-l
Redlich-Kwong and Redlich-Kwong-Soave equations of state,

5.1.24
application to hydrocarbons, 5.2.2-115.2.2-2

Reduced pressure, correlations for pool boiling using,
2.7.2-512.7.2-7

Reentrance cavities, for enhancement of boiling, 2.7.9-l/2.7.9-2
Reference temperature:

in calculation of friction factor in circular duct, 2.2.2-7
for laminar flow over flat plates, 2.2.1-23
for turbulent flow over flat plates, 2.2.1-29

Reflectance (see Reflectivity)
Reflection, of thermal radiation, from solid surfaces:

characteristics of, 2.9.2-312.9.2-6
measurement of, 2.9.2-612.9.2-7

Reflectivity, of solid surfaces, 2.9.2-3
measurement of, 2.9.2-6/2.9.2-7

Reflectometer, heated cavity, 2.9.2-7
Reflux condensers, 3.4.3-2

flooding phenomena in, 2.6.2-9, 3.4.3-213.4.3-3
Refractories, density of, 5.4.1-l/5.4.1-2
Refractory services, 2.9.3-8

in furnaces, 3.11.3-6
heat transfer by radiation between source, sink and,

2.9.3-l l/2.9.3-12
Refrigerant 12:

critical heat flux table for flow of in vertical tube, 2.7.3-29
saturation properties, 3.5.1-2 1

Refrigerant 13 saturation properties, 5 5.1-2  1
Refrigerant 21 saturation properties, 5.5.1-22
Refrigerant 22 saturation properties, 5.5.1-22
Regenerative heat exchangers, l.l.l-3/1.1.14

periodic operation of, 1 .1.6-l
Regimes of heat transfer, in ducts, single phase flow,

2.5.1-1
Relaminarization,  of turbulent flow, 2.2.1-16
Residence times, in dryers:

with non-prescribed material flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.13.5-2

Retrograde behavior, in phase envelope for natural gas,
5.2.1415.2.1-5

Reynolds number, 2.1.1-3
as limiting criteria for applicability of molecular flux

relationship, 2.1.1-3
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Reynolds number (Cont.):
bubble, 2.3.2-19
definition of, 1.2.3-211.2.3-3

in finned tube bundles, 2.5.3-11
in condensation on vertical surface, 2.6.2-3
in cross flow over tube banks, 2.2.4-l/2.2.4-12,

2.5.3-1/2.5.3-8,3.3.7-l/3.3.74
particle, fixed beds, 2.2.5-2

fluidized beds, 2.2.6-2
shell-side, in shell-and-tube heat exchangers, 3.3.5-16
in two-phase gas-liquid flow, 2.3.2-10

Rheologically  complex materials, properties of:
disperse compositions, 5.3.1-l/5.3.1-3

nuclear fuel suspensions, 5.3.1-2/5.3.1-3
petroleum, 5.3.1-3
two-component composition$5.3.1-l/5.3.1-2

effect of external electric and magnetic fields on,
5.3.8-l/5.3.8-2

lubricants: classification of, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2

polymers, 5.3.6-l/5.3.7-2
Rheology, shear flow experiments used in, 2.2.8-3
Richardson number, 2.2.1-11
Ring cells, in free convection, 2.5.8-2
Ring stiffness, in shell-and-tube heat exchangers, 4.1.2-8/4.1.2-g
Rod bundles:

critical heat flux in flow in, 2.7.3-21/2.7.3-22
turbulent longitudinal flow in, 2.2.2-10

Rohsenow correlation, for nucleate boiling, 2.7.24
application in forced convection boiling in vertical tubes,

2.7.3-712.7.3-g
Roll cells, in free convection, 2.5.8-2
Roller expansion, of tubes into tube sheets, 4.2.6-614.2.6-7
Room, thermal network for combined radiation and convection

in, 2.9.8-3
Rossby number, 2.2.1-11
Rotary dryer, 3.13.24

practical design of, 3.13.7-2
Rotating drums, heat transfer to particle bed in, 2.8.34/2.8.3-5
Rotation, as device for heat transfer augmentation, 2.5.11-4,

2.5.11-8
Roughness, surface:

in augmentation of condensation, 2.6.6-l/2.6.6-2
in augmentation of heat transfer, 2.5.11-2,2.5.11-3/2.5.114
as enhancement device in boiling, 2.7.9-2
completely rough surface, 2.2.2-2
effect in flow in fixed beds, 2.2.54
effect on flow over cylinders, 2.2.3-6
effect in pool boiling: critical heat flux, 2.7.2-13

nucleate boiling, 2.7.2-312.7.2-8
effect on pressure drop in tube banks, 2.2.4-14/2.2.4-15
effect on skin friction in turbulent flow over flat plate,

2.2.1-29
effect in transition flow over flat plate, 2.2.1-25
radiative heat transfer from, 2.9.4-7/2.9.4-10
values for commercial surfaces, 2.2.24

Rough walled passages, radiative heat transfer down,
2.9.4-912.9.4-10

Ruiz,C.,4.1.1-I/4.1.8-3

S
Saddle supports, for heat exchangers, as source of assymetric

loading, 4.1.2-2/4.1.2-g

Sand roughness, equivalent, 2.2.1-29/2.2.1-30
Sardesai,  R. G., 2.6.4-112.6.4-7
Saturated boiling:

in pool boiling, 2.7.2-112.7.2-17
in vertical tubes, 2.7.3-10/2.7.3-12

nucleate, 2.7.3-10/2.7.3-11
two-phase forced convective, 2.7.3-11/2.7.3-12

Saturated fluids, tables of physical properties, 5.5.1-l/5.5.1-40
Saturation pressure, 2.7.1-1
Saturation temperature, 2.7.1-1
Saunders, E. A. D., 4.2.1-l/4.2.6-13
Scaling approximations, in nonisothermal  gas radiation,

2.9.7-812.9.7-10
narrow band scaling: the Curtis Godson approximation,

2.9.7-812.9.7-g
wide-band scaling, 2.9.7-g/2.9.7-10

Scattering bed models, for radiative heat transfer from surfaces,
2.9.4-812.9.4-g

Scattering coefficient, 2.9.5-2
Schack  wide-band model, for gas radiation properties, 2.9.5-6
Schliinder,E.  U., 2.1.1-1/2.1.7-8,3.13.1-1/3.13.6-l
Schliinder equations:

for developing laminar flow, 2.5.1-2
for gas conduction in packed beds, 2.8.3-l

Schmidt number, 1.2.34
Schrock and Grossman correlations, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Schunk, M., 5.1.1-l/5.1.5-3,5.4.1-1/5.4.4-6
Schwier, K., 5.5.3-l/5.5.3-5
Scraped surfaces:

in augmentation of heat transfer, 25.1 l-3
heat exchangers, description of, 3.1.2-6
in heat exchangers, 1 .1.4-2
heat transfer coefficients with, 3.14.3-4/3.14.36
mechanical design for, 4.4.4-514.4.4-6

Scaling devices, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Seider-Tate equation, for heat transfer in heat exchangers, 3.3.2-2
Selection of heat transfer equipment:

for condensation duty, 3.4.2-l/3.4.2-4
dryers, 3.13.2-l/3.13.24
for evaporation, 3.5.5-l/3.5.5-2
general introduction to, 3.1.2-l/3.1.26
rebotiers, 3.6.1-2/3.6.1-6

selection table, 3.6.1-6
Semiconductors, thermal conductivity, 5.4.3-3
Separated flow model:

application to stratified flow prediction, 2.3.2-2312.3.2-24
conservation equations for: in gas-liquid flow, 2.3.2-8/2.3.2-g

in multiphase flows, 2.3.1-6/2.3.1-7
Separators, for use in association with evaporators,

3.5.4-l/3.5.4-2
Series solutions, for one-dimensional transient conduction,

2.4.3-l/2.4.3-7
Serrated fins,  in plate fin heat exchangers, 3.9.3-l
Shah correlation, for boiling in horizontal tubes, 2.7.4-5
Shape factor, in radiative heat transfer between diffuse surfaces,

2.9.3-112.9.34
Shear flow, of non-Newtonian fluids, 2.2.8-l/2.2.8-3
Shear free flow, of non-Newtonian fluids, 2.2.8-312.2.8-6
Shear rate, in fluid, 2.2.8-l

Shear stress:
distribution of wall, in flow over single cylinder, 2.2.3-5
interfacial effect on filmwise  condensation: on vertical

surfaces, 2.6.2-512.6.2-7
turbulent, in pipe flow, 2.2.2-5

Shelf dryer, 3.13.24
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Shell-and-tube heat exchanger:
application of low-fin tubes in, 3.3.11-2/3.3.11-3
approximate overall coefficient in, 2.1.2-3
approximate sizing of, 3.1.4-l/3.1.4-9

basic design equation for, 3.1.4-9
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference, 3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-313.1.46
estimation of surface area, 3.1.4-6/3.1.4-7
example of, 3.1.4-7/3.1.4-g

baffle leakage in, numerical calculation of, 1.4.2-3
condensation in, 3.4.1-1/3.4.1-S
corrosion and other damage of, 4.5.3-l/4.5.3-7
description of 3.1.2-2/3.1.2-3
F-factor and &NTU  charts for, 1.5.2-l/1.5.2-15

E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-8
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

F-type shells, thermal leakage in, 1.5.2-14/1.5.2-15
introduction to design features, 1.1.5-l/1.1.5-2
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: basic principles, 4.1.1-l/4.1.8-3

constructional features of, 4.2.1-l/4.2.6-13
design codes for, 4.3.1-l/4.3.5-11
example of calculations, 4.3.6-l/4.3.6-23

multipass, 1.1.1-2
non-uniform heat transfer in, 2.1.4-l/2.1.4-3
numerical solutions for: with flow pattern calculation,

1.4.2-l/1.4.24
with prescribed flow patterns, 1.4.1-l/1.4.1-6

pressure drop in headers, nozzles and turnarounds in,
2.2.7-112.2.7-11

thermal design, 3.3.1-l/3.3.1  1-5
auxiliary calculations, 3.3.6-l/3.3.6-11
calculation of shell-side heat transfer coefficient and

pressure drop, 3.3.8-l/3.3.8-3
extension to other shell, baffle and tube bundle

geometries, 3.3.11-l/3.3.1  1-3
ideal tube-bank correlations for, 3.3.7-l/3.3.74
input data and recommended practices, 3.3.5-l/3.3.5-17
objectives and background, 3.3.1-l/3.3.1-2
performance evaluation when geometry specified,

3.3.9-l/3.3.9-6
practices of design, 3.3.4-l/3.3.4-5
procedures for segmentally baffled exchangers,

3.3.10-l/3.3.10-8
recommended method: principles and limitations,

3.3.3-l/3.3.3-5
survey of shell-side flow correlations, 3.3.2-l/3.3.26

Shells, for shell-and-tube heat exchangers:
costing, 4.8.2-l/4.8.2-5
inside diameter: metric practice for, 3.3.5-3

U.S. practice for, 3.3.5-3
materials of construction, 4.5.2-l/4.5.2-2
mechanical design: analytical basis for codes, 4.3.3-l

basic principles, 4.1.3-1
constructional features of, 4.2.6-l
index to U.S., U.K., and F.R.G. codes for, 4.3.2-214.3.2-3

Shell-to-baffle clearance, in shell-and-tube heat exchangers,
3.3.5-1313.3.5-14

Sherwood number, 1.2.3-2,2.1.5-2
in particle-to-fluid mass transfer in fixed beds, 2.5.4-l/2.5.4-6

Shipes,  K. V., 4.4.1-l/4.4.1-7
Short-tube vertical evaporator, 3.5.2-l
Shuhnan, 2. P., 5.3.1-115.3.8-3
Silver method, for calculation of multicomponent condensation,

2.6.3-412.6.3-5
Similarity, theory of, 2.2.1-10/2.2.1-13
Simultaneous heat and mass transfer (see Heat and mass transfer,

combined)
Singham, J. R., 3.12.1-l/3.12.64
Single-phase convective heat transfer (see Convective heat

transfer, single-phase)
Single-phase fluid flow:

in ducts and fittings, 2.2.2-112.2.2-25
in fixed beds, 2.2.5-l/2.2.5-5
over immersed bodies, 2.2.3-112.2.3-g
introduction and fundamentals, 2.2.1-l/2.2.1-35
in headers, nozzles and turnarounds, 2.2.7-1/2.2.7-l 1
in tube banks, 2.2.4-l/2.2.4-17

Singularities, two-phase gas-liquid pressure drop across,
2.3.2-1512.3.2-18

bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-1712.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contraction, 2.3.2-1612.3.2-17
sudden enlargement, 2.3.2-16

Sink, in radiation:
heat transfer between source, refractory and,

2.9.3-1112.9.3-12
heat transfer from source to, 2.9.3-10/2.9.3-11

Skin friction coefficient, 2.2.1-20
in flow over cylinders, 2.2.3-5
in flow over tube banks, 2.2.4-312.2.4-5
Ludwieg-Tilhnan formula for, 2.2.1-26
Stratford formulas for, in boundary Layers, 2.2.1-21
in turbulent flow over flat plates, 2.2.1-29

Slab:
heat transfer in cooling of, 2.1.3-l/2.1.3-2
leaching process in, 2.1.5-2
radiative heat transfer in non-isothermal gas in,

2.9.7-3/2.9.7-5,2.9.7-1012.9.7-13
transient conduction in, 2.4.3-112.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
Slip ratio (see Velocity ratio)
Slot, radiative heat transfer along, 2.9.3-15/2.9.3-16
Slug flow:

hydrodynamics of, 2.3.2-2412.3.2-25
mechanism of critical heat flux in, 2.7.3-22
regions of occurrence of, in gasliquid  flow in horizontal

tubes, 2.3.2-112.3.2-5
Slugging, in fluidized beds, 2.2.6-l
Smith, R. A., 3.5.1-l/3.5.8-3
Smoluchowski effect, 2.1.1-2
Snell�s law, in radiation, 2.9.2-9
Solar absorber, 2.9.2-1512.9.2-16
Solar reflector, 2.9.2-16
Soldered fins,  in double pipe exchangers, 3.2.5-l
Solid fuels, properties of, 3.11.3-3
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Solid-gas flow:
flow patterns in, 2.3.3-2
free-fall velocity in, 2.3.3-3
pressure drop in, 2.3.3-2, 2.3.3412.3.3-g
principles of pneumatic conveyance by, 2.3.3-l/2.3.3-2

horizontal pipes, 2.3.3-l/2.3.3-2
inclined pipes, 2.3.3-2
vertical pipes, 2.3.3-l

velocity ratio in, 2.3.34
Solidification, heat conduction in, 2.4.4-l/2.4.4-2
Solid-liquid flow:

flow patterns in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-2/2.3.4-6
principles of hydraulic conveyance, 2.3.4-l

Solids:
as constituents in multiphase flows, 2.3.1-1
physical properties, 5.4.1-l/5.4.5-5

density, 5.4.1-l/5.4.1-2
elastic properties, 5.4.5-l/5.4.5-5
emissivity, 5.4.4-115.4.44
specific heat, 5.4.2-l/5.4.2-2
thermal conductivity, 5.4.3-l/5.4.3-3

total emissivities, 3:11.3-6
Solids circulation, in fluidized beds, 2.2.6-6/2.2.6-7
Sound velocity:

in ideal gas, 2.2.1-8
in two-phase gas-liquid flow, 2.3.2-27

Source, in radiation:
radiative heat transfer between refractory, sink and,

2.9.3-11/2.9.3-12
radiative heat transfer between sink and, 2.9.3-10/2.9.3-11

Spacers, in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Spalding, D. B., 1.1.1-l/1.4.3-6
sparging:

for agitation of vessels, 3.1.4-2
of reboilers, 3.6.4-3

Specific enthalpy, 1.2.1-1
of saturated liquids and vapors, 5 .5.1-l/5  5.1-40
of superheated gases, 5.5.2-1/5.5.2-l  1

Specific entropy, of superheated gases, tables of, 5.5.2-1/5.5.2-l  1
Specific heat (see Specific heat capacity)
Specific heat capacity, 1.2.1-2/1.2.1-3

in polymers, 2.5.12-8,5.3.6-2
in pure fluids, 5.1.34/5.1.3-7
of liquid water, 5.5.3-2
of multicomponent mixtures, 5.2.3-8/5.2.3-g
of saturated liquids and vapors, 5.5.1-l/5.5.1-5
of solids, 5.4.2-l/5.4.2-2

Specific internal energy, 1.2.1-1
Specific volume:

of polymers, 5.3.6-2
of superheated gas, tables of, 5.5.2-l/5 5.2-l 1
of the gas phase, 5.1.2-2/5.1.2-3
of the liquid phase, 5.1.2-l

Spectral absorptivity:
in gases, 2.9.5-5
of metals at room temperatures, 2.9.2-l l/2.9.2-12

Spectral emissivity, in gases, 2.9.5-5
Specular surface, 2.9.4-l

radiative heat transfer between imperfectly diffuse surfaces
and, 2.9.4-l/2.9.4-11

Specular-walled passages, radiative heat transfer in,
2.9.4-512.9.4-7

with adiabatic sides, 2.9.4-612.9.4-7
with isothermal sides, 2.9.4-512.9.4-6
with non-isothermal sides, 2.9.4-6

Spheres:
characteristics of, as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-l/2.5.9-6
in transverse flow, 2.5.9-6
in vertical flow, 2.5.9-l/2.5.94

concentric, free convective heat transfer in, 2.5.8-16
drag coefficients for, 2.2.3-2
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.2-8,  2.5.4-112.5.4-7
free convective heat transfer from, 2.5.7-24/2.5.7-25
heat transfer to beds of moving, agitated and vibrated,

2.8.3-312.8.3-8
single-phase forced convection heat transfer to,

2.5.2-512.5.2-8,  2.5.4-l
combined correlation for, 2.5.2-5,2.5.4-l
in restricted channel, 2.5.2-5

transient conduction in, 2.4.3-l/2.4.3-10
numerical methods for, 2.4.3-8/2.4.3-10
series solutions for, 2.4.3-l/2.4.3-7
solutions using internal heat transfer coefficient,

2.4.3-712.4.34
Spherical shells:

mechanical design, of, 4.1.3-l/4.1.3-2
steady-state thermal conduction in, 2.4.2-l/2.4.2-3

Spheroids (oblate and prolate), free convective heat transfer
from, 2.5.7-25

Spine fins:
efficiency, 2.5.3-9
in plate tin exchangers, 3.9.3-l

Spiral heat exchanger:
approximate overall heat transfer coefficients in, 2.1.24
description of, 3.1.2-3/3.1.24
mechanical design of, 4.4.44/4.4.4-5

Spray dryers, 3.13.7-213.13.7-3
Sprays, in heat exchangers, 1.1.4-2
Square ducts:

laminar flow in, 2.2.2-7/2.2.2-g
roughened wall, radiative heat transfer along, 2.9.4-g/2.9.4-10

Stable equilibrium, of vapor and liquid, 2.7.1-1
Staggered tube banks:

application in shell-and-tube heat exchangers, 3.3.5-5
correlations for heat transfer in, 2.5.3-l/2.5.3-16

finned tubes, 2.5.3-11
plain tubes, 2.5.3-2

drag coefficients for tubes in, 2.2.44
pressure drop in, with plain tubes, 2.2.4-8/2.2.4-g

correction factors for overall number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
pressure drop with tinned tubes, 2.2.4-13/2.2.4-14

Stagnant packed beds (see Fixed beds)
Stainless steels:

as materials of construction, 4.5.2-3/4.5.24
austenitic, 45.24
ferritic, 4.5.2-3/4.5.24

spectral characteristics of reflectance from oxidized surface
of, 2.9.2-15

Stanton number, 1.2.3-1,2.2.1-11
startup:

of heat pumps, 3.10.7-l/3.10.7-2
of reboilem, 3.6.4-2

State diagram, for fluidized beds, 2.2.6-2
Static mixer inserts, as enhancement device in condensation,

2.6.6-3
Static quality (see Quality)
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Steels, as material of construction, 4.5.2-214.5.24
austenitic stainless, 4.5.24
carbon steel, 4.5.2-2/4.5.2-3
ferritic stainless, 4.5.2-3/45.24
low alloy steels, 4.5.2-3

Stefan-Boltzmann constant, 2.9.1-3
Stefan�s law, for bladcbody radiation, 2.9.1-3
Stegmaier, W., 2.3.3-l/2.3.3-10
Stephan and Korner correlation, for boiling of binary mixtures,

2.7.7-2
Stephan-Maxwell equations for diffusion, 2.1.5-1
Stirred beds, heat transfer to, 2.8.34
Stirred reactor model, for furnaces, 3.11.4-l/3.11.46
Stirred tanks (see Agitated vessels)
Straight fins (longitudinal fins)

application in double-pipe heat exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.3-l/3.2.3-3

Stratfords method, for solution of boundary layer equations,
2.2.1-21

Stratification, in gasliquid flow (see Stratified flow)
Stratified flow:

as source of dryout in evaporative heat transfer,
2.7.4-l/2.7.44

in bends, 2.7.4-212.7.4-3
in helical coils, 2.7.4-312.7.44
in horizontal tubes, 2.7.4-l/2.7.4-2

prediction of, in horizontal and inclined tubes,
2.3.2-2312.3.2-24

regions of occurrence of: in condensation, 2.3.2-7
in horizontal tubes, 2.3.2-212.3.24
in inclined tubes, 2.3.24/2.3.2-5
in she&and-tube heat exchangers, 2.3.2-5/2.3.2-6

Stream analysis methods, for shell-side heat transfer and pressure
drop in shell-and-tube heat exchangers, 3.3.2-3/3.3.2-6

Stress equation models, for turbulent boundary layers, 2.2.1-29
Stresses:

allowable, comparison of codes for, in mechanical design of
heat exchangers, 4.3.4-l

types of, in heat exchangers, 4.1.1-l/4.1.1-2
Stress tensor:

in non-Newtonian fluids, 2.2.8-2
in single phase fluid flow, 2.2.1-2
in turbulent flow, 2.2.1-15

Stress-strain curve, for solids, 5.4.5-215.4.5-3
Strouhal number, 2.2.3-3

values for: banks of tubes, 2.2.4-15/2.2.4-16
flow over blunt bodies, 2.2.3-7
flow over single cylinders, 2.2.34, 2.2.4-l

in vortex shedding as source of tube vibration, 4.6.4-l/4.6.4-2
Subchannel  analysis, for critical heat flux in rod bundles, 2.7.3-21
Subcooled boiling:

in pool boiling, 2.7.2-112.7.2-17
in vertical tubes, 2.7.3-5/2.7.3-10

fully developed, 2.7.3-712.7.3-8
onset of, 2.7.3-512.7.3-7
partial, 2.7.3-812.7.3-g
single phase convection, 2.7.3-5
void fraction in, 2.7.3-912.7.3-10

Subcooling:
in condensers, 3.4.64
of liquid: effect on critical heat flux, 2.7.3-13

effect on forced convective boiling, 2.7.3-5/2.7.3-10
effect on pool boiling: critical heat flux,

2.7.2-1212.7.2-13
nucleate boiling, 2.7.2-9

of vapor in condensation, 2.6.7-l
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Sublayer, viscous, 2.2.2-l
Suction:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flat plate, 2.2.1-30
effect on laminar flow over flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.1 l-3,2.5.1 1-9

Sudden contractions (see Contraction)
Sudden enlargements (see Enlargement)
Superficial velocity, in multiphase flow, 2.3.14
Superheated liquid, in metastable state, 2.7.1-1
Superheated gases, thermodynamic properties of,

5.5.2-l/5.5.2-11
Superheated vapor, condensation of, on vertical surface, 2.6.2-3
Supersaturation, as cause of fogging in condensers:

conditions producing, 2.6.7-212.6.7-3
description of, 2.6.7-l

Supports, for heat exchangers (see Saddle supports, Bracket
supports)

Suppression of nucleate boiling, 2.7.3-1012.7.3-11
Surface condensers, 3.4.3-5
Surface finish:

effect in pool boiling:
critical heat flux, 2.7.2-13
nucleate boiling, 2.7.2-312.7.2-8

(See also Roughness, surface)
Surface, hydraulically smooth, 2.2.2-l
Surface models, in radiative heat transfer, 2.9.4-7/2.9.4-g

diffraction models, 2.9.4-712.9.4-8
geometric optics models, 2.9.4-8
scattering bed models, 2.9.4-812.9.4-g

Surface roughness (see Roughness, surface)
Surface tension:

devices depending on, for heat transfer augmentation,
2.5.11-2

methods of estimating, 5.1.5-l/5.1.5-2
in mixtures of fluids, 5.2.4-l/5.2.4-3
tables of, for saturated fluids, 5.5.1-l/5.5.140

Sutherland formula, for viscosity variation with temperature,
2.2.1-9

Sutterby fluid (non-Newtonian), free convective heat transfer to,
2.5.7-11

Swirling flow, in augmentation of heat transfer, 2.5.11-2

1
Taborek, J., 1.5.2-l/1.5.3-12,  3.3.1-l/3.3.11-5
Taitel and Dukler flow regime map, for horizontal and inclined

gas-liquid flows, 2.3.2-312.3.24
Tapes, twisted (see Twisted tapes)
Teflon, use in heat transfer enhancement:

in boiling, 2.7.9-l
iu condensation, 2.6.6-l

TEMA (Tubular Exchanger Manufacturers Association):
example of calculation of mechanical design of TEMA type

AJS, 4.3.6-114.3.6-23
mechanical design standards, 4.3.1-2/4.3.1-3

index to, 4.3.2-l/4.3.2-11
recommended baffle characteristics in segmentally baffled

exchangers, 3.3.5-8
specification sheet for exchanger, 3.3.4-2
standards, 3.3.1-1
type designation system, 4.2.2-l/4.2.2-3

Temperature-dependent physical properties (see Physical
properties, variation with temperature)
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Temperature distribution:
in condensation, 2.6.1-2
in fixed beds: in stagnant conditions, 2.8.1-l/2.8.1-2,

2.8.1-10/2.8.1-14
with flow-through bed, 2.8.2-l/2.8.2-2,2.8.2-7

series  solutions for, in transient conduction, 2.4.3-I/2.4.3-7
Ternary mixtures, diffusion and mass transfer in, 2.1.54
Testing and inspection of heat exchangers:

certification, 4.7.7-l
cleanliness and storage, 4.7.9-l
constructions, 4.7.5-l
fittings, 4.7.8-l
materials, 4.7.2-l
nondestructive testing, 4.7.6-l/4.7.6-2
objectives of, 4.7.1-l/4.7.1-2
preparation and dispatch, 4.7.10-l
stages of inspection, 4.7.4-l
welding, 4.7.3-l

Thermal conduction (see Conduction, heat)
Thermal conductivity:

effective, in fixed beds: with flow, 2.8.2-2/2.8.2-5
with no flow (stagnant), 2.8.1-l/2.8.1-14

effective, of wicks in heat pipes, 3.10.3-l
of liquid water, 5.5.3-3
of multicomponent mixtures, 5.2.3-7/5.2.3-8
of polymers, 2.5.12-2
of pure fluids, 5.1.4-5 /5 .1.4-7

gases, 5.1.4-515.1.46
liquids, 5.1.4-7

of rheologicahy  complex materials, 5.3.1-l/5.3.2-3
of saturated vapors and liquids, 5.5.1-l/5.5.140
of solids, 5.4.3-l/5.4.3-3

electrical conductors, 5.4.3-2/5.4.3-3
electrical insulators, 5.4.3-l/5.4.3-2
semiconductors, 5.4.3-3
tables of, 5.5.6-l/5.5.64

of typical tube materials in heat exchangers, 3.3.5-5
Thermal contact resistance, 2.4.6-112.4.64
Thermal design, constructional features affecting, in

shell-and-tube heat exchangers, 3.1.1-l/3.1.4-9,
4.2.5-114.2.5-23

Thermal diffusivity of liquid water, 5.5.3-5
Thermal expansion, effect of, in shell-and-tube heat exchangers,

3.3.44
Thermal expansion coefficient:

in gases, 5 .1.2-3
of liquid water, 5.5.3-3
in liquids, 5.1.2-2
in saturated liquids, tables of, 5.5.1-l/5.5.140

Thermal leakage in F-type shell-and-tube heat exchangers,
1.5.2-14/1.5.2-15

Thermal mixing in plate heat exchangers, 3.7.11-l/3.7.11-2
Thermal network analysis of radiation acting with conduction

and convection, 2.9.8-l/2.9.8-3
Thermal stress:

in heat exchanger shells, 4.1.3-2
numerical methods in the production of, 1.4.24
in tube plates, 4.1.44

Thermodynamic properties:
of saturated fluids, 5.5.1-l/5.5.140
of superheated gases, 5.5.2-l/5.5.24

Thermodynamic surface in radiative heat transfer,
2.9.1-l/2.9.1-2

Thermoexel surface, for enhancement of boiling,
2.7.9-112.7.9-2

Thermosiphon, as form of heat pipe, 3.10.1-l
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Thermosiphon reboilers (see Vertical thermosiphon reboilers,
Horizontal thermosiphon reboilers)

e-NTU  method:
application to single pass wunter and cocurrent flow

exchangers, 1.3.1-2/1.3.1-4,1.5.2-l/1.5.2-2
charts and equations for heat exchanger design,

1.5.2-2/1.5.3-12
for counter flow, 1.5.2-2

cross flow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 1.5.3-4
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 15.35
two tube rows, two tube passes, unmixed, 1.5.3-g

E-shell with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-8
Gshell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
single pass cocurrent, 1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.26

for calculation of heat exchangers, 1.2.4-5, 1.5.2-l/1.5.3-12
Thickness of boundary layers (displacement, momentum,

energy, density, temperature), 2.2.1-20
Three-phase flows:

classification, 2.3.1-2
gasliquid-liquid, 2.3.1-2
gas-liquid-solid, 2.3.1-2
solid-liquid-liquid, 2.3.1-2

Thwaites method for solution of boundary layer equations,
2.2.1-21

Tie rods in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Tinker method for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-3/3.3.2-6
Titanium as material of construction, 4.5.2-5
T-junctions, loss coefficients in, 2.2.2-20
Toluene saturation properties, 5.5.1-12
Tong F-factor method, for critical heat flux with nonuniform

heating, 2.7.3-19/2.7.3-20
Toroidal shells, mechanical design, 4.1.3-2
Total emissivity in gases, 2.9.5-5
Transcendental equations in transient conduction, 2.4.34
Transient behavior:

in free convective heat transfer on vertical plates,
2.5.7-912.5.7-10

of heat exchangers, 1.1.6-1
in radiation-coupled heating or cooling, 2.9.8-3/2.9.84

Transition boiling:
in binary and forced convective boiling, 2.7.7-5
in formd convection over vertical surfaces, 2.7.3-30
in pool boiling, 2.7.2-13

Transition flow, heat transfer in free convective flow over
vertical surfaces in, 2.5.7412.5.7-5

Transmission of thermal radiation in solids:
characteristics, 2.9.2-312.9.2-6
measurement, 2.9.2-6/2.9.2-7

Transmissivity of solids:
definition, 2.9.2-3
measurement, 2.9.2-6/2.9.2-7

Transport phenomena, approximate model for in dilute gases,
2.1.1-1
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Transport properties:
of pure fluids, 5.1.4-l/5.1.4-7
turbulent, 2.1.1-3

Transverse flow, combined free and forced convection m,
2.5.9412.5.9-6

Treated surfaces, for augmentation of heat transfer, 2.5.11-l
Triangular duct:

1amina.r  flow in, 2.2.2-9
laminar heat transfer in, 3.9.5-l/3.9.5-3

Triangular fins, in plate fin exchangers, 3.9.3-l
Triangular relationship, in annular gas-liquid flow, 2.3.2-20
Triple interface (gas/solid/liquid), 2.3.1-2
Trouton�s rule, for heat of vaporization, 5.1.3-3
Truelove, J. S., 3.11.1-l/3.11.7-6
True temperature difference, in double pipe exchangers, 3.2.34
Tube-baffle damage, in heat exchangers, 4.5.3-3
Tube banks, finned:

application in kettle reboilers, 3.6.2-6
mechanical design, in air cooled heat exchangers,

4.4.1-214.4.1-s
single-phase flow and pressure drop in, 2.2.4-13/2.2.4-15

correlation for pressure drop for staggered banks with
annular (ring shaped) fins, 2.2.4-13/2.2.4-14

correlation for staggered banks with helical fins, 2.2.4-14
single-phase heat transfer in, 2.5.3-6/2.5.3-16

comparison of experimental data and correlations for,
2.5.3-1312.5.3-15

fin efficiency in, 2.5.36/2.5.3-11
heat transfer correlations for, with high-finned tubes,

2.5.3-1112.5.3-12
heat transfer correlations for, with low-finned tubes,

2.5.3-1212.5.3-13
types used in air-cooled heat exchangers, 3.8.4-l/3.8.4-2

Tube banks, plain:
boiling on outside of tubes within, 2.7.5412.7.5-7

critical heat flux in, 2.7.5-5/2.7.5-7
heat transfer coefficients in, 2.7.5412.7.5-5

condensation in horizontal, 2.6.2-10/2.6.2-12
condensation in vertical, 2.6.2-2/2.6.2-10
flow induced vibration in, 4.6.1-l/4.6.6-3
single-phase flow and pressure drop in, 2.2.4-l/2.2.4-12,

3.3.7-J/3.3.74
description of, 2.2.4-l/2.2.4-3
drag and pressure drop in, 2.2.4-3/2.2.4-12,3.3.7-l/3.3.74
Strouhal  numbers in, 2.2.4-15/2.2.4-16

single-phase heat transfer to, 2.5.3-l/2.5.3-8
with liquid metals, 2.5.13-2
single row of tubes, 2.5.3-l/2.5.3-2,2.5.3-3
tube banks, 2.5.3-212.5.3-8,  3.3.7-l/3.3.74

Tube banks, roughened tubes, effect of roughness on Euler
number in, 2.2.4-14/2.2.4-15

Tube bundles:
characteristics of in shell-and-tube heat exchangers,

3.3.4-313.3.44
(See also Rod bundles, Tube banks)

Tube counts, in she&and-tube heat exchangers:
constructional features affecting, 4.2.5-g/4.2.5-12
simplified equations for, 3.3.5-11/3.3.5-12
tables of, 4.2.5-1314.2.5-23

Tube end attachment, in shell-and-tube heat exchangers:
arc welding: on inner face, 4.2.6-10

on outer face, 4.2.6-8
explosive expansion, 4.2.6-714.2.6-8
explosive welding, 4.2.6-8/4.2.6-10
roller expansion, 4.2.6-614.2.6-7

Tube-in-plate extended surface configurations, fin efficiency of,
2.5.3-10

Tube plates, in shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
basic mechanical principles of design of, 4.1.4-l/4.1.4-4

equivalent plates, 4.1.4-1
perforated, stresses in, 4.1.4-3/4.1.4-4
plates connected by tubes, 4.1.4-2
stresses and edge rotation of unperforated, 4.1.4-l/4.1.4-2
thermal stresses, 4.1.44

comparison of codes for, 4.3.4-2
constructional features of, 4.2.6-S/4.2.6-6,4.5.3-3
double, constructional features of, 4.2.3-10/4.2.3-l 1
index to U.S., U.K., and F.R.G. codes for, 4.3.2-714.3.2-g
materials of construction for, 4.5.2-l

Tubes:
characteristics of, in shell-and-tube heat exchangers,

4.2.5-l/4.2.5-3
bimetal, 4.2.5-2
diameter and thickness, 4.2.5-l
integrally finned, 4.2.5-3
length, 4.2.5-l/4.2.5-2
pitch, 4.2.5-2

circular (see Pipes, circular)
codes for mechanical design of:

analytical basis of, 4.3.3-l
index to U.S., U.K., and F.R.G. codes, 4.3.2-3

flow-induced vibration of, 4.6.2-l/4.6.6-3
natural frequency of, 4.6.2-l/4.6.24

materials of construction for, 4.5.2-l
mechanical design characteristics of, 4.1.5-l
noncircular (see Pipes, noncircular)
recommended dimensions of, in shell-and-tube heat

exchangers, 3.3.54/3.3.5-S
thermal conductivity of typical materials for, 3.3.5-S

Tubesheets, in shell-and-tube heat exchangers (see Tube plates)
Tubeside passes (see Passes, tube-side)
Tubular Exchanger Manufacturers Association (see TEMA)
Tubular immersion exchangers, 4.4.4-2/4.4.4-3
Tubular reactor, nonuniform heat and mass transfer in,

2.1.4-312.1.44
Tunnel dryer, 3.13.24
Turbine agitators:

axial flow, 3.14.2-2
disk, 3.14.2-l/3.14.2-2
flat blade, 3.14.2-l/3.14.2-2
glass coated, 3.14.2-1
heat transfer in vessels agitated by, 3.14.3-1
pitched blade, 3.14.2-1

Turbine exhaust condensers, air cooled, 3.8.9-2
Turbulence:

characteristics in circular pipe flow, 2.2.2-1/2.2.2-S
effect in fii condensation, 2.6.24/2.6.2-S
integral scale of, 2.2.1
limitation of phenomenological transport laws by,

2.1.1-3/2.1.1-4
modeling of, 2.2.1-14/2.2.1-16

in furnace prediction, 3.11.7-2/3.11.7-3
origin of, 2.2.1-16
relaminarization  of, 2.2.1-16

Turbulent boundary layers:
differential methods for, 2.2.1-28/2.2.1-29

large-eddy simulations, 2.2.1-29
one-equation models, 2.2.1-28
stress-equation models, 2.2.1-29
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Turbulent boundary layers: differential methods for (Cont.):
two-equation models, 2.2.1-28
zero-equation models, 2.2.1-28

integral methods for, 2.2.1-2612.2.1-27
Turbulent buffeting, as source of tube vibration, 4.6.4-2
Turbulent energy, integral equation for, 2.2.1-20

dissipation of, 2.2.1-20
production of, 2.2.1-20

Turbulent flow:
in boundary layers, 2.2.1-18
in circular pipes, 2.2.2-1/2.2.2-S
combined free and forced convective heat transfer in channels

in, 2.5.10-6/2.5.10-11
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
in condensation, on vertical surfaces, 2.6.24/2.6.2-S
conservation equations for, 2.2.1-13/2.2.1-14

averaging in, 2.2.1-13
in empty spaces, numerical calculation of, 1.4.3-2
fundamentals of, 2.2.1-13/2.2.1-16
heat transfer in free convective flow over vertical surfaces in,

2.5.74
modeling of, 2.2.1-14/2.2.1-16
of non-Newtonian fluids, 2.2.8-1112.2.8-12
in noncircular pipes, 2.2.2-g/2.2.2-10
in plate heat exchangers, 3.7.10-2/3.7.10-3
relaminarization  in, 2.2.1-16
single-phase heat transfer in ducts in, 2.5.1-S/2.5.1-13

augmentation of, 2.5.11-4/2.5.11-9
concentric annuli, 2.5.1-10/2.5.1-11
in liquid metal systems, 2.5.13-l/2.5.13-2
smooth tubes, 2.5.1-S/2.5.1-9

Turbulent transport properties, 2.1.1-3
Turnarounds, in heat exchangers, 2.2.7-l

pressure losses in, 2.2.7-812.2.7-g
Twisted tapes:

enhancement of boiling heat transfer by, 2.7.9-3/2.7.94
enhancement of condensation by, 2.6.6-3
as inserts for augmentation of heat transfer, 2.5.11-7/2.5.11-8

Two-equation models, for turbulent boundary layers, 2.2.1-28
Two-phase flows:

classification of, 2.3.1-2
liquid-liquid flows, 2.3.1-2
numerical catculation of, 1.4.3-l
(See also Gas-liquid flow, Solid-gas flow, Solid-liquid flow)

Two-shell pas exchanger (see F-shells)

U
& method, 2.1.2-S
umethod, 2.1.2-712.1.2-g
Ulinskas, R., 2.2.4-l/2.2.4-17
Unequal baffle spacing, correction factor for, 3.3.6-l 1
UNIFAC method, for estimation of thermodynamic properties

of mixtures, 5.2.2-615.2.2-g
tables of constants for use with, 5 5.4615  5.4-7

Uniform heat flux:
combined free and forced convection in channels with:

horizontal channels, 2.5.10-7/2.5.10-11
vertical channels 2.5.104/2.5.10-7

critical heat flux in vertical tubes with, 2.7.3-1212.7.3-18
solutions and correlations for free convective heat transfer

0 1983 Hemisphere I

H

within: horizontal and inclined plates, 2.5.7-18
vertical plates, 2.5.7-612.5.7-g

Uniform wall temperature, combined forced and free convection
in channels with:

horizontal channels, 2.5.10-7
vertical channels, 2.5.10-3/2.5.104

Uniheads, as form of double-pipe heat exchanger, 3.2.4-l
United Kingdom, mechanical design of heat exchangers in:

guide to nationai  practice, 4.3.5-3
index to BSISOO  code, 4.3.2-l/4.3.2-11

United States of America (see U.S.)
Universal laws, for turbulent boundary layers, 2.2.1-25/2.2.1-26

law of the wake of D. Coles, 2.2.1-26
law of the walJ,  2.2.1-25
table of, 2.2.1-27
universal velocity profile, 2.2.1-26
velocity defect law of von Karman, 2.2.1-26

Universal velocity profile, 2.2.1-26
Universal velocity defect law, 2.2.2-2
Unsteady flows:

in ducts, 2.2.2-14
over cylinders, 2.2.3-6

Upward facing surfaces, free convective heat transfer from,
2.5.7-15/2.5.7-18

U.S., mechanical design of heat exchangers in:
guide to national practice, 4.3.5-2
index to ASME VIII code and TEMA standards,

4.3.2-l/4.3.2-11
Usher, J. Dennis, 3.7.1-1/3.7.12-2,4.4.2-l/4.4.2-8,

4.8.4-l/4.8.4-2
U.S.S.R. Academy of Sciences, tables of critical heat flux data

for water, 2.7.3-1712.7.3-18
U-tube bundles, for shell-and-tube heat exchangers,

3.3.5-12/3.3.5-13,4.2.34
vibration of, natural frequencies in, 4.6.2-3

V
Vacuum condensers, air cooled, 3.8.9-2
Vacuum operation, of reboilers, 3.6.4-3
Valves:

loss coefficients in, 2.2.2-20
open, two-phase gasliquid flow pressure losses in, 2.3.2-18

van der Waals equation of state, 5.1.2-3/5.1.24
Vaned bends, single-phase flow and pressure drop in,

2.2.2-1612.2.2-17
Vapor belt, in condensers, 3.4.3-5
Vapor blanketing, as mechanism of critical heat flux, 2.7.3-22

in kettle reboilers, 3.6.2-5
as source of accelerated corrosion, 4.5.34

Vapor injection, effect of on boiling heat transfer in tube bundles
bundles, 2.7.5-S

Vaporization, choice of evaporator type for, 3.5.5-l
in plate-fin heat exchangers, 3.9.13-l/3.9.13-2

Vaporization, heat of (see Heat of vaporization)
Vaporizer, double bundle, constructional features,

4.2.3-9
Vapor-liquid disengagement, in kettle reboilers, 3.6.2-6
Vapor-liquid separation, for evaporators, 3.5.4-l/3.5.4-2

3.5.4-l/3.5.4-2
Vapor pressure, variation with temperature,

5.1.3-J/5.1.3-2
Vapor recompression, in evaporation, 3.5.3-2
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Velocity defect law:
for turbulent boundary layers, 2.2.1-26
universal, 2.2.2-2

Velocity distribution:
in circular pipe flow, 2.2.2-3
distorted inlet, effect on single phase flow and pressure drop,

2.2.2-11
Velocity fluctuations, in turbulent pipe flow, 2.2.2412.2.2-s
Velocity ratio (slip ratio):

in gas-liquid flow, 2.3.2-13
in solid-gas flow, 2.3.34

Venting of condensers, 3.4.5-2
Vertical cones (see Cones, vertical)
Vertical cylinders (see Cylinders, Vertical pipes, Pipes, circular)
Vertical cylindrical fired heater, 3.11.2-1
Vertical pipes:

annular flow in, 2.3.2-19/2.3.2-21
boiling in, 2.7.3-112.7.3-37

critical heat flux, 2.7.3-12/2.7.3-30
heat transfer in region where critical heat flux has been

exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-1/2.7.3-S
saturated boiling, 2.7.3-10/2.7.3-12
subcooled boiling, 2.7.3-S/2.7.3-10

bubble flow in, 2.3.2-1812.3.2-19
combined free and forced convective heat transfer in:

laminar flow (assisting convection), 2.5 .lO-2/2  5.106
laminar flow (opposing convection), 2.5.10-6
regimes in, 2.5.10-2
turbulent convection, 2.5.10-6

condensation in, 2.6.2-212.6.2-g
effect of interfacial  shear, 2.6.2-S/2.6.2-7
effect of waves and turbulence, 2.6.24/2.6,2-S
laminar flow, 2.6.2-2/2.6.2-4
reflux condensation, 2.6.2-712.6.2-g

condensers with condensation inside, 3.4.3-l/3.4.3-3
downflow, 3.4.3-l/3.4.3-2,3.4.9-2/3.4.9-3
upflow, 3.4.3-213.4.3-3,  3.4.9-3

condensers with condensation outside, 3.4.36, 3.4.94
flooding in: in gas liquid vertical flow, 2.3.2-21/2.3.2-23

in reflux condensation, 2.6.2-712.6.2-g
flow regimes in gas-liquid flow in, 2.3.2-l/2.3.2-2
free convective heat transfer from outside of,

2.5.7-2312.5.7-24
hydraulic conveyance in, 2.3.4-l/2.3.4-3
plug (or slug) flow in, 2.3.2-19
pneumatic conveyance in, 2.3.3-l
(See also Pipes, circular; Pipes, noncircular)

Vertical plates (see Vertical surfaces)
Vertical surfaces:

combined free and forced convective heat transfer to,
2.5.9-l/2.5.94

combined heat and mass transfer on, 2.5.7-12
film boiling in forced convection on, 2.7.3-30/2.7.3-31
filmwise condensation on, 2.6.2-212.6.2-g
free convective heat transfer from, 2.5.7-2/2.5.7-l  3

combined equation for uniform wall temperature case,
2.5.7-512.5.7-6

dimensionless groupings for, 2.5.7-212.5.7-3
laminar flow with uniform wall temperature,

2.5.7-312.5.74
non-Newtonian, 2.5.7-10/2.5.7-l  1
solution for uniform heat flux, 2.5.7-6/2.5.7-g
transient behavior of, 2.5.7-912.5.7-11
transition flow with uniform wall temperature,

2.5.7412.5.7-S

turbulent flow with uniform wall temperature,
2.5.7412.5.7-5

free convective mass transfer to,
2.5.7-1112.5.7-12

pool boiling, from 2.7.2-l/2.7.2-15
Vertical thermosiphon reboilers:

calculation procedures for, 3.6.5-313.654
heat transfer characteristics of, 3.6.2-6/3.6.2-10

convective and nucleate boiling, 3.6.26/3.6.2-7
film boiling in, 3.6.2-9
heat flux limitations in, 3.6.2-7/3.6.2-g
mist flow, 3.6.2-9
temperature profiles in, 3.6.2-g/3.6.2-10

shell-side characteristics, advantages and disadvantages,
3.6.1-S

tube-side characteristics, advantages and disadvantages,
3.6.1-3/3.6.1-S

Vertical tubes (see Vertical pipes)
Vibrated beds, heat transfer to, 2.8.3-512.8.3-6
Vibration:

in augmentation of heat transfer, 2.5.11-3,2.5.114,
2.5.11-8,2.7.94

numerical methods for prediction of occurrence of, 1.4.24
(See also Flow-induced vibration)

Viscometric functions (non-Newtonian flow), methods of
determining, 2.2.84

viscosity:
liquid, effect on critical heat flux in pool boiling, 2.7.2-12
of liquid water, 55.34
of multicomponent mixtures, 5.2.3-2/S  .2.3-6
non-Newtonian, 2.2.8-2
of pure fluids, 5.1.3-1

gases, 5.1.4-1
liquids, 5.1.4-1/5.1.4-S

relation with density for gases, 2.2.1-9
of saturated liquids and vapors, 5 .5.1-l/5  5.140
small variations in, 2.2.1-g/2.2.1-10
variation with temperature:

Chapman-Rubescin formula for, 2.2.1-9
Sutherland formula for, 2.2.1-9

Viscosity number (Vi), 2.3.2-19
Viscous dissipation, influence on heat transfer in non-Newtonian

flows, 2.5.12-10/2.5.12-14
Viscous sublayer, in duct flow, 2.2.2-l
Voidage, in fixed beds, definition, 2.2.5-l
Void fraction, 2.3.1-3

correlations for in gapliquid  flow, 2.3.2-13/2.3.2-15
CISE correlations for, 2.3.2-14/2.3.2-15
drift flux models for, 2.3.2-13/2.3.2-14
homogeneous, 2.3.2-13
Martinelli correlations for, 2.3.2-14

models for in gas-liquid flow :
horizontal stratified flow, 2.3.2-2312.3.2-24
vertical bubble flow, 2.3.2-1812.3.2-19
vertical plug flow, 2.3.2-19

in subcooled boiling, 2.7.3-g/2.7.3-10
Volumetric heat transfer coefficient, 1.1.2-2
Volumetric mass transfer coefficient, 1.1.2-2
von Karman friction factor equation for fully rough surface,

2.2.2-3
von Karman velocity defect law, 2.2.1-26
Vortex shedding:

from single cylinders, 2.2.3-3
as source of tube vibration,

4.6.4-l/4.6.4-2
in tube banks, 2.2.4-1512.2.4-16
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Votator, agitator, 3.14.2-1
heat transfer with, 3.14.3-6

Wallis  correlations:
for flooding, 2.3.2-22

application in reflux condensation, 2.6.2-8
for interfacial friction factor, 2.3.2-21

Wallis criterion, for transition from stratified to annular flow,
applications in condensation, 3.4.6-2

Wall baffles, in agitated vessels, 3.14.2-2
Wall  layer transmissivity, 2.9.7-1212.9.7-13
Wall  temperature:

effect in laminar flow along flat plate, 2.2.1-22
effect of distribution of, in laminar flow along flat plate,

2.2.1-2312.2.1-24
Wake, Coleslaw of the, 2.2.1-26
Waste heat boilers, corrosion and failure in, 4.5.34/4.5.3-S
Water:

critical heat flux values for, in tubes (table), 2.7.3-17/2.7.3-18
emissivity of gaseous, 5.5.5-l/5.5.5-2
liquid, properties of, 5.5.3-1/5.5.3-S
pool boiling curve for, at atmospheric pressure, 2.7.2-l
saturated properties: (O�-SO�C),  3.12.26

(O-647 K), 5.5.1-37
superheated gaseous, thermodynamic properties of,

5.5.2-g/5.5.2-11
Water loss, from cooling towers, 3.12.6-2
Water tube boiler, 3.11.2-3
Wavelengths, of blackbody radiation, 2.9.14/2.9.1-S
Waves, interfacial, effect on film condensation on vertical

surface, 2.6.2412.6.2-S
Wavy fins, in plate fin exchangers, 3.9.3-l
Webb, R. L., 3.9.1-l/3.9.134,4.4.3-1/4.4.3-9
Weber, M., 2.3.3-112.3.4-7
Weber number, 1.2.3-5
Welded channel head, in shell-and-tube heat exchanger, 4.2.4-l
Welded fins, in double pipe exchangers, 3.2.5-l
Welding:

testing and inspection of, 4.7.3-l
of tubes into tube sheets: arc, 4.2.6-8,4.2.6-10

explosive, 4.2.6-8/4.2.6-10
Welds, corrosion of, 4.5.3-514.5.3-6
Wentz and Thodos equation, for fixed-bed pressure drop, 2.2.5-3
Wet-bulb temperature, 3.13.3-2/3.13.34

Wettability, of surface, effect on pool boiling, 2.7.2-9
Whalley  and Hewitt correlations:

for entrainment, 2.3.2-22
for interfacial roughness, 2.3.2-21

White.-Metzner model, for non-Newtonian fluid, 2.2.8-8
Wicking,  in enhancement of heat transfer, 25.11-2
Wicks, for heat pipes:

characteristics of, 3.10.6-l/3.10.6-2
effective thermal conductivity of, 3.10.3-l

Window zone, in shell-and-tube heat exchangers:
calculation of effective areas of, for flow through,

3.3.6-l/3.3.6-2
pressure drop in gas-liquid flow in, 2.3.2-12/2.3.2-13

Winter, H. H., 2.5.12-l/2.5.12-16
Wire inserts, wiled, for enhancement of heat transfer in boiling,

2.7.9-3
Wispy annular flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Working fluid, selection of for heat pipe, 3.10.5-l/3.10.5-2

X
m-Xylene saturation properties, 5.5.1-13
&Xylene  saturation properties 5.5.1-13
pXylene saturation properties, 5.5.1-14
X-type shells (cross flow shells):

application in condensers, 3.4.9-3
description of, 3.3.4-3

Y
Yawed tube banks, pressure drop in, 2.2.4-12
Youngs modulus, 5.4.5-3

table of values of, 5.5.8-2

z
Zero equation models, for turbulent boundary layers, 2.2.1-28
Zivi equation, for void fraction, 2.6.2-14
Zone model, for furnaces (see Multizone model)
Zuber-Findlay model, for two-phase flows, 2.3.1-g/2.3.1-10
Zuber theory, for critical heat flux in pool boiling, 2.7.2-10
%rkauskas,  A., 2.2.4-l/2.2.4-17,  2.5.3-l/2.5.3-16
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