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Preface

The study of heat transfer is one of the important fields of engineering
science. Heat transfer problems are of great practical significa‘nce in many
branches of engineering. Although it is generally regarded as most closely
related to mechanical engineering, much work in this field has also been
done in nuclear, chemical, metallurgical, and electrical engineering where
heat transfer problems are equally important.

In this book, various problems of heat conduction in rectangular, cylin-
drical, and spherical coordinates are solved by the method of separation
of variables, integral and Laplace transforms, numerical techniques, and the
integral and variational methods. The material presented has evolved from a
series of lecture notes developed by the authors when teaching a graduate
course in heat conduction over a period of years.

This book is written for both engineering students and engineers practi-
cing in areas involving the applications of heat diffusion problems. In
general, the problems at the end of each chapter, in S! units, are designed
to clarify the physically and/or theoretically important points, and to
supplement the text. The authors have a strong conviction that this is
essential for a clear understanding of the application of the theoretical
results. Special attention has also been given to the derivation of basic
equations and their solutions in sufficient detail to help the student clearly
understand the subject matter.

In Chapter 1, the basic concepts and fundamentals of heat transfer are
presented. Chapter 2 is devoted to the derivation of general forms of the
heat conduction equation. Solutions of steady-state heat conduction
problems in one-dimensional bodies with and without internal energy genera-
tion together with an extensive treatment of extended surfaces are given
in Chapter 3. The mathematical techniques presented in this text involve the
use of orthogonal functions, Fourier expansions, integral transforms, etc.
Since these topics may be beyond the mathematical experience of some
students, important aspects of these special subjects are introduced in
Chapter 4. In Chapters 5 and 6, solutions of multi-dimensional steady- and
unsteady-state heat conduction problems by the method of separation
of variables are given, and in Chapters 7 and 8 the method of solution
with integral and Laplace transforms are presented, respectively. Chapter 9
is included to introduce the reader to the finite-difference method. This
method may provide the only means of obtaining solutions to some heat
conduction problems. An emphasis is given to the finite-difference formula-
tion of heat conduction problems, which can be adapted by an individual
to his or her own computer facility. Chapter 10 includes miscellaneous
topics of formulation and solution, such as the Duhamel method, the
integral method, the variational method, and an introduction to phase-
change problems.

xiii



xiv PREFACE

[n the second edition, the authors have retained the basic objective of
the first edition. As before, not all the topics and solution methods of
heat conduction could be covered. The topics chosen and the order and the
depth of the coverage represent the personal judgement of the authors
as to what is of first importance for, and what can be practically taught in
a one semester course to the beginning engineering graduate students. The
authors feel that a study of heat conduction in the logical sequence that is
followed in this book provides the best way for a first-year graduate
student to develop an understanding of heat conduction. '

With few exceptions, no more engineering background than the usual
undergraduate courses in thermodynamics, heat transfer, and advanced
calculus is required of the reader.

The authors wish to express their sincere thanks to the Hemisphere
Publishing Corporation, whose competent work made this publication
possible,

The authors also wish to thank Ms. Donna Pressley for typing the
manuscript and Mr. Ali Akgiines who prepared the drawings at the Middle
East Technical University, Ankara, Turkey.

We acknowledge with appreciation the suggestions and encouragement
from many colleagues, who have been very helpful to us during the writing
of both the first and the second editions. Our graduate students and
assistants have also contributed to this book; their perceptive questions and
comments have often forced us to review several portions of the manuscript.

Finally, this book could never have been written if it were not for the
support of our wives. Their encouragement and patience has been an
invaluable contribution.

Sadik Kakag
Yaman Yener



Nomenclature

area, m?

Biot number

specific heat, J/kg.K

specific heat at constant pressure, J/kg.K
spe&ific heat at constant volume, J/kg.K

energy per unit mass, J/kg

energy, J

radiation shape factor

Fourief number

gravitation acceleration, m/s?

heat transfer coefficient, W/m?.K )

unit vectors in the x-, y-, and z-directions
modified Bessel function of the first kind of order v
Bessel function of the first kind of order v
thermal conductivity, W/m.K

mean thermal conductivity, W/m.K

kernel

modified Bessel function of the second kind of order v
length, m

mass, kg

normalization integral, Eq. (4.23b)

pressure, N/m?

perimeter, m

Legendre polynomial of order n

heat flux, W/m?2 |

rate of internal energy generation per unit volume,
w/m3 .

heat, quantity of heat, J
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NOMENCLATURE

rate of heat transfer, W

Legendre function of the se‘cond kind
radius

position vector

thermal resistance, K/W

entropy per unit mass, J/kg.K
entropy, J/kg

time, s

thermodynamic temperature, K

internal energy per unit mass, J/kg

internal energy, J; overall heat transfer
coefficient, W/m2.K

specific volume, m3/kg

volume (element)

velocity vector, m/s

work, J

power, W

Bessel function of the second kind of order v

Greek Letters

a
d

> me se e

absorptivity; thermal diffusivity, m?/s

penetration depth, m; velocity boundary layer
thickness, m

thermal boundary layer thickness, m
emissivity

fin efficiency

polar angle, rad; temperature difference, K
eigenvalue

mass density, kg/m3; reflectivity



NOMENCLATURE

o Stefan-Boltzmann constant, W/K4 m?

T transmissivity

¢ azimuthal angle, rad; fin effectiveness
X reciprocal of the neutron diffusion length, 1/m
Coordinates

(x,y,z) rectangular coordinates

(rs¢,z) cylindrical coordinates

r,¢,6) spherical coordinates

Subscripts

b base of the fin )

c contact surface, center

cr critical insulation thickness

e electrical

f fin conditions

i initial condition

m mean value

r radiation

t thermal

X local condition

® ambient condition
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1

Foundations of Heat Transfer

1.1  INTRODUCTORY REMARKS

' Heat transfer is the study of energy transfer solely as a result of tempefa-
ture differences. The laws which govern heat transfer are very important to the
engineer in the design, construction, testing and operation of heat exchange
devices. Heat transfer problems confront investigators in nearly every branch of
engineering. Although it is generally regarded as most closely related to
mechanical engineering, much work in this field has also been done in chemical
engineering, nuclear engineering, metallurgical engineering, and electrical
engineering, where heat transfer problems are equally important. It is probably
this fundamental and widespread influence which has brought heat transfer into
the category of an engineering science.

In thermodynamics, heat is defined as the form of emergy that crosses the
boundary of a thermodynamic system by virtue of a temperature difference existing
between the system and its surroundings. That is, heat is a form of energy in
transition and the temperature difference is the driving potential for its propa-
gation. Since heat is energy in transit we can really talk about the transfer of
heat. Heat f{Low is vectorial in the sense that heat is transferred in the direc-
tion of a negative temperature gradient; that is, from higher toward lower
temperatures, which is, in fact, a statement of the second law of thermodynamics.

Thermodynamics is that branch of science which deals with the study of hegt )
and work interactions of a system with its surroundings. The laws of thermody- -
namics may be used to predict the gross amount of heat transferred during a
process in which a system goes from one equilibrium state (including mechanical,
and chemical as well as thermal equilibriums) to another. In most instances,
however, the overriding consideration may be the length of time over which the
transfer of heat occurs or, simply, the time rate at which it takes place. The
laws of thermodynamics alone are not sufficient to provide such information,
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neither can they explain the mechanism of heat transfer: The science of heat
transfer, on the other hand, studies heat transfer mechanisms and extends thermo-
dynamic analysis, through the development of necessary relations, to calculate
heat transfer rates. ’

* In the study of heat transfer in a medium, attention is directed towards the
relations among the temperature distribution and heat flow in the medium, and
geometry, dimensions and thermo-physical properties of the medium. Such studies
are based upon the foundations comprising both theory and expériment. As in
other branches of physical sciences, the theoretical part is constructed from one
or more physical {natunal) Laws. Physical laws are statements in terms of con-
cepts that have been found to be true through many years of experimental observa-
tions. A physical law is called a genenat Law if the application of it is
indeperdent of the medium under consideration. Otherwise, it is called a partic-
wlan Law. There are, in fact, four general laws upon which all the analyses
conéerning heat transfer, either directiy or indirectly, depend. These are:

(a) the law of conservation of mass,
(b) the first law of thermodynamics , '

{c) the second law of thermodynamics, and

(d) Newton's second law of motion.

For most heat conduction problems, the use of the first and second laws of
thermodynamics is sufficient. In addition to these general laws, it is usually
necessary to bring certain particular laws into an analysis. There are three
such particular laws that we will employ in the analysis of conduction heat
transfer. These are: .

(a) Fourier's law of heat conduction,
(b) Newton's law of cooling, and
(c) Stefan-Boltzmann's law of radiation.

1.2 MODES OF HEAT TRANSFER '

The mechanism by which heat is transferred is, in fact, quite compiex. There
appear, however, to be three rather basic and distinct types or modes of heat
transfer processes. These are:

(a) conduction,
(b) radiation, and
(c) convection.

Conduction is the process of heat transfer by molecular motion, supplemented
jn some cases by the flow of. free electrons, through a medium (solid, liquid or
gaseous) from a region of high temperature to a region of low temperature. When
two bodies or materials at different temperatures are-in direct contact, heat
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transfer by conduction also occurs across the interface between these bodies.

The mechanism of heat conduction in liquids and gases has been postulated as
the transfer of kinetic energy of the molecular movement. Thermal energy stored
in a fluid increases its internal energy by increasing the kinetic energy of its
vibrating molecules and is measured by the increase of its temperature. A high
temperature measurement would then indicate a high kinetic energy of the mole-
cules, and the heat conduction would imply the transfer of kinetic energy by the
-more active molecules in the high temperature region to the molecules in the Tow
molecular kinetic energy region by successive collisions. Heat conduction in
solids with crystalline structures, on the other hand, depends on the energy
transfer by molecular and lattice vibrations,and free electron drift. In general
energy transfer by molecular and lattice vibrations is not so large as the energ
transfer by free electrons, and it is for this reason that good electrical con-
ductors are almost as good heat conductors, while electrical insulators are
usually good heat insulators. In the case of solids with amorphous structure,
however, heat conduction depends upon the molecular energy transport only.

Radiation, on the other hand, is a process of heat transfer which takes plac
in the form of electromagnetic waves. Thermal energy in the form of electromag-
netic waves or, in other words, thermal radiation can pass through certain types
of substances and can also pass through a vacuum, whereas for heat conduction to
take. place a material medium is necessary.

Conduction is the only mechanism by which heat can flow in opaque solids.
Through certain transparent or semi-transparent solids, such as glass and quartz,
some energy is transmitted by radiation in addition to the energy that can be
transmitted by conduction. With gases and liquids, if there is no observable
fluid motion, the problem becomes one of simple conduction {and radiation). How-
ever, if there is observable fluid motion, energy is transported by temperature
gradients (as in conduction) as well as in the form of internal energy due to the
movement of the fluid particles. This process of energy transport by the combined
action of heat conduction (and radiation), and the motion of fluid particles is
referred to as convection or convective heat thansfen. Although in the foregoing
classification we have considered convection to be a mode of heat transfer, it is
actually conduction (and radiation) in moving fluids.

In reality, temperature distribution in a medium is controlled by the com-
bined effect of these three modes of heat transfer. Therefore, it is not actually
possible to entirely isolate one mode from interactions with other modes. How-
ever, for simplicity in the analysis these three modes of heat transfer are almost
always studied separately. In this book we will study conduction heat transfer
only. ’
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1.3 CONTINUUM CONCEPT

Matter, while seemingly continuous, is composed of molecules, atoms and
electrons in constant motionand collisions. Since heat conduction is thought to
come about through the exchange of kinetic energy among-the particles, the most
fundamental approach in analyzing the transfer of heat in a substance by conduc-
tion is therefore to apply the laws of motion to each individual particle or a
statistical group of particles, subsequent to some initial state of affairs.

In most engineering problems our primary interest lies not in the molecular:
behavior of a substance, but rather in how the substance behavés as a continuous
medium. In our study of heat conduction, we will therefore neglect the molecular
structure of the substance and consider it to be a continuous medium-continuum,
which is fortunately a valid approach to many practical problems where only macro-
scopic information is of interest. Such a model may be used provided that the
size and the mean-free-path of molecules are small compared with other dimensions
existing in the medium, so that a statistical average is meaningful. This
approach, which is also known as the phenomenofogical approach to heat conduction,
is simpler than microscopic approaches and usually gives the answers required in
engineering. On the other hand, the information is not so complete with the con-
tinuum approach and certain parameters such as thermodynamic state and transport
properties have to be introduced empirically. Paraliel to the Study of heat
transfer processes by continuum approach, molecular considerations can also be
used to obtain information on transport and thermodynamic properties. In this
book we shall study phenomenological heat conduction theory.

1.4 DEFINITIONS AND CONCEPTS IN THERMODYNAMICS

In thermodynamics, a system is defined as an arb1trary collection of matter
of fixed identity bounded by a closed surface wh1ch can be real or imaginary. Al
other systems outside the surface that interact with the system under considera-
tion are known as swwioundings. In the absence of any mass-ene}gy conversions,
the mass of a system not only remains constant, but the system must be made up, of
exactly the same submolecular part1b1es. The four general laws listed in Section
1.1, are always stated in the first 1nstance in terms of a system. In fact, o e
cannot meaningfully apply the generd1 laws until ‘3 definite system is identified.

. A control volume is ‘any defined region in space\across the ‘boundaries of
which matter, energy, and momentum may flow, within which changes of matter and
energy, and momentum storage may take place, and on which external forces may act.
The control volume may change its position or size with “time. However, most often
we deal with control 'volumes which are fixed in space and are of fixed size and



