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PREFACE

Heat transfer and the design of heat transfer equipment continues to be a centrally important
issue in process engineering. In recent decades, there has been increased emphasis on the optimal
use of energy and, with increased energy cost, efficient heat transfer has become of vital importance.
It was with this in mind that the publisher who started this project (William Begell of Begell House)
suggested the writing of this book. The project has taken over 5 years to come to fruition.

Anyone attempting to write a book on this subject must always have foremost in mind the
classical text by D. Q. Kern, Process Heat Transfer, published by McGraw-Hill Book Company in
1950. In the 40-plus years since its publication, this book has had a central role in both teaching and
practice in process heat transfer. Kern’s book has been so seminal and successful that there has
obviously been a lot of hesitation by us (and others) to tread the same path. However, one has to
recognize that technical developments have continued over the past 40 years and that there have
been considerable changes of emphasis in the process industry. It was for these reasons that we
persevered with the present project.

We have aimed to provide a book that will serve as a textbook at the undergraduate and
postgraduate level and that can also serve as a general source of information for engineers in the
process industry. With these objectives in mind, we have started with the fundamentals of heat
transfer (conduction, convection, and radiation), going on to consider heat transfer with phase change
(boiling and condensation), and then dealing with heat transfer equipment and applications. Although
there is still emphasis on heat exchangers of the tubular type, our book differs strongly from Kern’s in
presenting information on a wide variety of heat exchangers that have achieved prominence in recent
decades. Emphasis is given to the selection between the heat exchanger types and to thermodynamic
aspects such as process integration and thermodynamic cycles. These changes of emphasis (together
with more recent data and correlations) reflect the developments both in technology and applications
over recent decades. It would, perhaps, be too much to hope that this present book could have the
impact that Kern’s did, and the process industry surely must be indebted to his example.

We thought long and hard about the units for the present book. Clearly, much work is still
carried out on heat transfer using what were formerly called Imperial Units, but now more commonly
US Customary Units (namely, pound, mass, pound force, foot, inch, hour, etc.), and the temptation
was to continue the tradition of using these units in the present book. However, throughout the
world, modern teaching is in SI units (kilogram, meter, and second) and it is totally inappropriate, in
our view, to start a new book without complying as closely as possible to the SI system. We are old
enough to feel very sympathetic to those who find it difficult to visualize the magnitude of quantities
in the SI system, having all worked in our earlier careers using Imperial Units. However, it is
surprising how quickly one becomes familiar with the SI system, and its rationality, consistency, and
reduced tendency to error makes it an excellent framework for technical work. To help students
understand both the units and the basic calculational procedures, a very large number of worked
examples and problems are presented!

Another departure from tradition in this book is the adoption of the new international standards
for nomenclature. This standard nomenclature for heat transfer has been developed in a whole series
of discussions at the International Heat Transfer Conferences and in the International Centre for
Heat and Mass Transfer. It is hoped that, by adopting these new standards in the present book, a
small contribution will have been made in the direction of reducing the chaos that previously existed.
Some engineers will find some of the standard nomenclature difficult at first (e.g., the use of « rather
than h for heat transfer coefficient and the following of the ISO lead in using 7 rather than wn for
viscosity). However, in the present authors’ views, the war on nomenclature has now largely been
fought and we hope that by adapting the new standards, we are contributing to a lasting peace on this
front! A good source of information on the standard nomenclature is the article by
Y. R. Mayhew, Use of Physical Quantities, Units, Mathematics and Nomenclature in Heat Transfer
Publications ( Experimental Heat Transfer, 2:149, 1989).

We are greatly indebted to many colleagues for helpful suggestions and comments on the
material contained in this book. Specifically, we would like to mention Dr. P. B. Whalley of the
University of Oxford who was co-author (with GFH) of the original article on reboilers on which
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Chapter 14 is based. R. H. Marsland of Johnson Hunt Ltd. and A. R. Guy of Brown Fintube Ltd.
contributed considerably to the material from which Chapter 4 of this volume was ultimately
developed. We would also like to express our sincere gratitude to the reviewers of the first draft of
the book (Professor K. J. Bell of Oklahoma State University and R. A. Smith formerly of ICI Ltd.) for
their most comprehensive and useful commentary on the material. We would like to thank all of
these people for their help with the book, but would like to stress that any deficiencies are our
responsibility.

We would like to thank our co-publishers, Begell House and CRC Press, for their help. William
Begell started this project and gave us encouragement throughout, for which we are deeply grateful.

Finally, we would like to thank our wives for their patience and encouragement during the
writing of this book, particularly in relation to the many working weekends that were involved!

G. F. Hewitt
G. L. Shires
T. R. Bott



NOMENCLATURE

Symbol Quantity Coherent SI Unit

A Surface area m?

a Surface area per unit volume m!

a Amplitude of temperature cycle K

b Breadth m

C Heat capacity J/K = (kg - m?)/(s? - K)

Cr (MCp)min/(MCp)max

Cs Stefan-Boltzmann constant W/(m?-K*)

¢ Mass concentration kg/m>

c Molar concentration mol /m>

Gz G Specific heat capacity at J/(kg-K) = m?/(s* - K)
constant volume or pressure

¢ ¢, Molar heat capacity at constant volume J/(kmol - K) = (kg - m?) /(s? - kmol - K)
or pressure

D Diameter m

D Diffusion coefficient m? /s

D, Diffusivity (= §) m?/s

d Diameter m

E Emissive power (radiation) W /m?

E Heat exchange effectiveness

F Force N = (kg - m)/s?

F;; View factor (radiation)

f Frequency s~ 1

fo Friction factor

G Total radiation W ,/m?

g Gravitational acceleration m/s’

H Height m

H Enthalpy J = (kg - m?)/s?

h Specific enthalpy J/kg = m?/s?

h Molar enthalpy J/kmol

h; g Enthalpy of evaporation J/kg = m?/s?
(latent heat)

h Height of fins m

1 Irradiation intensity W /m?

J Radiosity W ,/m?

L Length m

L, Equivalent length m
(= volume /surface area)

L, Entry length m

[ Length m

M Mass kg

M Molar mass (molecular weight) kg /kmol

M Mass flow rate kg/s

m Mass flux (mass velocity) kg/(m? - s)
=M/S

m, Mass flux of species i kg/(m?-s)

m Mass of particle kg

N Number of tubes

n Number of tubes in row

P Periphery m

p Pressure Pa = N/m? = kg /(m - s2)

Ap Pressure drop Pa = N/m? = kg/(m - s2)

p Tube pitch m
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Nomenclature

Symbol Quantity Coherent SI Unit
0 Quantity of heat J = (kg-m?)/s?
10) Rate of heat transfer W = (kg - m?)/s’
g Heat flux (0 /A) W/m? = kg /s’
R Molar (universal) gas J/kmol = (kg - m?)/(s* - kmol - K)
constant
R; Specific gas constant J/kg-K) = m?/(s* - K)
R Electrical resistance ohms () = V/A
R, Thermal resistance K/W
r Radius, polar coordinate m
S Cross-sectional area m?
S Entropy J/K = (kg - m?) /(s> - K)
S Rate of internal heat generation W /m?
per unit volume
s Specific entropy J/(kg-K) = m?/(s* - K)
§ Molar entropy J/(kmol - K)
s Space between fins m
T Temperature, absolute K
temperature
AT Temperature difference or K
interval
ATy, Mean temperature difference K
ATy Logarithmic mean temperature K
difference
t Time S
U Overall heat transfer W/(m? - K) = kg /(s> - K)
coefficient
U Flux velocity m/s
u Velocity, velocity component m/s
(x axis)
14 Volume m?
14 Volumetric flow rate m3 /s
V Fluid velocity m/s
v Specific volume m”/kg
i Molar volume m? /kmol
v Velocity, velocity
component (y axis) m/s
w Work J = (kg-m?)/s?
w Rate of work (power) W = (kg-m?)/s>
w Velocity, velocity component m/s
(z axis)
w Thickness of fins m
X Dryness fraction (quality)
X Distance, Cartesian m
coordinate
X; Mass fraction of
species i
X; Mole fraction of
species i in liquid phase
y Cartesian coordinate m
Yi Mass fraction of species i
Vi Mole fraction of species i in vapor
phase
5. Height, Cartesian coordinate m
Greek Symbols
a Heat transfer coefficient W /(m? - K) = kg /(s> - K)
a Absorptivity (radiation)
B Mass transfer coefficient m/s
r Film flow rate per unit width kg/(m - s)



Nomenclature

Symbol Quantity Coherent SI Unit
b7 Ratio ¢, /c,
& Thickness, liquid film thickness m
& Diffusivity m? /s
8 Boundary layer thickness m
€ Emissivity (radiation)
€ Phase fraction
Liquid fraction (holdup)
G Gas fraction (void fraction)
Fin effectiveness
Coefficient of thermal expansion K!

€SI IDTT T >X>A DD IINLH O

=R

Viscosity

Fin efficiency

Polar coordinate

Temperature difference

AT‘M/(Th,m - Tc,in)

Thermal diffusivity

Thermal conductivity

Wavelength

Kinematic viscosity (= 7/p)

Density

Molar density

Reflectivity (radiation)

Surface tension

Stefan Boltzmann constant

Shear stress

Polar coordinate

Geometrical factor for calculating
fin efficiency

Rotational speed

Solid angle

Pa-s = (N-s)/m? = kg/(m - s)

rad
K

m?/s

W/(m-K) = (kg-m)/(s* - K)
m

m? /s

kg/m?

mol /m>

N/m = kg /s?
W/(m?-K*)

Pa = N/m? = kg/(m - s?)
rad

rad/s
st

vii



Process
Heat
Iranster



CONTENTS
1. Introduction . . . . .......... ... ..., .
1.1 Aimof this Book . . ... ... e
1.2 Process INdUSEIIES . . . . v oot i e e e e e 1
1.3 Applications of Heat Transfer in the Process Industries. . . . ... .................. 2
1.3.1 Chemical Reactions . . . . . ... ...ttt et s, 2
132 Biological Reactions. . . . . ... .. ... it 2
1.3.3: Physical CHANBES « « s wwimw s s smmms 56 9mmm 5 55 6 05855 5 oo wm s o o mmmmo s oo 3
1.3.4 Power Generation . . ... ... o vt i ittt 3
1.3.5 Air Conditioning and Space Heating . ... ........... ... ... .u.... 4
1.3.6 Waste Heat ReCOVEIy . . . . . oottt e e e e e 4
1.4 Heat Exchangers .. ... ... ... .. 4
1.4.1 Heat Exchanger/Process Configurations. . . .. ............0.vuuru..... 4
1.4.2  Classification of Heat Exchangers . .. ......................u.uu.... 4
1.43 Heat Exchanger Family Tree . ... ...... ... ... ... .. . .. ... 7
L5 Structure of this Book . . . .. ... . 7
References. . . . ..o 9
2. Mechanisms of Heat Transfer . . . . . ... ... .. ... .., 11
21 Introduction. . . .. ..o e e 11
22 Modesof Heat Transfer . . . .. ...ttt e e e e e e 11
23 Heat Conduction. . . .. ..o i ittt et e e 12
231 Introduction . . . ... ..ot e 12
2.3.2 Thermal Conductivity in Solids, Liquids, and Gases . ... .................. 13
2.3.3 General Equation of Heat Conduction . . ................c0uuuuernine... 16
2.3.4 Steady-State Heat Conduction. . . ... .......... ... 19
235 Heat Conductionin Fins . .. ... ... . e, 27
23.6 Two-Dimensional Steady-State Heat Conduction. . . ... .................. 32
2.3.7 Conduction with Internal Heat Generation . .. .. ... .. .. ..o . 36
2.3.8 Transient Heat Conduction . . ........... ... . 42
2.4 Convective Heat Transfer . . . . .. .. ... ittt 55
241 Introduction . . ... ...t 55
2.4.2  Fluid Motion and Convective Heat Transfer . . . . .. .. .o v i, 56
2.43 Nondimensional Parameters . . .. ... .. ... .o 58
244 Heat Transfer To, or From, a Body in a Flowing Stream . . .. ............... 64
24.5 Heat Transfer in Cross-Flow Heat Exchangers . . ....................... 73
2.4.6 Internal Flow: Friction Factor and Pressure Drop . .. .................... 93
2.4.7 Internal Flow: Heat Transfer . . ... ... ... ... ... 98
2.4.8 Natural Convection . . . . . . v vttt e e e e e 108
2.49 Heat Transfer Coefficients for Natural Convection. . . . .. .. .. .o ovuvu . ... 111
2.5 Thermal Radiation. . . . ... ... . 120
251 Introduction . ... ... ... ..., 120
25.2 Blackbody Radiation . . .. ... ... ... 120
2.5.3 Radiation Intensity and Its Relationship to Emissive Power . . ... ........... 123
2.5.4 Real Surfaces: Radiation . .. ............. ..., 126
2.5.5 Real Surfaces: Irradiation . . . . ... ... .., 131
25.6 Kirchhoff's Law . .. ... ... 132
2.5.7 Radiation between Surfaces: View Factor. . . . ... ... ... 135
2.5.8 Radiation between Reflecting Surfaces ... ...............uu.nu.... 141
2.5.9 Combination of Radiation and Natural Convection. . . . . .. ... ............ 143
2.5.10 Absorption and Emission by Gases . . . . . . oo oottt e 144
PrODIEMS o i b v it o 66 5 s o s 5 o v e a v e meime e e s cmoie e e e e me s s e e s e 150
References . . ... .o 152

ix



x Contents

3. Basic Theory of Heat Exchangers . . . . ... ... ... 155
3.1 INtrodUCHON « & & v v v e e e e e e e e e e e e e e e e 155
3.2 Overall Heat Transfer Coefficient . . . . ... ...t 155
3.3 Temperature Profiles in Heat Exchangers and the General Method for Heat

Exchanger Area Calculation. . . . ... ... ittt 162
3.4 Special Solutions for Constant Heat Transfer Coefficient and Heat Capacities. . . . ... .. 167
3.4.1 Pure Counterflow Heat Exchanger . . ... . ....... ... .. 167
342 Pure Cocurrent FIOW . . . . o oo ittt s 169
3.4.3 Shell-and-Tube Heat Exchanger with Two Tube-Side Passes. . . . ............ 170
3.4.4 Multiple Shell-and-Tube Heat Exchangers . . . .......... ... .. ot 176
3.4.5 Cross-Flow Heat Exchangers . . . . .. . ..ot 180
3.5 Maximum Heat Transfer Rate and Heat Exchanger Effectiveness. . .. ............. 182
3.6 Number of Transfer UNits . . . . . . . o vttt ittt ittt e e e e e e e e ee e e 183
3.7 Alternative Representations of Heat Exchanger Performance . .................. 184
3.8 Utilization of F-0-NTU-P Charts. . . . .« v vttt ittt e e ee e oo e s 189

PrODIEIS .« v oo o o v oo s 6 8 5 S B 6 § 5 5 B W § 8 8 a0 £ ¢ s maieie o o 4 wim e o o b wwme 88 193

REFEICICES &« & v v v v vt et e e e e e e e e e e e et et e e e e e e 194

4. Selection of Heat Exchangers. . . . . . . . . .. i 197
4.1 INtrOdUCHION &+ & v v o e e e e e e e e e e e e e e e 197
4.2 Typesof Heat Exchangers . . . ... ... . i 198

4.2.1 Shell-and-Tube Heat Exchangers . ... ... ..... ...t 198
42.2 Double-Pipe Heat Exchangers . . . . . ... ..., 200
4.2.3 Gasketed Plate Heat Exchangers . ... ............ ... . 201
424 Spiral Heat Exchangers ... ...... ... .. i 203
425 Lamella Heat Exchangers . . . . .. ..o v i ittt et e 204
42.6 Welded Plate Exchangers . . . . ..o oo v ittt it e e 205
4.2.7 Special Designs for Hot Gas-to-Liquid Duties . . . .. ...... ... ... 0. 205
4.2.8 Special Designs for Gas-to-Gas Recuperative Duties. . . .. ........ ... 207
4.2.9 Heat-Pipe Heat Exchangers . ............. ... iy 210
42,10 Cyclic Regenerators. . . . ..o v v ittt et e ettt ettt 212
4.2.11 Rotary Regenerators . . . . . oo oottt i ie it i oot e 212
4.2.12 Air-Cooled Heat EXchangers . . . . . . ..o v vttt it it i i e e ettt 213
4.2.13 Compact Heat Exchangers . ... ...... .. ..., 213
4.2.14 Scraped Surface Heat Exchangers. . . . ... ... ... i 215
43 Initial SEleCtiON . . . o o v it e e e e e e e 215
4.4 Selection between Feasible Types . . . . . .o i i e 215
45 Heat Transfer Fluids . . . . . . . . . ittt e e 231

53 0] 0] 155 1+ 1 I 232

REfEIENCES & v v v v o vt et e e et e s e as st e s st e snosansesasnnnssonsnassenns 232

5. Double-Pipe Heat Exchangers . . . . .. ... ... ... i, 233
51 Introduction « s s s s sism@ s 3 5553 & 5 8 SEEE § 5§ Bw e 0 v v wmiae o o oo o s s wme 233
5.2 Mechanical DeSIgn. . . . oo v vt it e 233

5.2.1 Double-Pipe Straight Tube Heat Exchangers. . ... ..................... 233
5.2.2 Double-Pipe U-Tube Heat Exchangers . ............ ... .. ... .. ... ... 233
523 Multitube UNItS . . . vttt ettt e e it e e e e 233
524 FIOS v v v v mmmo s 68 58 6 5 8 5885 5 83 BB w55 s aaossssimumes soommen o 233
5.3 Advantages of Double-Pipe Heat Exchangers. . . .. ........ ... ... .. ... 235
5.3.1 Simplicity of CONStruction . . . . .. .. .ot i ittt e 235
5.3.2 Ease of Access for Maintenance . . . . . .o oo v vt v i i it i 235
5.3.3 Countercurrent FIOw . . . . . . . ..o e 235
5.3.4 Feasibilityof Finned Tubes . . . .. ... .. oo 235
5.3.5 High-Pressure Applications. . . .. ... ..ot i 235
5.4 Thermal Performance ASSESSIMENt . . . . . . . vt ittt it e et e e e e e e e e e e e e 236

5.4.1 Introduction



Contents  xi

5.4.2 Simple Double-Pipe Heat Exchanger. . .. ... .......... ... .... 236

5.43 Parallel/Series Arrangements of Double-Pipe Heat Exchangers .. ........... 247

5.4.4 Effectof Longitudinal Fins . . ... ... ... ... ... . ... . ... ... ... ... 253

545 Multitibe UNItS . s s 5 sommm s 5 5 5mse £ 5 5 55805 5 5 homsom o a0 s mmmm i s o o mmo 260
Problems . . . ... 260
REFETENCES 15w 5 1 5 5 5im 0% 5 5 9 M5 § 8 5 HES S 5 5 5 immom n o v wmmon o o o oimiwm o o o a5 s s ww 260
6. Shell-and-Tube Heat Exchangers . . . ........... ... ... .. .. .00 uuininin... 263
6.1 Introduction: The Design Process . . . ... .... ... 263
6.2 Definitions and Basic Mechanical Features . . .. ... ........................ 265
6.2.1 Shell Type. . . . oo 265

6.2.2, TUBEBUTAIE: . s ¢ swimw s 5 psmim c 5 5 G089 855 5ERE 5 5 s1mmmn s x oimioie o e o e 265

6.23 Tube Diameter. . . .. . ..o i it 267

6.2.4 TubeLength . .. ... ... 267

6.2.5 Tube Layoutand Pitch. ... ... ... ... .. . . . .. 267

6.2.6 Baffle Design. . ... ... ... 267

6.3 Heat Transfer and Pressure Loss Calculations . . ........................... 269
631 KernMethod. .. ... ... ... . 271

6.3.2 Bell-Delaware Method . . . ... ... ... . . . 275

6.3.3 Flow Stream-Analysis Method . . .. ........ ... ... ... ... ... ....... 285

6.4 Ratingand Design . . . ... .. ... 292
References . . . ... . e 295
7. Plate-Fin Heat Exchangers . . . . .. ........ .. .. ... .. .. 297
7.0 Introduction . . . ... e 297
7.2 Structural CharacteriStics. . . . . . oo v vt e e e e e e e s s et 5 o 6 297
7.2.1 Basic Features and Applications. . ... ........... i .. 297

7.2.2 Extended Surface GeOmetries . . . .. . ... vttt 298

7.3 Heat Transfer and Frictional Pressure Drop. . . . ... ..o oot i 298
731 Laminar Flow . ...... ... ... 301

7.3.2  General Heat Transfer and Frictional Pressure Drop Relationships . . . .. ... ... 307

7.3.3 Interrupted Plate-Fin Systems . . . ... ... ... 308

7.3.4 Comparison of Surface Geometries in Terms of Thermal /Hydraulic Performance . .310

7.4 Procedure for Performance Calculations . . . .. ............................312
7.4.1 Geometrical Parameters. . . . .. ... .. o 312

7.4.2  Calculation of Heat Transfer in Plate-Fin Heat Exchangers . .. ............. 314

7.4.3 Calculation of Pressure Drop in Plate-Fin Heat Exchangers . . . . ............ 314

7.4.4  Summary of Procedure for Calculating Performance . . . ... ............... 315
PLOBIEMS; v o« wvowriis s ¢ simmm 5 6 8 SSEE £ 8 SEEEH S 58 EE 5 o o otormom o o ot v o 3 324
References . . . ... 324
8. Plate-and-Frame Heat Exchangers . . . ....................................327
.1 Introduction . . . .. ... e 327
8.2 Applications of the Plate-and-Frame Heat Exchanger . . ...................... 327
8.3 Advantages and Disadvantages of Plate Heat Exchangers . . . ................... 329
83.1 Flexibility .. .. ... . 330

8.3.2 Compactness . . . .. ..t 330

8.3.3 Low Fabrication COStS . . . . . vttt it e e e e e 330

833 EaseofCleaning. . .. ........ ... . 330

83.5 Temperature Control. . . ... ... ... 330

8.4 Plate COTrugations . . . . ... ..o v ittt ittt 330
84.1 Formsof Corrugation . ............... ... ... 330

84.2 Plate Heat Transfer. . . . ... ...ttt 331

843 Plate Pressure Drop . ... ...t 335

8.4.4 Pressure LossatInletand Outlet . . . ... ... oo i et 335

8.5 Plate-and-Frame Heat Exchanger Configurations . . ... ...................... 335



xii  Contents

8.6 Thermal PerfOormance . . . . . v v v v ot it e ittt e ettt e e et e e e e 336
8.6.1 Methodsof Calculation . . .. ... ... ...ttt . 337
8.6.2 Single-Pass Plate Heat Exchanger in Countercurrent Flow . . .. ............. 339
8.6.3 Two-Pass/Two-Pass Plate Heat Exchanger in Countercurrent Flow . . .. ....... 345
8.6.4 Two-Pass/One-Pass Plate Heat Exchanger. . . .. ........ .. ... ... ... 347
8.6.5 Designing a Plate Heat Exchanger for a Specific Duty. . . ................. 357
PrODIEMS . o i e e e e e e e e e e 362
REEIEICES « o ¢ ¢ ¢ o 55 v s s s w v o o & mmmis s o oo o oo siwvioeaemoinssossssasssssos 363
9. Air-Cooled Heat EXChangers . . . . ... ..o v v e n et eenneneeon.. 365
0.1 INtrOdUCHION &+« « v v e e e e e e e e e e e e e e e e e 365
9.2 Advantages and Disadvantages of Air Cooling . . .. .......... ... i 365
021 AdVANLAZES . -« v v vt h e e e 365
922 DisSadVANTAZES .+« v v v v v v v et e 365
9.3 Air-Cooled Heat Exchanger Construction . . . .. ... ... .ii vt 365
9.3.1 Arrangement of Tube Bundles and Provision of Air Flow. . . . .............. 366
9.3.2 Bundle Construction and Flow Configuration . ........................ 367
9.3.3 Finned Tube CONStIUCHON . . . & v v v vttt et et e e i i e e e 368
9.4 Thermal Performance of Air-Cooled Heat Exchangers . . . . .................... 371
9.4.1 Thermal Performance Calculations . . . . . ... ... e.....371
9.42 Calculation of AT . . . oo v v it e e 372
9.43 Effects of Tube Configuration on Performance .. ...................... 387
PrODICINS . oo s 55 oo mm s 65 5% B 8 § 5 G888 § 8 8 a6 s 66 6% 8w 6 oo smmiooesomansesss 387
R CICNCES .« o o i e e e e e e e e e e e e e 388
10. TWO-Phase FIOW . . . . . . oo cv i o i ivonssoenntitsseveeesoaeeessosossssens 391
10.1 INtroduCtion . . . . v v v i i e e e e e 391
10.2 Two-Phase Flow Patterns . . . . . . .o oot i ittt i it e et e e 391
10.2.1 Vertical Round Tubes . . . . ... ... 391
10.2.2 Flow Patterns in Horizontal Tubes . . . . .. ...... ... ... .. oo 391
10.2.3 Flow Patterns in Inclined Tubes. . . . . ... ... . ... 394
10.2.4 Flow Patterns in Cross-Flow and in Shell-and-Tube Heat Exchangers. . . ... .. 394
103 Basic EQUAtiONS . . . . o o vttt i e 396
10.3.1 Definitions «m« ¢ ¢ s s wm s 55 pomm s s 6 @ sem s s s swm e o o wwmne o s e 396
10.3.2 Balance Equations for Homogeneous Flow. . . . . .................... 399
10.3.3 Balance Equations for the Separated-FlowModel . .. ................. 400
10.4 Pressure Drop Calculations Based on the Homogeneous Model . .. ............. 401
10.4.1 Frictional Pressure Drop Calculation for In-Tube Flow. . . . ............. 401
10.4.2 Use of the Homogeneous Model for the Calculation of Pressure

Differences across Changes of Cross Section and around Bends . .. ........ 401
10.5 Frictional Pressure Drop Calculation Method Based on the Separated-Flow Model . . . .403
1050 Definitions : s s ssme e s smuwe s 5 s mmEe s s pemo s s s n wwaieos o mmow o 403
10.5.2 In-Tube Separated-Flow Friction Pressure Drop Correlations. . .. ... ...... 403

10.5.3 Use of the Separated-Flow Model for the Calculation of Pressure
Difference across Changes of Cross Section and around Bends . . . . ... ... .. 410
10.5.4 Pressure Drop Correlation for Shell-and-Tube Heat Exchangers . . . ... ... .. 412
10.6 Void Fraction Calculation. . . . . . ..ot i ittt ittt e e 413
10.7 Calculation of Critical Mass FlowRate .. .............................. 416
10.8 FloOding . « v voo s ¢ s aw s 55 sdimo s ss mmmes 3 mmpnssemupnsssswmpnsss s 417
Problems s s « s s 5 ams 6 6 5 5855 5 8 8 B85 5 8 § @@ 8 8 & Swwm e ¢ o vwwm e oo wiww e o e n 420
S 15 (=5 1o 420
11. Boiling Heat Transfer. . . . . . . ... . ... ittt 423
11.1 Introduction . . . o v ottt et et e e e e e e 423
11.2 Vapor-Liquid Equilibrium and Vapor Formation . . . . . ..................... 423

11.3 Pool BOIling. . . . o oo e e e e 428



Contents  xiii

11.4 Forced Convective Boiling . . .. ........ .. i, 429
11.5 Cross-Flow Boiling . . . . ... ... 430
11.6 Multicomponent Boiling. . . . ... ... .. .. . 433
11.6.1 Multicomponent Equilibrium . . ........... ... .. ... .. ... ....... 434

11.62 PoolBoiling .. ... ... . ... 436

11.6.3 Forced Convective Boiling . . .. ........ .. ... 0. .. 438

11.7 Correlations for Boiling Coefficient . ........................ ... ... 442
11.7.1 Nucleate Boiling . ... ... .. ... ... . . . 442

11.7.2 Coefficients in Forced Convection . . .. ... ..... ... .. 448

11.7.3  Combined Nucleate Boiling and Forced Convection . . . . . ... ........... 449

11.7.4 Postdryout Heat Transfer. . . . . ... ... ... .0t . 453

11.8 Critical Heat FIux . . . . .. .. .. 454
11.8.1 Definition. . .. ... . 454

11.8.2 Mechanism in Pool Boiling . . . .. ........ ... e . 454

11.8.3 Mechanisms in Forced Convective Boiling . . .. ..................... 455

11.8.4  Correlations for Critical Heat Flux in Pool Boiling. . . . .. .............. 455

11.8.5 Correlations for Forced Convective Critical Heat Flux in Vertical Channels. . . .458

11.8.6  Critical Heat Flux in Horizontal Channels . . . ... ................... 464
Problems: . . . v s oo mmms s e 8 mm s 65 5050 e v s e e e e e e e s s s s s 465
References . . ... .. 466
12. Heat Exchangers with Vapor Generation. . . . ... ............ ... ... .. .. .. ... 469
12.1 Introduction . .. ... ... 469
12.2 Classification of Heat Exchangers with Vapor Generation . . ... ............... 469
1221 Classification Accordingto Function. . . .. ........................ 469

122.2  Classification According to Mode of Heat Transfer . .................. 470

1223 Source of Heat. . . . ..o vttt 474

1224 Geometry . . oo v vttt e e e e 475

1225 CGirculation . ... ...t 475

12.3 Temperature Profiles in Heat Exchangers with Vapor Generation . . . ... ......... 479
12.4 Basic Design Procedure . . . . ... ... . 479
12.5 Limiting Factors to be Considered in Design. . . . ... ..o un e, 481
125.1 Dryoutand Critical Heat Flux. . . .. ......... ... 482

1252 Counterflow Flooding . . . . .. .. ... ... 482

1253 Maldistribution . ... ... . ... 483

12.5.4 Instability in Heat Exchangers with Vapor Generation . . . .............. 483
References . . ... ... 485
13. Steam Generators . . .. ... ......... ..t 487
13.1 Introduction .. ... .. . 487
13.2 Fossil Fuel Fired Boilers. . . . ... ... i 487
133 Waste Heat Boilers . . . .. ... ... 491
13.3.1 Flue GasHeated Boilers . .. ............ ..., 491

13.3.2 Process Gas Heated BOIlers . . ... ........ oo 492
References . ... ... 498
T4 Reboilers. . ... ... 499
14.1 Introduction . ... ... .., 499
142 Typesof Reboilers . . ... ... .. .. ... 499
1421 Internal Reboiler . .. ... ... . . . . 499

1422 Kettle Reboiler . . ........ . 499

14.2.3  Vertical Thermosyphon Reboiler . . ... ........................ .. 501

14.2.4 Horizontal Thermosyphon Reboiler . .. ...................... .. .. 504

1425 Selection of TYPE . . . o o v vttt e e e 505

14.3 Detailed Experimental Studies. . . . . ... ooou e e 506
143.1 Kettle Reboilers. . . .. ... .o i 506

14.3.2  Vertical Thermosyphon Reboilers . ... ................. ... .. .. 512



xiv Contents

14.4 Problems in Design . . . . . oot i it e 515
14.4.1 Kettle and Internal Reboilers . . . ... ... ... ... ... . i 515
14.4.2 Vertical Thermosyphon Reboilers . ... ......... .. ... .. ......... 516
14.4.3 Horizontal Thermosyphon Reboilers. . . . . . ... ... L. 516
1444 Pumped RebOilers . . v oo v v i vvnv i i ionon i imonnnescnnenenenas 516

145 ADeESIgN SIrategy . . .« o v v it it e e e 516
14.5.1 Simulation Calculation . . : s swww s s smsm it smpmsssmammss s vawos 516
1452 Design Calculation . . . ... ..o i e 526

14.6 Design Methods . . . . . . o oot e 527
14.6.1 Void Fractionin Cross-Flow . . . .. ..... ... ... ... ... 527
14.6.2 Boilingin Cross-Flow . ... ... ... ... . . . i i 527
14.6.3 Critical Heat Fluxin Cross-Flow . . .. ... ... ... . . .. ... 528
14.6.4 Instability . . ... ..o e 530
14.6.5 Use of the Homogeneous Model of Two-Phase Flow . .................531

14.7 'ConclusionS . « u s w s s s s sme s 5 5 bae®s 8 9R® &8s awmsss s namessonassss 534

References . . . ..o i e e 534
15, EVAPOTATOLS & v 5 « v wowim s s s simmu s s 8 $mmm s s 5 wm@m s s 5 @@ s & § 6 Smmsm e s o wmms o+ 537

15.1 Introduction . . . . .. e e e 537

15.2 Classification of Evaporators . . . . . . . oo v ittt it et e e 537

15.3 Evaporation from Liquid Films . ... ...... ... ... . . . i 537
15.3.1 Film Evaporators . . . . . ..ottt e e 537
15.3.2 Falling Film Evaporators . . .. ........ ... ... .. 539
15.3.3 Heat Transfer Equations for Falling Film Evaporators . ................ 541
15.3.4 Climbing Film Evaporators. . . . . ... ... it 550

15.4 Evaporation of Liquid with Nucleate Boiling at the Heated Surface . ... .......... 552
15.4.1 Evaporators Employing Boiling inside Tubes and Passages. . . .. .......... 552
15.4.2 Evaporators Employing Boiling outside Tubes and Passages. . . ........... 558

15.5 Flash. EVAPOTAtION: « s « o s s ¢ wwmis s o s swmim o s s mamn s s s mwnmn vsssawnsssws 560

15.6 Direct Contact Evaporation. . . .. ... ... i i 563

15.7 Selection of Type of Evaporator . . . . ... ... .. . . . ittt 565

15.8 Multiple Effect Evporation . . . . . . ... e 565

’ 15.8.1 Multiple Effect Evaporation: ForwardFeed . . . ... .................. 566
15.8.2 Multiple Effect Evaporation: Backward Feed . . ... .................. 567
15.8.3 Multiple Effect Evaporation: Parallel Feed. . . . . .. .................. 567

References =5 :: soam i amami: s 00pai i i YOS S§ 55 GUW 3§ LANBEE IS S MAHE 3§ ME 571
16. Condensation . . . . . . . .. ... ... e e e 5T3

161 Introduction, « : : : ssws s s s uwme s s pamEe 6 PEEM S § 5 BEFEE S 5 HBEN T § W EEE 573

16.2 Modes of Condensation . . . .. .o v ittt i e e e 573

16.3 Filmwise Condensation on Vertical Surfaces . . . . ........... ... ... ... .... 574
16.3.1 Gravity-Controlled Condensation. . . . . ... .. ... ...t enn... 574
16.3.2 Shear-Controlled Condensation. . . .. ....... oo, 580
16.3.3 Condensation Under Combined Gravity and Shear Control . . .. .......... 589

16.4 Horizontal TUDE SYStEMS . « « s s s s sommw s o 5 vwmim s s s smmm s s 8 mumme s st wwne s 590
16.4.1 Condensation outside Tubes and Tube Banks . . . .. .................. 590
16.4.2 Condensation on the inside of Horizontal Tubes . . . .. ................ 593

16.5 Condensation in Multicomponent Systems . . . .. ... ...........ovuu.n.....599
16.5.1 Equivalent Laminar Film Model and the Effect of Condensation Rate

on Interfacial Shear Stress : « s s s s c wwww s s s siwmms s s wwme s s vamws s 599
16.5.2 Effect of Mass Flux on Heat Transfer between Gas Phase and Interface . . . . . . 604
16.5.3 Mass Transfer in Binary Mixtures . .. ...... ... ... ..., 606
16.5.4 Dimensionless Relationships in Momentum, Heat, and Mass Transfer . . ... .. 615

16.5.5 Colburn-Hougen and Colburn-Drew Methods for Calculation of Local
Heat Flux in Condensation and Application in Condenser Design
16.5.6 Multicomponent Vapor Condensation. . . . ... ...... ..., 628



Contents xv

L 639
References ... ... oo 640
17. Heat Exchangers with Vapor Condensation . . .. .. ............ ... .. .. .. . . 643
171 TRtrodUCHON - oowwv s s mmu s s 5 5800 0 v mmwmm e o omme s s s s s s mmn s 643
17.2 Selection of Process CONAENSers. . .. .. ... 644
17.3 Survey of Condenser Type . ... ............. . 646
17.3.1 Shell-and-Tube Condensers for Process Application. . .. ........ . ... ... 646

1732 Air-Cooled Condensers . . .. ....................... ... ... . . . 650

17.3.3  Gasketed Plate Exchangers for Condensation . . .. ................. .. 652

17.3.4  Plate-Fin Heat Exchangers . . .. ................ ... .. ... .. .. 653

17.3.5 Direct Contact Heat Transfer . ... .. ............. ... ... ... . 654
References . . ... ...ttt it e e 657
18. Shell-and-Tube Condensers . . .. ...................... ... ... ... .. . 659
18.1 Introduction .. ... ... oL 659
18.2 Heat Transfer Coefficients ... ........ ... ... ... ... ... .. ... .. 659
1821 TubeSide......... ... .. ... ... 659

1822 Shell Side . .. ... 660

18.3 Mean Temperature Difference and Area Calculation . ... ................ . . 662
18.3.1 Isothermal Condensation . . .. ................. ... .. .. .. . 662

18.3.2  Condensation with Desuperheating and Subcooling . . ................. 663

18.3.3  Multicomponent Mixtures ... ................... ... ... .. .. 668

184 Pressure Drop ... ..o 673
18.4.1 Tube-Side Pressure Drop. . .. ... 673

18.4.2 Shell-Side Pressure Drop . ... ...ooooi o 673

1843 NozzlePressure Drop . .. ............. ... ... . 673

18.5 Flooding in Reflux Condensers .. ................... ... .. ... .. ... 674
References . ... .. .o 674
19. Air-Cooled Condensers . . . ............. ... ... .. ... . ... . ... 675
19.1 Introduction .. ... o L 675
19.1.1  Application of Air-Cooled Condensers .. ............... ... .. .. .. . 675

19.2 Mounting Arrangements for Air-Cooled Condensation . . . ... .............. .. 676
192.1 Ground-Mounted Unit .. .................. ... .. .. ... . . 676

1923 Column-Mounted Unit .. .............. ... ... ... .. .. . 676

19.3 Flow Arrangements for Air-Cooled Condensation . ... ............... .. . 676
19.3.1 Downflow (Inclined Tube) Condensers . . ...................... ... 678

19.3.2 Reflux (Inclined Tube) Condensers. . ... ............... ... ... . 679

19.3.3 Combined Downflow and Reflux Condensers . . .. ............... ... . 679

19.3.4 Horizontal Tube Condensers. . . .................. ... . ... .. . 679

19.3.5 Vertical Tube Condensers . .. ....................... ... ... 679

19.4 Design of Air-Cooled Condensers. . .. ................ ... ... ... 680
19.5 Maldistribution Effects . ............ ... ... ... ... .. . .. .. ... .. 684
19.51  Air Flow Maldistribution . . ........ ... ... ... .. .. ... .. .. . . 684

19.6 Noise Generation . .. ......... ... ... . ... ... ... .. .. ... 684
References .. ... o 685
20. Condensation in Plate-and-Frame Plate-Fin Heat Exchangers . .. ............. ... .. 687
20.1 Introduction .. ... L L 687
20.2 Plate-and-Frame Heat Exchangers for Condensing Duties . . . ................. 687
20.2.1 Pressure Drop Calculations . ... ................... ... ... .. 689

20.2.2 Heat Transfer Calculations. ... ................. .. .. ... ... 690

20.3 Plate-Fin Heat Exchangers for Condensing Duties . . . ...................... 690

References .. ... ... o 692



xvi Contents

21. Direct Contact Heat Transfer. . . . . . . . . . ... ittt 693
21.1 INtrodUCtiON . . v v vt e e e e e e e e e e e e e e e e e e 693
21.2 Classification of Direct Contact Heat Transfer . ................. ... ... .. 694

21.2.1 Gas-Liquid Heat Transfer .. ........ ... ... ... 695
21.2.2 Liquid-Liquid Heat Transfer. . . . ... ... ... 696
21.2.3 Solid-Gas or Solid-Liquid Heat Transfer . . ... ... ....... ... ... ..... 696
21.2.4 Classification Table. . . . . . . ..ottt i s 697
21.3 Direct Contact Heat Exchangers . . . ... ... .. .o 698
21.3.1 Gas-Liquid Contactors. . . . .. .ottt ie i 698
21.3.2 Liquid-Liquid Contactors . . . . .. oot v it i e it e 704
21.3.3 Solid-Gas or Solid-Liquid Contactors . . .. ........ ..., 704
21.4 Direct Contact Heat Transfer Models . . . ....... ... ... ... .. 706
21.4.1 Basic Heat Transfer Equation . . . ... ... ... i 706
21.4.2 Heat Transfer Unit Approach . . .. ... ..o i 712
21.4.3 Heat and Mass Transfer Analogy . . . . . . ... . 714
21.5 Direct Contact Fluid Dynamic Models. . . ... ... ... . oo 715
21.5.1 Fluid Dynamics of Bubble Columns . . . ........ ... ... . .. ... 715
21.5.2 Fluid Dynamics of Spray Columns . . . .. .. ..ottt 717
21.5.3 Counterflow Flooding in Tubes and Orifices. . . .. ................... 718
21.5.4 Floodingin Packed Columns. . . .. ... . i 719

PrODICIMIS. . & novoo s 5 55 5 o 68 5 855 6 58 MEEE S 88 S s s 58 wisim e s s swme oo o smmn s 722

REfCIEICES .« v v v vt e e e e e e e e e e e e e e e e 722

22. Direct Contact CONdenSErs . . . . . . .. ...ttt vttt 725
223 IntroductON ssm ¢ s s @ mm s s 3 H@EE & 5 w@mm o ¢ o i v o s w8 w b w8 BB 725
22.2 Applications of Direct Contact Condensation . . .. ........ ...t 725
22.3 Classification of Direct Contact Condensers . . . .. ... oot v vt 725

22.3.1 Drop-Type Direct Contact Condensers . .. ............oon.o... 725
22.3.2 Jet- and Sheet-Type Direct Contact Condensers . . ................... 726
22.3.3 Film-Type Direct Contact Condensers. . . . ... ... ... o 726
22.3.4 Bubble-Type Direct Contact Condensers . . . .. ... 726
22.4 Thermal Hydraulics of Direct Contact Condensers . . . ... ... ..oy 729
22.4.1 Theoretical Model of a DropCondenser . . . .. ... ... 729
22.4.2 Theoretical Models of Sheet, Jet, and Fan Condensers . . ... ............ 734
22.43 Correlations for Film-Type Condensers . . . . ... ... ..ot 738
22.4.4 Theoretical Models of Bubble-Type Condensers . . . .................. 738
22.4.5 Comparison of Thermal Performance of Different Types of Direct
Contact CONdEnSErS . . . v v v v vt o v vttt n s st oo en o e noaonosossnes 744

530 o) [ v+ T3 744

REFEIENCES & & v v v vttt i et e e et et ettt e e e e 745

23. Water Cooling TOWEES . . . . . . o oottt ittt et et ettt 747
23.1 IntroducCtiOn . . . . ottt it e e e e e e e e e e e e e 747
23.2 Forms of Cooling TOWETS . . . . v oot i ittt et it e e e s 747
233 AIr-Water SYStem . . . . o ot 751

2331 Humidity . . . o oottt e 751
23.3.2 Wet Bulb Temperature and Adiabatic Saturation Temperature. . . ... ...... 752
23.3.3 Enthalpy Relationships and the Psychrometric Chart . . ................ 756
23.4 Determination of Water-Air Flow-Rate Ratio: The Merkel Method . . . . . ...... ... 762
23.5 Pressure Dropand Tower Height . . . . . ... ... .. oo 772

PLODIGIS . . « « « vocmie o o o oo 5 5§ 6.8 S5 § 3 S MEH 53 HARE 5 s S A0 5 03 Gw@a s 0 b wiwm 775

ReTCIENCES = ¢ s 5 wmms 55 5 mwis s & s H@EHE & 5 5 $1m s s o 6w nitem o o o mwmo o o o acwmie « 8§ 5 E S 776

B 1 o 1 Y T T 777
24.1 INtrodUCHION . . . . o o v v v v v s oot s s v s o assoasonssoonsasssonensssonns 777
24.2 Types of Furnaces Used in Process Plants. . . .. ...... ... ... ... oy 777

24.3 Boilers



