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Quotes on Ethics

Without ethics, everything happens as if we were all five billion passengers 

on a big machinery and nobody is driving the machinery. And it’s going 

faster and faster, but we don’t know where.

—Jacques Cousteau

Because you’re able to do it and because you have the right to do it 

doesn’t mean it’s right to do it.

—Laura Schlessinger

A man without ethics is a wild beast loosed upon this world.

—Manly Hall

The concern for man and his destiny must always be the chief interest of 

all technical effort. Never forget it among your diagrams and equations.

—Albert Einstein

To educate a man in mind and not in morals is to educate a menace to 

society.

—Theodore Roosevelt

Politics which revolves around benefit is savagery.

—Said Nursi

The true test of civilization is, not the census, nor the size of the cities, nor 

the crops, but the kind of man that the country turns out.

—Ralph W. Emerson

The measure of a man’s character is what he would do if he knew he 

never would be found out.

—Thomas B. Macaulay

Final PDF to printer



cen98195_fm_i-xxx.indd  iv� 01/04/19  04:43 PM

Final PDF to printer



cen98195_fm_i-xxx.indd  v� 01/04/19  04:43 PM

YUNUS A. 
ÇENGEL
University of Nevada, 

Reno

AFSHIN J. 
GHAJAR
Oklahoma State 

University, Stillwater

H E A T  A N D  M A S S 
T R A N S F E R

FUNDAMENTALS & APPLICATIONS

SIXTH EDITION

Final PDF to printer



cen98195_fm_i-xxx.indd  vi� 01/04/19  04:43 PM

HEAT AND MASS TRANSFER: FUNDAMENTALS AND APPLICATIONS, SIXTH EDITION

Published by McGraw-Hill Education, 2 Penn Plaza, New York, NY 10121. Copyright ©2020 by 
McGraw-Hill Education. All rights reserved. Printed in the United States of America. Previous editions 
©2015, 2011, and 2007. 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 McGraw-Hill 
Education, 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.

1 2 3 4 5 6 7 8 9 LWI 21 20 19

ISBN 978-0-07-339819-8 (bound edition)
MHID 0-07-339819-5 (bound edition)

ISBN 978-1-260-44002-7 (loose-leaf edition)
MHID 1-260-44002-8 (loose-leaf edition)

Executive Portfolio Manager: Suzy Bainbridge
Product Developer: Heather Ervolino
Marketing Manager: Shannon O’Donnell
Content Project Managers: Jane Mohr, Samantha Donisi-Hamm, and Sandy Schnee
Buyer: Susan K. Culbertson
Design: Egzon Shaqiri
Content Licensing Specialist: Shawntel Schmitt
Cover Image: ©Ivan Smuk/Shutterstock
Compositor: SPi Global

All credits appearing on page or at the end of the book are considered to be an extension of the copyright 
page.

Library of Congress Cataloging-in-Publication Data

Names: Cengel, Yunus A., author. | Ghajar, Afshin J., author.
Title: Heat and mass transfer : fundamentals and applications / Yunus A. 
   Cengel, University of Nevada, Reno, Afshin J. Ghajar, Oklahoma State 
   University, Stillwater.
Description: Sixth edition. | New York, NY : McGraw-Hill Education, [2020] | 
   Includes bibliographical references and index.,
Identifiers: LCCN 2018052611| ISBN 9780073398198 (alk. paper) | ISBN 
   0073398195 (bound edition) | ISBN 9781260440027 (loose-leaf edition) | 
   ISBN 1260440028 (loose-leaf edition)
Subjects: LCSH: Heat–Transmission. | Mass transfer.
Classification: LCC TJ260 .C38 2020 | DDC 621.402/2–dc23 LC record  
   available at https://lccn.loc.gov/2018052611

The Internet addresses listed in the text were accurate at the time of publication. The inclusion of a 
website does not indicate an endorsement by the authors or McGraw-Hill Education, and McGraw-Hill 
Education does not guarantee the accuracy of the information presented at these sites.

mheducation.com/highered

Final PDF to printer



cen98195_fm_i-xxx.indd  vii� 01/04/19  04:43 PM

A B O U T  T H E  A U T H O R S

Yunus A. Çengel  is Professor Emeritus of Mechanical Engineering at 
the University of Nevada, Reno. He received his B.S. in mechanical engineer-
ing from Istanbul Technical University and his M.S. and Ph.D. in mechanical 
engineering from North Carolina State University. His areas of interest are 
renewable energy, energy efficiency, energy policies, heat transfer enhance-
ment, and engineering education. He served as the director of the Industrial 
Assessment Center (IAC) at the University of Nevada, Reno, from 1996 to 
2000. He has led teams of engineering students to numerous manufacturing 
facilities in Northern Nevada and California to perform industrial assessments 
and has prepared energy conservation, waste minimization, and productivity 
enhancement reports for them. He has also served as an advisor for various 
government organizations and corporations.

Dr. Çengel is also the author or coauthor of the widely adopted text-
books Thermodynamics: An Engineering Approach (9th ed., 2019), Fluid 
Mechanics: Fundamentals and Applications (4th ed., 2018), Fundamentals 
of Thermal-Fluid Sciences (5th ed., 2017), and Differential Equations for 
Engineers and Scientists (1st ed., 2013), all published by McGraw-Hill. Some 
of his textbooks have been translated into Chinese, Japanese, Korean, Thai, 
Spanish, Portuguese, Turkish, Italian, Greek, French and Basq.

Dr. Çengel is the recipient of several outstanding teacher awards, and he 
received the ASEE Meriam/Wiley Distinguished Author Award for excel-
lence in authorship in 1992 and again in 2000. Dr. Çengel is a registered 
Professional Engineer in the State of Nevada, and he is a member of the 
American Society of Mechanical Engineers (ASME) and the American 
Society for Engineering Education (ASEE).

Afshin J. Ghajar  is Regents Professor and John Brammer Professor 
in the School of Mechanical and Aerospace Engineering at Oklahoma State 
University, Stillwater, Oklahoma, and an Honorary Professor of Xi’an Jiaotong 
University, Xi’an, China. He received his B.S., M.S., and Ph.D. degrees, all in 
mechanical engineering, from Oklahoma State University. His expertise is in 
experimental heat transfer/fluid mechanics and the development of practical 
engineering correlations. Dr. Ghajar has made significant contributions to the 
field of thermal sciences through his experimental, empirical, and numerical 
works in heat transfer and stratification in sensible heat storage systems, heat 
transfer to non-Newtonian fluids, heat transfer in the transition region, and 
non-boiling heat transfer in two-phase flow. His current research is in two-
phase flow heat transfer/pressure drop studies in pipes with different orienta-
tions, heat transfer/pressure drop in mini/micro tubes, and mixed convective 
heat transfer/pressure drop in the transition region (plain and enhanced tubes). 
Dr. Ghajar has been a Summer Research Fellow at Wright Patterson AFB 
(Dayton, Ohio) and Dow Chemical Company (Freeport, Texas). He and his 
co-workers have published over 200 reviewed research papers. He has deliv-
ered numerous keynote and invited lectures at major technical conferences 
and institutions.

Final PDF to printer



cen98195_fm_i-xxx.indd  viii� 01/04/19  04:43 PM

He has received several outstanding teaching, research, advising, and ser-
vice awards from the College of Engineering at Oklahoma State University. 
His latest significant awards are the 75th Anniversary Medal of the ASME 
Heat Transfer Division “in recognition of his service to the heat transfer 
community and contributions to the field,” awarded in 2013. He received 
the ASME ICNMM 2016 Outstanding Leadership Award, which recog-
nizes a person whose service within the ICNMM (International Conference 
on Nanochannels, Microchannels, and Minichannels) is exemplary. He also 
received the 2017 Donald Q. Kern Award “in recognition of his outstand-
ing leadership in the field of heat exchangers and two-phase flow, book and 
archival publications, and service to the academic and industrial profession-
als.” Dr. Ghajar is a Fellow of the American Society of Mechanical Engineers 
(ASME), Heat Transfer Series Editor for CRC Press/Taylor & Francis, and 
Editor-in-Chief of Heat Transfer Engineering, an international journal aimed 
at practicing engineers and specialists in heat transfer published by Taylor 
and Francis.

viii
ABOUT THE AUTHORS

Final PDF to printer



cen98195_fm_i-xxx.indd  ix� 01/04/19  04:43 PM

C H A P T E R  O N E
INTRODUCTION AND BASIC CONCEPTS  1

C H A P T E R  T W O
HEAT CONDUCTION EQUATION  75

C H A P T E R  T H R E E
STEADY HEAT CONDUCTION  151

C H A P T E R  F O U R
TRANSIENT HEAT CONDUCTION  249

C H A P T E R  F I V E
NUMERICAL METHODS IN HEAT CONDUCTION  315

C H A P T E R  S I X
FUNDAMENTALS OF CONVECTION  391

C H A P T E R  S E V E N
EXTERNAL FORCED CONVECTION  439

C H A P T E R  E I G H T
INTERNAL FORCED CONVECTION  491

C H A P T E R  N I N E
NATURAL CONVECTION  555

C H A P T E R  T E N
BOILING AND CONDENSATION  623

C H A P T E R  E L E V E N
HEAT EXCHANGERS  677

C H A P T E R  T W E L V E
FUNDAMENTALS OF THERMAL RADIATION  747

C H A P T E R  T H I R T E E N
RADIATION HEAT TRANSFER  799

C H A P T E R  F O U R T E E N
MASS TRANSFER  871

C H A P T E R  F I F T E E N
COOLING OF ELECTRONIC EQUIPMENT (Online Chapter)

C H A P T E R  S I X T E E N
HEATING AND COOLING OF BUILDINGS (Online Chapter)

C H A P T E R  S E V E N T E E N
REFRIGERATION AND FREEZING OF FOODS (Online Chapter)

A P P E N D I X  1
PROPERTY TABLES AND CHARTS (SI UNITS)  945

A P P E N D I X  2
PROPERTY TABLES AND CHARTS (ENGLISH UNITS)  973

B R I E F  C O N T E N T S

Final PDF to printer



cen98195_fm_i-xxx.indd  x� 01/04/19  04:43 PM

Final PDF to printer



C O N T E N T S

cen98195_fm_i-xxx.indd  xi� 01/04/19  04:43 PM

Preface  xix

C H A P T E R  O N E
INTRODUCTION AND BASIC 
CONCEPTS  1

1–1	 Thermodynamics and Heat Transfer  2
Application Areas of Heat Transfer  3
Historical Background  3

1–2	 Engineering Heat Transfer  4
Modeling in Engineering  5

1–3	 Heat and Other Forms of Energy  6
Specific Heats of Gases, Liquids, and Solids  7
Energy Transfer  9

1–4	 The First Law of Thermodynamics  11
Energy Balance for Closed Systems (Fixed Mass)  12
Energy Balance for Steady-Flow Systems  12
Surface Energy Balance  13

1–5	 Heat Transfer Mechanisms  16
1–6	 Conduction  17

Thermal Conductivity  18
Thermal Diffusivity  22

1–7	 Convection  25
1–8	 Radiation  27
1–9	 Simultaneous Heat Transfer Mechanisms  29
1–10	Aerogel—A Remarkable Superinsulating 

Material  34
1–11	Prevention Through Design  36
1–12	Engineering Codes and Standards  39
1–13	Problem-Solving Technique  41

Step 1: Problem Statement  41
Step 2: Schematic  41
Step 3: Assumptions and Approximations  42
Step 4: Physical Laws  42
Step 5: Properties  42
Step 6: Calculations  42
Step 7: Reasoning, Verification, and Discussion  42

1–14	Engineering Software Packages  43
Equation Solvers  44

1–15	Accuracy, Precision, and Significant Digits  45

Topic of Special Interest: Thermal  
Comfort  48

Summary  55
References and Suggested Reading  56
Problems  56

C H A P T E R  T W O
HEAT CONDUCTION EQUATION  75

2–1	 Introduction  76
Steady Versus Transient Heat Transfer  77
Multidimensional Heat Transfer  78
Heat Generation  80

2–2	 One-Dimensional Heat Conduction 
Equation  81
Heat Conduction Equation in a Large  

Plane Wall  81
Heat Conduction Equation in a Long Cylinder  83
Heat Conduction Equation in a Sphere  84
Combined One-Dimensional Heat Conduction 

Equation  85

2–3	 General Heat Conduction Equation  87
Rectangular Coordinates  87
Cylindrical Coordinates  89
Spherical Coordinates  89

2–4	 Boundary and Initial Conditions  90
1  Specified Temperature Boundary Condition  92
2  Specified Heat Flux Boundary Condition  92
Special Case: Insulated Boundary  93
Another Special Case: Thermal Symmetry  93
3  Convection Boundary Condition  94
4  Radiation Boundary Condition  96
5  Interface Boundary Conditions  97
6  Generalized Boundary Conditions  97

2–5	 Solution of Steady One-Dimensional Heat 
Conduction Problems  99

2–6	 Heat Generation in a Solid  112
2–7	 Variable Thermal Conductivity, k(T )  120

Topic of Special Interest: A Brief Review of 
Differential Equations  123

Summary  129
References and Suggested Readings  130
Problems  130

Final PDF to printer



xii
CONTENTS

cen98195_fm_i-xxx.indd  xii� 01/04/19  04:43 PM

C H A P T E R  T H R E E
STEADY HEAT CONDUCTION  151

3–1	 Steady Heat Conduction in Plane Walls  152
Thermal Resistance Concept  153
Thermal Resistance Network  155
Multilayer Plane Walls  157

3–2	 Thermal Contact Resistance  162
3–3	 Generalized Thermal Resistance Networks  167
3–4	 Heat Conduction in Cylinders and Spheres  169

Multilayered Cylinders and Spheres  172

3–5	 Critical Radius of Insulation  176
3–6	 Heat Transfer from Finned Surfaces  179

Fin Equation  180
1  Infinitely Long Fin ​(​T​fin tip​​ = ​T​∞​​)​  182
2 � Negligible Heat Loss from the Fin Tip  

(Adiabatic fin tip, ​​​Q​​ 
·
 ​​fin tip​​ = 0​)  183

3  Specified Temperature ​(​T​fin, tip​​ = ​T​L​​)​  183
4  Convection from Fin Tip  184
Fin Efficiency  185
Fin Effectiveness  187
Proper Length of a Fin  190

3–7	 Bioheat Transfer Equation  196
3–8	 Heat Transfer in Common Configurations  201

Topic of Special Interest: Heat Transfer Through 
Walls and Roofs  206

Summary  216
References and Suggested Reading  218
Problems  218

C H A P T E R  F O U R
TRANSIENT HEAT CONDUCTION  249

4–1	 Lumped System Analysis  250
Criteria for Lumped System Analysis  251
Some Remarks on Heat Transfer in Lumped Systems  253

4–2	 Transient Heat Conduction in Large Plane 
Walls, Long Cylinders, and Spheres with Spatial 
Effects  256
Nondimensionalized One-Dimensional Transient 

Conduction Problem  257
Exact Solution of One-Dimensional Transient Conduction 

Problem  259
Approximate Analytical Solutions  262

4–3	 Transient Heat Conduction in Semi-Infinite 
Solids  269
Contact of Two Semi-Infinite Solids  273

4–4	 Transient Heat Conduction in Multidimensional 
Systems  278
Topic of Special Interest: Refrigeration and 

Freezing of Foods  283
Summary  294
References and Suggested Reading  296
Problems  296

C H A P T E R  F I V E
NUMERICAL METHODS IN HEAT 
CONDUCTION  315

5–1	 Why Numerical Methods?  316
1  Limitations  317
2  Better Modeling  317
3  Flexibility  318
4  Complications  318
5  Human Nature  318

5–2	 Finite Difference Formulation of Differential 
Equations  319

5–3	 One-Dimensional Steady Heat Conduction  322
Boundary Conditions  324
Treating Insulated Boundary Nodes as Interior Nodes: The 

Mirror Image Concept  326

5–4	 Two-Dimensional Steady Heat Conduction  333
Boundary Nodes  334
Irregular Boundaries  338

5–5	 Transient Heat Conduction  342
Transient Heat Conduction in a Plane Wall  344
Stability Criterion for Explicit Method: Limitation on Δt  346
Two-Dimensional Transient Heat Conduction  355

Topic of Special Interest: Controlling the 
Numerical Error  360

Summary  363
References and Suggested Reading  364
Problems  365

C H A P T E R  S I X
FUNDAMENTALS OF CONVECTION  391

6–1	 Physical Mechanism of Convection  392
Nusselt Number  394

6–2	 Classification of Fluid Flows  396
Viscous Versus Inviscid Regions of Flow  396
Internal Versus External Flow  396
Compressible Versus Incompressible Flow  396
Laminar Versus Turbulent Flow  397

Final PDF to printer



xiii
CONTENTS

cen98195_fm_i-xxx.indd  xiii� 01/04/19  04:43 PM

Natural (or Unforced) Versus Forced Flow  397
Steady Versus Unsteady Flow  397
One-, Two-, and Three-Dimensional Flows  398

6–3	 Velocity Boundary Layer  399
Wall Shear Stress  400

6–4	 Thermal Boundary Layer  401
Prandtl Number  402

6–5	 Laminar and Turbulent Flows  402
Reynolds Number  403

6–6	 Heat and Momentum Transfer in Turbulent 
Flow  404

6–7	 Derivation of Differential Convection 
Equations  406
The Continuity Equation  407
The Momentum Equations  407
Conservation of Energy Equation  409

6–8	 Solutions of Convection Equations for a Flat 
Plate  413
The Energy Equation  415

6–9	 Nondimensionalized Convection Equations and 
Similarity  417

6–10	Functional Forms of Friction and Convection 
Coefficients  419

6–11	Analogies Between Momentum and Heat 
Transfer  420
Topic of Special Interest: Microscale Heat 

Transfer  423
Summary  426
References and Suggested Reading  427
Problems  428

C H A P T E R  S E V E N
EXTERNAL FORCED CONVECTION  439

7–1	 Drag and Heat Transfer in External Flow  440
Friction and Pressure Drag  440
Heat Transfer  442

7–2	 Parallel Flow Over Flat Plates  443
Friction Coefficient  444
Heat Transfer Coefficient  445
Flat Plate with Unheated Starting Length  447
Uniform Heat Flux  448
General Solutions for Simultaneously Moving Plates and 

Fluids  448

7–3	 Flow Across Cylinders and Spheres  454
Effect of Surface Roughness  456
Heat Transfer Coefficient  458

7–4	 Flow Across Tube Banks  462
Pressure Drop  465

Summary  469
References and Suggested Reading  470
Problems  471

C H A P T E R  E I G H T
INTERNAL FORCED CONVECTION  491

8–1	 Introduction  492
8–2	 Average Velocity and Temperature  493

Laminar and Turbulent Flow in Tubes  494

8–3	 The Entrance Region  495
Entry Lengths  497

8–4	 General Thermal Analysis  498
Constant Surface Heat Flux ​(​​q​​ • ​​s​​ = constant)​  499
Constant Surface Temperature ​(​T​s​​ = constant)​  500

8–5	 Laminar Flow in Tubes  503
Pressure Drop  505
Temperature Profile and the Nusselt Number  507
Constant Surface Heat Flux  507
Constant Surface Temperature  508
Laminar Flow in Noncircular Tubes  509
Developing Laminar Flow in the Entrance Region  510

8–6	 Turbulent Flow in Tubes  514
Fully Developed Transitional Flow Heat Transfer  515
Rough Surfaces  516
Developing Turbulent Flow in the Entrance Region  518
Turbulent Flow in Noncircular Tubes  518
Flow Through Tube Annulus  518
Heat Transfer Enhancement  519

Topic of Special Interest: Transitional  
Flow in Tubes  526

Summary  538
References and Suggested Reading  539
Problems  540

C H A P T E R  N I N E
NATURAL CONVECTION  555

9–1	 Physical Mechanism of Natural Convection  556
9–2	 Equation of Motion and the Grashof 

Number  559
The Grashof Number  561

9–3	 Natural Convection Over Surfaces  562
Vertical Plates ​(Ts = constant)​  563
Vertical Plates ​(​q · ​s = constant)​  563

Final PDF to printer



xiv
CONTENTS

cen98195_fm_i-xxx.indd  xiv� 01/04/19  04:43 PM

Vertical Cylinders  565
Inclined Plates  565
Horizontal Plates  566
Horizontal Cylinders and Spheres  566

9–4	 Natural Convection from Finned Surfaces and 
PCBs  570
Natural Convection Cooling of Finned Surfaces 

(Ts = constant)  570
Natural Convection Cooling of Vertical PCBs  

​(​q · ​s = constant)​  571
Mass Flow Rate Through the Space Between Plates  572

9–5	 Natural Convection Inside Enclosures  574
Effective Thermal Conductivity  575
Horizontal Rectangular Enclosures  575
Inclined Rectangular Enclosures  576
Vertical Rectangular Enclosures  577
Concentric Cylinders  577
Concentric Spheres  578
Combined Natural Convection and Radiation  578

9–6	 Combined Natural and Forced Convection  584
Topic of Special Interest: Heat Transfer  

Through Windows  589
Summary  600
References and Suggested Reading  601
Problems  602

C H A P T E R  T E N
BOILING AND CONDENSATION  623

10–1	Boiling Heat Transfer  624
10–2	Pool Boiling  626

Boiling Regimes and the Boiling Curve  626
Natural Convection Boiling (to Point A on the Boiling 

Curve)  626
Nucleate Boiling (Between Points A and C)  627
Transition Boiling (Between Points C and D)  628
Film Boiling (Beyond Point D)  628
Heat Transfer Correlations in Pool Boiling  629
Nucleate Boiling  629
Peak Heat Flux  630
Minimum Heat Flux  632
Film Boiling  632
Enhancement of Heat Transfer in Pool Boiling  633

10–3	Flow Boiling  637
10–4	Condensation Heat Transfer  638
10–5	Film Condensation  639

Flow Regimes  641
Heat Transfer Correlations for Film Condensation  641
Effect of Vapor Velocity  647
The Presence of Noncondensable Gases in 

Condensers  647

10–6	Film Condensation Inside Horizontal 
Tubes  651

10–7	Dropwise Condensation  653
Topic of Special Interest: Non-Boiling  

Two-Phase Flow Heat Transfer  655
Summary  662
References and Suggested Readings  664
Problems  664

C H A P T E R  E L E V E N
HEAT EXCHANGERS  677

11–1	Types of Heat Exchangers  678
11–2	The Overall Heat Transfer Coefficient  681

Fouling Factor  684

11–3	Analysis of Heat Exchangers  688
11–4	The Log Mean Temperature Difference 

Method  690
Counterflow Heat Exchangers  692
Multipass and Crossflow Heat Exchangers: Use of a 

Correction Factor  693

11–5	The Effectiveness–NTU Method  700
11–6	Selection of Heat Exchangers  714

Heat Transfer Rate  715
Cost  715
Pumping Power  715
Size and Weight  716
Type  716
Materials  716
Other Considerations  716

Topic of Special Interest: The Human 
Cardiovascular System as a Countercurrent 
Heat Exchanger  718

Summary  725
References and Suggested Reading  726
Problems  726

C H A P T E R  T W E L V E
FUNDAMENTALS OF THERMAL 
RADIATION  747

12–1	Introduction  748
12–2	Thermal Radiation  749
12–3	Blackbody Radiation  751

Final PDF to printer



xv
CONTENTS

cen98195_fm_i-xxx.indd  xv� 01/04/19  04:43 PM

12–4	Radiation Intensity  758
Solid Angle  758
Intensity of Emitted Radiation  759
Incident Radiation  761
Radiosity  761
Spectral Quantities  761

12–5	Radiative Properties  764
Emissivity  764
Absorptivity, Reflectivity, and Transmissivity  768
Kirchhoff’s Law  771
The Greenhouse Effect  774

12–6	Atmospheric and Solar Radiation  774
Topic of Special Interest: Solar Heat Gain 

Through Windows  779
Summary  786
References and Suggested Reading  787
Problems  788

C H A P T E R  T H I R T E E N
RADIATION HEAT TRANSFER  799

13–1	The View Factor  800
13–2	View Factor Relations  804

1  The Reciprocity Relation  807
2  The Summation Rule  807
3  The Superposition Rule  809
4  The Symmetry Rule  810
View Factors Between Infinitely Long Surfaces: The 

Crossed-Strings Method  812

13–3	Radiation Heat Transfer: Black Surfaces  814
13–4	Radiation Heat Transfer: Diffuse, Gray 

Surfaces  816
Radiosity  816
Net Radiation Heat Transfer to or from a Surface  817
Net Radiation Heat Transfer Between Any Two 

Surfaces  818
Methods of Solving Radiation Problems  819
Radiation Heat Transfer in Two-Surface Enclosures  820
Radiation Heat Transfer in Three-Surface Enclosures  822

13–5	Radiation Shields and the Radiation 
Effects  828
Radiation Effect on Temperature Measurements  830

13–6	Radiation Exchange with Emitting and 
Absorbing Gases  834
Radiation Properties of a Participating Medium  835
Emissivity and Absorptivity of Gases and Gas 

Mixtures  836

Topic of Special Interest: Heat Transfer  
from the Human Body  843

Summary  847
References and Suggested Reading  848
Problems  849

C H A P T E R  F O U R T E E N
MASS TRANSFER  871

14–1	 Introduction  872
14–2	 Analogy Between Heat and Mass 

Transfer  873
Temperature  874
Conduction  874
Heat Generation  874
Convection  875

14–3	 Mass Diffusion  875
1 Mass Basis  875
2 Mole Basis  876
Special Case: Ideal Gas Mixtures  877
Fick’s Law of Diffusion: Stationary Medium  

Consisting of Two Species  877

14–4	 Boundary Conditions  881
14–5	 Steady Mass Diffusion Through a  

Wall  886
14–6	 Water Vapor Migration in Buildings  890
14–7	 Transient Mass Diffusion  895
14–8	 Diffusion in a Moving Medium  897

Special Case: Gas Mixtures at Constant Pressure and 
Temperature  901

Diffusion of Vapor Through a Stationary Gas: Stefan 
Flow  902

Equimolar Counterdiffusion  904

14–9	 Mass Convection  909
Analogy Between Friction, Heat Transfer, and Mass 

Transfer Coefficients  913
Special Case: Pr ≈ Sc ≈ 1 (Reynolds Analogy)  913
General Case: Pr ≠ Sc ≠ 1 (Chilton–Colburn  

Analogy)  914
Limitation on the Heat–Mass Convection  

Analogy  915
Mass Convection Relations  915

14–10	 Simultaneous Heat and Mass Transfer  919
Summary  924
References and Suggested Reading  926
Problems  926

C H A P T E R  F I F T E E N
COOLING OF ELECTRONIC EQUIPMENT 
(Online Chapter)

Final PDF to printer



xvi
CONTENTS

cen98195_fm_i-xxx.indd  xvi� 01/04/19  04:43 PM

15–1	 Introduction and History
15–2	 Manufacturing of Electronic Equipment 
15–3	 Cooling Load of Electronic Equipment 
15–4	 Thermal Environment 
15–5	 Electronics Cooling in Different Applications 
15–6	 Conduction Cooling 
15–7	 Air Cooling: Natural Convection and Radiation 
15–8	 Air Cooling: Forced Convection 
15–9	 Liquid Cooling 
15–10	 Immersion Cooling 

Summary
References and Suggested Reading
Problems

C H A P T E R  S I X T E E N
HEATING AND COOLING OF BUILDINGS 
(Online Chapter)

16–1	 A Brief History
16–2	 Human Body and Thermal Comfort
16–3	 Heat Transfer from the Human Body
16–4	 Design Conditions for Heating and Cooling
16–5	 Heat Gain from People, Lights, and Appliances
16–6	 Heat Transfer through Walls and Roofs
16–7	 Heat Loss from Basement Walls and Floors
16–8	 Heat Transfer through Windows
16–9	 Solar Heat Gain through Windows
16–10	 Infiltration Heat Load and Weatherizing
16–11	 Annual Energy Consumption

Summary
References and Suggested Reading
Problems

C H A P T E R  S E V E N T E E N
REFRIGERATION AND FREEZING OF 
FOODS (Online Chapter)

17–1	 Control of Microorganisms in Foods
17–2	 Refrigeration and Freezing of Foods

17–3	 Thermal Properties of Food
17–4	 Refrigeration of Fruits and Vegetables
17–5	 Refrigeration of Meats, Poultry, and Fish
17–6	 Refrigeration of Eggs, Milk, and Bakery 

Products
17–7	 Refrigeration Load of Cold Storage Rooms
17–8	 Transportation of Refrigerated Foods

Summary
References and Suggested Reading
Problems

A P P E N D I X  1
PROPERTY TABLES AND CHARTS 
(SI UNITS)  945

Table A–1	 Molar mass, gas constant, and 
ideal-gas specific heats of some 
substances  946

Table A–2	 Boiling and freezing point 
properties  947

Table A–3	 Properties of solid metals  948
Table A–4	 Properties of solid nonmetals  951
Table A–5	 Properties of building materials  952
Table A–6	 Properties of insulating  

materials  954
Table A–7	 Properties of common foods  955
Table A–8	 Properties of miscellaneous 

materials  957
Table A–9	 Properties of saturated water  958
Table A–10	 Properties of saturated 

refrigerant-134a  959
Table A–11	 Properties of saturated ammonia  960
Table A–12	 Properties of saturated propane  961
Table A–13	 Properties of liquids  962
Table A–14	 Properties of liquid metals  963
Table A–15	 Properties of air at 1 atm 

pressure  964
Table A–16	 Properties of gases at 1 atm 

pressure  965
Table A–17	 Properties of the atmosphere at high 

altitude  967
Table A–18	 Emissivities of surfaces  968

Final PDF to printer



xvii
CONTENTS

cen98195_fm_i-xxx.indd  xvii� 01/04/19  04:43 PM

Table A–19	 Solar radiative properties of 
materials  970

FIGURE A–20	 The Moody chart for the friction 
factor for fully developed flow in cir-
cular pipes  971

A P P E N D I X  2
PROPERTY TABLES AND CHARTS 
(ENGLISH UNITS)  973

Table A–1E	 Molar mass, gas constant, and ideal-gas 
specific heats of some substances  974

Table A–2E	 Boiling and freezing point 
properties  975

Table A–3E	 Properties of solid metals  976
Table A–4E	 Properties of solid nonmentals  978
Table A–5E	 Properties of building materials  979
Table A–6E	 Properties of insulating materials  981

Table A–7E	 Properties of common foods  982
Table A–8E	 Properties of miscellaneous 

materials  984
Table A–9E	 Properties of saturated water  985
Table A–10E	 Properties of saturated 

refrigerant-134a  986
Table A–11E	 Properties of saturated ammonia  987
Table A–12E	 Properties of saturated propane  988
Table A–13E	 Properties of liquids  989
Table A–14E	 Properties of liquid metals  990
Table A–15E	 Properties of air at 1 atm pressure  991
Table A–16E	 Properties of gases at 1 atm 

pressure  992
Table A–17E	 Properties of the atmosphere at high 

altitude  994

Index  995

Nomenclature  1015

Conversion Factors  1017

Final PDF to printer



cen98195_fm_i-xxx.indd  xviii� 01/04/19  04:43 PM

Final PDF to printer



P R E F A C E

cen98195_fm_i-xxx.indd  xix� 01/04/19  04:43 PM

B A C K G R O U N D
Heat and mass transfer is a basic science that deals with the rate of transfer 
of thermal energy. It is an exciting and fascinating subject with unlimited 
practical applications ranging from biological systems to common household 
appliances, residential and commercial buildings, industrial processes, elec-
tronic devices, and food processing. Students are assumed to have an ade-
quate background in calculus and physics. The completion of first courses in 
thermodynamics, fluid mechanics, and differential equations prior to taking 
heat transfer is desirable. However, relevant concepts from these topics are 
introduced and reviewed as needed.

O B J E C T I V E S
This book is intended for undergraduate engineering students in their sopho-
more or junior year and as a reference book for practicing engineers. The 
objectives of this text are

∙	 To present the basic principles and equations of heat transfer.
∙	 To show numerous and diverse real-world engineering examples to 

help students develop the intuition they need to correctly apply heat 
transfer principles in engineering.

∙	 To develop an intuitive understanding of heat transfer by emphasizing 
the physics and physical arguments.

It is our hope that this book, through its careful explanations of concepts 
and its use of many practical examples and figures, helps students to develop 
the skills they need to bridge the gap between gaining knowledge and confi-
dently applying that knowledge.

In engineering practice, an understanding of the mechanisms of heat trans-
fer is becoming increasingly important since heat transfer plays a crucial 
role in the design of vehicles, power plants, refrigerators, electronic devices, 
buildings, and bridges, among other things. Even a chef needs an intuitive 
understanding of heat transfer in order to cook the food “right” by adjusting 
the rate of heat transfer. We may not be aware of it, but we already use the 
principles of heat transfer when we seek thermal comfort. We insulate our 
bodies by putting on heavy coats in winter, and we minimize heat gain by 
radiation by staying in shady places in summer. We speed up the cooling of 
hot food by blowing on it and keep warm in cold weather by cuddling up and 
thus minimizing our exposed surface area. That is, we already use heat trans-
fer whether we realize it or not.

P H I L O S O P H Y  A N D  G O A L
This text is the outcome of an attempt to have a textbook for a practically 
oriented heat transfer course for engineering students. The text covers the 
standard topics of heat transfer with an emphasis on physics and real-world 
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applications. This approach is more in line with students’ intuition and makes 
learning the subject matter enjoyable.

The philosophy that contributed to the overwhelming popularity of the 
prior editions of this book has remained unchanged in this edition. Our goal 
has been to offer an engineering textbook that

∙	 Communicates directly with tomorrow’s engineers in a simple yet pre-
cise manner.

∙	 Leads students toward a clear understanding and a firm grasp of the 
basic principles of heat transfer.

∙	 Encourages creative thinking and development of a deeper understand-
ing and intuitive feel for heat transfer.

∙	 Is read by students with interest and enthusiasm rather than being used 
as a guide to solve problems.

Special effort has been made to appeal to students’ natural curiosity and to 
help them explore the various facets of the exciting subject area of heat trans-
fer. The enthusiastic response we received from the users of prior editions—
from small colleges to large universities all over the world—indicates that our 
objectives have largely been achieved. It is our philosophy that the best way 
to learn is by practice. Therefore, special effort is made throughout the book 
to reinforce material that was presented earlier (in each chapter as well as in 
material from previous chapters). Many of the illustrated example problems 
and end-of-chapter problems are comprehensive and encourage students to 
review and revisit concepts and intuitions gained previously.

Yesterday’s engineer spent a major portion of his or her time substituting 
values into formulas and obtaining numerical results. However, now formula 
manipulations and number crunching are being left mainly to the computers. 
Tomorrow’s engineer will have to have a clear understanding and a firm grasp 
of the basic principles so that he or she can understand even the most com-
plex problems, formulate them, and interpret the results. A conscious effort is 
made to emphasize these basic principles while also enabling students to see 
how computational tools are used in engineering practice.

N E W  T O  T H E  S I X T H  E D I T I O N
One of the primary changes in the sixth edition of this text is the effective 
use of full color to enhance the learning experience of students and to make it 
more enjoyable. Another significant change is the inclusion of a new section 
in Chap. 1 on Engineering Codes and Standards (C&S). A knowledge of heat 
and mass transfer, along with adherence to the relevant codes and standards, 
allow engineers to analyze, design, and build components and systems to 
function within the design conditions. Throughout the text, as appropriate, 
example problems and end-of-chapter problems related to engineering codes 
and standards have been presented to introduce this concept to tomorrow’s 
engineers. The third important change has been in Chap. 4 where the graphical 
representation of the one-dimensional transient conduction solutions (Heisler 
charts) have been eliminated, and the emphasis has been placed on the solu-
tion with more accurate approximate or exact analytical expressions. Other 
important changes have been the addition of five new sections or subsections:  
“Aerogel—A Remarkable Superinsulating Material,” “Equation Solvers,” and 
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“Accuracy, Precision and Significant Digits” to Chap. 1, “General Solutions 
for Simultaneously Moving Plates and Fluids” to Chap. 7, and “Analogies 
Between Momentum and Heat Transfer in the Transition Region” to Chap. 8.

We have also incorporated 20 new solved example problems in the text, 
modified over 450 of the existing end-of-chapter problems, and added over 
150 new end-of-chapter problems. A significant number of the new problems 
are on the concept of Engineering Codes and Standards (C&S). All the popu-
lar features of the previous editions have been retained, while new ones have 
been added. Updates and changes for clarity and readability have been made 
throughout the text.

ENGINEERING CODES AND STANDARDS (C&S) PROBLEMS
A recent study done by ASME Vision 2030 Project reveals that almost 
50 percent of engineers in their early careers are unfamiliar with engineering 
codes and standards. As companies and manufacturers are expanding opera-
tions globally, there is a greater interest in harmonizing codes and standards 
across jurisdictions and disciplines. The need for engineers to have the 
knowledge about codes and standards is growing, and having this knowledge 
allows engineers to innovate and manufacture competitive products. In the 
subject of heat and mass transfer, there are several engineering codes and 
standards that are relevant. These codes and standards have been issued and 
published by professional associations, such as the ASME and the ASHRAE, 
and standards organizations, such as ASTM International, ANSI, and the ISO. 
The Engineering Codes and Standards (C&S) concept is first introduced in 
Chap. 1. The engineering C&S concept complements the Prevention through 
Design (PtD) concept that was introduced in the fifth edition of this book 
to emphasize safety in designs. The example problems and end-of-chapter 
problems in each chapter not only offer perspectives on interesting real-world 
applications but also introduce the concepts of engineering C&S to tomor-
row’s engineers so they may influence a change in the culture toward a greater 
emphasis on codes and standards. The knowledge of heat and mass transfer, 
along with adherence to the relevant codes and standards, allow engineers to 
analyze, design, and build components and systems to function within their 
design conditions.

CONTENT CHANGES AND REORGANIZATION
With the exception of the changes already mentioned, several updates and 
changes for clarity and readability have been made in the text. In this edition, 
we have introduced 20 new example problems and over 600 new and modi-
fied end-of-chapter problems. The noteworthy changes are summarized here 
for those who are familiar with the previous edition.

∙	 In Chap. 1, four new sections or subsections have been added: 
“Aerogel—A Remarkable Superinsulating Material” by Dr. Ann 
M. Anderson of Union College, “Engineering Codes and Standards 
(C&S)” by Dr. Clement C. Tang of the University of North Dakota, 
“Equation Solver,” and “Accuracy, Precision and Significant Digits.” 
Also, the Topic of Special Interest on “Thermal Comfort” has been 
expanded.

∙	 In Chap. 3, the section on “Bioheat Transfer Equation” has been 
expanded.
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∙	 In Chap. 4, the graphical representation of the one-dimensional tran-
sient conduction solutions (Heisler charts) have been eliminated, and 
the emphasis has been placed on the solution with more accurate 
approximate or exact analytical expressions. Based on the input we 
have received from instructors, very few students use the graphical 
representations of the one-dimensional, transient conduction solutions 
(Heisler charts); most prefer to solve the approximate or exact analyti-
cal expressions. In addition, all the example problems using the graphi-
cal solution have been updated.

∙	 In Chap. 7, a new subsection on “General Solutions for Simultaneously 
Moving Plates and Fluids” has been added. In addition, new equa-
tions for the flat plate average Nusselt number with unheated starting 
length for laminar and turbulent flows have been added. We have also 
updated Table 7-1 with several additional correlations for noncircular 
geometries.

∙	 In Chap. 8, a new subsection on “Analogies Between Momentum and 
Heat Transfer in the Transition Region” has been added. Also, we have 
updated/expanded internal forced convection heat transfer correlations 
in laminar, transitional, and turbulent flows.

∙	 In Chap. 10, the coverage of the Topic of Special Interest on “Non-
Boiling Two-Phase Flow Heat Transfer” has been expanded.

∙	 In Chap. 11, the coverage of the Topic of Special Interest on “The 
Human Cardiovascular System as a Countercurrent Heat Exchanger” 
has been expanded.

∙	 In Chap. 13, the section on view factors was updated. We have also 
updated and added a few view factor relations.

L E A R N I N G  T O O L S
EMPHASIS ON PHYSICS
A distinctive feature of this book is its emphasis on the physical aspects of 
the subject matter in addition to mathematical representations and manipu-
lations. The authors believe that the emphasis in undergraduate education 
should remain on developing a sense of underlying physical mechanisms 
and a mastery of solving practical problems that an engineer is likely to 
face in the real world. Developing an intuitive understanding should also 
make the course a more motivating and worthwhile experience for the 
students.

EFFECTIVE USE OF ASSOCIATION
An observant mind should have no difficulty understanding engineering 
sciences. After all, the principles of engineering sciences are based on our 
everyday experiences and experimental observations. Therefore, a physi-
cal, intuitive approach is used throughout this text. Frequently, parallels are 
drawn between the subject matter and students’ everyday experiences so that 
they can relate the subject matter to what they already know. The process of 
cooking, for example, serves as an excellent vehicle to demonstrate the basic 
principles of heat transfer.
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SELF-INSTRUCTING
The material in the text is introduced at a level that an average student can 
follow comfortably. It speaks to students, not over students. In fact, it is self-
instructive. The order of coverage is from simple to general. That is, it starts 
with the simplest case and adds complexities gradually. In this way, the basic 
principles are repeatedly applied to different systems, and students master 
how to apply the principles instead of how to simplify a general formula. 
Noting that principles of science are based on experimental observations, all 
the derivations in this text are based on physical arguments, and thus they are 
easy to follow and understand.

EXTENSIVE USE OF ARTWORK
Figures are important learning tools that help the students “get the picture,” 
and the text makes effective use of graphics. It contains more figures and 
illustrations than any other book in this category. This sixth edition of Heat 
and Mass Transfer: Fundamentals & Applications, features an enhanced art 
program done in four colors to provide more realism and pedagogical under-
standing. Further, a large number of figures have been upgraded to become 
three-dimensional and thus more real-life. Figures attract attention and stimu-
late curiosity and interest. Most of the figures in this text are intended to serve 
as a means of emphasizing some key concepts that would otherwise go unno-
ticed; some serve as summaries.

LEARNING OBJECTIVES AND SUMMARIES
Each chapter begins with an Overview of the material to be covered and 
chapter-specific Learning Objectives. A Summary is included at the end of 
each chapter, providing a quick review of basic concepts and important rela-
tions, and pointing out the relevance of the material.

NUMEROUS WORKED-OUT EXAMPLES WITH A 
SYSTEMATIC SOLUTIONS PROCEDURE
Each chapter contains several worked-out examples that both clarify the mate-
rial and illustrate the use of the basic principles in a context that helps develop 
student’s intuition. An intuitive and systematic approach is used in the solution 
of all example problems. The solution methodology starts with a statement of 
the problem, and all objectives are identified. The assumptions and approxima-
tions are then stated together with their justifications. Any properties needed 
to solve the problem are listed separately. Numerical values are used together 
with their units to emphasize that numbers without units are meaningless, and 
that unit manipulations are as important as manipulating the numerical values 
with a calculator. The significance of each example’s result is discussed fol-
lowing the solution. This methodical approach is also followed and provided 
in the solutions to the end-of-chapter problems, available to the instructors.

A WEALTH OF REALISTIC END-OF-CHAPTER PROBLEMS
The end-of-chapter problems are grouped under specific topics to make prob-
lem selection easier for both instructors and students. Within each group of 
problems are:

∙	 Concept Questions, indicated by “C,” to check the students’ level of 
understanding of basic concepts.
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∙	 Prevention through Design Problems, designated by the icon  .  
These problems introduce the concepts of PtD to the minds of 
tomorrow’s engineers whereby they may influence a change in culture 
toward more emphasis on safe designs.

∙	 Engineering Codes and Standards Problems, designated by the 

	 icon . These problems introduce the concepts of C&S to engineer-
ing students. The knowledge of heat and mass transfer, along with 
adherence to the relevant engineering codes and standards, allow 
tomorrow’s engineers to analyze, design, and build components and 
systems to function within the design conditions.

∙	 Computer-Oriented Problems, designated by the icon  . These 
problems are comprehensive in nature and are intended to be solved 
with a computer, using appropriate software.

∙	 Review Problems are more comprehensive in nature and are not 
directly tied to any specific section of a chapter—in some cases they 
require review of material learned in previous chapters. These prob-
lems are placed under the heading “Review Problems.”

∙	 Fundamentals of Engineering (FE) Exam Problems are designed 
to help students prepare for the Fundamentals of Engineering exam, 
as they prepare for their Professional Engineering license. These are 
multiple-choice problems, and they are intended to check the readers’ 
understanding of fundamentals and to help them avoid common pit-
falls. These problems are placed under the heading “Fundamentals of 
Engineering (FE) Exam Problems.”

∙	 Design and Essay Problems are intended to encourage students to 
make engineering judgments, to conduct independent exploration of 
topics of interest, and to communicate their findings in a professional 
manner. These problems are placed under the heading “Design and 
Essay Problems.”

∙	 Problems Designated by an “E” are in English units, and SI users can 
ignore them.

Several economics- and safety-related problems are incorporated through-
out to enhance cost and safety awareness among engineering students. 
Answers to selected problems are listed immediately following the problem 
for convenience to students.

USE OF COMMON NOTATION
The use of different notation for the same quantities in different engineering 
courses has long been a source of discontent and confusion. A student taking 
both heat transfer and fluid mechanics, for example, has to use notation Q for 
heat transfer in one course and for volume flow rate in the other. In this text, 
we have made a conscious effort to minimize this conflict by adopting the 
familiar thermodynamic notation ​V•​ for volume flow rate, thus reserving the 
notation Q for heat transfer. This type of effort has been made in all the other 
engineering texts by lead author Yunus Çengel. We think that both students 
and instructors will appreciate this effort to promote a common notation.
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A CHOICE OF SI ALONE OR SI/ENGLISH UNITS
In recognition of the fact that English units are still widely used in some 
industries, both SI and English units are used in this text, with an emphasis on 
SI. The material in this text can be covered using combined SI/English units 
or SI units alone, depending on the preference of the instructor. The property 
tables and charts in the appendices are presented in both units, except the ones 
that involve dimensionless quantities. Problems, tables, and charts in English 
units are designated by “E” after the number for easy recognition, and they 
can be ignored by SI users.

TOPICS OF SPECIAL INTEREST
Most chapters contain a real-world application, end-of-chapter optional 
section called “Topic of Special Interest” where interesting applications of 
heat transfer are discussed. Examples include Thermal Comfort in Chap. 1, 
Heat Transfer Through Walls and Roofs in Chap. 3, Microscale Heat Transfer 
in Chap. 6, Transitional Flow in Tubes in Chap. 8, Heat Transfer Through 
Windows in Chap. 9, Non-Boiling Two-Phase Flow Heat Transfer in Chap. 
10, Human Cardiovascular System as a Countercurrent Heat Exchanger in 
Chap. 11, and Heat Transfer from the Human Body in Chap. 13. The topics 
selected for these sections provide intriguing extensions to heat transfer, but 
they can be ignored without a loss in continuity.

IMPORTANT HEAT TRANSFER TERMS
Through the chapters, when an important key term or concept is introduced 
and defined, it appears in red boldface type.

CONVERSION FACTORS
Frequently used conversion factors and physical constants are listed at the 
very end of the book for easy reference.

NOMENCLATURE
A list of the major symbols, subscripts, and superscripts are also listed at the 
very end of the book for easy reference.

S U P P L E M E N T S
The following supplements are available to the users of the book.

TEXT WEBSITE
Visit the website for several instructor resources including Lecture 
PowerPoints, the text’s images in PowerPoint form, Solution’s Manual, and 
helpful web links for students.

THREE ONLINE APPLICATION CHAPTERS
The application chapters “Cooling of Electronic Equipment” (Chap. 15), 
“Heating and Cooling of Buildings” (Chap. 16), and “Refrigeration and 
Freezing of Foods” (Chap. 17) are available via the text website.
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