Heat Transfer

. J.P. Holman



Heat Transfer

Tenth Edition

J. P. Holman

Department of Mechanical Engineering
Southern Methodist University

3
S
Tve.
4
e g O ;
——d

v~;‘:
S
-_——
r
1
‘-".‘4-
[ AN
S
Y.
i
“«“J
PR

1
e

Xy
ijy
[}
!y‘ﬁ‘
*U-t

% Higher Education

Boston Burr Ridge, IL  Dubuque, IA  New York San Francisco St. Louis
Bangkok Bogotd Caracas KualaLumpur Lisbon London Madrid Mexico City
Milan Montreal New Delhi Santiago Seoul Singapore Sydney Taipei Toronto



The McGraw-Hill companies

% Higher Education

HEAT TRANSFER, TENTH EDITION

Published by McGraw-Hill, a business unit of The McGraw-Hill Companies, Inc., 1221

Avenue of the Americas, New York, NY 10020. Copyright © 2010 by The McGraw-Hill Companies, Inc.
All rights reserved. Previous editions 2002, 1997, and 1990. No part of this publication may be reproduced
or distributed in any form or by any means, or stored in a database or retrieval system,

without the prior written consent of The McGraw-Hill Companies, Inc., including, but not limited to,

in any network or other electronic storage or transmission, or broadcast for distance learning.

Some ancillaries, including electronic and print components, may not be available to customers
outside the United States.

This book is printed on acid-free paper.
1234567890 VNH/VNHO09

ISBN 978-0-07-352936-3
MHID 0-07-352936-2

Global Publisher: Raghothaman Srinivasan

Senior Sponsoring Editor: Bill Stenquist

Director of Development: Kristine Tibbetts
Developmental Editor: Lora Neyens

Senior Marketing Manager: Curt Reynolds

Senior Project Manager: Kay J. Brimeyer

Lead Production Supervisor: Sandy Ludovissy
Senior Media Project Manager: Tammy Juran
Associate Design Coordinator: Brenda A. Rolwes
Cover Designer: Studio Montage, St. Louis, Missouri
Cover Image: Interferometer photo of air flow across a heated cylinder, digitally enhanced by the author.
Compositor: S4Carlisle Publishing Services
Typeface: 10.5/12 Times Roman

Printer: R. R. Donnelley, Jefferson City, MO

Library of Congress Cataloging-in-Publication Data

Holman, J. P. (Jack Philip)
Heat transfer / Jack P. Holman.—10th ed.
p. cm.—(Mcgraw-Hill series in mechanical engineering)
Includes index.
ISBN 978-0-07-352936-3—ISBN 0-07-352936-2 (hard copy : alk. paper)
1. Heat-Transmission. 1. Title.

QC320.H64 2010
621.402'2—dc22 2008033196

www.mhhe.com



Heat Transfer



McGraw-Hill Series in Mechanical Engineering

Anderson
Computational Fluid Dynamics

Anderson
Modern Compressible Flow:
With Historical Perspective

Barber
Intermediate Mechanics of Materials

Baruh
Analytical Dynamics

Beer and Johnston
Vector Mechanics for Engineers:
Statics and Dynamics

Beer, Johnston and DeWolf
Mechanics of Materials

Borman and Ragland
Combustion Engineering

Budynas
Advanced Strength and Applied Stress

Cengel and Boles
Thermodynamics: An Engineering
Approach

Cengel and Turner

Fundamentals of Thermal-Fluid Sciences

Cengel
Heat Transfer: A Practical Approach

Cengel
Introduction to Thermodynamics and
Heat Transfer

Chapra and Canale
Numerical Methods for Engineers

Condoor
Mechanical Design Modeling
with ProEngineer

Courtney
Mechanical Behavior of Materials

Dieter
Engineering Design: A Materials and
Processing Approach

CONSULTING EDITORS

Jack P. Holman, Southern Methodist University

John Lloyd, Michigan State University

Doebelin
Measurement Systems: Application
and Design

Hamrock
Fundamentals of Machine Elements
Mattingly
Elements of Gas Turbine Propulsion

Meirovitch
Fundamentals of Vibrations

Modest
Radiative Heat Transfer

Norton
Design of Machinery

Oosthuizen and Carscallen
Compressible Fluid Flow

Oosthuizen and Naylor

Introduction to Convective Heat

Transfer Analysis

Palm

Introduction to MATLAB 6 for Engineers

Palm
MATLARB for Engineering Applications

Reddy
Introduction to Finite Element Method

Ribando
Heat Transfer Tools

Rizzoni
Principles and Applications for
Electrical Engineering

Schey
Introduction to Manufacturing Processes

Schlichting
Boundary Layer Theory

SDRC, Inc.
I-DEAS Student Edition

SDRC, Inc.
I-DEAS Student Guide

Shames
Mechanics of Fluids

Shigley and Mischke
Mechanical Engineering Design

Stoecker
Design of Thermal Systems

Turns
An Introduction to Combustion:
Concepts and Applications

Heywood
Internal Combustion Engine Fundamentals

Histand and Alciatore
Introduction to Mechatronics and
Measurement Systems

Hsu
MEMS and Microsystems: Design
and Manufacturing

Holman
Experimental Methods for Engineers

Kays and Crawford
Convective Heat and Mass Transfer

Kelly
Fundamentals of Mechanical Vibrations

Kreider, Rabl and Curtiss
Heating and Cooling of Buildings

Ullman
The Mechanical Design Process

Ugural
Stresses in Plates and Shells

Vu and Esfandiari

Dynamic Systems: Modeling and Analysis
Wark

Advanced Thermodynamics for Engineers

Wark and Richards
Thermodynamics

White
Fluid Mechanics

White

Viscous Fluid Flow

Zeid

CAD/CAM Theory and Practice



PREFACE

his book presents an elementary treatment of the principles of heat transfer. As a

text it contains more than enough material for a one-semester course that may be

presented at the junior level, or higher, depending on individual course objectives.
The course is normally required in chemical and mechanical engineering curricula but is
recommended for electrical engineering students as well, because of the significance of
cooling problems in various electronics applications. In the author’s experience, electrical
engineering students do quite well in a heat-transfer course, even with no formal coursework
background in thermodynamics or fluid mechanics. A background in ordinary differential
equations is helpful for proper understanding of the material.

Presentation of the subject follows classical lines of separate discussions for conduc-
tion, convection, and radiation, although it is emphasized that the physical mechanism of
convection heat transfer is one of conduction through the stationary fluid layer near the heat-
transfer surface. Throughout the book emphasis has been placed on physical understanding
while, at the same time, relying on meaningful experimental data in those circumstances
that do not permit a simple analytical solution.

Conduction is treated from both the analytical and the numerical viewpoint, so that
the reader is afforded the insight that is gained from analytical solutions as well as the
important tools of numerical analysis that must often be used in practice. A liberal number of
numerical examples are given that include heat sources and radiation boundary conditions,
non-uniform mesh size, and one example of a three-dimensional nodal system. A similar
procedure is followed in the presentation of convection heat transfer. An integral analysis of
both free- and forced-convection boundary layers is used to present a physical picture of the
convection process. From this physical description, inferences may be drawn that naturally
lead to the presentation of empirical and practical relations for calculating convection heat-
transfer coefficients. Because it provides an easier instruction vehicle than other methods,
the radiation-network method is used extensively in the introduction of analysis of radiation
systems, while a more generalized formulation is given later. Systems of nonlinear equations
requiring iterative solutions are also discussed in the conduction and radiation chapters but
the details of solution are relegated to cited software references. The assumption is made
that the well-disposed reader should select his or her own preferred vehicle for solution of
systems of nonlinear equations.

The log-mean-temperature-difference and effectiveness approaches are presented in
heat-exchanger analysis since both are in wide use and each offers its own advantages
to the designer. A brief introduction to diffusion and mass transfer is presented in order to
acquaint the reader with these processes and to establish more firmly the important analogies
between heat, mass, and momentum transfer. A new Chapter 12 has been added on summary
and design information. Numerous calculation charts are offered in this chapter as an aid in
preliminary design work where speed and utility may be more important than the accuracy
that may be required in final design stages. Eleven new examples are presented in this
chapter illustrating use of the charts.

Problems are included at the end of each chapter. Some of these problems are of a
routine nature to familiarize the student with the numerical manipulations and orders of
magnitude of various parameters that occur in the subject of heat transfer. Other problems

xiii
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Preface

extend the subject matter by requiring students to apply the basic principles to new situations
and develop their own equations. Both types of problems are important.

There is also a section at the end of each problem set designated as “Design-Oriented
Problems.” The problems in these sections typically are open-ended and do not result in
a unique answer. In some cases they are rather extended in length and require judgment
decisions during the solution process. Over 100 such problems are included in the text.

The subject of heat transfer is not static. New developments occur quite regularly, and
better analytical solutions and empirical data are continuously made available to the pro-
fessional in the field. Because of the huge amount of information that is available in the
research literature, the beginning student could easily be overwhelmed if too many of the
nuances of the subject were displayed and expanded. The book is designed to serve as an
elementary text, so the author has assumed a role of interpreter of the literature with those
findings and equations being presented that can be of immediate utility to the reader. It is
hoped that the student’s attention is called to more extensive works in a sufficient number of
instances to emphasize the depth that is available on most of the subjects of heat transfer. For
the serious student, then, the end-of-chapter references offer an open door to the literature
of heat transfer that can pyramid upon further investigation. In several chapters the number
of references offered is much larger than necessary, and older citations of historical interest
have been retained freely. The author feels this is a luxury that will not be intrusive on the
reader or detract from the utility of the text.

A book in its tenth edition obviously reflects many compromises and evolutionary
processes over the years. While the basic physical mechanisms of heat transfer have not
changed, analytical techniques and experimental data have been revised and improved. In
this edition some trimming of out-of-date material has been effected, new problems added,
and old problems refreshed. Sixteen new worked examples have been added. All worked
examples are now referenced by page number at the front of the book, just following the
Table of Contents. The listing of such examples is still retained at the end of each chapter.

A feature is the use of Microsoft Excel for solution of both steady-state and transient
conduction heat-transfer problems. Excel is given a rather full discussion in a new Appendix
D, which includes treatment of heat source and radiation boundary conditions, steady-state
and transient conditions, and interfaces between composite materials. A special template is
provided that automatically writes nodal equations for most common boundary conditions.
Ten examples of the use of Excel for solution of problems are provided, including some
modifications and expansions of examples that appear in Chapters 3 and 4. One exam-
ple illustrates the progression of transient solution to yield the steady-state solution for
sufficiently long-time duration.

In addition to the summary tables of convection formulas provided at the conclusion
of each of the main convection chapters (Chapters 5, 6, 7), an overall procedure is now
offered for analysis of all convection problems, and is included in the inside book cover
as well as in the body of the text. While one might interpret this as a cookbook approach,
the true intent is to help heat-transfer practitioners avoid common and disarmingly simple
pitfalls in the analysis and solution of convection problems.

The SI (metric) system of units is the primary one for the text. Because the Btu-ft-pound
system is still in wide use, answers and intermediate steps to examples are occasionally
stated in these units. A few examples and problems are in English units.

It is not possible to cover all the topics in this book in either a quarter- or semester-term
course, but it is hoped that the variety of topics and problems will provide the necessary
flexibility for many applications.
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