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Preface

In the Preface to the previous edition, we posed questions regarding trends in engineering
education and practice, and whether the discipline of heat transfer would remain relevant.
After weighing various arguments, we concluded that the future of engineering was bright
and that heat transfer would remain a vital and enabling discipline across a range of emerg-
ing technologies including but not limited to information technology, biotechnology, phar-
macology, and alternative energy generation.

Since we drew these conclusions, many changes have occurred in both engineering
education and engineering practice. Driving factors have been a contracting global econ-
omy, coupled with technological and environmental challenges associated with energy pro-
duction and energy conversion. The impact of a weak global economy on higher education
has been sobering. Colleges and universities around the world are being forced to set prior-
ities and answer tough questions as to which educational programs are crucial, and which
are not. Was our previous assessment of the future of engineering, including the relevance
of heat transfer, too optimistic?

Faced with economic realities, many colleges and universities have set clear priorities.
In recognition of its value and relevance to society, investment in engineering education
has, in many cases, increased. Pedagogically, there is renewed emphasis on the fundamen-
tal principles that are the foundation for lifelong learning. The important and sometimes
dominant role of heat transfer in many applications, particularly in conventional as well as in
alternative energy generation and concomitant environmental effects, has reaffirmed its
relevance. We believe our previous conclusions were correct: The future of engineering
is bright, and heat transfer is a topic that is crucial to address a broad array of technological
and environmental challenges.

In preparing this edition, we have sought to incorporate recent heat transfer research at
a level that is appropriate for an undergraduate student. We have strived to include new
examples and problems that motivate students with interesting applications, but whose
solutions are based firmly on fundamental principles. We have remained true to the peda-
gogical approach of previous editions by retaining a rigorous and systematic methodology
for problem solving. We have attempted to continue the tradition of providing a text that
will serve as a valuable, everyday resource for students and practicing engineers through-
out their careers.
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Approach and Organization

Previous editions of the text have adhered to four learning objectives:

1. The student should internalize the meaning of the terminology and physical principles
associated with heat transfer.

2. The student should be able to delineate pertinent transport phenomena for any process
or system involving heat transfer.

3. The student should be able to use requisite inputs for computing heat transfer rates
and/or material temperatures.

4. The student should be able to develop representative models of real processes and systems
and draw conclusions concerning process/system design or performance from the atten-
dant analysis.

Moreover, as in previous editions, specific learning objectives for each chapter are
clarified, as are means by which achievement of the objectives may be assessed. The sum-
mary of each chapter highlights key terminology and concepts developed in the chapter and
poses questions designed to test and enhance student comprehension.

It is recommended that problems involving complex models and/or exploratory, what-
if, and parameter sensitivity considerations be addressed using a computational equation-
solving package. To this end, the Interactive Heat Transfer (IHT) package available in pre-
vious editions has been updated. Specifically, a simplified user interface now delineates
between the basic and advanced features of the software. It has been our experience that
most students and instructors will use primarily the basic features of /HT. By clearly identi-
fying which features are advanced, we believe students will be motivated to use /HT on a
daily basis. A second software package, Finite Element Heat Transfer (FEHT), developed
by F-Chart Software (Madison, Wisconsin), provides enhanced capabilities for solving
two-dimensional conduction heat transfer problems.

To encourage use of IHT, a Quickstart Users Guide has been installed in the soft-
ware. Students and instructors can become familiar with the basic features of /HT in
approximately one hour. It has been our experience that once students have read the
Quickstart guide, they will use IHT heavily, even in courses other than heat transfer.
Students report that JHT significantly reduces the time spent on the mechanics of lengthy
problem solutions, reduces errors, and allows more attention to be paid to substantive
aspects of the solution. Graphical output can be generated for homework solutions,
reports, and papers.

As in previous editions, some homework problems require a computer-based solution.
Other problems include both a hand calculation and an extension that is computer based.
The latter approach is time-tested and promotes the habit of checking a computer-generated
solution with a hand calculation. Once validated in this manner, the computer solution can
be utilized to conduct parametric calculations. Problems involving both hand- and com-
puter-generated solutions are identified by enclosing the exploratory part in a red rectangle,
as, for example, , , or . This feature also allows instructors who wish to limit
their assignments of computer-based problems to benefit from the richness of these prob-
lems without assigning their computer-based parts. Solutions to problems for which the
number is highlighted (for example, [1.26)) are entirely computer based.
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in the 7th Edition

Chapter-by-Chapter Conteni Changes In the previous edition, Chapter 1 Introduction
was modified to emphasize the relevance of heat transfer in various contemporary applica-
tions. Responding to today’s challenges involving energy production and its environmental
impact, an expanded discussion of the efficiency of energy conversion and the production of
greenhouse gases has been added. Chapter 1 has also been modified to embellish the com-
plementary nature of heat transfer and thermodynamics. The existing treatment of the first
law of thermodynamics is augmented with a new section on the relationship between heat
transfer and the second law of thermodynamics as well as the efficiency of heat engines.
Indeed, the influence of heat transfer on the efficiency of energy conversion is a recurring
theme throughout this edition.

The coverage of micro- and nanoscale effects in Chapter 2 Introduction to Conduction has
been updated, reflecting recent advances. For example, the description of the thermophysical
properties of composite materials is enhanced, with a new discussion of nanofluids. Chapter 3
One-Dimensional, Steady-State Conduction has undergone extensive revision and includes
new material on conduction in porous media, thermoelectric power generation, and micro- as
well as nanoscale systems. Inclusion of these new topics follows recent fundamental discover-
ies and is presented through the use of the thermal resistance network concept. Hence the
power and utility of the resistance network approach is further emphasized in this edition.

Chapter 4 Two-Dimensional, Steady-State Conduction has been reduced in length.
Today, systems of linear, algebraic equations are readily solved using standard computer
software or even handheld calculators. Hence the focus of the shortened chapter is on the
application of heat transfer principles to derive the systems of algebraic equations to be
solved and on the discussion and interpretation of results. The discussion of Gauss—Seidel
iteration has been moved to an appendix for instructors wishing to cover that material.

Chapter 5 Transient Conduction was substantially modified in the previous edition
and has been augmented in this edition with a streamlined presentation of the lumped-
capacitance method.

Chapter 6 Introduction to Convection includes clarification of how temperature-dependent
properties should be evaluated when calculating the convection heat transfer coefficient. The
fundamental aspects of compressible flow are introduced to provide the reader with guidelines
regarding the limits of applicability of the treatment of convection in the text.

Chapter 7 External Flow has been updated and reduced in length. Specifically, presen-
tation of the similarity solution for flow over a flat plate has been simplified. New results
for flow over noncircular cylinders have been added, replacing the correlations of previous
editions. The discussion of flow across banks of tubes has been shortened, eliminating
redundancy without sacrificing content.

Chapter 8 Internal Flow entry length correlations have been updated, and the discus-
sion of micro- and nanoscale convection has been modified and linked to the content of
Chapter 3.

Changes to Chapter 9 Free Convection include a new correlation for free convection
from flat plates, replacing a correlation from previous editions. The discussion of boundary
layer effects has been modified.

Aspects of condensation included in Chapter 10 Boiling and Condensation have been
updated to incorporate recent advances in, for example, external condensation on finned
tubes. The effects of surface tension and the presence of noncondensable gases in modifying
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condensation phenomena and heat transfer rates are elucidated. The coverage of forced con-
vection condensation and related enhancement techniques has been expanded, again reflecting
advances reported in the recent literature.

The content of Chapter 11 Heat Exchangers is experiencing a resurgence in interest
due to the critical role such devices play in conventional and alternative energy generation
technologies. A new section illustrates the applicability of heat exchanger analysis to heat
sink design and materials processing. Much of the coverage of compact heat exchangers
included in the previous edition was limited to a specific heat exchanger. Although general
coverage of compact heat exchangers has been retained, the discussion that is limited to the
specific heat exchanger has been relegated to supplemental material, where it is available to
instructors who wish to cover this topic in greater depth.

The concepts of emissive power, irradiation, radiosity, and net radiative flux are now
introduced early in Chapter 12 Radiation: Processes and Properties, allowing early assign-
ment of end-of-chapter problems dealing with surface energy balances and properties, as
well as radiation detection. The coverage of environmental radiation has undergone sub-
stantial revision, with the inclusion of separate discussions of solar radiation, the atmos-
pheric radiation balance, and terrestrial solar irradiation. Concern for the potential impact
of anthropogenic activity on the temperature of the earth is addressed and related to the
concepts of the chapter.

Much of the modification to Chapter 13 Radiation Exchange Between Surfaces empha-
sizes the difference between geometrical surfaces and radiative surfaces, a key concept that
is often difficult for students to appreciate. Increased coverage of radiation exchange
between multiple blackbody surfaces, included in older editions of the text, has been
returned to Chapter 13. In doing so, radiation exchange between differentially small sur-
faces is briefly introduced and used to illustrate the limitations of the analysis techniques
included in Chapter 13.

Chapter 14 Diffusion Mass Transfer was revised extensively for the previous edition,
and only modest changes have been made in this edition.

Problem Seis  Approximately 250 new end-of-chapter problems have been developed for
this edition. An effort has been made to include new problems that (a) are amenable to
short solutions or () involve finite-difference solutions. A significant number of solutions
to existing end-of-chapter problems have been modified due to the inclusion of the new
convection correlations in this edition.

Classroom Coverage

The content of the text has evolved over many years in response to a variety of factors.
Some factors are obvious, such as the development of powerful, yet inexpensive calculators
and software. There is also the need to be sensitive to the diversity of users of the text, both
in terms of (a) the broad background and research interests of instructors and (b) the wide
range of missions associated with the departments and institutions at which the text is used.
Regardless of these and other factors, it is important that the four previously identified
learning objectives be achieved.

Mindful of the broad diversity of users, the authors’ intent is not to assemble a text whose
content is to be covered, in entirety, during a single semester- or quarter-long course. Rather,
the text includes both (a) fundamental material that we believe must be covered and
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(b) optional material that instructors can use to address specific interests or that can be
covered in a second, intermediate heat transfer course. To assist instructors in preparing a
syllabus for a rst course in heat transfer , we have several recommendations.

Chapter 1 Introduction sets the stage for any course in heat transfer. It explains the
linkage between heat transfer and thermodynamics, and it reveals the relevance and rich-
ness of the subject. It should be covered in its entirety. Much of the content of Chapter 2
Introduction to Conduction is critical in a first course, especially Section 2.1 The Conduc-
tion Rate Equation, Section 2.3 The Heat Diffusion Equation, and Section 2.4 Boundary
and Initial Conditions. It is recommended that Chapter 2 be covered in its entirety.

Chapter 3 One-Dimensional, Steady-State Conduction includes a substantial amount of
optional material from which instructors can pick-and-choose or defer to a subsequent,
intermediate heat transfer course. The optional material includes Section 3.1.5 Porous
Media, Section 3.7 The Bioheat Equation, Section 3.8 Thermoelectric Power Generation,
and Section 3.9 Micro- and Nanoscale Conduction. Because the content of these sections is
not interlinked, instructors may elect to cover any or all of the optional material.

The content of Chapter 4 Two-Dimensional, Steady-State Conduction is important
because both (a) fundamental concepts and (b) powerful and practical solution techniques
are presented. We recommend that all of Chapter 4 be covered in any introductory heat
transfer course.

The optional material in Chapter 5 Transient Conduction is Section 5.9 Periodic Heat-
ing. Also, some instructors do not feel compelled to cover Section 5.10 Finite-Difference
Methods in an introductory course, especially if time is short.

The content of Chapter 6 Introduction to Convection is often difficult for students to
absorb. However, Chapter 6 introduces fundamental concepts and lays the foundation for
the subsequent convection chapters. It is recommended that all of Chapter 6 be covered in
an introductory course.

Chapter 7 External Flow introduces several important concepts and presents convec-
tion correlations that students will utilize throughout the remainder of the text and in subse-
quent professional practice. Sections 7.1 through 7.5 should be included in any first course
in heat transfer. However, the content of Section 7.6 Flow Across Banks of Tubes, Section
7.7 Impinging Jets, and Section 7.8 Packed Beds is optional. Since the content of these sec-
tions is not interlinked, instructors may select from any of the optional topics.

Likewise, Chapter 8 Internal Flow includes matter that is used throughout the remain-
der of the text and by practicing engineers. However, Section 8.7 Heat Transfer Enhance-
ment, and Section 8.8 Flow in Small Channels may be viewed as optional.

Buoyancy-induced flow and heat transfer is covered in Chapter 9 Free Convection.
Because free convection thermal resistances are typically large, they are often the dominant
resistance in many thermal systems and govern overall heat transfer rates. Therefore, most
of Chapter 9 should be covered in a first course in heat transfer. Optional material includes
Section 9.7 Free Convection Within Parallel Plate Channels and Section 9.9 Combined
Free and Forced Convection. In contrast to resistances associated with free convection,
thermal resistances corresponding to liquid-vapor phase change are typically small, and
they can sometimes be neglected. Nonetheless, the content of Chapter 10 Boiling and Con-
densation that should be covered in a first heat transfer course includes Sections 10.1
through 10.4, Sections 10.6 through 10.8, and Section 10.11. Section 10.5 Forced Convec-
tion Boiling may be material appropriate for an intermediate heat transfer course. Similarly,
Section 10.9 Film Condensation on Radial Systems and Section 10.10 Condensation in
Horizontal Tubes may be either covered as time permits or included in a subsequent heat
transfer course.
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We recommend that all of Chapter 11 Heat Exchangers be covered in a first heat trans-
fer course.

A distinguishing feature of the text, from its inception, is the in-depth coverage of radi-
ation heat transfer in Chapter 12 Radiation: Processes and Properties. The content of the
chapter is perhaps more relevant today than ever, with applications ranging from advanced
manufacturing, to radiation detection and monitoring, to environmental issues related to
global climate change. Although Chapter 12 has been reorganized to accommodate instruc-
tors who may wish to skip ahead to Chapter 13 after Section 12.4, we encourage instructors
to cover Chapter 12 in its entirety.

Chapter 13 Radiation Exchange Between Surfaces may be covered as time permits or
in an intermediate heat transfer course.

The material in Chapter 14 Diffusion Mass Transfer is relevant to many contemporary
technologies, particularly those involving materials synthesis, chemical processing, and
energy conversion. Emerging applications in biotechnology also exhibit strong diffusion
mass transfer effects. Time permitting, we encourage coverage of Chapter 14. However, if
only problems involving stationary media are of interest, Section 14.2 may be omitted or
included in a follow-on course.
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Supplemental and Web Site Material

The companion web site for the texts is www.wiley.com/college/bergman. By selecting one
of the two texts and clicking on the “student companion site” link, students may access the
Answers to Selected Exercises and the Supplemental Sections of the text. Supplemental
Sections are identified throughout the text with the icon shown in the margin to the left.

Material available for instructors only may also be found by selecting one of the two
texts at www.wiley.com/college/bergman and clicking on the “instructor companion site”
link. The available content includes the Solutions Manual, PowerPoint Slides that can be
used by instructors for lectures, and Electronic Versions of figures from the text for those
wishing to prepare their own materials for electronic classroom presentation. 7he Instructor
Solutions Manual is copyrighted material for use only by instructors who are requiring the
text for their course.'

Interactive Heat Transfer 4.0/FEHT is available either with the text or as a separate
purchase. As described by the authors in the Approach and Organization, this simple-to-use
software tool provides modeling and computational features useful in solving many problems
in the text, and it enables rapid what-if and exploratory analysis of many types of problems.
Instructors interested in using this tool in their course can download the software from the
book’s web site at www.wiley.com/college/bergman. Students can download the software by
registering on the student companion site; for details, see the registration card provided in
this book. The software is also available as a stand-alone purchase at the web site. Any
questions can be directed to your local Wiley representative.

\(8/ This mouse icon identies Supplemental Sections and is used throughout the text .

'Excerpts from the Solutions Manual may be reproduced by instructors for distribution on a not-for-profit basis
for testing or instructional purposes only to students enrolled in courses for which the textbook has been adopted.
Any other reproduction or translation of the contents of the Solutions Manual beyond that permitted by Sections
107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.
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area, m’

area of prime (unfinned) surface, m’

cross-sectional area, m”

fin profile area, m

nozzle area ratio

acceleration, m/s%; speed of sound, m/s

Biot number

Bond number

molar concentration, kmol/m?; heat capacity
rate, W/K

drag coefficient

friction coefficient

thermal capacitance, J/K

Confinement number

specific heat, J/kg - K; speed of light, m/s

specific heat at constant pressure, J/kg - K

specific heat at constant volume, J/kg - K

diameter, m

binary mass diffusivity, m?¥/s

bubble diameter, m

hydraulic diameter, m

diameter of gas molecule, nm

thermal plus mechanical energy, J; electric
potential, V; emissive power, W/m?

total energy, J

Eckert number

rate of energy generation, W

rate of energy transfer into a control volume, W

rate of energy transfer out of control volume, W

rate of increase of energy stored within a control
volume, W

thermal internal energy per unit mass, J/kg;
surface roughness, m

force, N; fraction of blackbody radiation in a
wavelength band; view factor

Ja
JE

Ji

ky
kY

Le

Fourier number

Froude number

friction factor; similarity variable

irradiation, W/m?; mass velocity, kg/s - m*

Grashof number

Graetz number

gravitational acceleration, m/s

nozzle height, m; Henry’s constant, bars

convection heat transfer coefficient, W/m? - K;
Planck’s constant, J + s

latent heat of vaporization, J/kg

modified heat of vaporization, J/kg

latent heat of fusion, J/kg

convection mass transfer coefficient, m/s

radiation heat transfer coefficient, W/m? - K

electric current, A; radiation intensity, W/m? - sr

electric current density, A/m?; enthalpy per unit
mass, J/kg

radiosity, W/m?

Jakob number

diffusive molar flux of species i relative to the
mixture molar average velocity, kmol/s - m?

diffusive mass flux of species 7 relative to the
mixture mass average velocity, kg/s - m?

Colburn j factor for heat transfer

Colburn j factor for mass transfer

thermal conductivity, W/m + K

Boltzmann’s constant, J/K

zero-order, homogeneous reaction rate
constant, kmol/s -m?

first-order, homogeneous reaction rate
constant, s~

first-order, surface reaction rate constant, m/s

length, m

Lewis number
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mass, kg

rate of transfer of mass for species, i, kg/s

rate of increase of mass of species i due to
chemical reactions, kg/s

rate at which mass enters a control volume, kg/s

rate at which mass leaves a control
volume, kg/s

rate of increase of mass stored within a
control volume, kg/s

molecular weight of species i, kg/kmol

Mach number

mass, kg

mass flow rate, kg/s

mass fraction of species i, p;/p

integer number

number of tubes in longitudinal and
transverse directions

Nusselt number

number of transfer units

molar transfer rate of species i relative to
fixed coordinates, kmol/s

molar flux of species i relative to fixed

coordinates, kmol/s + m?

molar rate of increase of species i per unit
volume due to chemical reactions,
kmol/s - m*

surface reaction rate of species i,
kmol/s -+ m?

Avogadro’s number

mass flux of species i relative to fixed
coordinates, kg/s + m*

mass rate of increase of species i per unit
volume due to chemical reactions,
kg/s - m®

power, W; perimeter, m

dimensionless longitudinal and transverse
pitch of a tube bank

Peclet number

Prandtl number

pressure, N/m>

energy transfer, J

heat transfer rate, W

rate of energy generation per unit
volume, W/m?

heat transfer rate per unit length, W/m

heat flux, W/m?

dimensionless conduction heat rate

cylinder radius, m; gas constant, J/kg - K

universal gas constant, J/kmol - K

Rayleigh number

Reynolds number

electric resistance, ()

fouling factor, m*- K/W

mass transfer resistance, s/m’

residual for the m, n nodal point

thermal resistance, K/'W

thermal contact resistance, K/'W

fin thermal resistance, K/W

R,, thermal resistance of fin array, K/'W
T, cylinder or sphere radius, m
o,z cylindrical coordinates
r, 0, spherical coordinates
S solubility, kmol/m?® - atm; shape factor for
two-dimensional conduction, m; nozzle
pitch, m; plate spacing, m; Seebeck
coefficient, V/K
S, solar constant, W/m?
Sp, Sz, S diagonal, longitudinal, and transverse pitch
of a tube bank, m
Sc Schmidt number
Sh Sherwood number
St Stanton number
T temperature, K
t time, s
U overall heat transfer coefficient, W/m?- K;
internal energy, J
u, v, w mass average fluid velocity components, m/s
u* v* w* molar average velocity components, m/s
\%4 volume, m®; fluid velocity, m/s
v specific volume, m*/kg
w width of a slot nozzle, m
w rate at which work is performed, W
We Weber number
X vapor quality
X, Martinelli parameter
XY Z components of the body force per unit
volume, N/m?
X, ¥ 2 rectangular coordinates, m
X, critical location for transition to turbulence, m
Xige concentration entry length, m
Xidn hydrodynamic entry length, m
Xias thermal entry length, m
X; mole fraction of species i, C;/C
Z thermoelectric material property, K™
Greek Letters
e thermal diffusivity, m?%/s; accommodation
coefficient; absorptivity
B volumetric thermal expansion coefficient, K!
r mass flow rate per unit width in film
condensation, kg/s - m
k% ratio of specific heats
3 hydrodynamic boundary layer thickness, m
5. concentration boundary layer thickness, m
3, thermal penetration depth, m
o, thermal boundary layer thickness, m
& emissivity; porosity; heat exchanger
effectiveness
& fin effectiveness
n thermodynamic efficiency; similarity variable
ny fin efficiency
n, overall efficiency of fin array
0 zenith angle, rad; temperature difference, K
K absorption coefficient, m™!
A wavelength, um
Amip mean free path length, nm
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" viscosity, kg/s - m

v kinematic viscosity, m%s; frequency of
radiation, s~!

p mass density, kg/m?; reflectivity

Pe electric resistivity, {}/m

o Stefan-Boltzmann constant, W/m?> - K*; electrical
conductivity, 1/€) - m; normal viscous stress,
N/m?; surface tension, N/m

[ viscous dissipation function, s>

© volume fraction

[ azimuthal angle, rad

1] stream function, m*/s

T shear stress, N/m?; transmissivity

w solid angle, sr; perfusion rate, g7!

Subscripts

A,B species in a binary mixture

abs absorbed

am arithmetic mean

atm atmospheric

b base of an extended surface; blackbody

C carnot

c cross-sectional; concentration; cold fluid; critical

cr critical insulation thickness

cond conduction

conv convection

CF counterflow

D diameter; drag

dif diffusion

e excess; emission; electron

evap evaporation

f fluid properties; fin conditions; saturated liquid
conditions

fc forced convection

fd fully developed conditions

g saturated vapor conditions

H heat transfer conditions

XXx111

h hydrodynamic; hot fluid; helical

i general species designation; inner surface of an
annulus; initial condition; tube inlet
condition; incident radiation

L based on characteristic length

[ saturated liquid conditions

lat latent energy

Im log mean condition

m mean value over a tube cross section

max maximum

0 center or midplane condition; tube outlet
condition; outer

P momentum

ph phonon

R reradiating surface

r, ref reflected radiation

rad radiation

S solar conditions

K surface conditions; solid properties;
saturated solid conditions

sat saturated conditions

sens sensible energy

sky sky conditions

ss steady state

sur surroundings

t thermal

tr transmitted

v saturated vapor conditions

X local conditions on a surface

A spectral

o free stream conditions

Superscripts

* molar average; dimensionless quantity

Overbar

surface average conditions; time mean
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2 Chapter 1 m Introduction

From the study of thermodynamics, you have learned that energy can be transferred by
interactions of a system with its surroundings. These interactions are called work and heat.
However, thermodynamics deals with the end states of the process during which an interac-
tion occurs and provides no information concerning the nature of the interaction or the time
rate at which it occurs. The objective of this text is to extend thermodynamic analysis
through the study of the modes of heat transfer and through the development of relations to
calculate heat transfer rates.

In this chapter we lay the foundation for much of the material treated in the text. We do
so by raising several questions: What is heat transfer? How is heat transferred? Why is it
important? One objective is to develop an appreciation for the fundamental concepts and
principles that underlie heat transfer processes. A second objective is to illustrate the manner
in which a knowledge of heat transfer may be used with the first law of thermodynamics
(conservation of energy) to solve problems relevant to technology and society.

1.1 What and How?

A simple, yet general, definition provides sufficient response to the question: What is heat
transfer?

Heat transfer (or heat) is thermal energy in transit due to a spatial temperature difference.

Whenever a temperature difference exists in a medium or between media, heat transfer
must occur.

As shown in Figure 1.1, we refer to different types of heat transfer processes as modes.
When a temperature gradient exists in a stationary medium, which may be a solid or a fluid,
we use the term conduction to refer to the heat transfer that will occur across the medium.
In contrast, the term convection refers to heat transfer that will occur between a surface and
a moving fluid when they are at different temperatures. The third mode of heat transfer is
termed thermal radiation. All surfaces of finite temperature emit energy in the form of
electromagnetic waves. Hence, in the absence of an intervening medium, there is net heat
transfer by radiation between two surfaces at different temperatures.

Convection from a surface

Conduction through a solid
or a stationary fluid

to a moving fluid

Net radiation heat exchange
between two surfaces

T, >T,

Ty Ty

T,>T

Moving fluid, 7

q
:: f rT.;

Surface, T,
/Y
Y
/\\ Surface, T,
"
! V\\ 7/

g5 <—

Ficure 1.1  Conduction, convection, and radiation heat transfer modes.
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1.2 Physical Origins and Rate Equations

As engineers, it is important that we understand the physical mechanisms which underlie
the heat transfer modes and that we be able to use the rate equations that quantify the
amount of energy being transferred per unit time.

1.2.1 Conduction

At mention of the word conduction, we should immediately conjure up concepts of atomic
and molecular activity because processes at these levels sustain this mode of heat transfer.
Conduction may be viewed as the transfer of energy from the more energetic to the less
energetic particles of a substance due to interactions between the particles.

The physical mechanism of conduction is most easily explained by considering a gas and
using ideas familiar from your thermodynamics background. Consider a gas in which a tem-
perature gradient exists, and assume that there is no bulk, or macroscopic, motion. The gas
may occupy the space between two surfaces that are maintained at different temperatures, as
shown in Figure 1.2. We associate the temperature at any point with the energy of gas mole-
cules in proximity to the point. This energy is related to the random translational motion, as
well as to the internal rotational and vibrational motions, of the molecules.

Higher temperatures are associated with higher molecular energies. When neighboring
molecules collide, as they are constantly doing, a transfer of energy from the more energetic
to the less energetic molecules must occur. In the presence of a temperature gradient, energy
transfer by conduction must then occur in the direction of decreasing temperature. This would
be true even in the absence of collisions, as is evident from Figure 1.2. The hypothetical plane
at x, is constantly being crossed by molecules from above and below due to their random
motion. However, molecules from above are associated with a higher temperature than those
from below, in which case there must be a net transfer of energy in the positive x-direction.
Collisions between molecules enhance this energy transfer. We may speak of the net transfer
of energy by random molecular motion as a diffusion of energy.

The situation is much the same in liquids, although the molecules are more closely
spaced and the molecular interactions are stronger and more frequent. Similarly, in a solid,
conduction may be attributed to atomic activity in the form of lattice vibrations. The modern

T o—_z_o Q\ 0\\0 o T,>T,
Q
Q \ ? o\ \Cf o\
Q 0\_
Y TS N N ‘_f_*_?'"" _7_1"*

T,

FIGURE 1.2 Association of conduction heat transfer with diffusion of energy due to molecular
aclivity.
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" T(x)

T,

FicUre 1.3 One-dimensional heat transfer by conduction
=L — (diffusion of energy).

view is to ascribe the energy transfer to lattice waves induced by atomic motion. In an electri-
cal nonconductor, the energy transfer is exclusively via these lattice waves; in a conductor, it
is also due to the translational motion of the free electrons. We treat the important properties
associated with conduction phenomena in Chapter 2 and in Appendix A.

Examples of conduction heat transfer are legion. The exposed end of a metal spoon
suddenly immersed in a cup of hot coffee is eventually warmed due to the conduction of
energy through the spoon. On a winter day, there is significant energy loss from a heated
room to the outside air. This loss is principally due to conduction heat transfer through the
wall that separates the room air from the outside air.

Heat transfer processes can be quantified in terms of appropriate rate equations. These
equations may be used to compute the amount of energy being transferred per unit time.
For heat conduction, the rate equation is known as Fouriers law. For the one-dimensional
plane wall shown in Figure 1.3, having a temperature distribution 7(x), the rate equation is
expressed as

qx dx

The heat ux ¢, (W/m?) is the heat transfer rate in the x-direction per unit area perpendic-
ular to the direction of transfer, and it is proportional to the temperature gradient, dT/dx,
in this direction. The parameter k is a transport property known as the thermal conductiv-
ity (W/m-K) and is a characteristic of the wall material. The minus sign is a consequence
of the fact that heat is transferred in the direction of decreasing temperature. Under the
steady-state conditions shown in Figure 1.3, where the temperature distribution is linear,
the temperature gradient may be expressed as

n— g dl (1.1)

ar _ I, — T
dx L
and the heat flux is then
Tz — T1
" — k
qx I
or
T, —-T, AT
"=k———=k— 1.2
qx i3 i3 (1.2)

Note that this equation provides a heat ux , that is, the rate of heat transfer per unit area.
The heat rate by conduction, ¢g,(W), through a plane wall of area A is then the product
of the flux and the area, g, = ¢’ - A.
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W4 *| ExampLE 1.1

The wall of an industrial furnace is constructed from 0.15-m-thick fireclay brick having a
thermal conductivity of 1.7 W/m+ K. Measurements made during steady-state operation
reveal temperatures of 1400 and 1150 K at the inner and outer surfaces, respectively. What
is the rate of heat loss through a wall that is 0.5 m X 1.2 m on a side?

SOLUTION
|

Known: Steady-state conditions with prescribed wall thickness, area, thermal conductiv-
ity, and surface temperatures.

Find: Wall heat loss.

Schematic: /

k= 1.7 Wim-K
T, = 1400 K / T,=1150K

I
qx

Wall area, A
L. | '
Y L=015m < >
Assumptions:

1. Steady-state conditions.

2. One-dimensional conduction through the wall.

3. Constant thermal conductivity.

Analysis:  Since heat transfer through the wall is by conduction, the heat flux may be
determined from Fourier’s law. Using Equation 1.2, we have

AT 250K

"=k 2L =17W/m-K X = 2833 W/m?>
=57 m 0.15m m

The heat flux represents the rate of heat transfer through a section of unit area, and it is uni-
form (invariant) across the surface of the wall. The heat loss through the wall of area
A = H X Wis then

g, = (HW) ¢/ = (0.5m X 1.2 m) 2833 W/m? =1700 W <

Comments: Note the direction of heat flow and the distinction between heat flux and
heat rate.

*This icon identifies examples that are available in tutorial form in the Interactive Heat Transfer (IHT) software that
accompanies the text. Each tutorial is brief and illustrates a basic function of the software. /HT can be used to solve
simultaneous equations, perform parameter sensitivity studies, and graph the results. Use of /HT will reduce the time
spent solving more complex end-of-chapter problems.

F
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1.2.2 Convection

The convection heat transfer mode is comprised of two mechanisms. In addition to energy
transfer due to random molecular motion (diffusion), energy is also transferred by the bulk, or
macroscopic, motion of the fluid. This fluid motion is associated with the fact that, at any
instant, large numbers of molecules are moving collectively or as aggregates. Such motion, in
the presence of a temperature gradient, contributes to heat transfer. Because the molecules
in the aggregate retain their random motion, the total heat transfer is then due to a superpo-
sition of energy transport by the random motion of the molecules and by the bulk motion of
the fluid. The term convection is customarily used when referring to this cumulative trans-
port, and the term advection refers to transport due to bulk fluid motion.

We are especially interested in convection heat transfer, which occurs between a fluid
in motion and a bounding surface when the two are at different temperatures. Consider
fluid flow over the heated surface of Figure 1.4. A consequence of the fluid—surface interac-
tion is the development of a region in the fluid through which the velocity varies from zero
at the surface to a finite value u., associated with the flow. This region of the fluid is known
as the hydrodynamic, or velocity, boundary layer. Moreover, if the surface and flow tem-
peratures differ, there will be a region of the fluid through which the temperature varies
from T, at y =0 to T, in the outer flow. This region, called the thermal boundary layer,
may be smaller, larger, or the same size as that through which the velocity varies. In any
case, if T, > T, convection heat transfer will occur from the surface to the outer flow.

The convection heat transfer mode is sustained both by random molecular motion and
by the bulk motion of the fluid within the boundary layer. The contribution due to random
molecular motion (diffusion) dominates near the surface where the fluid velocity is low. In
fact, at the interface between the surface and the fluid (y = 0), the fluid velocity is zero, and
heat is transferred by this mechanism only. The contribution due to bulk fluid motion origi-
nates from the fact that the boundary layer grows as the flow progresses in the x-direction.
In effect, the heat that is conducted into this layer is swept downstream and is eventually
transferred to the fluid outside the boundary layer. Appreciation of boundary layer phenom-
ena is essential to understanding convection heat transfer. For this reason, the discipline of
fluid mechanics will play a vital role in our later analysis of convection.

Convection heat transfer may be classified according to the nature of the flow. We speak
of forced convection when the flow is caused by external means, such as by a fan, a pump, or
atmospheric winds. As an example, consider the use of a fan to provide forced convection
air cooling of hot electrical components on a stack of printed circuit boards (Figure 1.5a). In
contrast, for free (or natural) convection, the flow is induced by buoyancy forces, which are
due to density differences caused by temperature variations in the fluid. An example is the
free convection heat transfer that occurs from hot components on a vertical array of circuit

y " Fluid y .
e
> b
- iy Velocity Temperature
distribution distribution
u(y) q" T(y)
| :
X
L »uy Heated L Ty FIGURE 1.4 Boundary layer development in

surface convection heat transfer.
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boards in air (Figure 1.5b). Air that makes contact with the components experiences an
increase in temperature and hence a reduction in density. Since it is now lighter than the sur-
rounding air, buoyancy forces induce a vertical motion for which warm air ascending from
the boards is replaced by an inflow of cooler ambient air.

While we have presumed pure forced convection in Figure 1.5a and pure natural con-
vection in Figure 1.5, conditions corresponding to mixed (combined) forced and natural
convection may exist. For example, if velocities associated with the flow of Figure 1.5a are
small and/or buoyancy forces are large, a secondary flow that is comparable to the imposed
forced flow could be induced. In this case, the buoyancy-induced flow would be normal to
the forced flow and could have a significant effect on convection heat transfer from the
components. In Figure 1.5b, mixed convection would result if a fan were used to force air
upward between the circuit boards, thereby assisting the buoyancy flow, or downward,
thereby opposing the buoyancy flow.

We have described the convection heat transfer mode as energy transfer occurring
within a fluid due to the combined effects of conduction and bulk fluid motion. Typically,
the energy that is being transferred is the sensible, or internal thermal, energy of the fluid.
However, for some convection processes, there is, in addition, latent heat exchange. This
latent heat exchange is generally associated with a phase change between the liquid and
vapor states of the fluid. Two special cases of interest in this text are boiling and condensa-
tion. For example, convection heat transfer results from fluid motion induced by vapor bub-
bles generated at the bottom of a pan of boiling water (Figure 1.5¢) or by the condensation
of water vapor on the outer surface of a cold water pipe (Figure 1.5d).

Buoyancy-driven
flow

Forced i 1 — Hot components =l @ 3
flow / on printed
— BEEm circuit boards I q”
_ sl e
—h-—= pEEDE =
— @AEEEN = B A

w1

q Water
droplets
i Cold

water 3 N

r ° 0 0 o Iy

Vapor —> (] o 1\
bubbles O C Y

Water

Hot plate

(c) (d)

FicUre 1.5 Convection heat transfer processes. (a) Forced convection. (b) Natural
convection. (¢) Boiling. (d) Condensation.
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TABLE 1.1 Typical values of the
convection heat transfer coefficient

h

Process (W/m? - K)
Free convection

Gases 2-25

Liquids 50-1000
Forced convection

Gases 25-250

Liquids 100-20,000
Convection with phase change

Boiling or condensation 2500-100,000

Regardless of the nature of the convection heat transfer process, the appropriate rate
equation is of the form

q" = NI, — T.) (1.3a)

where ¢”, the convective heat ux (W/m?), is proportional to the difference between the sur-
face and fluid temperatures, 7, and T, respectively. This expression is known as Newfons
law of cooling, and the parameter 4 (W/m? - K) is termed the convection heat transfer coef-
cient. This coefficient depends on conditions in the boundary layer, which are influenced by
surface geometry, the nature of the fluid motion, and an assortment of fluid thermodynamic
and transport properties.

Any study of convection ultimately reduces to a study of the means by which # may be
determined. Although consideration of these means is deferred to Chapter 6, convection
heat transfer will frequently appear as a boundary condition in the solution of conduction
problems (Chapters 2 through 5). In the solution of such problems we presume /4 to be
known, using typical values given in Table 1.1.

When Equation 1.3a is used, the convection heat flux is presumed to be positive if heat
is transferred from the surface (T, > T,,) and negative if heat is transferred o the surface
(T, > T,). However, nothing precludes us from expressing Newton’s law of cooling as

q"=hT,—T,) (1.3b)

in which case heat transfer is positive if it is to the surface.

1.2.3 Radiation

Thermal radiation is energy emitted by matter that is at a nonzero temperature. Although
we will focus on radiation from solid surfaces, emission may also occur from liquids and
gases. Regardless of the form of matter, the emission may be attributed to changes in the
electron configurations of the constituent atoms or molecules. The energy of the radiation
field is transported by electromagnetic waves (or alternatively, photons). While the transfer
of energy by conduction or convection requires the presence of a material medium, radia-
tion does not. In fact, radiation transfer occurs most efficiently in a vacuum.

Consider radiation transfer processes for the surface of Figure 1.6a. Radiation that is
emitted by the surface originates from the thermal energy of matter bounded by the surface,
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and the rate at which energy is released per unit area (W/m?) is termed the surface emissive
power, E. There is an upper limit to the emissive power, which is prescribed by the
StefanBoltzmann law

E,=oT! (1.4)

where 7, is the absolute temperature (K) of the surface and o is the Stefan
Boltzmann constant (o = 5.67 X 10~® W/m? - K*). Such a surface is called an ideal radiator
or blackbody.

The heat flux emitted by a real surface is less than that of a blackbody at the same tem-
perature and is given by

E = goT? (1.5)

where ¢ is a radiative property of the surface termed the emissivity. With values in the
range 0 = ¢ = 1, this property provides a measure of how efficiently a surface emits energy
relative to a blackbody. It depends strongly on the surface material and finish, and repre-
sentative values are provided in Appendix A.

Radiation may also be incident on a surface from its surroundings. The radiation may
originate from a special source, such as the sun, or from other surfaces to which the surface
of interest is exposed. Irrespective of the source(s), we designate the rate at which all such
radiation is incident on a unit area of the surface as the irradiation G (Figure 1.6a).

A portion, or all, of the irradiation may be absorbed by the surface, thereby increasing
the thermal energy of the material. The rate at which radiant energy is absorbed per unit
surface area may be evaluated from knowledge of a surface radiative property termed the
absorptivity «. That is,

Gy = aG (1.6)

where 0=a=1. If <1 and the surface is opaque, portions of the irradiation are
reected. 1If the surface is semitransparent, portions of the irradiation may also be transmitted.
However, whereas absorbed and emitted radiation increase and reduce, respectively, the
thermal energy of matter, reflected and transmitted radiation have no effect on this energy.
Note that the value of a depends on the nature of the irradiation, as well as on the surface
itself. For example, the absorptivity of a surface to solar radiation may differ from its
absorptivity to radiation emitted by the walls of a furnace.

G E B Surroundings B B
21(\ /qconv at Tsur qrar\ /‘Iconv

Surface of emissivity Surface of emissivity T,>Tg,, T,>T
&, absorptivity «, and &=a,area A, and
temperature T temperature T

(a) (b)

FIGURE 1.6 Radiation exchange: (a) at a surface and (b) between a surface and large
surroundings.
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In many engineering problems (a notable exception being problems involving solar radia-
tion or radiation from other very high temperature sources), liquids can be considered opaque
to radiation heat transfer, and gases can be considered transparent to it. Solids can be opaque
(as is the case for metals) or semitransparent (as is the case for thin sheets of some polymers
and some semiconducting materials).

A special case that occurs frequently involves radiation exchange between a small sur-
face at T, and a much larger, isothermal surface that completely surrounds the smaller one
(Figure 1.6b). The surroundings could, for example, be the walls of a room or a furnace
whose temperature T, differs from that of an enclosed surface (7, # T,). We will show in
Chapter 12 that, for such a condition, the irradiation may be approximated by emission from
a blackbody at T, in which case G = oT4,. If the surface is assumed to be one for which
a = & (a gray surface), the net rate of radiation heat transfer from the surface, expressed per
unit area of the surface, is

% = ¢E/(T,) — aG = ea(T* — T) (1.7)

Graa =
This expression provides the difference between thermal energy that is released due to radi-
ation emission and that gained due to radiation absorption.
For many applications, it is convenient to express the net radiation heat exchange in
the form

Grad = hIA(TS - Tsur) (18)
where, from Equation 1.7, the radiation heat transfer coefcient h , is
h=eo(T, + T )T + T3 (1.9)

Here we have modeled the radiation mode in a manner similar to convection. In this sense we
have linearized the radiation rate equation, making the heat rate proportional to a temperature
difference rather than to the difference between two temperatures to the fourth power.
Note, however, that &, depends strongly on temperature, whereas the temperature depen-
dence of the convection heat transfer coefficient / is generally weak.

The surfaces of Figure 1.6 may also simultaneously transfer heat by convection to
an adjoining gas. For the conditions of Figure 1.6b, the total rate of heat transfer from the
surface is then

9 = 9conv + Grad — hA(Ts - TOO) + EAO-(T34 - TSAI‘_II‘) (110)

EXAMPLE 1.2

An uninsulated steam pipe passes through a room in which the air and walls are at 25°C.
The outside diameter of the pipe is 70 mm, and its surface temperature and emissivity are
200°C and 0.8, respectively. What are the surface emissive power and irradiation? If the
coefficient associated with free convection heat transfer from the surface to the air is
15 W/m? - K, what is the rate of heat loss from the surface per unit length of pipe?

SOLUTION

Known: Uninsulated pipe of prescribed diameter, emissivity, and surface temperature in
a room with fixed wall and air temperatures.



1.2 m Physical Origins and Rate Equations 11

Find:
1. Surface emissive power and irradiation.

2. Pipe heat loss per unit length, g'.

Schematic:

Assumptions:
1. Steady-state conditions.

2. Radiation exchange between the pipe and the room is between a small surface and a
much larger enclosure.

3. The surface emissivity and absorptivity are equal.

Analysis:

1. The surface emissive power may be evaluated from Equation 1.5, while the irradiation
corresponds to G = o T2 . Hence

E =0T} =0.8(5.67 X 1073 W/m? - K*)(473 K)* = 2270 W/m> <
G=0T: =5.67X108W/m? - K* (298 K)* = 447 W/m? <

2. Heat loss from the pipe is by convection to the room air and by radiation exchange
with the walls. Hence, ¢ = ¢ gy T ¢rq and from Equation 1.10, with A = 7wDL,

q = h(wDL)(T, — T..) + e(wDL)o (T} — T4,)
The heat loss per unit length of pipe is then

g = % = 15 W/m? - K(r X 0.07 m)(200 — 25)°C
+ 0.8(7 X 0.07 m) 5.67 X 10~ W/m? - K* (473* — 298%) K*
qg' =577 W/m + 421 W/m = 998 W/m <

Commentis:
1. Note that temperature may be expressed in units of °C or K when evaluating the tempera-
ture difference for a convection (or conduction) heat transfer rate. However, temperature
must be expressed in kelvins (K) when evaluating a radiation transfer rate.
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2. The net rate of radiation heat transfer from the pipe may be expressed as

Gra = ™D (E —aG)
gl =X 0.07m (2270 — 0.8 X 447) W/m? = 421 W/m

3. In this situation, the radiation and convection heat transfer rates are comparable because
T, is large compared to Ty, and the coefficient associated with free convection is small.
For more moderate values of T and the larger values of & associated with forced con-
vection, the effect of radiation may often be neglected. The radiation heat transfer coef-
ficient may be computed from Equation 1.9. For the conditions of this problem, its
value is 4, = 11 W/m” - K.

F

1.2.4 The Thermal Resistance Concept

The three modes of heat transfer were introduced in the preceding sections. As is evident
from Equations 1.2, 1.3, and 1.8, the heat transfer rate can be expressed in the form

AT
=] ”A = —
q9=49 R,

(1.11)
where AT is a relevant temperature difference and A is the area normal to the direction of heat
transfer. The quantity R, is called a thermal resistance and takes different forms for the three
different modes of heat transfer. For example, Equation 1.2 may be multiplied by the area A
and rewritten as ¢, = AT/R, ., where R,. = L/kA is a thermal resistance associated with con-
duction, having the units K/W. The thermal resistance concept will be considered in detail in
Chapter 3 and will be seen to have great utility in solving complex heat transfer problems.

1.3 Relationship to Thermodynamics

The subjects of heat transfer and thermodynamics are highly complementary and interre-
lated, but they also have fundamental differences. If you have taken a thermodynamics
course, you are aware that heat exchange plays a vital role in the first and second laws of
thermodynamics because it is one of the primary mechanisms for energy transfer between a
system and its surroundings. While thermodynamics may be used to determine the amount
of energy required in the form of heat for a system to pass from one state to another, it con-
siders neither the mechanisms that provide for heat exchange nor the methods that exist for
computing the rate of heat exchange. The discipline of heat transfer specifically seeks to
quantify the rate at which heat is exchanged through the rate equations expressed, for
example, by Equations 1.2, 1.3, and 1.7. Indeed, heat transfer principles often enable the
engineer to implement the concepts of thermodynamics. For example, the actual size of a
power plant to be constructed cannot be determined from thermodynamics alone; the prin-
ciples of heat transfer must also be invoked at the design stage.

The remainder of this section considers the relationship of heat transfer to thermody-
namics. Since the rst law of thermodynamics (the law of conservation of energy) provides
a useful, often essential, starting point for the solution of heat transfer problems, Section
1.3.1 will provide a development of the general formulations of the first law. The ideal
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(Carnot) efficiency of a heat engine, as determined by the second law of thermodynamics
will be reviewed in Section 1.3.2. It will be shown that a realistic description of the heat
transfer between a heat engine and its surroundings further limits the actual efficiency of a
heat engine.

1.3.1 Relationship to the First Law of Thermodynamies
(Conservation of Energy)

At its heart, the first law of thermodynamics is simply a statement that the total energy of a
system is conserved, and therefore the only way that the amount of energy in a system can
change is if energy crosses its boundaries. The first law also addresses the ways in which
energy can cross the boundaries of a system. For a closed system (a region of fixed mass),
there are only two ways: heat transfer through the boundaries and work done on or by the sys-
tem. This leads to the following statement of the first law for a closed system, which is famil-
iar if you have taken a course in thermodynamics:

AEY'=Q—-W (1.12a)

where AEY" is the change in the total energy stored in the system, Q is the net heat transferred
to the system, and W is the net work done by the system. This is schematically illustrated in
Figure 1.7a.

The first law can also be applied to a control volume (or open system), a region of space
bounded by a control surface through which mass may pass. Mass entering and leaving the
control volume carries energy with it; this process, termed energy advection, adds a third
way in which energy can cross the boundaries of a control volume. To summarize, the first
law of thermodynamics can be very simply stated as follows for both a control volume and a
closed system.

First Law of Thermodynamics over a Time Interval (A7)

The increase in the amount of energy stored in a control volume must equal the amount of energy
that enters the control volume, minus the amount of energy that leaves the control volume.

In applying this principle, it is recognized that energy can enter and leave the control
volume due to heat transfer through the boundaries, work done on or by the control volume,
and energy advection.

The first law of thermodynamics addresses total energy, which consists of kinetic and
potential energies (together known as mechanical energy) and internal energy. Internal energy
can be further subdivided into thermal energy (which will be defined more carefully later)

e —————

// \\\
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Ficure 1.7  Conservation of energy: (a) for a closed system over a time interval
and (b) for a control volume at an instant.
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and other forms of internal energy, such as chemical and nuclear energy. For the study of heat
transfer, we wish to focus attention on the thermal and mechanical forms of energy. We must
recognize that the sum of thermal and mechanical energy is not conserved, because conversion
can occur between other forms of energy and thermal or mechanical energy. For example, if a
chemical reaction occurs that decreases the amount of chemical energy in the system, it will
result in an increase in the thermal energy of the system. If an electric motor operates within
the system, it will cause conversion from electrical to mechanical energy. We can think of such
energy conversions as resulting in thermal or mechanical energy generation (which can be
either positive or negative). So a statement of the first law that is well suited for heat transfer
analysis is:

Thermal and Mechanical Energy Equation over a Time Interval (A7)

The increase in the amount of thermal and mechanical energy stored in the control volume must
equal the amount of thermal and mechanical energy that enters the control volume, minus the
amount of thermal and mechanical energy that leaves the control volume, plus the amount of ther-
mal and mechanical energy that is generated within the control volume.

This expression applies over a time interval At, and all the energy terms are measured in
joules. Since the first law must be satisfied at each and every instant of time ¢, we can also
formulate the law on a rate basis. That is, at any instant, there must be a balance between all
energy rates, as measured in joules per second (W). In words, this is expressed as follows:

Thermal and Mechanical Energy Equation at an Instant (7)

The rate of increase of thermal and mechanical energy stored in the control volume must equal the
rate at which thermal and mechanical energy enters the control volume, minus the rate at which
thermal and mechanical energy leaves the control volume, plus the rate at which thermal and
mechanical energy is generated within the control volume.

If the inflow and generation of thermal and mechanical energy exceed the outflow, the amount
of thermal and mechanical energy stored (accumulated) in the control volume must increase. If
the converse is true, thermal and mechanical energy storage must decrease. If the inflow and
generation equal the outflow, a steady-state condition must prevail such that there will be no
change in the amount of thermal and mechanical energy stored in the control volume.

We will now define symbols for each of the energy terms so that the boxed statements
can be rewritten as equations. We let E stand for the sum of thermal and mechanical energy
(in contrast to the symbol E* for total energy). Using the subscript st to denote energy stored
in the control volume, the change in thermal and mechanical energy stored over the time
interval At is then AE. The subscripts in and out refer to energy entering and leaving the
control volume. Finally, thermal and mechanical energy generation is given the symbol E,.
Thus, the first boxed statement can be written as:

AE = E, — E, +E, (1.12b)

Next, using a dot over a term to indicate a rate, the second boxed statement becomes:

dE,
Estsﬁ = E,— Eou+E, (1.12¢)
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This expression is illustrated schematically in Figure 1.7b.

Equations 1.12b,c provide important and, in some cases, essential tools for solving heat
transfer problems. Every application of the first law must begin with the identification of
an appropriate control volume and its control surface, to which an analysis is subsequently
applied. The first step is to indicate the control surface by drawing a dashed line. The second
step is to decide whether to perform the analysis for a time interval Ar (Equation 1.12b) or
on a rate basis (Equation 1.12c). This choice depends on the objective of the solution and on
how information is given in the problem. The next step is to identify the energy terms that
are relevant in the problem you are solving. To develop your confidence in taking this last
step, the remainder of this section is devoted to clarifying the following energy terms:

* Stored thermal and mechanical energy, E.

¢ Thermal and mechanical energy generation, E,.

e Thermal and mechanical energy transport across the control surfaces, that is, the inflow
and outflow terms, E;, and E_.

In the statement of the first law (Equation 1.12a), the total energy, E', consists of Kinetic
energy (KE = '2mV?, where m and V are mass and velocity, respectively), potential energy
(PE = mgz, where g is the gravitational acceleration and z is the vertical coordinate), and
internal energy (U). Mechanical energy is defined as the sum of kinetic and potential energy.
Most often in heat transfer problems, the changes in kinetic and potential energy are small
and can be neglected. The internal energy consists of a sensible component, which accounts
for the translational, rotational, and/or vibrational motion of the atoms/molecules comprising
the matter; a latent component, which relates to intermolecular forces influencing phase
change between solid, liquid, and vapor states; a chemical component, which accounts for
energy stored in the chemical bonds between atoms; and a nuclear component, which
accounts for the binding forces in the nucleus.

For the study of heat transfer, we focus attention on the sensible and latent components
of the internal energy (U, and U, respectively), which are together referred to as ther-
mal energy, U,. The sensible energy is the portion that we associate mainly with changes in
temperature (although it can also depend on pressure). The latent energy is the component
we associate with changes in phase. For example, if the material in the control volume
changes from solid to liquid (melting) or from liquid to vapor (vaporization, evaporation,
boiling), the latent energy increases. Conversely, if the phase change is from vapor to liquid
(condensation) or from liquid to solid (solidication, freezing ), the latent energy decreases.
Obviously, if no phase change is occurring, there is no change in latent energy, and this
term can be neglected.

Based on this discussion, the stored thermal and mechanical energy is given by E, =
KE + PE + U, where U, = Ug,, + U),. In many problems, the only relevant energy term
will be the sensible energy, that is, Ey = Ul

The energy generation term is associated with conversion from some other form of
internal energy (chemical, electrical, electromagnetic, or nuclear) to thermal or mechanical
energy. It is a volumetric phenomenon. That is, it occurs within the control volume and is
generally proportional to the magnitude of this volume. For example, an exothermic chemi-
cal reaction may be occurring, converting chemical energy to thermal energy. The net
effect is an increase in the thermal energy of the matter within the control volume. Another
source of thermal energy is the conversion from electrical energy that occurs due to resis-
tance heating when an electric current is passed through a conductor. That is, if an electric
current / passes through a resistance R in the control volume, electrical energy is dissipated
at a rate I’R, which corresponds to the rate at which thermal energy is generated (released)



16

Chapter 1 m Introduction

within the volume. In all applications of interest in this text, if chemical, electrical, or
nuclear effects exist, they are treated as sources (or sinks, which correspond to negative
sources) of thermal or mechanical energy and hence are included in the generation terms of
Equations 1.12b,c.

The inflow and outflow terms are surface phenomena. That is, they are associated
exclusively with processes occurring at the control surface and are generally proportional to
the surface area. As discussed previously, the energy inflow and outflow terms include heat
transfer (which can be by conduction, convection, and/or radiation) and work interactions
occurring at the system boundaries (e.g., due to displacement of a boundary, a rotating shaft,
and/or electromagnetic effects). For cases in which mass crosses the control volume bound-
ary (e.g., for situations involving fluid flow), the inflow and outflow terms also include
energy (thermal and mechanical) that is advected (carried) by mass entering and leaving the
control volume. For instance, if the mass flow rate entering through the boundary is 71, then
the rate at which thermal and mechanical energy enters with the flow is 7 (i, + 2V + gz),
where u, is the thermal energy per unit mass.

When the first law is applied to a control volume with fluid crossing its boundary, it is
customary to divide the work term into two contributions. The first contribution, termed
ow work , is associated with work done by pressure forces moving fluid through the
boundary. For a unit mass, the amount of work is equivalent to the product of the pressure
and the specific volume of the fluid (pv). The symbol W is traditionally used for the rate at
which the remaining work (not including flow work) is perfomed. If operation is under
steady-state conditions (dEg/dt = 0) and if there is no thermal or mechanical energy gener-
ation, Equation 1.12¢ reduces to the following form of the steady-flow energy equation (see
Figure 1.8), which will be familiar if you have taken a thermodynamics course:

m(u, + pv + K V*+ go), — m(u, + pv + KV + g2)ou T g — W=0 (1.12d)

Terms within the parentheses are expressed for a unit mass of fluid at the inflow and out-
flow locations. When multiplied by the mass flow rate m, they yield the rate at which the
corresponding form of the energy (thermal, flow work, kinetic, and potential) enters or
leaves the control volume. The sum of thermal energy and flow work per unit mass may be
replaced by the enthalpy per unit mass, i = u, + pv.

In most open system applications of interest in this text, changes in latent energy
between the inflow and outflow conditions of Equation 1.12d may be neglected, so the
thermal energy reduces to only the sensible component. If the fluid is approximated as an
ideal gas with constant specic heats , the difference in enthalpies (per unit mass) between
the inlet and outlet flows may then be expressed as (i, — ioy) = ¢, (T, — Ty, Where ¢, is

out

Reference height

FiGURE 1.8 Conservation of energy for a steady-flow, open system.



1.3 = Relationship to Thermodynamics 17

the specific heat at constant pressure and 7;, and T, are the inlet and outlet temperatures,
respectively. If the fluid is an incompressible liquid, its specific heats at constant pressure and
volume are equal, ¢, = ¢, = ¢, and for Equation 1.12d the change in sensible energy (per unit
mass) reduces to (¢, — U, o) = (T3, — T,y)- Unless the pressure drop is extremely large, the
difference in flow work terms, (pv);, — (pv)o 1 negligible for a liquid.

Having already assumed steady-state conditions, no changes in latent energy, and no
thermal or mechanical energy generation, there are at least four cases in which further
assumptions can be made to reduce Equation 1.12d to the simplied steady-ow thermal
energy equation:

q = mcp(Tout - Tm) (1126)

The right-hand side of Equation 1.12e represents the net rate of outflow of enthalpy (thermal
energy plus flow work) for an ideal gas or of thermal energy for an incompressible liquid.

The first two cases for which Equation 1.12e holds can readily be verified by examin-
ing Equation 1.12d. They are:

1. An ideal gas with negligible kinetic and potential energy changes and negligible work
(other than flow work).

2. An incompressible liquid with negligible kinetic and potential energy changes and neg-
ligible work, including flow work. As noted in the preceding discussion, flow work is
negligible for an incompressible liquid provided the pressure variation is not too great.

The second pair of cases cannot be directly derived from Equation 1.12d but require further
knowledge of how mechanical energy is converted into thermal energy. These cases are:

3. Anideal gas with negligible viscous dissipation and negligible pressure variation.
4. An incompressible liquid with negligible viscous dissipation.

Viscous dissipation is the conversion from mechanical energy to thermal energy associated
with viscous forces acting in a fluid. It is important only in cases involving high-speed flow
and/or highly viscous fluid. Since so many engineering applications satisfy one or more of
the preceding four conditions, Equation 1.12e is commonly used for the analysis of heat
transfer in moving fluids. It will be used in Chapter 8 in the study of convection heat trans-
fer in internal flow.

The mass ow rate m of the fluid may be expressed as m = pVA,., where p is the fluid
density and A, is the cross-sectional area of the channel through which the fluid flows. The
volumetric ow rate is simply V = VA, = mip.

ExAmMPLE 1.3

The blades of a wind turbine turn a large shaft at a relatively slow speed. The rotational speed
is increased by a gearbox that has an efficiency of 7y, = 0.93. In turn, the gearbox output
shaft drives an electric generator with an efficiency of 7., = 0.95. The cylindrical nacelle,
which houses the gearbox, generator, and associated equipment, is of length L = 6 m and
diameter D = 3 m. If the turbine produces P = 2.5 MW of electrical power, and the air and sur-
roundings temperatures are T, = 25°C and T, = 20°C, respectively, determine the minimum
possible operating temperature inside the nacelle. The emissivity of the nacelle is & = 0.83,
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and the convective heat transfer coefficient is # = 35 W/m?- K. The surface of the nacelle
that is adjacent to the blade hub can be considered to be adiabatic, and solar irradiation may
be neglected.

Tgy = 20°C J TN~
/\/
h =35 W/m2.K
_— fe——L=6m—>
Air — > - —{=—— —é—-—--z@@- D=3m
; R
T, = 25°C , | N

M

~1 7,:=083 7 N~
L | — Generator, Tgen = 0.95

Gearbox, Ngh = 0.93

' Hub Nacelle

SOLUTION

Known: Electrical power produced by a wind turbine. Gearbox and generator efficien-
cies, dimensions and emissivity of the nacelle, ambient and surrounding temperatures, and
heat transfer coefficient.

Find: Minimum possible temperature inside the enclosed nacelle.

Schematic:
J Air
Ty, = 20°C
T, =25C 9rad
h=35 W/m2~V deony
«——L= 6m _/
. ¥
E, te D=3m
TI
¢=0.83
Ngen = 0.95
ng = 0.93
Assumptions:

1. Steady-state conditions.
2. Large surroundings.
3. Surface of the nacelle that is adjacent to the hub is adiabatic.
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Analysis:  The nacelle temperature represents the minimum possible temperature inside
the nacelle, and the first law of thermodynamics may be used to determine this tempera-
ture. The first step is to perform an energy balance on the nacelle to determine the rate of
heat transfer from the nacelle to the air and surroundings under steady-state conditions.
This step can be accomplished using either conservation of toral energy or conservation of
thermal and mechanical energy; we will compare these two approaches.

Conservation of Total Energy The first of the three boxed statements of the first law
in Section 1.3 can be converted to a rate basis and expressed in equation form as follows:
dElol
= ER-EG M
Under steady-state conditions, this reduces to Ejy — Exy = 0. The EjS term corresponds to
the mechanical work entering the nacelle W, and the EY, term includes the electrical power
output P and the rate of heat transfer leaving the nacelle ¢g. Thus

W—P-—g=0 )

Conservation of Thermal and Mechanical Energy Alternatively, we can express
conservation of thermal and mechanical energy, starting with Equation 1.12c. Under
steady-state conditions, this reduces to

Ein - Eout + Eg = O (3)

Here, E;, once again corresponds to the mechanical work W. However, E,, now includes
only the rate of heat transfer leaving the nacelle g. It does not include the electrical power,
since E represents only the thermal and mechanical forms of energy. The electrical power
appears in the generation term, because mechanical energy is converted to electrical energy
in the generator, giving rise to a negative source of mechanical energy. That is, E, = —P.

Thus, Equation (3) becomes
W—q—P=0 4)

which is equivalent to Equation (2), as it must be. Regardless of the manner in which the
first law of thermodynamics is applied, the following expression for the rate of heat transfer
evolves:

g=W-pP &)

The mechanical work and electrical power are related by the efficiencies of the gearbox and
generator,

P= anbngen (6)

Equation (5) can therefore be written as

_ 1 _ 6 1 _ 6
—p —1]=25%10°W X —1]=033%x10°W 7
4 (%mm ) &m3x0% ) @

Application of the Rate Equations Heat transfer is due to convection and radiation from
the exterior surface of the nacelle, governed by Equations 1.3a and 1.7, respectively. Thus
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4 = Yrad + 9eonv™ A[q;,ad + q::,onv]

2
- [ferL + ’Tf] [60(T} = T4) + h(T, — T.)] = 0.33 X 10°W
or
X 2
|:7T X3mX6m+ 77513m):|

X [0.83 X 5.67 X 107 W/m® - K* (T} — (273 + 20))K*
+ 35 W/m? - K (T, — (273 + 25)K)] = 0.33 X 10°W

The preceding equation does not have a closed-form solution, but the surface temperature
can be easily determined by trial and error or by using a software package such as the Inter-
active Heat Transfer (IHT) software accompanying your text. Doing so yields

T, = 416 K = 143°C

We know that the temperature inside the nacelle must be greater than the exterior surface
temperature of the nacelle 7, because the heat generated within the nacelle must be
transferred from the interior of the nacelle to its surface, and from the surface to the air
and surroundings. Therefore, T, represents the minimum possible temperature inside the
enclosed nacelle. <

Comments:

1. The temperature inside the nacelle is very high. This would preclude, for example, per-
formance of routine maintenance by a worker, as illustrated in the problem statement.
Thermal management approaches involving fans or blowers must be employed to
reduce the temperature to an acceptable level.

2. Improvements in the efficiencies of either the gearbox or the generator would not only
provide more electrical power, but would also reduce the size and cost of the thermal
management hardware. As such, improved efficiencies would increase revenue gener-
ated by the wind turbine and decrease both its capital and operating costs.

3. The heat transfer coefficient would not be a steady value but would vary periodically
as the blades sweep past the nacelle. Therefore, the value of the heat transfer coeffi-
cient represents a time-averaged quantity.

EXAMPLE 1.4

A long conducting rod of diameter D and electrical resistance per unit length R, is initially
in thermal equilibrium with the ambient air and its surroundings. This equilibrium is dis-
turbed when an electrical current / is passed through the rod. Develop an equation that
could be used to compute the variation of the rod temperature with time during the passage
of the current.
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SOLUTION

with time due to passage of an electrical current.

Find: Equation that governs temperature change with time for the rod.
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Known: Temperature of a rod of prescribed diameter and electrical resistance changes

Schematic:
Air — .
T h e Eout
TSUr

|___________J —

i i

1 P I Diameter

1—> : E, Eq : D

1 1 v

L TS -

- L -
Assumptions:

1. At any time ¢, the temperature of the rod is uniform.
2. Constant properties (p, ¢, € = ).

3. Radiation exchange between the outer surface of the rod and the surroundings is
between a small surface and a large enclosure.

Analysis:  The first law of thermodynamics may often be used to determine an unknown
temperature. In this case, there is no mechanical energy component. So relevant terms
include heat transfer by convection and radiation from the surface, thermal energy genera-
tion due to ohmic heating within the conductor, and a change in thermal energy storage.
Since we wish to determine the rate of change of the temperature, the first law should be
applied at an instant of time. Hence, applying Equation 1.12c to a control volume of length
L about the rod, it follows that

Eg —E = Ey
where thermal energy generation is due to the electric resistance heating,
— 72
E, =I"R|L

Heating occurs uniformly within the control volume and could also be expressed in terms of
a volumetric heat generation rate g(W/m?). The generation rate for the entire control volume
is then E, = gV, where ¢ = I ’R! /(wD?/4). Energy outflow is due to convection and net radi-
ation from the surface, Equations 1.3a and 1.7, respectively,

E,. = h(wDLXT — T.,) + eo(wDL)(T* — T%.)

and the change in energy storage is due to the temperature change,

du, 4
E,=—"==(pVcT
st dt dt (pVeT)
The term E; is associated with the rate of change in the internal thermal energy of the rod,
where p and ¢ are the mass density and the specific heat, respectively, of the rod material,
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and V is the volume of the rod, V = (wD*4)L. Substituting the rate equations into the
energy balance, it follows that

2
PR'L — h(wDL)T — T.) — s (wDL)(T* — T*.) = pc (774"3) L %
Hence
ar _ I’R. — aDW(T — T.,) — mDsa(T* — Ty,) 4
dt pc(mD* 4)
Comments:

1. The preceding equation could be solved for the time dependence of the rod tempera-
ture by integrating numerically. A steady-state condition would eventually be reached
for which d7/dt = 0. The rod temperature is then determined by an algebraic equation
of the form

aDW(T — T,,) + mDeo(T* — T ) = I*R)

2. For fixed environmental conditions (h, T, Ty,), as well as a rod of fixed geometry (D)
and properties (g, R,), the steady-state temperature depends on the rate of thermal
energy generation and hence on the value of the electric current. Consider an uninsu-
lated copper wire (D = 1 mm, & = 0.8, R, = 0.4 {}/m) in a relatively large enclosure
(T, = 300 K) through which cooling air is circulated (h = 100 W/m?*- K, T., = 300 K).
Substituting these values into the foregoing equation, the rod temperature has been
computed for operating currents in the range 0 = 7/ = 10 A, and the following results
were obtained:

150

125

100

T(°C)

75

60 [ B
50

25

0 2 4 52 6 8 10
I (amperes)

3. If a maximum operating temperature of 7 = 60°C is prescribed for safety reasons,
the current should not exceed 5.2 A. At this temperature, heat transfer by radiation
(0.6 W/m) is much less than heat transfer by convection (10.4 W/m). Hence, if one
wished to operate at a larger current while maintaining the rod temperature within
the safety limit, the convection coefficient would have to be increased by increasing the
velocity of the circulating air. For 7 = 250 W/m? - K, the maximum allowable current
could be increased to 8.1 A.

4. The IHT software is especially useful for solving equations, such as the energy balance
in Comment 1, and generating the graphical results of Comment 2.
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Iy | ExamMPLE 1.5

A hydrogen-air Proton Exchange Membrane (PEM) fuel cell is illustrated below. It consists
of an electrolytic membrane sandwiched between porous cathode and anode materials, form-
ing a very thin, three-layer membrane electrode assembly (MEA). At the anode, protons and
electrons are generated (2H, — 4H" + 4e7); at the cathode, the protons and electrons recom-
bine to form water (O, + 4e~ + 4H" — 2H,0). The overall reaction is then 2H, + O, —
2H,0. The dual role of the electrolytic membrane is to transfer hydrogen ions and serve as
a barrier to electron transfer, forcing the electrons to the electrical load that is external to
the fuel cell.

— e,
e e
TSLIV
l |
Hy——— sz i* 0, 0O
£ H" | o
g T,
H, |e™ e | O,
— L
H+ l
H,0
HC}_ < 02 Tsur
me| |V
0 —————>H,0+0,
|

Porous anode Porous cathode

L— Electrolytic membrane
T | T
Air
h, T,

The membrane must operate in a moist state in order to conduct ions. However, the pres-
ence of liquid water in the cathode material may block the oxygen from reaching the cathode
reaction sites, resulting in the failure of the fuel cell. Therefore, it is critical to control the tem-
perature of the fuel cell, 7., so that the cathode side contains saturated water vapor.

For a given set of H, and air inlet flow rates and use of a 50 mm X 50 mm MEA, the
fuel cell generates P = [+ E, = 9 W of electrical power. Saturated vapor conditions exist in
the fuel cell, corresponding to T, = T,,, = 56.4°C. The overall electrochemical reaction is
exothermic, and the corresponding thermal generation rate of E, = 11.25 W must be
removed from the fuel cell by convection and radiation. The ambient and surrounding
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temperatures are T,, = T, = 25°C, and the relationship between the cooling air velocity
and the convection heat transfer coefficient /4 is

h=10.9 W+ s"¥/m** - K X V°*

where V has units of m/s. The exterior surface of the fuel cell has an emissivity of &€ = (.88.
Determine the value of the cooling air velocity needed to maintain steady-state operating
conditions. Assume the edges of the fuel cell are well insulated.

SOLUTION

I

Known: Ambient and surrounding temperatures, fuel cell output voltage and electrical
current, heat generated by the overall electrochemical reaction, and the desired fuel cell
operating temperature.

Find: The required cooling air velocity V needed to maintain steady-state operation at
T.~ 56.4°C.

Schematic:
=Y
i
I
I
I
I
I
I
I I
1 : I
1 . I
: H : H =50 mm
1
L |
I o I
1 : I
S 1| Tu=25C
& ! I
1 : I
I i Iy
I ‘4
1 ! sl
1
1 7
1 e )
1 i “ T.=56.4°C
[ ,T’ T T £ =0.88
T, = 25°C
Air h
Assumptions:

1. Steady-state conditions.
2. Negligible temperature variations within the fuel cell.
3. Fuel cell is placed in large surroundings.

4. Edges of the fuel cell are well insulated.

5. Negligible energy entering or leaving the control volume due to gas or liquid flows.
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Analysis: To determine the required cooling air velocity, we must first perform an
energy balance on the fuel cell. Noting that there is no mechanical energy component, we
see that E;, = 0 and E,, = E,. This yields

Geomy + Graa = E, = 1125 W
where
g = AT(T, = T3,
= 0.88 X (2 X 0.05m X 0.05 m) X 5.67 X 108 W/m?-K* X (329.4* — 298*) K*
=097 W

Therefore, we may find
Geonry = 11.25 W — 0.97 W = 10.28 W
=hA(T,— T,)
=109 W-s**/m**- K X VO¥ A(T, — T..)

which may be rearranged to yield

. [ 10.28 W ]‘ &
10.9 W+ s"/m?* - K X (2 X 0.05m X 0.05 m) X (56.4 — 25°C)

V=94m/s <

Comments:
1. Temperature and humidity of the MEA will vary from location to location within the
fuel cell. Prediction of the local conditions within the fuel cell would require a more
detailed analysis.

2. The required cooling air velocity is quite high. Decreased cooling velocities could be
used if heat transfer enhancement devices were added to the exterior of the fuel cell.

3. The convective heat rate is significantly greater than the radiation heat rate.

4. The chemical energy (20.25 W) of the hydrogen and oxygen is converted to electrical
(9 W) and thermal (11.25 W) energy. This fuel cell operates at a conversion efficiency
of (9 W)/(20.25 W) X 100 = 44%.

_

ExXAMPLE 1.6

Large PEM fuel cells, such as those used in automotive applications, often require internal
cooling using pure liquid water to maintain their temperature at a desired level (see
Example 1.5). In cold climates, the cooling water must be drained from the fuel cell to an
adjoining container when the automobile is turned off so that harmful freezing does not
occur within the fuel cell. Consider a mass M of ice that was frozen while the automobile
was not being operated. The ice is at the fusion temperature (7; = 0°C) and is enclosed in a
cubical container of width W on a side. The container wall is of thickness L and thermal
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conductivity k. If the outer surface of the wall is heated to a temperature 7', > T} to melt the
ice, obtain an expression for the time needed to melt the entire mass of ice and, in turn,
deliver cooling water to, and energize, the fuel cell.

SOLUTION
|

Known: Mass and temperature of ice. Dimensions, thermal conductivity, and outer sur-
face temperature of containing wall.

Find: Expression for time needed to melt the ice.

Schematic:
Section A-A —k
+
i }\ R 1l
i -
E, 1 1 !
1 AEst 1
(7 L
o 1 1
1 i _I
Ice-water T
« W mixture (Tf) L
Assumptions:

1. Inner surface of wall is at 7} throughout the process.
2. Constant properties.
3. Steady-state, one-dimensional conduction through each wall.
4. Conduction area of one wall may be approximated as W? (L < W).
Analysis:  Since we must determine the melting time ¢,,, the first law should be applied

over the time interval Ar = ¢,. Hence, applying Equation 1.12b to a control volume about
the ice—water mixture, it follows that

Ein = AE‘st = Al]lat

where the increase in energy stored within the control volume is due exclusively to the

change in latent energy associated with conversion from the solid to liquid state. Heat is

transferred to the ice by means of conduction through the container wall. Since the temper-

ature difference across the wall is assumed to remain at (7, — T)) throughout the melting
process, the wall conduction rate is constant

T, —T;

Gcond — k(6W2) T

and the amount of energy inflow is
T] - Tf
Ein = k(6W2) T tm

The amount of energy required to effect such a phase change per unit mass of solid is
termed the latent heat of fusion hy. Hence the increase in energy storage is

AE, = Mhy
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By substituting into the first law expression, it follows that

MhyL
6WK(T, — T)

I

Comments:

1. Several complications would arise if the ice were initially subcooled. The storage term
would have to include the change in sensible (internal thermal) energy required to take
the ice from the subcooled to the fusion temperature. During this process, temperature
gradients would develop in the ice.

2. Consider a cavity of width W = 100 mm on a side, wall thickness L = 5 mm, and ther-
mal conductivity k = 0.05 W/m - K. The mass of the ice in the cavity is

M = p(W — 2L)* = 920 kg/m® X (0.100 — 0.01)°m® = 0.67 kg

If the outer surface temperature is 7, = 30°C, the time required to melt the ice is

0.67 kg X 334,000 J/kg X 0.005 m

= = 12,430 s =207 min
6(0.100 m)* X 0.05 W/m + K (30 — 0)°C

m

The density and latent heat of fusion of the ice are p, = 920 kg/m’ and h, = 334 kJ/kg,
respectively.

3. Note that the units of K and °C cancel each other in the foregoing expression for ¢,
Such cancellation occurs frequently in heat transfer analysis and is due to both units
appearing in the context of a temperature difference.

_

The Surface Energy Balance We will frequently have occasion to apply the conserva-
tion of energy requirement at the surface of a medium. In this special case, the control sur-
faces are located on either side of the physical boundary and enclose no mass or volume
(see Figure 1.9). Accordingly, the generation and storage terms of the conservation

Surroundings
T.

sur

Fluid

q ’c’onv l l
U, T,

I I FIGURE 1.9 The energy balance for conservation
Control surfaces

~

of energy at the surface of a medium.
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expression, Equation 1.12c, are no longer relevant, and it is necessary to deal only with
surface phenomena. For this case, the conservation requirement becomes

E.

in ~ Eou =0 (1.13)
Even though energy generation may be occurring in the medium, the process would not
affect the energy balance at the control surface. Moreover, this conservation requirement
holds for both steady-state and transient conditions.

In Figure 1.9, three heat transfer terms are shown for the control surface. On a unit area
basis, they are conduction from the medium fo the control surface (g.,q), convection from
the surface to a fluid (gg,,,), and net radiation exchange from the surface to the surround-

"

ings (¢gr,q)- The energy balance then takes the form.
qgond - qgonv - q:',ad =0 (114)

and we can express each of the terms using the appropriate rate equations, Equations 1.2,
1.3a,and 1.7.

'y | ExamPLE 1.7

Humans are able to control their heat production rate and heat loss rate to maintain a nearly
constant core temperature of 7, = 37°C under a wide range of environmental conditions.
This process is called thermoregulation. From the perspective of calculating heat transfer
between a human body and its surroundings, we focus on a layer of skin and fat, with its
outer surface exposed to the environment and its inner surface at a temperature slightly less
than the core temperature, 7; = 35°C = 308 K. Consider a person with a skin/fat layer of
thickness L =3 mm and effective thermal conductivity £ = 0.3 W/m-K. The person
has a surface area A = 1.8 m” and is dressed in a bathing suit. The emissivity of the skin is
e =0.95.

1. When the person is in still air at 7,, = 297 K, what is the skin surface temperature and
rate of heat loss to the environment? Convection heat transfer to the air is characterized
by a free convection coefficient of 4 = 2 W/m? - K.

2. When the person is in water at 7, = 297 K, what is the skin surface temperature and
heat loss rate? Heat transfer to the water is characterized by a convection coefficient of
h =200 W/m*- K.

SOLUTION
|

Known: Inner surface temperature of a skin/fat layer of known thickness, thermal con-
ductivity, emissivity, and surface area. Ambient conditions.

Find: Skin surface temperature and heat loss rate for the person in air and the person in
water.
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Schematic:
Ti=308 K guinat
T, =297 K —
qgond_>|
I
I
I
k=03 WmkK —f— I T =297 K
' h =2 Wim?K (Air)
l«— L =3 mm—> h =200 W/m?K (Water)
Air or water
Assumptions:

1. Steady-state conditions.
2. One-dimensional heat transfer by conduction through the skin/fat layer.
3. Thermal conductivity is uniform.

4. Radiation exchange between the skin surface and the surroundings is between a small
surface and a large enclosure at the air temperature.

5. Liquid water is opaque to thermal radiation.

6. Bathing suit has no effect on heat loss from body.
7. Solar radiation is negligible.

8. Body is completely immersed in water in part 2.

Analysis:

1. The skin surface temperature may be obtained by performing an energy balance at the
skin surface. From Equation 1.13,

Ein - Eoul =0
It follows that, on a unit area basis,
qgond - q,clonv - qgad =0
or, rearranging and substituting from Equations 1.2, 1.3a, and 1.7,
I,— 1T,

k—jffZMﬂ—TQ+£UUf—ﬂb

The only unknown is T, but we cannot solve for it explicitly because of the fourth-power
dependence of the radiation term. Therefore, we must solve the equation iteratively,
which can be done by hand or by using IHT or some other equation solver. To expedite
a hand solution, we write the radiation heat flux in terms of the radiation heat transfer
coefficient, using Equations 1.8 and 1.9:

T,— T,
k L‘zmn—na+mn—ﬂw

Solving for T,, with T, = T.,, we have

kT,
+(h+ h)T,,
poL T
STk
Xt h+h
I ( ’)
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We estimate &, using Equation 1.9 with a guessed value of 7, = 305 K and T\, = 297 K,
to yield 4, = 5.9 W/m?-K. Then, substituting numerical values into the preceding
equation, we find

03 W/m-K X 308K | 5 | 59)w/m? K x 297 K

-3
1= —3X 0 =307.2K
=2 WIMTR 4 (2 4+5.9) Wm? - K
3X10°m

With this new value of T,, we can recalculate 4, and T, which are unchanged. Thus the
skin temperature is 307.2 K = 34°C. <

The rate of heat loss can be found by evaluating the conduction through the
skin/fat layer:

T,—T, % (308 —307.2) K

g, =kA———==03W/m-K X 1.8m? — =146 W <
L 3X10°m

2. Since liquid water is opaque to thermal radiation, heat loss from the skin surface is by
convection only. Using the previous expression with 4, = 0, we find

O.3W/m-K><308K+200W/m2.K><297K

-3
T, = 3X5%W“/1 — =300.7K 4
22 WM R 4 200 W/m? - K
3X10°m
and
T.— T — K
qs=kA¥=0.3W/m'K><1.8mzxw=1320w <
L 3X107°m
Comments:

1. When using energy balances involving radiation exchange, the temperatures appearing
in the radiation terms must be expressed in kelvins, and it is good practice to use
kelvins in all terms to avoid confusion.

2. In part 1, heat losses due to convection and radiation are 37 W and 109 W, respec-
tively. Thus, it would not have been reasonable to neglect radiation. Care must be
taken to include radiation when the heat transfer coefficient is small (as it often is for
natural convection to a gas), even if the problem statement does not give any indication
of its importance.

3. A typical rate of metabolic heat generation is 100 W. If the person stayed in the water
too long, the core body temperature would begin to fall. The large heat loss in water is
due to the higher heat transfer coefficient, which in turn is due to the much larger ther-
mal conductivity of water compared to air.

4. The skin temperature of 34°C in part 1 is comfortable, but the skin temperature of
28°C in part 2 is uncomfortably cold.
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Application of the Conservation Laws: Methodology In addition to being familiar with
the transport rate equations described in Section 1.2, the heat transfer analyst must be able
to work with the energy conservation requirements of Equations 1.12 and 1.13. The appli-
cation of these balances is simplified if a few basic rules are followed.

1. The appropriate control volume must be defined, with the control surfaces represented
by a dashed line or lines.

2. The appropriate time basis must be identified.

3. The relevant energy processes must be identified, and each process should be shown on
the control volume by an appropriately labeled arrow.

4. The conservation equation must then be written, and appropriate rate expressions must
be substituted for the relevant terms in the equation.

Note that the energy conservation requirement may be applied to a nife control volume or
a differential (infinitesimal) control volume. In the first case, the resulting expression
governs overall system behavior. In the second case, a differential equation is obtained that
can be solved for conditions at each point in the system. Differential control volumes are
introduced in Chapter 2, and both types of control volumes are used extensively throughout
the text.

1.3.2 Relationship to the Second Law of Thermodynamics
and the Efficiency of Heat Engines

In this section, we are interested in the efficiency of heat engines. The discussion builds on
your knowledge of thermodynamics and shows how heat transfer plays a crucial role in
managing and promoting the efficiency of a broad range of energy conversion devices.
Recall that a heat engine is any device that operates continuously or cyclically and that con-
verts heat to work. Examples include internal combustion engines, power plants, and ther-
moelectric devices (to be discussed in Section 3.8). Improving the efficiency of heat engines
is a subject of extreme importance; for example, more efficient combustion engines con-
sume less fuel to produce a given amount of work and reduce the corresponding emissions
of pollutants and carbon dioxide. More efficient thermoelectric devices can generate more
electricity from waste heat. Regardless of the energy conversion device, its size, weight, and
cost can all be reduced through improvements in its energy conversion efficiency.

The second law of thermodynamics is often invoked when efficiency is of concern and
can be expressed in a variety of different but equivalent ways. The KelvinPlanck state-
ment is particularly relevant to the operation of heat engines [1]. It states:

It is impossible for any system to operate in a thermodynamic cycle and deliver a net amount of
work to its surroundings while receiving energy by heat transfer from a single thermal reservoir.

Recall that a thermodynamic cycle is a process for which the initial and final states of the
system are identical. Consequently, the energy stored in the system does not change
between the initial and final states, and the first law of thermodynamics (Equation 1.12a)
reduces to W = Q.

A consequence of the Kelvin—Planck statement is that a heat engine must exchange
heat with two (or more) reservoirs, gaining thermal energy from the higher-temperature
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reservoir and rejecting thermal energy to the lower-temperature reservoir. Thus, converting all
of the input heat to work is impossible, and W = Q;, — Q,,.» where Q;, and Q,,, are both defined
to be positive. That is, O, is the heat transferred from the high temperature source to the heat
engine, and Q,,, is the heat transferred from the heat engine to the low temperature sink.

The efficiency of a heat engine is defined as the fraction of heat transferred into the
system that is converted to work, namely

_ w Qin - Qoul Qout

7’ = — = — = 1 e —

Qin Qin Qin

The second law also tells us that, for a reversible process, the ratio Q,,/Q;, is equal to the

ratio of the absolute temperatures of the respective reservoirs [1]. Thus, the efficiency of a
heat engine undergoing a reversible process, called the Carnot efciency m, is given by

(1.15)

ne=1-== (1.16)

where T, and T, are the absolute temperatures of the low- and high-temperature reservoirs,
respectively. The Carnot efficiency is the maximum possible efficiency that any heat
engine can achieve operating between those two temperatures. Any real heat engine, which
will necessarily undergo an irreversible process, will have a lower efficiency.

From our knowledge of thermodynamics, we know that, for heat transfer to take place
reversibly, it must occur through an infinitesimal temperature difference between the reser-
voir and heat engine. However, from our newly acquired knowledge of heat transfer mech-
anisms, as embodied, for example, in Equations 1.2, 1.3, and 1.7, we now realize that, for
heat transfer to occur, there must be a nonzero temperature difference between the reservoir
and the heat engine. This reality introduces irreversibility and reduces the efficiency.

With the concepts of the preceding paragraph in mind, we now consider a more realistic
model of a heat engine [2-5] in which heat is transferred into the engine through a thermal
resistance R, ;,, while heat is extracted from the engine through a second thermal resistance R, .
(Figure 1.10). The subscripts / and c refer to the hot and cold sides of the heat engine, respec-
tively. As discussed in Section 1.2.4, these thermal resistances are associated with heat trans-
fer between the heat engine and the reservoirs across a nonzero temperature difference, by way
of the mechanisms of conduction, convection, and/or radiation. For example, the resistances
could represent conduction through the walls separating the heat engine from the two reser-
voirs. Note that the reservoir temperatures are still 7}, and 7, but that the temperatures seen by
the heat engine are 7, < T} and 7,.; > T,, as shown in the diagram. The heat engine is still
assumed to be infernally reversible, and its efficiency is still the Carnot efficiency. However,

High-temperature
reservoir | o r* T,
High-temperature - [0
side resistance
L* Ty
. Internally
Heat engine reversible —w
walls heat engine
e T
Low-temperature = |
side resistance VO || FiGURE 1.10 Internally reversible heat engine
Low-temperature ¢ exchanging heat with high- and low-temperature
LESEIVOl reservoirs through thermal resistances.




1.3 = Relationship to Thermodynamics 33
the Carnot efficiency is now based on the internal temperatures T),; and T,,. Therefore, a modi-
fied efficiency that accounts for realistic (irreversible) heat transfer processes 7, is

T,

c,i

_Qoutzl_QOutzl_

7 - . (1.17)
in m h,i

M = 1

where the ratio of heat ows over a time interval, Q,,/Q;,, has been replaced by the corre-
sponding ratio of heat rates, q,,/q;,- This replacement is based on applying energy conserva-
tion at an instant in time,' as discussed in Section 1.3.1. Utilizing the definition of a thermal
resistance, the heat transfer rates into and out of the heat engine are given by

Gin = (T}, = Ty, )/Ry, (1.18a)
Gow = (T.; = TIR,, (1.18b)
Equations 1.18 can be solved for the internal temperatures, to yield
Tyi =T = quRin (1.19a)
Toi =T+ qouRic = Te + gin(1 = MR, (1.19b)

In Equation 1.19b, ¢, has been related to g;, and 7,,, using Equation 1.17. The more realis-
tic, modified efficiency can then be expressed as

Tc,i _ l Tc + qm(l - nm)Rt,c

N,=1-— = (1.20)
T, T, — qinRi
Solving for 7, results in
T,
Np=1— ——— (1.21)
Th _ qinRtot

where R = R, + R, .. Itis readily evident that m),, = 1. only if the thermal resistances R, ,
and R, . could somehow be made infinitesimally small (or if g;, = 0). For realistic (nonzero)
values of R, 1,, < 7m¢, and m,, further deteriorates as either R, or g, increases. As an
extreme case, note that n,, = 0 when T, = T, + ¢;,R,,;, meaning that no power could be
produced even though the Carnot efficiency, as expressed in Equation 1.16, is nonzero.

In addition to the efficiency, another important parameter to consider is the power out-
put of the heat engine, given by

T,

E ] (1.22)

W=qgum,= qm[l e
Th - qinRtot

It has already been noted in our discussion of Equation 1.21 that the efficiency is equal to
the maximum Carnot efficiency (7,, = 1) if ¢;, = 0. However, under these circumstances

'The heat engine is assumed to undergo a continuous, steady-flow process, so that all heat and work processes
are occurring simultaneously, and the corresponding terms would be expressed in watts (W). For a heat engine
undergoing a cyclic process with sequential heat and work processes occurring over different time intervals, we
would need to introduce the time intervals for each process, and each term would be expressed in joules (J).
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the power output Wis zero according to Equation 1.22. To increase W, g;, must be
increased at the expense of decreased efficiency. In any real application, a balance must
be struck between maximizing the efficiency and maximizing the power output. If provision
of the heat input is inexpensive (for example, if waste heat is converted to power), a case
could be made for sacrificing efficiency to maximize power output. In contrast, if fuel is
expensive or emissions are detrimental (such as for a conventional fossil fuel power plant),
the efficiency of the energy conversion may be as or more important than the power output.
In any case, heat transfer and thermodyamic principles should be used to determine the
actual efficiency and power output of a heat engine.

Although we have limited our discussion of the second law to heat engines, the preceding
analysis shows how the principles of thermodynamics and heat transfer can be combined to
address significant problems of contemporary interest.

ExAmPLE 1.8

In a large steam power plant, the combustion of coal provides a heat rate of ¢;, = 2500 MW
at a flame temperature of 7, = 1000 K. Heat is rejected from the plant to a river flowing
at T, = 300 K. Heat is transferred from the combustion products to the exterior of large
tubes in the boiler by way of radiation and convection, through the boiler tubes by conduc-
tion, and then from the interior tube surface to the working fluid (water) by convection.
On the cold side, heat is extracted from the power plant by condensation of steam on the
exterior condenser tube surfaces, through the condenser tube walls by conduction, and from
the interior of the condenser tubes to the river water by convection. Hot and cold side ther-
mal resistances account for the combined effects of conduction, convection, and radiation
and, under design conditions, they are R, = 8 X 107" K/W and R,, =2 X 10" ¥ K/W,
respectively.

1. Determine the efficiency and power output of the power plant, accounting for heat
transfer effects to and from the cold and hot reservoirs. Treat the power plant as an
internally reversible heat engine.

2. Over time, coal slag will accumulate on the combustion side of the boiler tubes. This
fouling process increases the hot side resistance to R, = 9 X 10~® K/W. Concurrently,
biological matter can accumulate on the river water side of the condenser tubes,
increasing the cold side resistance to R,, = 2.2 X 107® K/W. Find the efficiency and
power output of the plant under fouled conditions.

SOLUTION
|

Known: Source and sink temperatures and heat input rate for an internally reversible
heat engine. Thermal resistances separating heat engine from source and sink under clean
and fouled conditions.

Find:
1. Efficiency and power output for clean conditions.

2. Efficiency and power output under fouled conditions.
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Schematic:
Products of combustion
4, = 2500,MW B 7, = 1000 K
R, =8x10 KW (clean) |
R, =9 x 10 % KW (fouled) 5
— Thi
Power plant  —f—> W
| T(‘,l
R, =2x10°KW (clean) | I [ ]
R, = 2.2 X 10" KW (fouled) 7
r, T
Cooling water ¢
Assumptions:

1. Steady-state conditions.

2. Power plant behaves as an internally reversible heat engine, so its efficiency is the
modified efficiency.

Analysis:

1. The modified efficiency of the internally reversible power plant, considering realistic heat
transfer effects on the hot and cold side of the power plant, is given by Equation 1.21:

T,

c

My =1—
T, — qinRiot

where, for clean conditions
Ry=R,+R,.=8X 1078 K/W +2X 108 K/W = 1.0 X 1077 K/W
Thus

T
=1 =1 300K — 0.60 = 60% <1

T, — guRo. 1000 K — 2500 X 106 W X 1.0 X 10~ K/W

The power output is given by

W = g,m,, = 2500 MW X 0.60 = 1500 MW <

2. Under fouled conditions, the preceding calculations are repeated to find

N, = 0.583 = 58.3% and W = 1460 MW <

Comments:

1. The actual efficiency and power output of a power plant operating between these
temperatures would be much less than the foregoing values, since there would
be other irreversibilities internal to the power plant. Even if these irreversibilities
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were considered in a more comprehensive analysis, fouling effects would still reduce
the plant efficiency and power output.

2. The Carnot efficiency is no. =1 — T./T, = 1 — 300 K/1000 K = 70%. The correspond-
ing power output would be W = g;,n- = 2500 MW X 0.70 = 1750 MW. Thus, if the
effect of irreversible heat transfer from and to the hot and cold reservoirs, respectively,
were neglected, the power output of the plant would be significantly overpredicted.

3. Fouling reduces the power output of the plant by AP = 40 MW. If the plant owner
sells the electricity at a price of $0.08/kW - h, the daily lost revenue associated with
operating the fouled plant would be C = 40,000 kW X $0.08/kW -h X 24 h/day =
$76,800/day.

?

1.4 Units and Dimensions

The physical quantities of heat transfer are specified in terms of dimensions, which are
measured in terms of units. Four basic dimensions are required for the development of heat
transfer: length (L), mass (M), time (7), and temperature (7). All other physical quantities of
interest may be related to these four basic dimensions.

In the United States, dimensions have been customarily measured in terms of the
English system of units, for which the base units are:

Dimension Unit

Length (L) — foot (ft)

Mass (M) — pound mass (Ib,,)
Time () — second (s)
Temperature (7' — degree Fahrenheit (°F)

The units required to specify other physical quantities may then be inferred from this group.

In recent years, there has been a strong trend toward the global usage of a standard set
of units. In 1960, the SI (Systme International dUnits) system of units was dened by
the Eleventh General Conference on Weights and Measures and recommended as a world-
wide standard. In response to this trend, the American Society of Mechanical Engineers
(ASME) has required the use of SI units in all of its publications since 1974. For this reason
and because SI units are operationally more convenient than the English system, the SI sys-
tem is used for calculations of this text. However, because for some time to come, engineers
might also have to work with results expressed in the English system, you should be able to
convert from one system to the other. For your convenience, conversion factors are provided
on the inside back cover of the text.

The SI base units required for this text are summarized in Table 1.2. With regard to
these units, note that 1 mol is the amount of substance that has as many atoms or mole-
cules as there are atoms in 12 g of carbon-12 ('2C); this is the gram-mole (mol). Although
the mole has been recommended as the unit quantity of matter for the SI system, it is more
consistent to work with the kilogram-mol (kmol, kg-mol). One kmol is simply the amount
of substance that has as many atoms or molecules as there are atoms in 12 kg of '*C.
As long as the use is consistent within a given problem, no difficulties arise in using either
mol or kmol. The molecular weight of a substance is the mass associated with a mole or
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kilogram-mole. For oxygen, as an example, the molecular weight Jl is 16 g/mol or
16 kg/kmol.

Although the SI unit of temperature is the kelvin, use of the Celsius temperature scale
remains widespread. Zero on the Celsius scale (0°C) is equivalent to 273.15 K on the ther-
modynamic scale,” in which case

T(K) = T (°C) + 273.15

However, temperature differences are equivalent for the two scales and may be denoted as
°C or K. Also, although the SI unit of time is the second, other units of time (minute, hour,
and day) are so common that their use with the SI system is generally accepted.

The SI units comprise a coherent form of the metric system. That is, all remaining units
may be derived from the base units using formulas that do not involve any numerical factors.
Derived units for selected quantities are listed in Table 1.3. Note that force is measured in
newtons, where a 1-N force will accelerate a 1-kg mass at 1 m/s>. Hence 1 N = 1 kg - m/s”.
The unit of pressure (N/m?) is often referred to as the pascal. In the SI system, there is
one unit of energy (thermal, mechanical, or electrical) called the joule (J); 1J = 1 N-m. The
unit for energy rate, or power, is then J/s, where one joule per second is equivalent to
one watt (1 J/s = 1 W). Since working with extremely large or small numbers is frequently
necessary, a set of standard prefixes has been introduced to simplify matters (Table 1.4). For
example, 1 megawatt (MW) = 10° W, and 1 micrometer (um) = 10~ ° m.

TaBLE 1.2 SI base and supplementary units

Quantity and Symbol Unit and Symbol
Length (L) meter (m)
Mass (M) kilogram (kg)
Amount of substance mole (mol)
Time (¢) second (s)
Electric current (1) ampere (A)
Thermodynamic temperature (7) kelvin (K)
Plane angle® (0) radian (rad)
Solid angle’ (w) steradian (sr)

“Supplementary unit.

TaBLE 1.3 Sl derived units for selected quantities

Name Expression
Quantity and Symbol Formula in SI Base Units
Force newton (N) m - kg/s’ m - kg/s’
Pressure and stress pascal (Pa) N/m? kg/m - s
Energy joule (I) N-m m? - kg/s’
Power watt (W) /s m? - kg/s’

The degree symbol is retained for designating the Celsius temperature (°C) to avoid confusion with the use of C
for the unit of electrical charge (coulomb).
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TaABLE 1.4 Multiplying prefixes

Prex Abbreviation Multiplier
femto f 10"
pico p 10712
nano n 107°
micro n 10°°
milli m 1073
centi c 1072
hecto h 10?
kilo k 10°
mega M 10°
giga G 10°
tera T 10"
peta P 10"
exa E 10"

1.5 Analysis of Heat Transfer Problems:

Methodology

A major objective of this text is to prepare you to solve engineering problems that involve
heat transfer processes. To this end, numerous problems are provided at the end of each
chapter. In working these problems you will gain a deeper appreciation for the fundamen-
tals of the subject, and you will gain confidence in your ability to apply these fundamentals
to the solution of engineering problems.

In solving problems, we advocate the use of a systematic procedure characterized by a

prescribed format. We consistently employ this procedure in our examples, and we require
our students to use it in their problem solutions. It consists of the following steps:

1.

Known: After carefully reading the problem, state briefly and concisely what is known
about the problem. Do not repeat the problem statement.

Find: State briefly and concisely what must be found.

. Schematic: Draw a schematic of the physical system. If application of the conservation

laws is anticipated, represent the required control surface or surfaces by dashed lines
on the schematic. Identify relevant heat transfer processes by appropriately labeled
arrows on the schematic.

Assumptions: List all pertinent simplifying assumptions.

. Properties: Compile property values needed for subsequent calculations and identify

the source from which they are obtained.

. Analysis: Begin your analysis by applying appropriate conservation laws, and introduce

rate equations as needed. Develop the analysis as completely as possible before substitut-
ing numerical values. Perform the calculations needed to obtain the desired results.

. Comments: Discuss your results. Such a discussion may include a summary of key

conclusions, a critique of the original assumptions, and an inference of trends obtained
by performing additional what-if and parameter sensitivity calculations.
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The importance of following steps 1 through 4 should not be underestimated. They provide
a useful guide to thinking about a problem before effecting its solution. In step 7, we hope
you will take the initiative to gain additional insights by performing calculations that may
be computer based. The software accompanying this text provides a suitable tool for effect-
ing such calculations.

Y | ExAMPLE 1.9

The coating on a plate is cured by exposure to an infrared lamp providing a uniform irradia-
tion of 2000 W/m?. It absorbs 80% of the irradiation and has an emissivity of 0.50. It is also
exposed to an airflow and large surroundings for which temperatures are 20°C and 30°C,
respectively.

1. If the convection coefficient between the plate and the ambient air is 15 W/m?- K, what
is the cure temperature of the plate?

2. The final characteristics of the coating, including wear and durability, are known to
depend on the temperature at which curing occurs. An airflow system is able to control
the air velocity, and hence the convection coefficient, on the cured surface, but the
process engineer needs to know how the temperature depends on the convection coeffi-
cient. Provide the desired information by computing and plotting the surface tempera-
ture as a function of & for 2 =< h = 200 W/m?+- K. What value of & would provide a
cure temperature of 50°C?

SOLUTION
|

Known: Coating with prescribed radiation properties is cured by irradiation from an
infrared lamp. Heat transfer from the coating is by convection to ambient air and radiation
exchange with the surroundings.

Find:
1. Cure temperature for 7 = 15 W/m?- K.

2. Effect of airflow on the cure temperature for 2 = 4 = 200 W/m?+ K. Value of /4 for
which the cure temperature is 50°C.

Schematic:

T, = 30°C

Gamp = 2000 W/m? G cony Graa @ Gamp
T, =20°C
2<h<200W/mPK F 0 » vLl___JY___

i —
Air - — I

T Coating,
7 | (}=O.8, e=0.5
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Assumptions:
1. Steady-state conditions.
2. Negligible heat loss from back surface of plate.

3. Plate is small object in large surroundings, and coating has an absorptivity of
g, = € = 0.5 with respect to irradiation from the surroundings.

Analysis:

1. Since the process corresponds to steady-state conditions and there is no heat transfer at
the back surface, the plate must be isothermal (7, = T'). Hence the desired temperature
may be determined by placing a control surface about the exposed surface and apply-
ing Equation 1.13 or by placing the control surface about the entire plate and applying
Equation 1.12c. Adopting the latter approach and recognizing that there is no energy
generation (E, = 0), Equation 1.12¢ reduces to

Ei _Eout =0

where E, = 0 for steady-state conditions. With energy inflow due to absorption of the
lamp irradiation by the coating and outflow due to convection and net radiation transfer
to the surroundings, it follows that

(@G )iamp ~ Geony ~ Graa = 0
Substituting from Equations 1.3a and 1.7, we obtain
@Gy = W(T = T.) — e0(T* — Ty) =0
Substituting numerical values
0.8 X 2000 W/m? — 15 W/m? - K (T — 293) K
—0.5X5.67X10°*W/m?-K*(T*—-303)K*=0
and solving by trial-and-error, we obtain
T=377K=104°C <

2. Solving the foregoing energy balance for selected values of 4 in the prescribed range
and plotting the results, we obtain

240

200

0 20 40 51 60 80 100
I (W/m?K)

If a cure temperature of 50°C is desired, the airflow must provide a convection
coefficient of

(T = 50°C) = 51.0 W/m* - K <
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Comments:

1. The coating (plate) temperature may be reduced by decreasing T, and T, as well as by
increasing the air velocity and hence the convection coefficient.

2. The relative contributions of convection and radiation to heat transfer from the plate
vary greatly with h. For h=2W/m?*-K, T =204°C and radiation dominates
(gha = 1232 W/m?, gL, = 368 W/m?). Conversely, for h = 200 W/m?- K, T = 28°C
and convection dominates (¢g/,,, =~ 1606 W/m?, g,y =~ —6 W/m?). In fact, for this con-
dition the plate temperature is slightly less than that of the surroundings and net radia-
tion exchange is 7o the plate.

F

1.6 Relevance of Heat Transfer

We will devote much time to acquiring an understanding of heat transfer effects and to
developing the skills needed to predict heat transfer rates and temperatures that evolve in
certain situations. What is the value of this knowledge? To what problems may it be
applied? A few examples will serve to illustrate the rich breadth of applications in which
heat transfer plays a critical role.

The challenge of providing sufficient amounts of energy for humankind is well known.
Adequate supplies of energy are needed not only to fuel industrial productivity, but also to
supply safe drinking water and food for much of the world’s population and to provide the
sanitation necessary to control life-threatening diseases.

To appreciate the role heat transfer plays in the energy challenge, consider a flow chart
that represents energy use in the United States, as shown in Figure 1.11a. Currently, about
58% of the nearly 110 EJ of energy that is consumed annually in the United States is
wasted in the form of heat. Nearly 70% of the energy used to generate electricity is lost in
the form of heat. The transportation sector, which relies almost exclusively on petroleum-
based fuels, utilizes only 21.5% of the energy it consumes; the remaining 78.5% is released
in the form of heat. Although the industrial and residential/commercial use of energy is rel-
atively more efficient, opportunities for energy conservation abound. Creative thermal
engineering, utilizing the tools of thermodynamics and heat transfer, can lead to new ways
to (1) increase the efficiency by which energy is generated and converted, (2) reduce
energy losses, and (3) harvest a large portion of the waste heat.

As evident in Figure 1.11a, fossil fuels (petroleum, natural gas, and coal) dominate the
energy portfolio in many countries, such as the United States. The combustion of fossil
fuels produces massive amounts of carbon dioxide; the amount of CO, released in the
United States on an annual basis due to combustion is currently 5.99 Eg (5.99 X 10" kg).
As more CO, is pumped into the atmosphere, mechanisms of radiation heat transfer within
the atmosphere are modified, resulting in potential changes in global temperatures. In a
country like the United States, electricity generation and transportation are responsible for
nearly 75% of the total CO, released into the atmosphere due to energy use (Figure 1.115).

What are some of the ways engineers are applying the principles of heat transfer to
address issues of energy and environmental sustainability?

The efficiency of a gas turbine engine can be significantly increased by increasing its
operating temperature. Today, the temperatures of the combustion gases inside these
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Alternative sources 6.8%

F Nuclear power 8.3%

l Petroleum
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FIGURE 1.11  Flow charts for energy consumption and associated CO, emissions in
the United States in 2007. () Energy production and consumption. (b) Carbon dioxide
by source of fossil fuel and end-use application. Arrow widths represent relative
magnitudes of the flow streams. (Credit: U.S. Department of Energy and the Lawrence
Livermore National Laboratory.)

engines far exceed the melting point of the exotic alloys used to manufacture the turbine
blades and vanes. Safe operation is typically achieved by three means. First, relatively cool
gases are injected through small holes at the leading edge of a turbine blade (Figure 1.12).
These gases hug the blade as they are carried downstream and help insulate the blade from
the hot combustion gases. Second, thin layers of a very low thermal conductivity, ceramic
thermal barrier coating are applied to the blades and vanes to provide an extra layer of
insulation. These coatings are produced by spraying molten ceramic powders onto the
engine components using extremely high temperature sources such as plasma spray guns
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(a) (b)

Figure 1.12  Gas turbine blade. (a) External view showing holes for injection of
cooling gases. (b) X ray view showing internal cooling passages. (Credit: Images courtesy

of FarField Technology, Ltd., Christchurch, New Zealand.)

that can operate in excess of 10,000 kelvins. Third, the blades and vanes are designed with
intricate, internal cooling passages, all carefully configured by the heat transfer engineer to
allow the gas turbine engine to operate under such extreme conditions.

Alternative sources constitute a small fraction of the energy portfolio of many nations,
as illustrated in the flow chart of Figure 1.11a for the United States. The intermittent nature
of the power generated by sources such as the wind and solar irradiation limits their wide-
spread utilization, and creative ways to store excess energy for use during low-power gen-
eration periods are urgently needed. Emerging energy conversion devices such as fuel cells
could be used to (1) combine excess electricity that is generated during the day (in a solar
power station, for example) with liquid water to produce hydrogen, and (2) subsequently
convert the stored hydrogen at night by recombining it with oxygen to produce electricity
and water. Roadblocks hindering the widespread use of hydrogen fuel cells are their size,
weight, and limited durability. As with the gas turbine engine, the efficiency of a fuel cell
increases with temperature, but high operating temperatures and large temperature gradi-
ents can cause the delicate polymeric materials within a hydrogen fuel cell to fail.

More challenging is the fact that water exists inside any hydrogen fuel cell. If this water
should freeze, the polymeric materials within the fuel cell would be destroyed, and the fuel
cell would cease operation. Because of the necessity to utilize very pure water in a hydrogen
fuel cell, common remedies such as antifreeze cannot be used. What heat transfer mecha-
nisms must be controlled to avoid freezing of pure water within a fuel cell located at a wind
farm or solar energy station in a cold climate? How might your developing knowledge of
internal forced convection, evaporation, or condensation be applied to control the operating
temperatures and enhance the durability of a fuel cell, in turn promoting more widespread use
of solar and wind power?

Due to the information technology revolution of the last two decades, strong industrial
productivity growth has brought an improved quality of life worldwide. Many information
technology breakthroughs have been enabled by advances in heat transfer engineering that
have ensured the precise control of temperatures of systems ranging in size from nanoscale
integrated circuits, to microscale storage media including compact discs, to large data centers
filled with heat-generating equipment. As electronic devices become faster and incorporate
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greater functionality, they generate more thermal energy. Simultaneously, the devices have
become smaller. Inevitably, heat fluxes (W/m?) and volumetric energy generation rates
(W/m?*) keep increasing, but the operating temperatures of the devices must be held to reason-
ably low values to ensure their reliability.

For personal computers, cooling fins (also known as heat sinks) are fabricated of a high
thermal conductivity material (usually aluminum) and attached to the microprocessors to
reduce their operating temperatures, as shown in Figure 1.13. Small fans are used to induce
forced convection over the fins. The cumulative energy that is consumed worldwide, just to
(1) power the small fans that provide the airflow over the fins and (2) manufacture the heat
sinks for personal computers, is estimated to be over 10° kW -h per year [6]. How might your
knowledge of conduction, convection, and radiation be used to, for example, eliminate the fan
and minimize the size of the heat sink?

Further improvements in microprocessor technology are currently limited by our ability to
cool these tiny devices. Policy makers have voiced concern about our ability to continually
reduce the cost of computing and, in turn as a society, continue the growth in productivity that
has marked the last 30 years, specifically citing the need to enhance heat transfer in electronics
cooling [7]. How might your knowledge of heat transfer help ensure continued industrial pro-
ductivity into the future?

Heat transfer is important not only in engineered systems but also in nature. Temperature
regulates and triggers biological responses in all living systems and ultimately marks the
boundary between sickness and health. Two common examples include hypothermia, which
results from excessive cooling of the human body, and heat stroke, which is triggered in
warm, humid environments. Both are deadly, and both are associated with core temperatures
of the body exceeding physiological limits. Both are directly linked to the convection, radia-
tion, and evaporation processes occurring at the surface of the body, the transport of heat
within the body, and the metabolic energy generated volumetrically within the body.

Recent advances in biomedical engineering, such as laser surgery, have been enabled
by successfully applying fundamental heat transfer principles [8, 9]. While increased tem-
peratures resulting from contact with hot objects may cause thermal burns, beneficial
hyperthermal treatments are used to purposely destroy, for example, cancerous lesions. In a

\ Ficure 1.13 A finned heat sink and fan assembly

(left) and microprocessor (right).

Exploded view
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Ficure 1.14  Morphology of human skin.

similar manner, very low temperatures might induce frostbite, but purposeful localized
freezing can selectively destroy diseased tissue during cryosurgery. Many medical thera-
pies and devices therefore operate by destructively heating or cooling diseased tissue, while
leaving the surrounding healthy tissue unaffected.

The ability to design many medical devices and to develop the appropriate protocol for
their use hinges on the engineer’s ability to predict and control the distribution of temperatures
during thermal treatment and the distribution of chemical species in chemotherapies. The treat-
ment of mammalian tissue is made complicated by its morphology, as shown in
Figure 1.14. The flow of blood within the venular and capillary structure of a thermally treated
area affects heat transfer through advection processes. Larger veins and arteries, which com-
monly exist in pairs throughout the body, carry blood at different temperatures and advect ther-
mal energy at different rates. Therefore, the veins and arteries exist in a counterow heat
exchange arrangement with warm, arteriolar blood exchanging thermal energy with the cooler,
venular blood through the intervening solid tissue. Networks of smaller capillaries can also
affect local temperatures by perfusing blood through the treated area.

In subsequent chapters, example and homework problems will deal with the analysis of
these and many other thermal systems.

Summary

Although much of the material of this chapter will be discussed in greater detail, you
should now have a reasonable overview of heat transfer. You should be aware of the
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TABLE 1.5 Summary of heat transfer processes

Transport
Equation Property or
Mode Mechanism(s) Rate Equation Number Coefcient
Conduction Diffusion of energy due q"(Wim? = —kd—T (1.1) k (W/m - K)
to random molecular dx
motion
Convection Diffusion of energy due ¢'"Wm? = WT, — T.) (1.3a) h (W/m?- K)
to random molecular
motion plus energy
transfer due to bulk
motion (advection)
Radiation Energy transfer by ¢'Wm?) = eo(T! — T) (1.7) e
electromagnetic waves or g(W) = h AT, — Ty) (1.8) h, (W/m?-K)

several modes of transfer and their physical origins. You will be devoting much time to
acquiring the tools needed to calculate heat transfer phenomena. However, before you can
use these tools effectively, you must have the intuition to determine what is happening
physically. Specifically, given a physical situation, you must be able to identify the relevant
transport phenomena; the importance of developing this facility must not be underesti-
mated. The example and problems at the end of this chapter will launch you on the road to
developing this intuition.

You should also appreciate the significance of the rate equations and feel comfortable
in using them to compute transport rates. These equations, summarized in Table 1.5, should
be committed to memory. You must also recognize the importance of the conservation laws
and the need to carefully identify control volumes. With the rate equations, the conserva-
tion laws may be used to solve numerous heat transfer problems.

Lastly, you should have begun to acquire an appreciation for the terminology and
physical concepts that underpin the subject of heat transfer. Test your understanding of
the important terms and concepts introduced in this chapter by addressing the following
questions:

e What are the physical mechanisms associated with heat transfer by conduction, convec-
tion, and radiation?

e What is the driving potential for heat transfer? What are analogs to this potential and to
heat transfer itself for the transport of electric charge?

* What is the difference between a heat ux and a heat rate? What are their units?

e What is a temperature gradient? What are its units? What is the relationship of heat
flow to a temperature gradient?

e What is the thermal conductivity? What are its units? What role does it play in heat
transfer?

e What is Fouriers law ? Can you write the equation from memory?

e If heat transfer by conduction through a medium occurs under steady-state conditions,
will the temperature at a particular instant vary with location in the medium? Will the
temperature at a particular location vary with time?
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* What is the difference between natural convection and forced convection?

* What conditions are necessary for the development of a hydrodynamic boundary layer?
A thermal boundary layer? What varies across a hydrodynamic boundary layer? Across
a thermal boundary layer?

* If convection heat transfer for flow of a liquid or a vapor is not characterized by
liquid/vapor phase change, what is the nature of the energy being transferred? What is it
if there is such a phase change?

* What is Newtons law of cooling ? Can you write the equation from memory?

* What role is played by the convection heat transfer coefcient 1in Newton’s law of
cooling? What are its units?

* What effect does convection heat transfer from or to a surface have on the solid
bounded by the surface?

* What is predicted by the Stefan—Boltzmann law, and what unit of temperature must be
used with the law? Can you write the equation from memory?

* What is the emissivity, and what role does it play in characterizing radiation transfer at
a surface?

* What is irradiation? What are its units?

* What two outcomes characterize the response of an opaque surface to incident radia-
tion? Which outcome affects the thermal energy of the medium bounded by the surface
and how? What property characterizes this outcome?

* What conditions are associated with use of the radiation heat transfer coefcient ?

* Can you write the equation used to express net radiation exchange between a small
isothermal surface and a large isothermal enclosure?

* Consider the surface of a solid that is at an elevated temperature and exposed to cooler
surroundings. By what mode(s) is heat transferred from the surface if (1) it is in inti-
mate (perfect) contact with another solid, (2) it is exposed to the flow of a liquid, (3) it
is exposed to the flow of a gas, and (4) it is in an evacuated chamber?

* What is the inherent difference between the application of conservation of energy over
a time interval and at an instant of time’!

* What is thermal energy storage? How does it differ from thermal energy generation?
What role do the terms play in a surface energy balance?

ExampPLE 1.10

A closed container filled with hot coffee is in a room whose air and walls are at a fixed tem-
perature. Identify all heat transfer processes that contribute to the cooling of the coffee.
Comment on features that would contribute to a superior container design.

SOLUTION
|

Known: Hot coffee is separated from its cooler surroundings by a plastic flask, an air
space, and a plastic cover.

Find: Relevant heat transfer processes.
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Schematic:
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Pathways for energy transfer from the coffee are as follows:
q,: free convection from the coffee to the flask.

g5 free convection from the flask to the air.
q,: free convection from the air to the cover.
gs: et radiation exchange between the outer surface of the flask and the inner surface

q;: free convection from the cover to the room air.

qs: net radiation exchange between the outer surface of the cover and the surroundings.

Commenis: Design improvements are associated with (1) use of aluminized (low-
emissivity) surfaces for the flask and cover to reduce net radiation, and (2) evacuating the
air space or using a filler material to retard free convection.
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Problems
Conduction 1.7 The inner and outer surface temperatures of a glass
window 5 mm thick are 15 and 5°C. What is the heat
1.1 The thermal conductivity of a sheet of rigid, extruded loss through a 1 m X 3 m window? The thermal con-
insulation is reported to be k= 0.029 W/m-K. The ductivity of glass is 1.4 W/m - K.
d t ture diff 20-mm-thick
r‘neasure eperature 1 erenci acrs) 5 @ STrmm-thie 1.8 A thermodynamic analysis of a proposed Brayton cycle
sheet of the material is 7, — T, = 10°C. . . !
) gas turbine yields P =5 MW of net power production.
(@) Wh?t 18 th? heat flux through a 2 m X 2 m sheet of The compressor, at an average temperature of 7, = 400°C,
the insulation? is driven by the turbine at an average temperature of
(b) What is the rate of heat transfer through the sheet T, = 1000°C by way of an L = 1-m-long, d = 70-mm-
of insulation? diameter shaft of thermal conductivity k£ = 40 W/m- K.
1.2 The heat flux that is applied to the left face of a plane _
wall is ¢ = 20 W/m>. The wall is of thickness L = 10 Combustion ,
e chamber Turbine
mm and of thermal conductivity K = 12 W/m-K. If the Compressor

surface temperatures of the wall are measured to be
50°C on the left side and 30°C on the right side, do
steady-state conditions exist?

A concrete wall, which has a surface area of 20 m? and

1.4

1.5

1.6

is 0.30 m thick, separates conditioned room air from
ambient air. The temperature of the inner surface of the
wall is maintained at 25°C, and the thermal conductiv-
ity of the concrete is 1 W/m-K.

(a) Determine the heat loss through the wall for outer
surface temperatures ranging from —15°C to 38°C,
which correspond to winter and summer extremes,
respectively. Display your results graphically.

(b) On your graph, also plot the heat loss as a function of
the outer surface temperature for wall materials hav-
ing thermal conductivities of 0.75 and 1.25 W/m-K.
Explain the family of curves you have obtained.

The concrete slab of a basement is 11 m long, 8 m wide,
and 0.20 m thick. During the winter, temperatures are
nominally 17°C and 10°C at the top and bottom surfaces,
respectively. If the concrete has a thermal conductivity
of 1.4 W/m-K, what is the rate of heat loss through the
slab? If the basement is heated by a gas furnace operat-
ing at an efficiency of 7, = 0.90 and natural gas is priced
atC, = $0.02/M1J, what is the daily cost of the heat loss?

Consider Figure 1.3. The heat flux in the x-direction is
q" = 10 W/m?, the thermal conductivity and wall thick-
ness are k = 2.3 W/m+K and L = 20 mm, respectively,
and steady-state conditions exist. Determine the value of
the temperature gradient in units of K/m. What is the
value of the temperature gradient in units of °C/m?

The heat flux through a wood slab 50 mm thick, whose
inner and outer surface temperatures are 40 and 20°C,
respectively, has been determined to be 40 W/m?>. What
is the thermal conductivity of the wood?

1.9

1.10

(a

=

Compare the steady-state conduction rate through
the shaft connecting the hot turbine to the warm
compressor to the net power predicted by the ther-
modynamics-based analysis.

(b) A research team proposes to scale down the gas
turbine of part (a), keeping all dimensions in the
same proportions. The team assumes that the same
hot and cold temperatures exist as in part (a) and
that the net power output of the gas turbine is pro-
portional to the overall volume of the device. Plot
the ratio of the conduction through the shaft to the
net power output of the turbine over the range
0.005 m = L = 1 m. Is a scaled-down device with
L = 0.005 m feasible?

A glass window of width W = 1 m and height H = 2 m
is 5 mm thick and has a thermal conductivity of k, =
1.4 W/m-K. If the inner and outer surface temperatures
of the glass are 15°C and —20°C, respectively, on a
cold winter day, what is the rate of heat loss through the
glass? To reduce heat loss through windows, it is cus-
tomary to use a double pane construction in which
adjoining panes are separated by an air space. If the
spacing is 10 mm and the glass surfaces in contact with
the air have temperatures of 10°C and —15°C, what
is the rate of heat loss from a 1 m X 2 m window? The
thermal conductivity of air is k, = 0.024 W/m*K.

A freezer compartment consists of a cubical cavity that
is 2m on a side. Assume the bottom to be perfectly
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1.12

1.13

1.14

1.15

1.16
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insulated. What is the minimum thickness of styrofoam
insulation (k = 0.030 W/m -+ K) that must be applied to the
top and side walls to ensure a heat load of less than 500 W,
when the inner and outer surfaces are — 10 and 35°C?

The heat flux that is applied to one face of a plane wall
is ¢" = 20 W/m The opposite face is exposed to air at
temperature 30°C, with a convection heat transfer coef-
ficient of 20 W/m? K. The surface temperature of the
wall exposed to air is measured and found to be 50°C.
Do steady-state conditions exist? If not, is the tempera-
ture of the wall increasing or decreasing with time?

An inexpensive food and beverage container is fabricated
from 25-mm-thick polystyrene (k = 0.023 W/m-K) and
has interior dimensions of 0.8 m X 0.6 m X 0.6 m. Under
conditions for which an inner surface temperature of
approximately 2°C is maintained by an ice-water mixture
and an outer surface temperature of 20°C is maintained
by the ambient, what is the heat flux through the container
wall? Assuming negligible heat gain through the 0.8 m X
0.6 m base of the cooler, what is the total heat load for the
prescribed conditions?

What is the thickness required of a masonry wall having
thermal conductivity 0.75 W/m* K if the heat rate is to be
80% of the heat rate through a composite structural wall
having a thermal conductivity of 0.25 W/m-K and a
thickness of 100 mm? Both walls are subjected to the
same surface temperature difference.

A wall is made from an inhomogeneous (nonuniform)
material for which the thermal conductivity varies
through the thickness according to k = ax + b, where a
and b are constants. The heat flux is known to be con-
stant. Determine expressions for the temperature gradi-
ent and the temperature distribution when the surface at
x = 0 is at temperature 7.

The 5-mm-thick bottom of a 200-mm-diameter pan
may be made from aluminum (k = 240 W/m*K) or
copper (k = 390 W/m+K). When used to boil water,
the surface of the bottom exposed to the water is nomi-
nally at 110°C. If heat is transferred from the stove to
the pan at a rate of 600 W, what is the temperature
of the surface in contact with the stove for each of the
two materials?

A square silicon chip (k= 150 W/m-K) is of width
w = 5mm on a side and of thickness = 1 mm. The
chip is mounted in a substrate such that its side and
back surfaces are insulated, while the front surface is
exposed to a coolant. If 4 W are being dissipated in cir-
cuits mounted to the back surface of the chip, what is
the steady-state temperature difference between back
and front surfaces?

—_—
Coolant
w
I
-/— Circuits
/
?‘_'L ______ v

Convection

1.17

1.18

For a boiling process such as shown in Figure 1.5¢, the
ambient temperature 7, in Newton’s law of cooling is
replaced by the saturation temperature of the fluid T,.
Consider a situation where the heat flux from the hot
plate is ¢” = 20 X 10° W/m?. If the fluid is water at
atmospheric pressure and the convection heat transfer
coefficient is A, = 20 X 10* W/m*-K, determine the
upper surface temperature of the plate, 7. In an effort
to minimize the surface temperature, a technician
proposes replacing the water with a dielectric fluid
whose saturation temperature is Ty, = 52°C. If the
heat transfer coefficient associated with the dielectric
fluid is h, = 3 X 10* W/m?-K, will the technician’s
plan work?

You’ve experienced convection cooling if you’ve ever
extended your hand out the window of a moving vehi-
cle or into a flowing water stream. With the surface of
your hand at a temperature of 30°C, determine the con-
vection heat flux for (a) a vehicle speed of 35 km/h in
air at —5°C with a convection coefficient of 40
W/m? - K and (b) a velocity of 0.2 m/s in a water stream
at 10°C with a convection coefficient of 900 W/m? - K.
Which condition would feel colder? Contrast these
results with a heat loss of approximately 30 W/m?
under normal room conditions.

Air at 40°C flows over a long, 25-mm-diameter cylinder

with an embedded electrical heater. In a series of tests,
measurements were made of the power per unit length,
P’, required to maintain the cylinder surface tempera-
ture at 300°C for different free stream velocities V of the
air. The results are as follows:

12
1963

Air velocity, V (m/s) 1 2 4 8
Power, P’ (W/m) 450 658 983 1507

(a) Determine the convection coefficient for each
velocity, and display your results graphically.

(b) Assuming the dependence of the convection coeffi-
cient on the velocity to be of the form 4 = CV",
determine the parameters C and n from the results
of part (a).
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A wall has inner and outer surface temperatures of 16
and 6°C, respectively. The interior and exterior air tem-
peratures are 20 and 5°C, respectively. The inner and
outer convection heat transfer coefficients are 5 and
20 W/m?*-K, respectively. Calculate the heat flux from
the interior air to the wall, from the wall to the exterior
air, and from the wall to the interior air. Is the wall
under steady-state conditions?

An electric resistance heater is embedded in a long
cylinder of diameter 30 mm. When water with a tem-
perature of 25°C and velocity of 1 m/s flows crosswise
over the cylinder, the power per unit length required to
maintain the surface at a uniform temperature of 90°C
is 28 kW/m. When air, also at 25°C, but with a velocity
of 10 m/s is flowing, the power per unit length required
to maintain the same surface temperature is 400 W/m.
Calculate and compare the convection coefficients for
the flows of water and air.

The free convection heat transfer coefficient on a thin
hot vertical plate suspended in still air can be deter-
mined from observations of the change in plate temper-
ature with time as it cools. Assuming the plate is
isothermal and radiation exchange with its surround-
ings is negligible, evaluate the convection coefficient at
the instant of time when the plate temperature is 225°C
and the change in plate temperature with time (d77/dt) is
—0.022 K/s. The ambient air temperature is 25°C and
the plate measures 0.3 X 0.3 m with a mass of 3.75 kg
and a specific heat of 2770 J/kg - K.

A transmission case measures W = 0.30 m on a side
and receives a power input of P; = 150 hp from the
engine.

Transmission case,n, T

If the transmission efficiency is n = 0.93 and airflow
over the case corresponds to T,, = 30°C and h = 200
W/m?-K, what is the surface temperature of the
transmission?

1.24

1.25

1.26

1.27
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A cartridge electrical heater is shaped as a cylinder of
length L = 200 mm and outer diameter D = 20 mm.
Under normal operating conditions, the heater dissipates
2 kW while submerged in a water flow that is at 20°C
and provides a convection heat transfer coefficient of
h = 5000 W/m? - K. Neglecting heat transfer from the
ends of the heater, determine its surface temperature 7.
If the water flow is inadvertently terminated while the
heater continues to operate, the heater surface is
exposed to air that is also at 20°C but for which 7 = 50
W/m?+K. What is the corresponding surface tempera-
ture? What are the consequences of such an event?

A common procedure for measuring the velocity of an
airstream involves the insertion of an electrically heated
wire (called a hot-wire anemometer) into the airflow,
with the axis of the wire oriented perpendicular to the
flow direction. The electrical energy dissipated in
the wire is assumed to be transferred to the air by forced
convection. Hence, for a prescribed electrical power, the
temperature of the wire depends on the convection coef-
ficient, which, in turn, depends on the velocity of the air.
Consider a wire of length L =20 mm and diameter
D = 0.5 mm, for which a calibration of the form
V = 6.25 X 107° h? has been determined. The velocity V
and the convection coefficient # have units of m/s and
W/m?- K, respectively. In an application involving air at
a temperature of T,, = 25°C, the surface temperature of
the anemometer is maintained at 7, = 75°C with a volt-
age drop of 5 V and an electric current of 0.1 A. What is
the velocity of the air?

A square isothermal chip is of width w =5 mm on a
side and is mounted in a substrate such that its side and
back surfaces are well insulated; the front surface is
exposed to the flow of a coolant at T,, = 15°C. From
reliability considerations, the chip temperature must not
exceed T = 85°C.

Coolant

If the coolant is air and the corresponding convection
coefficient is 7 = 200 W/m?- K, what is the maximum
allowable chip power? If the coolant is a dielectric
liquid for which 2 = 3000 W/m?-K, what is the maxi-
mum allowable power?

The temperature controller for a clothes dryer consists
of a bimetallic switch mounted on an electrical heater
attached to a wall-mounted insulation pad.
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s Dryer wall

P,——> —F — )
Wﬂ _‘ Insulation pad

Electrical heater
L7, =70 ] A T
Bimetallic switch

Air

h —

The switch is set to open at 70°C, the maximum dryer
air temperature. To operate the dryer at a lower air tem-
perature, sufficient power is supplied to the heater such that
the switch reaches 70°C (7,.,) when the air temperature T
is less than 7. If the convection heat transfer coefficient
between the air and the exposed switch surface of 30 mm?
is 25 W/m?+K, how much heater power P, is required
when the desired dryer air temperature is T,, = 50°C?

Radiation

1.28

1.29

1.30

An overhead 25-m-long, uninsulated industrial steam
pipe of 100-mm diameter is routed through a building
whose walls and air are at 25°C. Pressurized steam
maintains a pipe surface temperature of 150°C, and the
coefficient associated with natural convection is 7 = 10
W/m? - K. The surface emissivity is & = 0.8.

(a) What is the rate of heat loss from the steam line?

(b) If the steam is generated in a gas-fired boiler oper-
ating at an efficiency of 7, = 0.90 and natural gas is
priced at C, = $0.02 per MJ, what is the annual
cost of heat loss from the line?

Under conditions for which the same room temperature
is maintained by a heating or cooling system, it is not
uncommon for a person to feel chilled in the winter but
comfortable in the summer. Provide a plausible expla-
nation for this situation (with supporting calculations)
by considering a room whose air temperature is main-
tained at 20°C throughout the year, while the walls of
the room are nominally at 27°C and 14°C in the sum-
mer and winter, respectively. The exposed surface of a
person in the room may be assumed to be at a tempera-
ture of 32°C throughout the year and to have an emis-
sivity of 0.90. The coefficient associated with heat
transfer by natural convection between the person and
the room air is approximately 2 W/m?*- K.

A spherical interplanetary probe of 0.5-m diameter con-
tains electronics that dissipate 150 W. If the probe surface
has an emissivity of 0.8 and the probe does not receive
radiation from other surfaces, as, for example, from the
sun, what is its surface temperature?

An instrumentation package has a spherical outer surface

of diameter D = 100 mm and emissivity ¢ = 0.25. The
package is placed in a large space simulation chamber
whose walls are maintained at 77 K. If operation of the
electronic components is restricted to the temperature

1.32

1.33

1.34

range 40 = T = 85°C, what is the range of acceptable
power dissipation for the package? Display your results
graphically, showing also the effect of variations in the
emissivity by considering values of 0.20 and 0.30.

Consider the conditions of Problem 1.22. However, now
the plate is in a vacuum with a surrounding temperature
of 25°C. What is the emissivity of the plate? What is the
rate at which radiation is emitted by the surface?

If T, = Ty, in Equation 1.9, the radiation heat transfer

coefficient may be approximated as
h,.,= 4e0T?

where T = (T, + T,,,)/2. We wish to assess the validity
of this approximation by comparing values of 4, and
h,, for the following conditions. In each case, represent
your results graphically and comment on the validity of
the approximation.

(a) Consider a surface of either polished aluminum (¢ =
0.05) or black paint (¢ = 0.9), whose temperature
may exceed that of the surroundings (T, = 25°C)
by 10 to 100 C. Also compare your results with val-
ues of the coefficient associated with free convection
in air (T, = T,,,), where h(W/m?-K) = 0.98 AT'~,
Consider initial conditions associated with placing a
workpiece at 7, = 25°C in a large furnace whose
wall temperature may be varied over the range 100 =
T = 1000°C. According to the surface finish or
coating, its emissivity may assume values of 0.05,
0.2, and 0.9. For each emissivity, plot the relative
error, (h,—h,,)/h,, as a function of the furnace
temperature.

(b)

A vacuum system, as used in sputtering electrically con-
ducting thin films on microcircuits, is comprised of a
baseplate maintained by an electrical heater at 300 K and
a shroud within the enclosure maintained at 77 K by a
liquid-nitrogen coolant loop. The circular baseplate,
insulated on the lower side, is 0.3 m in diameter and has
an emissivity of 0.25.

— Vacuum
enclosure

Liquid-nitrogen
filled shroud

= <— LN,

[LITTTTTTITTITTITTTITTT

Electrical heater
— Baseplate
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(a) How much electrical power must be provided to
the baseplate heater?

(b) At what rate must liquid nitrogen be supplied to the
shroud if its heat of vaporization is 125 kJ/kg?

(c) To reduce the liquid nitrogen consumption, it is
proposed to bond a thin sheet of aluminum foil
(e = 0.09) to the baseplate. Will this have the desired
effect?

Relationship to Thermodynamiecs

1.35

1.36

An electrical resistor is connected to a battery, as
shown schematically. After a brief transient, the resistor
assumes a nearly uniform, steady-state temperature of
95°C, while the battery and lead wires remain at the
ambient temperature of 25°C. Neglect the electrical
resistance of the lead wires.

I=6A
—
Resistor
Battery
Air
V=24V T, = 25C
Lead wire

(a) Consider the resistor as a system about which
a control surface is placed and Equation 1.12c
is applied. Determine the corresponding values of
E.(W), E,(W), E. (W), and E((W). If a control
surface is placed about the entire system, what are
the values of E;,, E,, E,, and E,?

(b) If electrical energy is dissipated uniformly within the
resistor, which is a cylinder of diameter D = 60 mm
and length L = 250 mm, what is the volumetric heat

generation rate, ¢ (W/m?)?

(©

Neglecting radiation from the resistor, what is the
convection coefficient?

Pressurized water (p;, = 10 bar, T;, = 110°C) enters the
bottom of an L = 10-m-long vertical tube of diameter
D = 100 mm at a mass flow rate of m = 1.5 kg/s. The
tube is located inside a combustion chamber, resulting
in heat transfer to the tube. Superheated steam exits the
top of the tube at p,,, = 7 bar, T,,, = 600°C. Determine
the change in the rate at which the following quantities
enter and exit the tube: (a) the combined thermal and
flow work, (b) the mechanical energy, and (c) the total
energy of the water. Also, (d) determine the heat trans-
fer rate, q. Hint: Relevant properties may be obtained
from a thermodynamics text.

1.37

1.38
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Consider the tube and inlet conditions of Problem 1.36.
Heat transfer at a rate of ¢ = 3.89 MW is delivered to
the tube. For an exit pressure of p = § bar, determine
(a) the temperature of the water at the outlet as well as
the change in (b) combined thermal and flow work,
(c) mechanical energy, and (d) total energy of the water
from the inlet to the outlet of the tube. Hint: As a first
estimate, neglect the change in mechanical energy in
solving part (a). Relevant properties may be obtained
from a thermodynamics text.

An internally reversible refrigerator has a modified
coefficient of performance accounting for realistic heat
transfer processes of

Gin in T(L,i
P =—= =
co " w Gout — Gin Th,i -T

c,l

where g, is the refrigerator cooling rate, ¢, is the heat
rejection rate, and W is the power input. Show that COP,,
can be expressed in terms of the reservoir temperatures
T, and T, the cold and hot thermal resistances R,. and
R,;, and g;,, as

Tc - CIianol

COPm - Th - T(‘ + qianot

where R, = R,. + R,;. Also, show that the power input
may be expressed as

Th B Tc + qianl

W= in Tc - qianot

High-temperature

. L Th
resenvoir 4 o r
L* T, .
High-temperature
Internally side resistance
A reversible

Low-temperature

refrigerator { |
side resistance

— T,
—
I Qin Li T

Low-temperature ¢
reservoir

A household refrigerator operates with cold- and
hot-temperature reservoirs of 7. = 5°C and 7, = 25°C,
respectively. When new, the cold and hot side resistances
are R., = 0.05 K/W and R, = 0.04 K/W, respectively.
Over time, dust accumulates on the refrigerator’s con-
denser coil, which is located behind the refrigerator,
increasing the hot side resistance to R, ; = 0.1 K/W. It is
desired to have a refrigerator cooling rate of g;, = 750 W.
Using the results of Problem 1.38, determine the modified
coefficient of performance and the required power input
W under (a) clean and (b) dusty coil conditions.
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Energy Balance and Multimode Effects

1.40

141

1.42

Chips of width L = 15 mm on a side are mounted to a
substrate that is installed in an enclosure whose walls
and air are maintained at a temperature of 7, = 25°C.
The chips have an emissivity of ¢ = 0.60 and a maxi-
mum allowable temperature of T, = 85°C.

Enclosure, T,

Chip (T}, &)

(a) If heat is rejected from the chips by radiation and
natural convection, what is the maximum operating
power of each chip? The convection coefficient
depends on the chip-to-air temperature difference
and may be approximated as h = C(T, — T.,)",
where C = 4.2 W/m?- K>,

(b) If a fan is used to maintain airflow through the
enclosure and heat transfer is by forced convection,
with 4 =250 W/m?-K, what is the maximum

operating power?

Consider the transmission case of Problem 1.23, but
now allow for radiation exchange with the ground/
chassis, which may be approximated as large surround-
ings at Ty, = 30°C. If the emissivity of the case is
& = 0.80, what is the surface temperature?

One method for growing thin silicon sheets for photo-
voltaic solar panels is to pass two thin strings of high
melting temperature material upward through a bath of
molten silicon. The silicon solidifies on the strings near
the surface of the molten pool, and the solid silicon sheet
is pulled slowly upward out of the pool. The silicon is
replenished by supplying the molten pool with solid sili-
con powder. Consider a silicon sheet that is W; = 85 mm
wide and 7; = 150 um thick that is pulled at a velocity of
Vi = 20 mm/min. The silicon is melted by supplying
electric power to the cylindrical growth chamber of
height H =350 mm and diameter D = 300 mm. The
exposed surfaces of the growth chamber are at 7, =
320 K, the corresponding convection coefficient at the

) ; i Lo
o :B—‘; Tye
| b &
®  Solid _;
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exposed surface is 47 =8 W/m?+K, and the surface is
characterized by an emissivity of &, = 0.9. The solid sili-
con powder is at T;; = 298 K, and the solid silicon sheet
exits the chamber at 7}; , = 420 K. Both the surroun