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PREFACE

The rapid changes occurring in modern technology have made it increasingly
important for engineers to be able to work effectively in a great variety of new
and unexplored fields as well as in the mature, established areas of conven-
tional engineering. As a result, in the teaching of most engineering subjects it
has become necessary to be more concerned with fundamental concepts and

» their application to the solution of physical problems than with the details of
design procedures, testing, etc. For these reasons the author feels that there
is a need for a teachable textbook in the field of heat transfer presenting the
fundamental approach in a suitably rigorous manner. At the same time, it is
essential to show how the mathematically derived results can be applied in
order to' gain an understanding of heat transfer processes of physical impor-
tance. The value of sound engineering intuition and how it supplements the
analytical results of theory must also be stressed. ‘

The presentation in this text, then, presupposes a working knowledge of
mathematics (at least through differential equations) and the fundamental
principles of thermodynamics and fluid dynamics. However, one chapter is
devoted to a basic treatment of those topics of viscous fluid dynamics that
are pertinent to convective heat transfer. The text is written for use in an
introductory course in heat transfer taught to senior or first-year-graduate
students. Depending on the extent of the preparation of the students, some of
‘the material involving the more advanced mathematical technxques may be
omitted without introducing an imbalance of presentation. :

All three modes of heat transfer are treated, and an ample collection of
problems is given with each chapter in order to provide the familiarity that
can be obtained only by experience. The work on heat conduction treats the
cases of one-dimensional conduction that have engineering significance and
includes an extensive treatment of extended ‘surface problems. In addition,
steady and transient conduction in geometric shapes of practical importance
are treated. Some of the mathematical analyses presented in the chapters on
heat conduction involve the use of Bessel functions and orthogonal sets of
functions. Since these topics may be somewhat beyond the mathematical
experience of some students, the appendix includes summaries of the impor-
tant aspects of these special subjects. For the benefit of readers who are more
concerned with the results of the analyses than with the mathematical details
of the solution of the heat conduction problems, all results of problems having
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some practical value have been reduced to relatively simple graphical presen-
tations. \ _

Convective heat transfer receives an extensive treatment which is in-
tended to show how the basic principles of thermodynamics, fluid dynamics,
and applied mathematics can be brought together to analyze physical con-
vection phenomena. The importance of boundary layer theory in convective
heat transfer is emphasized, and the reduction of the complexity of the mathe-
matical analysis of convection problems by the application of sound physical
simplifications is also stressed. Since the analysis of convective heat transfer
involves the combination of powerful analytical tools with extensive experi-
mental results, the importance of dimensional analysis in the determination
of valuable empirical relations is also demonstrated. :

The treatment of radiant heat transfer is limited to the cases of radiant
energy exchange between gray, or black, finite surfaces that are separated by
2 nonabsorbing medium. Cases in which the surfaces are connected by re-
radiating walls are also considered. The logical determination of radiation
configuration factors is treated extensively. F

Two chapters are presented that illustrate examples in which more than
one mode of heat transfer is taking place. Included in these chapters are
analyses of heat exchangers, thermometric errors, and the solution of certain
classes of problems by iterative schemes. The treatment of exchangers places
emphasis on the application of the basic principles of heat transfer discussed
in earlier chapters, and both the “log-mean’’ and “effectiveness”” methods are
illustrated. The analysis of thermometric errors includes the effects of con-
duction, convection, and radiation, and methods are given for predicting the
error to be expected in various methods of temperature measurement.

The application of the results of any analysis to the solution of real heat
transfer problems will require the knowledge of values of the necessary
physical properties of the substances involved. Because of the importance of
this aspect of heat transfer, a chapter has been devoted to a brief discussion
of the material properties having significance in heat transfer. The tables of
the appendix present an extensive collection of the thermal properties of some
of the gases, liquids, and solids most frequently encountered in engineering
applications of heat transfer. =

Throughout the text, acknowledgment has been made to the many
authors of the books and journal articles that formed the sources from which.
much of the special material, physical data, ete. were taken. The author would
also like to express his appreciation to Professor Fred Landis of New York
University for the valuable comments and suggestions that resulted from his
reading of the manuscript. Special acknowledgment is due Miss Leona Hoop
in gratitude for her typing of the many drafts of the manuscript.

Alan J. Chapman

Houston, Texas
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Chapter 1
INTRODUCTION

1.1 GENERAL REMARKS.

In the science of thermodynamics, which deals with energy in its various
forms and with its transformation from one form to another, two particularly
important ¢ransient forms are defined, namely work and heat. These energies
are termed transient since, by definition, they exist only when there is an
exchange of energy between two systems or between a system and its sur-
roundings, i.e., when an energy form of one system (such as kinetic energy,
potential energy, internal energy, flow energy, chemical energy, etc.) is trans-
formed into an energy form of another system or of the surroundings. When
such an exchange takes place without the transfer of mass from the system
and not by means of a temperature difference, the energy is said to have been
transferred through the performance of work. If, on the other hand, the
exchange is due to a temperature difference, then the energy is said to have
been transferred by a flow of heat. It is this latter form, heat, and the basic
physical laws governing its exchange with which this book is concerned. It
should be noted that the existence of a temperature difference is a distinguish-
ing feature of the energy form known as heat.

In most instances the problems of engineering importance involving an
exchange of energy by the flow of heat are those in which there i3 a transfer
of internal energy (or enthalpy in thz case of flow processes) between two
systems. The two systems may be different parts of the same body. In general
this internal energy transfer is called “heat transfer’” although, thermody-
namically speaking, this is incorrect. The flow of heat is the mechanism of
the transfer of the internal energy, not the quantity transferred. However,
it is convenient to use this expression and to speak of heat as “fiowing’ as has
been done here in spite of the implied contradiction with thermodynamics.
Indeed, the old and discredited caloric theory of heat in which heat is defined
a8 a weightless, colorless, odorless fliid flowing from one body to another
would form an adequate basis for the science of heat transfer.

When such exchanges of internal energy or heat take place, the first law
of thermodynamics requires that the heat given up by one body must equal

1
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that taken up by the other. The second law of thermodynamics demands that
the transfer of heat take place from the hotter system to the colder system.

1.2 THE IMPORTANCE OF HEAT TRANSFER.

The importance of a thorough knowledge of the science of heat transfer
and the necessity of being able to analyze, quantatively, problems involving
a transfer of heat have become increasingly important as modern technology
has become more and more complex. In almost every phase of scientific and
engineering work processes involving the exchange of energy through a flow
of heat are encountered. ,

Mechanical and chemical engineers are particularly concerned with prob-
lems of heat transfer. Modern power generation involves the production of
work from either a combustible fuel or a nuclear reaction. This energy is
converted into useful work by means of boilers, turbines, condensers, air
heaters, water prehesaters, pumps, etc. All of these pieces of apparatus involve
a transfer of heat by one means or another, as does almost every piece of
apperatus found in & chemical process industry or a petroleum refinery. Cer-
tainly the des:gn of the familiar internal combustion engine, the gas turbine,
the jet engine, etc., requires a complete understanding of heat transfer for a
thorough analysis of the combustion and cooling processes.

The much discussed ‘‘thermal barrier” is the problem of finding means of
transferring away from the aircraft the enormous amounts of heat produced by
the dissipative effect of the viscosity of the air. Indeed, since all processes in
nature have been observed to be irreversible, it follows that all natural
processes involve a dissipation of the various forms of mechanical energy into
thermal energy with consequent heat transfer processes taking place.

The importance of heat transfer in the production of comfort cooling or
comfort heating is readily apparent This influences the design of building
structures of all kinds,

1.3 FUNDAMENTAL CONCEPTS AND THE BASIC
MODES OF HEAT TRANSFER.

It is customary to categorize the various heat transfer processes into three
basic types or modes although; as will become apparent as one studies the
subject, it is certainly a rare instance when one encounters a problem of
practical importance which does not involve at least two, and sometimes all
three, of these modes oecurring sxmultaneously The three modes are called
conduction, convection, and radiation. '

) Heat conduction is the term applied to the mechamsm of internal energy

exchange from one body to another, or from one part of a body to another
part, by the exchange of the kinetic energy of motion of the molecules by
~ direct communication or by the drift -of free electrons in the case of heat

-



1.8] Concepts and Basic Modes of Heat Transfer - G

conduction in metals. This flow of energy or heat passes from the higher energy
molecules to the lower energy ones, i.e., from a high temperature region to a
low temperature region. The distinguishing feature of conduction is that if
takes place within the boundaries of a body, or across the boundary of a body
into another body placed in contact with the first, mthout an appreciable
displacement of the matter comprising the body.

A metal bar heated on one end will, in time, become hot at its other end.
This is the simplest illustration of conduction. The laws governing conduction
can be expressed in concise mathematical terms, and the analysis of the heat
flow can be treated analytically in many instances.

Convection is the term applied to the heat transfer mechanism which
occurs in a fluid by the mixing of one portion of the fluid with another portion
due to gross movements of the mass of fluid. The actual process of energy
transfer from one fluid particle or molecule to another is still one of conduc-
tion, but the energy may be transported from one point in space to another
by the displacement of the fluid itself.

The fluid motion may be caused by external mechanical mesns, e.g., bv
a fan, pump, etc., in which case the process is called “forced convection.’” If
the fluid motion is caused by density differences which are Q:-eated. by the.
temperature differences existing in the fluid mass, the process is termed “free
conveetion’ or “‘natural convection.” The circulation of the water in a pan
heated on a stove is an example of free convection. The important hest
transfer problems of condensing and boiling are also examples of convection—

involving the additional complication of a latent heat exchange.
' It is virtually impossible to observe pure heat conduction in a fluid because
as soon as a temperature difference is imposed on a fluid, natural conveciion
currents will oceur due to the resultmg deasity d:ﬁerences

" The laws of conduction and the fuhdamental laws of fluid dynamies must
both be considered in the analysia of heat convection. The mathemstical
analysis of such problems is perhaps one of the most complex fields of applied
mathematics and has not been developed to as high a degree a8 it has in the
case of heat conduction. There exists a great amount of empirical information
on the subject of heat sonvection.

Thermal radiation is the term used to describe the electromagnetic radis-
tion which has been observed to be emitted at the surface of a hody which has
been thermally excited. This electromagnetlc radiation is emitted in all direc-
tions; and when it strikes another body, part may be reflected, part may be
transmitted, and part may be absorbed. If the incident radiation is thermal
radiation, i.e., if it is of the proper wave length, the absorbed radiation will
appear as heat within the absorbing body.

Thus, in a manner completely different from the two modes discussed
above, heat may pass from one body o another without the need of a medium
of transport between them. In some instances there may be 2 separating
medium, such as air, which is unaﬁ‘eeted by this passage of energy. THE heat
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of the sun is the most obvious example of thermal radiation. -

There will be a continuous interchange of energy between two radiating
bodies, with a net exchange of energy from the hotter to the colder.. Even
in the case of thermal equilibrium there is an energy exchange occurring,
although the net exchange will be zero.

14 THE FUNDAMENTAL LAWS OF CONDUCTION.
. Thermal Conductivity and Thermal Conductance.

The basic law governing heat conduction may best be illustrated by con-
sidering the simple, idealized situation pictured in Fig. 1.1. Consider a plate
of material having a surface area A, and a thickness of Az. Let one side be
maintained at a temperature ¢, uniformly over the surface, and the other side

Ar v at temperature &. Let ¢ denote the rate

I‘ ’l of heat flow (i.e., energy per unit time)

‘ ' through the plate, neglecting any edge

effects. Experiment has shown -that

U1 . the rate of heat flow is directly propor-

t - tional to the area A and the tempera-

ture difference (f; — ;) but inversely

proportional to the thickness Az. This

q proportionality is made an equality by
the definition of a constant k.

Ae

.-Thus, _ 1 — tz.
= kAt 1.1)

The constant of proportionality, &, is
called the thermal conductivity of the
matemal of which the plate is composed. It is a property dependent only on
the composition of the material, not on its geometrical configuration. Some-
times a gross quantity, thermal conductance, is used to express the heat
conducting capscity of a given physical conﬁguratlon so that if C denotes the
thermal conductance,

Fig. 1.1

‘Thus, it is seen that thermal conductance is the conductivity of a substance
divided by its thickness. It is no longer a physical property but depends, as
well, on the geometrical configuration at hand and, thus, is a less general
quantity than is thermal conductivity.
Equation (1.1) forms the basis for the fundamental relation of heat con-
duction. Consider now a homogeneous, isotropic solid as depicted in Figure
"1.2. If the solid subjected to certain prescribed boundary temperatures, what
is the rate at which heat is cquucted across some surface, S, within the solid?



1.4) The Fundamentql Laws of Conduction , 5

Selecting some point P on the surface S, one can select a wafer of material
having an area 34, which is part of the surface S containing P, and having a

Fig. 1.2

thickness 67 in the direction of the normal drawn to the surface at P. If the
* difference between the temperature of the back face of the wafer and its front
face is 8t, and if 64 is chosen small enough so that ¢ is essentially uniform
over it, then the rate of heat flow across the wafer, dg, is, by Equation (1.1),

-

ot
5g = —kﬁA‘a—n

The minus sign is due to the convention that the heat flow is taken to be
positive if 8¢ is negative in the direction of increasing n, the normal displace-
ment. Forming the ratio dg/5A4 and allowing the area 64 — 0, one obtains
what is termed the “flux’’ of heat conducted through the thickness én at the
point P, namely

— 99 _ _ .8t
f_dA— kan

Further, allowing én — 0 one arrives at the flux of heat across S at the point
P in terms of the “temperature gradient’”’ at P in the n direction, d¢/dn:

dt
2 =l (1.2)

This is called Fourier's conduction law after the French mathematician who
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first made an extensive analysis of heat conduction. It states that the flux of
heat conducted (energy per unit time per unit area) across a surface is pro-
portional to the temperature gradient taken in a direction normal to the sur-
face at the point in question.
Returning to the situation pictured in Fxgure 1.2, the total rate of heat
transferred across the finite surface S would be

\ _ q-——fk—-—dA

Generally speaking, the normal gradient di/dn may vary over the surface, but
in many instances it is possible to select the surface as one on which the
gradient is everywhere the same. This is the situation in the case depicted in
Figure 1.1 in which every plane normal to Az is such a surface. In the case of
a hollow cylinder with uniform outside and inside surface temperatures, every
concentric interior cylindrical surface is isothermal with a uniform mmpem-
ture gradient normal to it. In such cases then,

g = —kAZZ

“dn’ : v(;‘3)

where A is the tota! area of the finite surface.

The General Heat Conduction Equation.

The above relations may be used to develop an equation describing the
distribution of the temperature throughout a heat conducting solid. In general,
" a heat conduction problem consists of finding the temperature at any time and
at any point within a specified solid which has been heated to some known
initial temperature distribution and whese surface has been subjected to a -
known set of boundary conditions.

To develop the differential equation governing this problem consxder a
solid, as shown in Figure 1.3, and select arbitrarily three mutually perpen-
dicular coordinate directions, z, ¥, and 2. Select in the solid a parallelepiped of
- dimensions Az, Ay, and Az. By making an energy balance on this element
between the heat conducted in and out of its six faces and the heat stored
within, an expression interrelating the temperatures throughout the solid will
be obtained.

Tirst, consider heat conduction in the z direction only. Let ¢ denote the
temperature at the point P which is located at the geometric center of the
element. Let the subscripts “1” and “2”’ denote the left and right yz faces
(shown shaded in Figure 1.3), respectively. The excess rate at which heat is
conducted into the element, ¢;, over that conducted out, ¢, is

91 — Qa.
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Application of Equation (1.3) gives this excess to be '

[/t ( ot
@ = qo= —kAyhz [(55) - ’a‘i)}

where the partial derivative is used since ¢ may depend on z, y, 2, and time.
The assumption that the thermal conduetivity is independent of x and ¢ has

13'

l

’ 7

: ///i/////// / A[' \
/////I// i

e T

| i,

l tl/// iy

I

- Fig. 1.3 .

been made. Making a Taylor's expansion of the temperature gradients
(9¢/0z); and (8/0z); in terms of the gradient at P, one has

)-(2)o2 ()

o) _(ot) , o (at\fax) , & (at\\ 3 ,

(55)2"(ax)+ax a:»)(z)""SE(b‘i) g1t
_922

aY _ (a a (at\[ —az 6’at(2)
(a:c)l‘ (am)+55(55>( 2 )""%5(%) 2 T

where no subscript denotes derivatives evaluated at P. So, the expression for

I
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the heat storage rate due to conduction in the z direction is
afat. o (at)2{azy ]
_kAyAz[ Y (62:) Ax — 8—:1:_3(35) '37(—2—) 4.0,

1 o
57 gz (A +++ ]

Similar analyses in the other two coordinate directions give the following
expression for the fotal rate of heat storage in the element:

or

kAzA Az[ + 5

62

o4 , 0% , 9%
ot * o oy? 92*

A:z:)2 a
24 9z

(Ay)* &%
24 oyt

(A2)? 9%
24 9z ] )

But, the rate of heat storage may be expressed also in terms of the time
rate of change of the average temperature of the element. Letting #,, denote
this temperature and t denote time, then the heat storage rate is

.

kAxAyAz [ Sl

Aa:AyAzpc,Q;‘T"- (1.5)

In Equation (1.5) pis the density and c, is the specific heat at constant pres-
sure of the solid. The constant pressure specific heat is used since most heat
~conduction problems in solids occur under such conditions. Equating Equa-
tions (1.4) and (1.5), dividing by the volume Az-Ay- Az, allowing Az, Ay,
and Az — 0, and noting that under these conditions f,, — ¢, one finally obtains

ot Ic o’ M azt)

at art " 3 " ak)

or
3t o |, 0% , o% ;
gi—-agﬁ‘i-ay—z'{-'&;' (1.6)

This last equation is the general heat conduction equation for an isotropic
solid with a constant thermal conductivity and describes, in a differential
form, the dependence of the temperature in the solid on the coordinates z, y,
2, and on time, t.

The quantity

a=— — 1.7



1.5] The Fundamental Laws of Convection 9

is called the thermal diffusivity and is seen to be a physical property of the
material of which the solid is composed.

As was mentioned, the above analysis assumed that the thermal conduc-
tivity & was constant and the same in all directions. In some materials this
may not be true due to a possible temperature dependence or a directional
dependence of & (in substances such as wood). :

Other Coordinate Systems.

The above discussion was carried out in terms of rectangular coordinates.
It is often useful to write the equation in cylindrical or spherical coordinates.
The results are:

Cylindrical Coordinates, r (radius), z (axis), 8 (longitude):

a_ [on 14 ,}_aZt,a_zt]'
&*“[ﬁ‘*ra? Aoe T oz (18)

Spherical Coordinates, r (radius), ¢ (longitude), 8 (colatitude):

a_ [1a( 0 1 af. . 1 'gf_t]'
at = “[ﬁ&(’&a—r) + r’sinoao(sm”ao tEengasl 19
The proof of these equations will be left as exercises for the student.

The Steady State. :

A particularly useful special case of Equation (1.6) is one which has a very
wide range of application in engineering. This is the so-called steady state in
which there is no dependence on time. The heat conduction equation then
reduces to Laplace’s equation: In rectangular coordinates this is:
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15 THE FUNDAMENTAL LAWS OF CONVECTION.
The Boundary Layer Concept.

- The discussion of Section 1.3 defined “convection” as the term applied
to the heat transfer mechanism which takes place in a fluid because of a
combination of conduction within the fluid and energy transport which is due
to the fluid motion itself—the fluid motion being produced either by artificial
means or by density currents. ‘

Since fluid motion is the distinguishing feature of heat convection, it.is
necessary to understand some of the principles of fluid dynamies in order to
describe adequately the processes of eonvection. When any real fluid moves



