il2at Zaenanyar
Dasign iandugui

F3TIND 331113

Kuppan Thulukkanam






Heat Exchanger
Design Handhook

SECOND EDITION



MECHANICAL ENGINEERING

A Series of Textbooks and Reference Books

Founding Editor

L. L. Faulkner
Columbus Division, Battelle Memorial Institute
and Department of Mechanical Engineering
The Ohio State University
Columbus, Ohio

RECENTLY PUBLISHED TITLES

Heat Exchanger Design Handbook, Second Edition,
Kuppan Thulukkanam

Vehicle Dynamics, Stability, and Control, Second Edition,
Dean Karnopp

HVAC Water Chillers and Cooling Towers: Fundamentals, Application,
and Operation, Second Edition,
Herbert W. Stanford III

Ultrasonics: Fundamentals, Technologies, and Applications, Third Edition,
Dale Ensminger and Leonard J. Bond

Mechanical Tolerance Stackup and Analysis, Second Edition,
Bryan R. Fischer

Asset Management Excellence,
John D. Campbell, Andrew K. S. Jardine, and Joel McGlynn

Solid Fuels Combustion and Gasification: Modeling, Simulation, and Equipment
Operations, Second Edition, Third Edition,
Marcio L. de Souza-Santos

Mechanical Vibration Analysis, Uncertainties, and Control, Third Edition,
Haym Benaroya and Mark L. Nagurka

Principles of Biomechanics,
Ronald L. Huston

Practical Stress Analysis in Engineering Design, Third Edition,
Ronald L. Huston and Harold Josephs

Practical Guide to the Packaging of Electronics, Second Edition:
Thermal and Mechanical Design and Analysis,
Ali Jamnia

Friction Science and Technology: From Concepts to Applications, Second Edition,
Peter J. Blau

Design and Optimization of Thermal Systems, Second Edition,
Yogesh Jaluria



Heat Exchanger
esigh Handhoo

SECOND EDITION

Kuppan Thulukkanam

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2013 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20130204

International Standard Book Number-13: 978-1-4398-4213-3 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Dedicated to
my parents, S. Thulukkanam and T. Senthamarai,
my wife, Tamizselvi Kuppan,

and my mentor, Dr. Ramesh K. Shah






Contents

PIOIACE. ..ottt ettt ettt st sa ettt li
ACKNOWIBAZIMENES ...ttt ettt ettt st et et st s bt ebesbeenteeae liii
AUEROT <.ttt ettt b e b e h bt et b et eb et bttt eb e bt et e b lv
Chapter 1 Heat Exchangers: Introduction, Classification, and Selection............c.ccocvecverueerennne. 1
L1 INErOUCTION .ottt ettt st st 1
1.2 Construction of Heat EXChangers .........cccceevieriiiiiiniiiiienieeieeneeeeeseeeieee 1
1.3 Classification of Heat EXChangers..........cccccceeviiriieniiiniienieiiienieeeeseeeee 1
1.3.1  Classification According to CONStrUCtON ......c.cevueerveerveriieeniearieenanenn 2
1.3.1.1 Tubular Heat EXchanger .........ccccocvveviiiniiiniiinieniieeee 2
1.3.1.2  Plate Heat EXChangers .........ccceeceerriienieniiienienieenieeieeiee s 10
1.3.1.3  Extended Surface EXchangers ........cccccoeceevieniieiniennicnneenns 15
1.3.1.4 Regenerative Heat EXchangers ...........ccocceevienieiniinnienneens 15
1.3.2  Classification according to Transfer Process ........ccccceeveviiveniennennne. 16
1.3.2.1 Indirect Contact Heat Exchangers...........ccoceeveeniiniennnnns 16
1.3.2.2 Direct Contact-Type Heat Exchangers.........c.cccceceeevueennns 17
1.3.3  Classification according to Surface Compactness...........cccceevveerevennne. 17
1.3.4  Classification According to Flow Arrangement.............ccecueevvenuenne. 18
1.3.4.1 Parallelflow EXchanger..........cccccooveerieniiinieniicinienieeees 18
1.3.4.2  Counterflow EXchanger .........ccccccooeeviiniiiniinicinieiiceeens 19
1.3.4.3  Crossflow EXchanger .........ccccoeveviiiiniiniiinienicciceiceees 19
1.3.5 Classification According to Pass Arrangements ............ccecueevevereenne. 20
1.3.5.1 Multipass EXChangers ..........ccceecuervuierieniiienienieenieeieeeens 20
1.3.6  Classification According to Phase of FIuids .........cccccevieviiiiniennnnnne. 21
1.3.6.1  Gas—Liquid ....c.cocevirirereninienenieieeeceeeecee e 21
1.3.6.2  Liquid—Liquid......ccoceeveriminininiiniiieieciceeececeeeeeee 21
1.3.6.3  GaS—GAS..couiiiieiiiieiieiiee ettt 21
1.3.7  Classification According to Heat Transfer Mechanisms.................... 21
1.3.7.1  CONAENSETIS.....eeuiiiieiiieiieiieiieneteeeseeee et 21
1.3.7.2  EVAPOTALOTS .ecueeeeevieiieeiieeiie ettt ettt 21
1.3.8  Other Classifications ..........cccoeeveererieneeiienieieneereeeere et eanes 22
1.3.8.1 Micro Heat EXChanger.........ccceeceeviienieniiienienieenieeieeieee 22
1.3.8.2  Printed Circuit Heat Exchanger...........cccccovvievieiniinnennnes 23
1.3.8.3  Perforated Plate Heat Exchanger as Cryocoolers............... 25
1.3.8.4  Scraped Surface Heat Exchanger ........c.c.cocevveeniinniennnens 25
1.3.8.5 Graphite Heat EXchanger...........ccocceevieriiiinienicenieniieeens 27
1.4 Selection of Heat EXChangers.........ccoceevieriiiiiiniiiiniieeeie e 28
L4.1  INtrOAUCHION ....eoveiiieiiiiieieeiteie et 28
1.4.2  Selection Criterial.......occeeirviererienirienieeienieerenieereeie et eanes 29
1.4.2.1 Materials of CONSIIUCHION ......eevueerrierieriieiieeieeiie e 30
1.4.2.2 Operating Pressure and Temperature ...........cccccevveeveeenneenns 30
1423 Flow Rate....ccoooiiiiiiiiiiiieiciccecceeceeceeeee 31
1.4.2.4  Flow ATTanZEMeNt . .......coveirieeriierieenienreeniteeieenieesveeiee s 31

1.4.2.5 Performance Parameters: Thermal Effectiveness and
Pressure DIops.....coceeveeiiierieiiieieeeecie e 31

vii



viii

Chapter 2

Contents
1.4.2.6  Fouling Tendencies ..........ccoerveruemueuenienieiereeeeeineeeeeenes 32
1.4.2.7 Types and Phases of FIuids.........cccccevvereviiciineicnincncnene, 32
1.4.2.8 Maintenance, Inspection, Cleaning, Repair, and
EXtension ASPECLS.......ccevuererierrenienienreieieeereeeeeeeesienaens 32
1.4.2.9  Overall ECONOMY ......cccoovuiiiiniiiiiiieiiieciecececceeees 32
1.4.2.10 Fabrication Techniques.........ccccocevuerverienieiecieiieeeincrceeenen 33
1.4.2.11 Choice of Unit Type for Intended Applications.................. 33
1.5 Requirements of Heat EXChangers ..........ccccocvverinencnenicniencnieieieeeceesceeens 34
RETEICICES ...ttt ettt ettt s et eae e 34
Suggested REAAINES. .....ccveveiiiiiiiiirieteiteere ettt ettt 35
BIDHOZIAPIY ...ttt sttt 35
Heat Exchanger Thermohydraulic Fundamentals.............ccoeoeviniiiiininnnincnnns 39
2.1  Heat Exchanger Thermal Circuit and Overall Conductance Equation ........... 39
2.2 Heat Exchanger Heat Transfer Analysis Methods..........cccccoeeveniiiiininncncnne. 41
2.2.1  Energy Balance EQUation...........ccoceeveririiinieiiinieieeieeeeeceeeeen 41
222 Heat Transfer.....c.cccoceviiiiiiiiiiiicneeecceeeee e 41
2.2.3  Basic Methods to Calculate Thermal Effectiveness...........ccccceeeuenee. 42
2.2.3.1  &NTUMethod ......cccoeiviriniiiiiiicicicceeeeceeee e 42
2.2.3.2  P-NTU, Method .......cccovirimiiniiniiiiiieieieieieeeieeeeeeee 43
2.2.3.3 Log Mean Temperature Difference Correction Factor
MEthOd ..ot 45
2234  W-PMethod ..ot 48
2.2.4  Some Fundamental Relationships to Characterize
the Exchanger for “Subdesign” Condition ..........c..ccccceevevinininennenne. 49
2.3 Thermal Effectiveness Charts .........ccccceceeieininininenenienieieieieiee e 50
2.4 Symmetry Property and Flow Reversibility and Relation between
the Thermal Effectiveness of Overall Parallel and Counterflow Heat
EXchanger GEOMELIIES. .....c..eeueriieiiiiieiieiieieete sttt 52
24.1  Symmetry Property ......cocoooriiieninienieienieiesieeieecee e 52
2.4.2  Flow Reversibility ........ccoccoveriiiiniiieniieienieeee e 52
2.5  Temperature Approach, Temperature Meet, and Temperature Cross............. 54
2.5.1 Temperature Cross for Other TEMA Shells .......cccccccevirvininnencnnne. 56
2.6 Thermal Relation Formulas for Various Flow Arrangements and Pass
ATTANZEIMENES ..ottt ettt ettt ettt e st etesbe et sit e beessenbeeseenseenee 56
2.6.1  Parallelflow........coooiiiiiiiiiiiiiicceee e 57
2.6.2  CounterfloW ....cc.ccoeuiiieiiiiiiiiieereeece e 57
2.6.3  Crossflow AITangement...........c.ceveeierieerieniienienienienieneeeeenee e neeenees 57
2.6.3.1 Unmixed—Unmixed Crossflow .........cccccccvevievievininvinennnne. 57
2.6.3.2 Unmixed—Mixed Crossflow.........ccceevevieiiviivinininicncnenne. 57
2.6.3.3  Mixed—Mixed Crossflow .........ccccoevievieveievinciniininicenee. 57
2.6.3.4  Single or Multiple Rows in Crossflow ..........c.cccceveeienncee. 57
2.6.4  Thermal Relations for Various TEMA Shells and Others................. 72
2.6.4.1  EShell...cccoiiiiiiiiiiiiieccceee e 74
2,642 TEMA F Shell ..coccooiiiniiiiiiiniiciciciccieeeeceeeeeeee 79
2.6.4.3 TEMA G Shell or Split-Flow Exchanger...........c.ccccccceu.... 79
2,644 TEMA H Shell.....ccocooviiiiiniiiiniiciciciceiceeececeeee 81
2.6.4.5 TEMA J Shell or Divided-Flow Shell..........cccccccoeveninnnne. 81
2.64.6 TEMA X Shell ....cccoooiiininiiiiiiiiciciciceeeeeeeeee 90

2.6.5 Thermal Effectiveness of Multiple Heat Exchangers............c..cc..c..... 90



Contents

Chapter 3

2.6.5.1 Two-Pass Exchangers ..........c.cccccovieiiiiininieniiiciccne 92
2.6.5.2 N-Pass EXchangers..........ccccooeevinicniiiininecciceceeeee 92
2.6.6  Multipass Crossflow EXchangers..........coccoeevevvenienieieiieneecninencenene 92
2.6.6.1 Multipassing with Complete Mixing between Passes......... 93

2.6.6.2 Two Passes with One Fluid Unmixed throughout,
Cross-Counterflow Arrangement..........c..ceeeeeeeeeeceenennenn 94

2.6.6.3 Two Passes with Both Fluids Unmixed—Unmixed
in Each Pass and One Fluid Unmixed throughout,

Cross-Counterflow Arrangement..........c..ceeeeeeeeeeceenennenn 98
2.6.6.4 Two Passes with Both Fluids Unmixed throughout,
Cross-Counterflow Arrangement..........c.eceeeeeeeeeeveennenne. 101
2.6.7 Thermal Effectiveness of Multiple-Pass Shell and
Tube Heat EXChangers...........cccooiiviiiiiiiniiiiiiciiecceeceeeeeens 108
ACKNOWIEAZMENL........oiiiiiiiiiiiiiiiieie et 113
RETEICICES ...ttt ettt et eae e 113
BIDHOZIAPNY ...ttt 115
Heat Exchanger Thermal Design .........cccoveiiiiiiiniiininieneicicicceeeeeeeee 117
3.1  Fundamentals of Heat Exchanger Design Methodology..........c..cccccecuenennnene 117
3.1.1  Process/Design SpecifiCations .........ccoceveerierierierieenienienienieeeeeenne 117
3.1.1.1 Problem Specification........c..ccoceeverienerienenieienieieeene 117
3.1.1.2  Exchanger CONStruction.........c.ccevuereeruerieenieneenieneenieneenne 118
3.1.1.3  Surface Selection ........cc.ccceeverevienenenienienieieiereeeeeeee 119
3.1.2  Thermohydraulic Design..........ccceviririininienieniiienieieieieeeeeeeeenes 119
3.1.2.1 Basic Thermohydraulic Design Methods .............c........... 119
3.1.2.2 Thermophysical Properties...........ccccoeeevuevvevuecveieeeenncnn 119
3.1.2.3  Surface Geometrical Properties .........c.ccccceecvecveveeeennne 119
3.1.2.4  Surface CharacteristiCs ...........oeceverueruenrenueieieneieeeeenenne 119
3.2 Design Procedure ........ccoceeviiiiriiiiiiieieieeee e 120
3.3 Heat Exchanger Design Problems ............ccccevieiinieniinieninieniiienceieneene 120
3301 RALNE oottt e e 120
3.3.1.1 Rating of a Compact Exchanger ..........c.cccccevverenienennenn. 120
3.3.1.2 Rating of a Shell and Tube Exchanger........c..c.cccceeuenee. 121
332 SIZING ettt 121
3.3.2.1 Size of a Heat Exchanger..........ccccoceveniiieniencniencnnn, 121
3.3.2.2  Sensitivity ANAlYSiS ....ccoeveerieriinenieeiieeeeeee 122
3.3.2.3 Sizing of a Compact Heat Exchanger.........c..ccccceceeeeneee 122
3.3.2.4 Sizing of a Shell and Tube Heat Exchanger...................... 122
3.3.2.5 Heat Exchanger Optimization .........ccccceceevereenienvenienenn 122
3.3.3  Solution to the Rating and Sizing Problem .........c..ccccocevinianennene 122
33301 RAUNZ. .ottt 122
3.3.3.2  Solution to the Sizing Problem ............cccccocevienienienennnne. 123
34  Computer-Aided Thermal Design ........cceeierieiiiiienieniieniiienicienceeieene 123
3.4.1 Overall Structure of a Thermal Design Computer Program............ 123
3.4.1.1 Guidelines on Program Logic.......c..cccceveerenienienienienene. 124
3.4.2  Program Structure for a Shell and Tube Exchanger..........c...c.......... 125
3.5  Pressure-Drop Analysis, Temperature-Dependent Fluid Properties,
Performance Failures, Flow Maldistribution, Fouling, and Corrosion.......... 125
3.5.1 Heat Exchanger Pressure-Drop AnalysisS........cccceeeevienienienieniennne. 125

3.5.1.1 Pressure-Drop Evaluation for Heat Exchangers................ 125



Chapter 4

Contents

3.5.1.2  Pressure Drop through a Heat Exchanger ........................ 126
3.5.1.3  Shell and Tube Heat Exchangers ............ccccceceeivininnnnne. 127
3.5.1.4 Pressure Drop due to Flow Turning...........cccceceevennnnnene 127
3.5.1.5 Pressure Drop in the Nozzles ..........cccccoceviniiciininnennne. 128
3.5.2  Temperature-Dependent Fluid Properties Correction...................... 128
35201 GASES ettt 128
3522 LIQUIAS ceveieiieieieiiiieiceieetcne st 129
3.5.3  Performance Failures ............ccccocevvirininininincniencieceeeeececeees 130
3.5.4  MaldiStribution ......cccceouieieiiieiiniieice et 131
3.5.5  FOULNE oo 131
3.5.6  Corrosion AIIOWANCE. .......cceevueruieiuirieiiniiciene et 132
3.6  Cooperative Research Programs on Heat Exchanger Design ...................... 132
3.6.1  HTRI oottt 132
3.6.2  HTES oottt 132
3.7  Uncertainties in Thermal Design of Heat Exchangers..........cccccceecveevecnnnne. 133
3.7.1  Uncertainties in Heat Exchanger Design ............ccccceviiiininnnnnnne. 133
3.7.1.1 Uncertainty in Process Conditions .............cccecueeeeuennnnne. 134
3.7.1.2  Uncertainty in the Physical Properties of the Process
FIUIAS <. 134
3.7.1.3  Flow Nonuniformity ......cccecceveeerenenienienenieneneeeeeeenenne 134
3.7.1.4 Nonuniform Flow Passages .......c..ccccoeverenievrecieneeenenncnn 135
3.7.1.5 Uncertainty in the Basic Design Correlations................... 135
3.7.1.6  Uncertainty due to Thermodynamically Defined
Mixed or Unmixed Flows for Crossflow Heat
Exchangers, after Digiovanni and Webb.............c.c......... 136
3.7.1.7 Nonuniform Heat Transfer Coefficient...........cccccccueuennee. 136
3.7.1.8 Bypass Path on the Air Side of Compact Tube-Fin
EXChangers........cocccoiviiiiiiiiiiicciecccceeeeeees 137
3.7.1.9  Uncertainty in Fouling ..........c..ccccoveiiiiiininininieiene, 137
3.7.1.10 Miscellaneous Effects..........ccceeveniniinienenieiieiieieieenenn 137
3.7.2  Determination of UnCertainties.........coceeerveruerreruenieeerenieeeenenennens 137
3.7.2.1 Computational Procedures ...........cccccevieviiiiciinienennne. 137
3.7.3.2 Additional Surface Area Required due to Uncertainty .... 139
3.7.3.3 Additional Pressure Drop due to Uncertainty .................. 139
INOMENCIALULE ...ttt 140
REFETEIICES ...ttt 141
BIblIOZIAPRY ..ot 143
Compact Heat EXChaners .......c.ccooueiieriiiiniiieiieeeeeeeeee et 145
4.1  Classification and Construction Details of Tube-Fin Compact Heat
EXCRANZEIS. ...eitieiiiiieie ettt 145
4.1.1  Characteristics of Compact Heat Exchangers..........c.ccccccoccvvienennen. 145
4.1.2  Construction Types of Compact Heat Exchangers..........c..cccccveene. 146
4.1.3  Tube-Fin Heat EXChangers .........cccceeoeeviinieninieniiienccienceeneene 146
4.1.3.1  Specific Qualitative Considerations for Tube-Fin Surfaces.....147
4.1.3.2  APPLCAIONS ....eviiiieiiesiceieeiteeeee e 148
4.1.3.3 Individually Finned Tubes .......c..cccceoveniniininiiiniiiencenne, 148
4.1.4  Continuous Fins on a Tube AIray ......ccccceceverveeneriieneniienenieneene 151
4.14.1 Tube: Primary Surface .........ccoccevieviniiniienciience, 151

4.14.2 Fin: Secondary Surface..........cccceveeviniineniencniencnnns 151



Contents

42

Xxi

4143 Headers........ooveeiiiiiiiic 152
4144 Tube-to-Header JOINLS .......ccocveevieriiiniiniieniceeeeceen 152
4.14.5 Casings or Tube Frame...........cccocoeviniininiininicncnnn, 152
4.14.6 CITCUIHNG ..ooniieiiieieeieeeeeete e 152
4.1.4.7 Exchangers for Air Conditioning and Refrigeration..... 152
4.1.4.8 RAdIatOrS ..o 153
4.149 Effect of Fin Density on Fouling .........ccccccceceeviniincnnns 153
4.14.10 One-Row Radiator .......ccccoceevieniienienieeniceceeeeen, 154
4.1.4.11 Manufacture of Continuous Finned Tube Heat
EXChangers ........coccoieieiiiiieiiiinccecc e 155
4.1.5  Surface SeleCtion........coceveueieieieiiinieeiene sttt 156
4.1.5.1 Qualitative Considerations............ceccveeereveeercvreeernveennne 156
4.1.5.2 Quantitative Considerations..........ccccveeeeveeercvreeernveeenne 157
Plate-Fin Heat EXChangers ..........ccccooeoiiiiiiiiiiiiiiciieciccecccececeeeeee 157
4.2.1 PFHE: Essential Features. .......cccccoveeriiriiiinienieenieeeeric e 158
4.2.2  Application for Fouling Service........cccecvverenenenenenrenieneinencnnens 158
423 SIZE ettt 159
424  Advantages of PFHES .........cccoeoiiiiiiininccccceeeen 159
4.2.5 Limitations of PFHES...........ccccoiiiiiiiiiet e 159
4.2.6  APPHCALONS. ..ottt 159
4277 ECONOMICS ...eeeueieiiieiieeiieesiieeie ettt ettt ettt ettt ettt s es 160
4.2.8  Flow ATTangements...........ccceecueruieiinuieienieeeeeeeeseesee e sae e e eanens 160
4.2.9  Fin Geometry Selection and Performance Factors ..........cccccceenee. 160
4.29.1 Plain Fin.o..ooooiiiiiccccccceeceeecec 160
429.2 Plain-Perforated Fin..........cccocoooiniiiiniiniieeeees 161
4293 Offset Srip Fin c.oo.ooevininininiiciccccccceeececes 162
4294 Serrated FIns ........cccooviiiiiiniiice 163
4295 Herringbone or Wavy Fin ..., 163
4.2.9.6 Louver FINS ...cccoooiiiiiiiiiiiiceccecceeceeee 163
4297 Pin FINS cooouiiiiiiiiiiceceeeeeeee e 164
4.29.8 FIN Corrugation Code ........c..cccevieciinieniniienicnieneenens 165
4.2.10 Corrugation SeleCtion............ccccoueevuiruieiinieriinieie e 166
4.2.11 Materials Of CONStIUCHON. .....cuerveeieetieieeiieieeieie et 166
42111 ATUMINUM .. 166
4211.2 Other MetalS.......cooviiiiiiiiiiiiiieeieeeeee e 166
4.2.12 Mechanical DeSign.........cccccieiiriiiiiiniiiiiieieeeec e 166
4.2.13 Manufacture, Inspection, and Quality Control ............cccccecveerenene 166
4.2.14 Brazed Aluminum Plate-Fin Heat Exchanger (BAHX) .................. 166
4.2.14.1 ALPEMA Standard..........ccoceverveienienieieieieeneeeecenens 166
4.2.142  ApPLCAtIONS ....ooveeiiiiiiiiicieieeeeee e 169
4.2.14.3 Heat Exchanger COre ..........cccoceeiiiinieniiienciiencenens 169
4.2.14.4  Flow Arrangement ..........ccceeeeeueneeuieeenieeeeneeeneneeennes 169
4.2.14.5  Rough Estimation of the Core Volume ...........ccccne... 171
4.2.14.6 Provisions for Thermal Expansion and Contraction........ 173
42147 Mechanical Design of Brazed Aluminum Plate-Fin
Heat Exchangers...........cccoooeeiiiiniiiiniciiccceneens 173
4.2.14.8  CORS.cuiiuiiiiriiiiiniiierierteeeeeee s 173
4.2.149 Materials of CONStrUCHION ......oevveevieeieeieieeierieeiesieeeans 173
4.2.14.10  Manufacture .......cooeveerieiieieeieeee e 174

4.2.14.11  Quality Assurance Program and Third Party
INSPECHION ...t 174



xii

43

4.4

4.5

4.6

4.7

Contents
4.2.14.12  Testing of BAHX ...ccooiiiiininiiiiiicceeeeececeee 174
4.2.14.13  GUATANLELS ..cvvenvenieeienieiieeie ettt 174
4.2.14.14 ALEX: Brazed ALuminum EXchanger ...................... 174
4.2.15 Comparison of Salient Features of Plate-Fin Heat Exchangers
and Coil-Wound Heat Exchanger ..........c..ccccoceviiiiiinnniniiinne, 175
42.16 Heat Exchanger Specification Sheet for Plate-Fin Heat Exchanger......... 175
Surface Geometrical Relations...........cccceevirenienenenienienieiceieeeeeeeeeeeaens 175
4.3.1 Surface Geometrical Parameters: General..........c..cccccuevvenueercnncnnen. 175
4.3.1.1 Hydraulic Diameter, Dy, .......ccccocueeiirieniiniiiieieniceeneenee. 175
4.3.1.2  Surface Area Density o and 6 .....c..cceeveevevverveencincncnenne. 177
4.3.2  Tubular Heat EXChangers .........c..ccccoeieiiiniiiininiiiencceecieeeee 177
4.3.2.1 Tube INSIde.......ccoouiiiiiiiiiiiieiiceeeeeee e 177
4322  Tube OUtSIAe ......coouiiiiiiiiiiieieeeeeceeeee e 178
4.3.3 Compact Plate-Fin Exchangers ...........cccoccoccniiiiiiinininiincnnns 184
4.3.3.1 Heat Transfer ATea.........cceveveruervenienenieieieieieeeceeeee 184
4.3.3.2 Components of Pressure Loss......c..coceevevevreveenincncnenne. 186
Factors Influencing Tube-Fin Heat Exchanger Performance ........................ 187
441 Tube LayOUL.....coceoiiiiiiiiiiiiieieieieeeeeeee e 187
4.4.2  Equilateral Layout versus Equivelocity Layout ..............c.cccceeeeen. 187
4.4.3  Number of Tube ROWS......ccocoveieiiiiiiininirincsesceeeeeeeeeeeeaea 187
444 Tube PItCh....coiiiiiriiicicicccccceee e 188
4.4.5 Tube-Fin Variables ...........ccccccoiiiiiiiiiiiiiiiiicieccccceeee 188
4.4.5.1 Fin Height and Fin Pitch.....c..ccccoccoininiiiiiniiice, 188
4.4.6  Finned Tubes with Surface Modifications...........c..coccevevveveencencnnns 188
447 Side Leakage .......coceeeeviiiiiiiiiiiicieeeeee e 189
4.4.8 Boundary-Layer Disturbances and Characteristic Flow Length ..... 189
4.49 Contact Resistance in Finned Tube Heat Exchangers..................... 190
4.49.1 Continuous Finned Tube Exchanger.............cccoceeenine. 190
4.49.2 Tension-Wound Fins on Circular Tubes...............cc.coc.... 190
4.49.3 Integral Finned Tube.........c..ccccooiiiiiniiiiiiiiiiiicceeee, 190
4.4.10 Induced Draft versus Forced Draft .........ccccoceviveneniicnienniinincnnns 191
4.4.10.1 Induced Draft.......ccccocerirenenininienieneieieeeceeeeceeeee 191
4.4.10.2 Forced Draft......c..coceverinineneninicienccicceceeececeee 191
Thermohydraulic Fundamentals of Finned Tube Heat Exchangers.............. 191
4.5.1 Heat Transfer and Friction Factor Correlations for Crossflow
over Staggered Finned Tube Banks............cccoccooiiiininiininnnnn, 191
4.5.2  Thejand fFaCtOrS......ccccoivieriinieieiieeeeese sttt 192
4.52.1 BareTube Bank .........cccocooiiiiiiiiiiiiiiicccceeee, 192
4.5.2.2 Circular Tube-Fin Arrangement............ccccccceecvenieneneenne. 193
4.5.2.3  Continuous Fin on Circular Tube ...........ccccccoecenienininn. 196
4.5.2.4 Continuous Fin on Flat Tube Array........ccccoecevieninnnne. 198
Correlations forj and f factors of Plate-Fin Heat Exchangers ..........c.......... 198
4.6.1  Offset Strip Fin Heat EXchanger ..........ccccocvevevcncnienicnicneincncenn, 198
4.6.2  Louvered Fin .......cccoocoiiiiiiiiiiiiiiceec e 200
4.6.3  Pin Fin Heat EXChangers ..........c.cccccoeiiiiiiiiiininiiicccicncceeeee 201
Fin EffICIENCY ..vviviiiiiiiiiiiniesccceccet et 202
4.7.1  Fin Length for Some Plate-Fin Heat Exchanger Fin
CONfIGUIALIONS ...ttt sttt ettt eaeas 202
4.7.2  Fin EffiCIENCY .evevviriiiiiiiiiieicicecceeeeecs e 202
4.77.2.1  Circular Fin. ..o 202

4.7.2.2 Plain Continuous Fin on Circular Tubes .........ccccccuuvvnnnnen 204



Contents

Chapter 5

4.8  Rating of a Compact EXChanger..........cccccevevirinenininiencncciccceeececeaens 206
4.8.1 Rating of Single-Pass Counterflow and Crossflow Exchangers....... 207
4.8.2  Shah’s Method for Rating of Multipass Counterflow and
Crossflow Heat EXChangers.........c.ccoevevenenenicnienienieiciceeeececeaes 209
4.9  Sizing of a Compact Heat EXchanger..........c.ccocoevevininenincncnienieeiiiicnane 210
4.9.1 Core Mass Velocity EQUAtiOn..........cccccevieiinieniiieniiicnceieneenene 210
4.9.2  Procedure for Sizing a Compact Heat Exchanger..........c.ccccccceenen. 211
4.9.3  Optimization of Plate-Fin Exchangers and Constraints on
Weight MinImiZation .......coceeeveeenieeiieeniienieeiieeeeee e 211
4.10 Effect of Longitudinal Heat Conduction on Thermal Effectiveness............. 212
4.10.1 Longitudinal Conduction Influence on Various Flow
ATTANZEIMENLS ...ttt ettt 213
4.10.2 Comparison of Thermal Performance of Compact Heat
EXChanGers ...c..cocviiiiiiiiiiiiicc e 213
4.11 Air-Cooled Heat Exchanger (ACHE) ........cooiiiiiiiiiiiiiiieceeeee, 213
4.11.1 Air versus Water COOlNE.......c.cccoevuiriiiiiniiriiiiei e 214
41111 Ar COOLNE .ottt 215
4.11.2 Construction of ACHE ........cccoeiiiiiiiniininininienececeeeeceeeaeae 216
4.11.2.1 Tube Bundle Construction ...........cccceceeeveeceerueeceeneenneneenne. 216
4.11.3 American Petroleum Institute Standard API 661/ISO 13706.......... 224
4.114 Problems with Heat Exchangers in Low-Temperature Environments .. 225
4.11.4.1 Temperature Control.........c.cccoceeievierieniieiienieienieeeeeene. 225
4.11.5 Forced Draft versus Induced Draft .........c.ccoceeeneneniinincneiinincnnens 225
4.11.5.1 Forced Draft......c..cocevevirineneniniienecicceeeeeeceeeee 225
4.11.5.2 Induced Draft.......ccccoceririmenenenenieneieiececeeeececeee 225
4.11.6 ReCIICUIAtION ......oouiiiiiiiieiicicteeeeeeee e 226
4117 DeSign ASPECLS....cuiiuiiriiiieiieieiieieete ettt 226
4.11.7.1 Design Variables........c.ccccccovieviirieninieniieiiiciesceeeeeene. 226
4.11.7.2 Design Air TEMPErature .........ccecueeveereeeneeneeesieeneeeneeennns 227
4.11.8 DeSIZN TIPS..ccouiiiiiiiiiiiiieieceeee ettt 228
4.11.8.1 Air-Cooled Heat Exchanger Design Procedure................ 228
4.11.8.2 Air-Cooled Heat Exchanger Data/Specification Sheet.....229
4.11.8.3 Performance Control of ACHES.........cccccceevininnncnnne. 230
INOMENCIALULE ...ttt et 230
REFETEICES ...ttt 232
BIblIOZIAPRY ..ot 236
Shell and Tube Heat Exchanger Design ........ccccoueevierieiiinienienieniciieniceeenceeenieens 237
5.1  Construction Details for Shell and Tube Exchangers..........ccccccecveieennnnene. 237
S5.1.1  Design Standards........c.cccoeveeieiiinininiineneieeeeeeeeeeeeee e 237
S5.1.1.1  TEMA Standard ..........ccccoevevenenenienienieieieieeeieeeeenes 237
5.1.1.2  ANSI/API Standard 660 ..........ccccoevvevienievieiieieieinineenees 237
5.2 TUDES et 238
5.2.1  Tube DIAMELeT ...c.coviuieiiiiiiiiiiiiieieee ettt 239
5.2.2  Tube Wall ThiCKNeSss .....c.cccevviririririiniinienicsicicicceeeeeeeeeeea 239
5.2.3  Low-FInned TUbEs......c.cceviririniniriiriisieneieicceeeeeeeeee e 240
524  Tube Length. ...t 240
5.2.5 Means of Fabricating Tubes ..........ccoceeverieninienenieenieeeeeene 240
5.2.6  Duplex or Bimetallic TUDES........ccccovieviirieniniiiiiieeneeeee 240

527  NUumber Of TUDES ......cvvviiiiiiiieiiee e 241



Xiv

53

54

5.5

5.6

5.7
5.8

5.9
5.10
5.11

Contents

5.2.8  Tube COUNL ...ttt 241
52,9 U-TUDE .ottt 241
5.2.9.1 U-Tube U-Bend Requirements as per TEMA.................. 241

TUDE ATTANZEIMENL .....coueiiiiiiiiieitieiteeie ettt ettt et et eaneas 242
5.3.1  Tube Piteh. oot 242
5.3.2  Tube LayOUL....cccoooiiiiiiieiiiieiceceeecee e 242
5.3.2.1 Triangular and Rotated Triangular Arrangements........... 242

5.3.2.2 Square and Rotated Square Arrangements....................... 243

Baffles ..o 243
5.4.1 Classification of Baffles.........ccccovevvirinininininininiiiccceececes 243
5.4.2  Transverse Baffles ..o 243
5.4.2.1 Segmental Baffles........coccooevinenininicniniiiiiicicccccs 243

5.4.3 Disk and Doughnut Baffle........cccocooinininininininiiiicciecncs 247
544  Orifice Baffle.....ccccooiiiiiiiiiiiicccceeeee e 248
5.4.5 No Tubes in WIndOW........cooeviiriiiiiniiiiiiiiiicieeeeeeeeeee e 248
5.4.6  Longitudinal Baffles........ccccocoviriiniinininniniiiiciccceceecece 249
547 RO Baffles ..c..coeiiiiiiiiiiiiiiicincresecccceeeeee 249
5.4.8 NEST Baffles and Egg-Crate Tube SUppOIt........cccccveeveveeeinencnnns 249
5.4.8.1 Non-Segmental Baffles.........ccccocevevenineniiiniinnncnn, 250

549  Grimmas Baffle ..o 251
5.4.10 Wavy Bar Baffle ......cccoeiiiiiiininiininnccccceceeeeeea 251
5.4.11 Baffles for Steam Generator Tube SUPPOIt ......c.ccccveveieeeinenennens 251
Tubesheet and Its Connection with Shell and Channel................c..c.c..cc..e. 252
5.5.1 Clad and Faced Tubesheets ............cccccerieiiniiniiiiiinicicceieee 253
5.5.2  Tube-to-Tubesheet Attachment..............occceiiiiiiiiiinieiinicieee 253
5.5.3 Double TubeSheets..........ccccceeviiriieiiniiiinicieiececeeeeee e 253
5.5.3.1 Types of Double Tubesheet Designs.........cccceveveererucnne. 253

5.5.4 Demerits of Double Tubesheets..........ccceererierrerieneieiiieieinencenns 256
Tube Bundle........ccooiiiiiiiieee e 256
5.6.1  Bundle Weight........ccccoiiiiiiiiiiiiiceeeeeee e 256
5.6.2  Spacers, Tie-Rods, and Sealing Devices..........c.ccoceeeerieiienieniennnne. 256
5.6.3  Outer Tube Limit.......cccoociiiiiiiiiiiiiiiciiiceceeeeeeeeeeee 256
SREILS ettt 258
Pass AITangement. ..........ccoueiiiriiiieniieieniieie ettt 258
5.8.1  Tubeside Passes ........cccoecueriiiiiniiiiiinieiciceseceeeeee e 258
5.8.1.1 Number of Tube Passes.........ccccecerevuerenienieienieieinencnnns 258

5.8.1.2 End Channel and Channel Cover.............ccccocenirienennen. 260

5.8.2  Shellside Passes......ccccivuiriieiiiriiiiiicciccreee e 262
5.8.2.1  EXpansion JOINt.........cccccevieiiiniininiieniiiene e 263

5.8.2.2 Drains and VEnts.........cceeieciirieniinieniiienccieseeeeseenens 263

5.8.2.3 Nozzles and Impingement Protection..............cccceceenuenes 263

Fluid Properties and AIIOCAtION .........cc.coueeiiriieiiniiiiiieie e 266
Classification of Shell and Tube Heat Exchangers ........c..ccccceeveeievieencncnnens 266
TEMA System for Describing Heat Exchanger Types........cccccceevevvevecencnnens 266
5.11.1 Fixed Tubesheet Exchangers ..........c..ccccoooieiiiiiiiiiiiiniiiiiccee, 269
5.11.2 U-Tube EXChangers...........cccccceriiiinieiiniiieiicieneceeeeeeeeeeee 270
5.11.2.1 Shortcomings of U-Tube Exchangers ...........ccccccecercercnene 270

5.11.3 Floating Head EXChangers ..........ccccocoeeiiieiiniiniiiiieniciceeeeee 271
5.11.3.1 Sliding Bar/Surface..........ccoceverenenienenienieiiieicincecenns 271

5.11.3.2 Kettle-Type Reboiler...........cccooiiiiiiiiiiiiniiiniiiceens 272



Contents

5.12
5.13
5.14

5.15

5.16

5.17

XV
Differential Thermal EXpansion..........ccoceeeeeieriieienieeienie e 272
TEMA Classification of Heat Exchangers Based on Service Condition....... 272
Shell and Tube Heat Exchanger Selection.............ccccoceeeiiiiiiniiiiniecicnnne. 272
S5.14.1 Shell TYPES .ouveiieiieiieieeeet et 272
5.14.1.1 TEMA E Shell.....ccocooiininininininiicciciciceeeeeeeeaes 274
5.14.1.2 TEMA F Shell.....cccocoviniinininininiicciccceeeeeeceane 274
5.14.1.3 TEMA G, H Shell........cccocomimininininiiiiiieiceeeeeeceane 275
5.14.1.4 TEMA G Shell or Split Flow Exchanger..........ccccccceeue. 275
5.14.1.5 TEMA H Shell or Double Split Flow Exchanger ............. 275
5.14.1.6 TEMA J Shell or Divided Flow Exchanger ..................... 276
5.14.1.7 TEMA K Shell or Kettle Type Reboiler .............c.c.c......... 276
5.14.1.8 TEM X Shell.....ccocriminininininenieiciceceeeeeeeeeceaes 277
5.14.1.9 Comparison of Various TEMA Shells..........cccccecvrurcnnen. 278
5.14.2 Front and Rear Head Designs ........c.ccccccoieiiniiiiniiiicnieieniceene, 278
5.14.2.1 Designations for Head TypPes......cccccevvervevieienieeeenincnnens 278
5.14.3 TEMA Specification Sheet..........cecerererereniinienienieiereieeeeeeeeenens 279
Shellside CIEarancCes...........oocueeuieueriieieniieieneee ettt 279
5.15.1 Tube-to-Baffle-Hole Clearance .........c..cocceevvevvenienieieniieenincncenns 279
5.15.2 Shell-to-Baffle Clearance.........c..coccovevvererenienienieneieieieeeieeecenens 279
5.15.3  Shell-to-Bundle Clearance .............coceeeereecienienienieiienieieeeeeeeee 279
5.15.4 Bypass Lanes......cccooceiiiiiiiiiiiinieiceccnece e 282
Design Methodology ........cccociiiiiiiiiiiiiieieceeeee e 282
5.16.1 Shellside FIOW Pattern........ccccoceeverireninenenienienieneicrceeeeeeeecenens 282
5.16.1.1 Shell Fluid Bypassing and Leakage .........c..cccccocceeeninnins 282
5.16.1.2 Bypass Prevention and Sealing Devices..........c..ccccceueee. 282
5.16.1.3 Shellside Flow Pattern ............cccccccoovieiiiieniniencnienennn, 284
5.16.1.4 Flow Fractions for Each Stream .........cccccccceveinvinincnnen. 285
5.16.1.5 Shellside Performance ..........c.ccoceevevverenieiecienieeeinencnnns 285
5.16.2 Sizing of Shell and Tube Heat Exchangers .........c.ccccccevveveeincencnnens 285
5.16.3 Guidelines for STHE DeSign........cccocevererinienienienieieieieeeincecenens 285
5.16.3.1 Heat Transfer Coefficient and Pressure Drop................... 286
5.16.4 Guidelines for Shellside Design ........cccceeverienienieneieiiieieineecenens 286
5.16.4.1 Specify the Right Heat Exchanger.........ccccccccecvevinincnnen. 287
5.16.5 Design Considerations for a Shell and Tube Heat Exchanger.......... 287
5.16.5.1 Thermal Design Procedure..............cccoccovieniniininienennns 288
5.16.5.2 Detailed Design Method: Bell-Delaware Method ........... 291
5.16.5.3 Auxiliary Calculations, Step-by-Step Procedure ............. 293
5.16.6 Shellside Heat Transfer and Pressure-Drop Correction Factors ...... 297
5.16.6.1 Step-by-Step Procedure to Determine Heat Transfer
and Pressure-Drop Correction Factors..............ccccceeeee. 298
5.16.6.2 Shellside Heat Transfer Coefficient and Pressure Drop ....... 301
5.16.6.3 Tubeside Heat Transfer Coefficient and Pressure Drop ........... 304
5.16.6.4 Accuracy of the Bell-Delaware Method ...........ccccccceucue. 308
5.16.6.5 Extension of the Delaware Method to Other Geometries ......... 308
Shell and Tube Heat Exchangers with Non-Segmental Baffles .................... 310
5.17.1 Phillips RODbaffle Heat Exchanger...........ccccoeveveiiiiinieinincncnnens 310
5.17.1.1 RODbaffle Exchanger Concepts.........cocecueevevveeeerencnnens 310
5.17.1.2 Important Benefit: Elimination of Shellside
Flow-Induced Vibration............cccccocveiiniiieniecinieiieene 311

5.17.1.3 Proven RODbaffle Applications ..........ccccceeevevueeeerercnnns 311



XVi

Chapter 6

Contents

5.17.1.4 Operational Characteristics ...........oceevereerervenerinenennns 311

5.17.1.5 Thermal Performance...........cceceevuveeenirieneeieneeieseeens 311

5.17.1.6 Design and Rating Program Available ............cccceceeennen. 312

5.17.2 EMbaffle® Heat EXChanger .........ccccvveovrivieiinieiinieiieee e 312
5.17.2.1 Application of EMbaffle Technology ...........cccccecururenen. 312

5.17.2.2 DESIZN .ouiiiiiiiiiiiieieeieeeeee et 312

5.17.2.3 Benefits of EMbaffle Technology .........ccccccevveieinincnnen. 314

5.17.3 Helixchanger® Heat EXChanger...........coccoueevveineineinicinieeneeenes 314
5.17.3.1 Merits of Helixchanger Heat Exchanger............cccccccecu.. 315

5.17.3.2 APPLCALIONS ...c..oouiiiiiiiciiiiiciceieeee e 315

5.17.3.3 Helixchanger Heat Exchanger: Configurations ................ 315

5.17.3.4 Performance..........cccoeeeveeeieieeeiee e 317

5.17.4 Twisted Tube® Heat EXChanger.........cccocevvevevieinieinieinieiniccnenes 318
5.17.4.1 APPLCALIONS ..ottt 318

5.17.4.2 Advantages.........ccceeceeuieiinieiiinieieeeee e 318

5.17.4.3 Merits of Twisted Tube Heat Exchanger...........ccccccceucuee. 319

5.17.5 ENd CIOSUTES ...covuviiiiiiiiiiieiiieeieesite ettt ettt ettt 319
5.17.5.1 Breech-Lock™ ClOSUTIE ......ccceeruiereeeniiiiieeienieenreeeee 319

5.17.5.2 Easy Installation and Dismantling Jig.........c.c.c.ccccceeeeeins 320

5.17.6  Taper-LoK® CIOSUIC.......c.erveuiriemirieirieirieieieieteei e 320

5.17.7 High-Pressure End ClOSUTES ........c.cccoecviriiiiiniiniiiiiienieieeeeee 320

S.A T APPENAIX A Lo 321
5.A.1 Reference Crossflow Velocity as per TinKer .......c..ccccceeveveevenccncnnns 321

5.A.2 Design of Disk and Doughnut Heat Exchanger ...........c.ccccecevcenenen. 323
5.A2.1 Design Method........cccooeeiiiiiiiniiiiiiiiicncceeceeeees 323

5.A.2.2 Heat Transfer .......coceeiecieieiieieeeee e 324

5.A.2.3 Shellside Pressure Drop..........ccccceevvieniiiieninicnicnieneenens 326

5.A.2.4 Shortcomings of Disk and Doughnut Heat Exchanger..... 326

5.A.3 NORAM RF™ Radial Flow Gas Heat Exchanger .......................... 326
5.A3.1 Tube Layout .......cccoociiiiiiiiiiiiiieiiicceeceeceeeees 327

5.A.4 Closed Feedwater HEaters.........ccovveevieniiiniienienieenieeeenieeeeiene 327
5.A.4.1 Low-Pressure Feedwater Heaters .........cccceeeerienniennennnn. 328

5.A.4.2 High-Pressure Feedwater Heaters ............c.ccocccoeeieninnen, 328

5.A.5 Steam Surface CONAENSEr .......cccoeererienenenienienienieiereeeeeeeeeeenens 329
5.A.5.1 Mechanical DeSCription..........ccceeueveeruinienenvencnieeneenens 330

5.A.5.2 Parts of CONAENSEr.......cecveeuieiieeieeieieie et 330

5.A.5.3 Condenser Tube Material...........ccccooceeviniininiiniiiinenen, 331

5.A.5.4 Condenser Support SYStEMS .......ccceveevuirienuerieenerieenennens 332

INOMENCIALUTE ...ttt sttt ettt et esaeesane s 332
RETEICICES ...ttt ettt ettt 333
Suggested REAAINGS........cc.oiiiiiiiiiiiiieiiceee et 336
REZENEIALOTS ...ttt st sttt ettt esaeeeanees 337
6.1 INErOdUCHION ....oeiiiiiiiiiiiiciccc e 337
6.1.1  Regeneration PrincCiple ..........ccccccooiiiiiiiininiiiiiiiiiiiiiicciecs 337

6.1.2  Regenerators in Thermodynamic Systems and Others.................... 337

6.1.3  Gas Turbine Cycle with Regeneration.............cccccccveiiiiiniinnininnns 337

6.1.4  Waste Heat Recovery Application............ccccceveviiiiiiiiiiciiinncnnnens 338

6.1.5 Benefits of Waste Heat RECOVETY ......ccovuiriiieniiniiiiiiiiiieieeieee 338

6.1.5.1 Direct BEnefits ........ccooevviiiiiiiiiiieeeeeiieeee e 338



Contents

6.2

6.3

6.4
6.5

6.6

6.1.5.2  Indirect Benefits.....c..cocevveririneneninienieieiciceeceececane 339
6.1.5.3 Fuel Savings due to Preheating Combustion Air.............. 339
Heat Exchangers Used for Regeneration ...........coceccveeenencnienienieneeinencenens 339
6.2.1  RECUPEIALOT . .ouuiiiiieiieiieiieeet ettt ettt 339
6.2.1.1  Merits of RecUperators .........c..cocceevuerenierieienieieinencenns 339
6.2.2  REZENETALOT ...ttt ettt 340
6.2.3  Types of REZENEIALOTS ......c.coeruiruiruiriiniinienentcteieeeteeeeeeee e 340
6.2.4  Fixed-Matrix or Fixed-Bed-Type Regenerator............cccccccecuveruenene 341
6.2.4.1 Fixed-Matrix Surface GEOMELIIes. ......ccevueveveeeerercnene 342
0.2.4.2  SIZL .o 342
6.2.4.3  Merits of Fixed-Bed Regenerators............cccccveceeerencnnen. 342
6.2.5 Rotary REZENerators...........coceceeererenienenenienienienieeereeeeeeeeeeenens 343
6.2.5.1 Salient Features of Rotary Regenerators............ccccccceueue. 343
6.2.5.2 Rotary Regenerators for Gas Turbine Applications.......... 345
6.2.5.3 Types of Rotary Regenerators ..........c..cceeveevevieeeerencnnens 345
6.2.5.4 Drive to Rotary Regenerators............cccccoceveriencnienennens 345
6.2.5.5 Operating Temperature and Pressure ..............c.cccceeeeeens 345
6.2.5.6 Surface Geometries for Rotary Regenerators................... 345
6.2.5.7 Influence of Hydraulic Diameter on Performance............ 345
6.2.5.8  SIZC .ttt 346
6.2.5.9 Desirable Characteristics for a Regenerative Matrix........ 346
6.2.5.10 Total Heat Regenerators............cccceeeevirieneniencninenennens 346
6.2.5.11 Merits of Regenerators..........c.ccecevvevvervenieieienieieinencenns 347
Rotary Regenerative Air Preheater ...........cccoocociiiiiiiiiiiiiniicciceee 347
6.3.1  Design Features . ......ccceoueiriririnineninienesesteteteeee et 348
6.3.2  Heating Element Profiles..........ccccoccveninininiininenciiiieecincecens 349
6.3.3  Enameled EIements ..........cccocoeiririreninineniinicceieeceeeeieceeenens 349
6.3.4  Corrosion and FOuling...........ccccecevvirinininenineneneiceeeeeeeeceaens 349
6.3.5 Heat Exchanger Baskets ........c.ccocevverinieninenicnicnicnciceceeeeeeecnns 349
6.3.6  Seals and Sealing System COmMPONENtS.........cccoevvevereeeeeenrenennens 350
6.3.6.1 Radial Seals and Sector Plates..........c.ccocecueevevveeniniencnnens 350
6.3.6.2 Axial Seals and Sealing Plates .........cc.ccecvecvevieininiincnnens 351

6.3.6.3 Circumferential Seals and Circumferential Sealing
RING e 351
6.3.7  LeaKAZE .oviveieiiieiieictcte e 351
6.3.8  Alstom Power Trisector Ljungstrom® Air Preheater...............c........ 351
Comparison of Recuperators and Regenerators ............ccccoeeveeveieeeenencnnns 352
Considerations in Establishing a Heat Recovery System............ccccccecuenee. 352
6.5.1 Compatibility with the Existing Process System ..........cccccceeverenen. 352
6.5.2  Economic Benefits........ccccooerviririnirinineniniiieiececeeeeeeeeeeenas 353
6.5.2.1  Capital CoSLS...c.eevuiriiiieiiiieieeiieee e 353
6.5.3  Life of the EXChanger.........cccocvvivirininininiiniiicccceeeeececne 353
6.5.4  Maintainability .....cccoeoiiiririiiininiiesesere e 353
Regenerator Construction Material .............cccocviiiiiiiiiininiiiiiii, 353
6.6.1  Strength and Stability at the Operating Temperature ..................... 354
6.6.2  Corrosion RESIStANCE........ceeerueruiriiriiniinienentetetceeter et 355
6.6.3  Ceramic Heat EXChangers ........cc.coccvevenenenienicnieneiecieeeeececenns 355
6.6.3.1 Low Gas Permeability ..........c.cccoeinviininiiniiiniiineen, 355
6.6.4 Ceramic—Metallic Hybrid Recuperator............cccocceveeveveieincencnnens 355

6.6.5 Regenerator Materials for Other than Waste Heat Recovery........... 355



Xviii

6.7

6.8

6.9

6.10

Contents
Thermal Design: Thermal-Hydraulic Fundamentals ...............c.cccoccoceoiiie. 356
6.7.1  Surface Geometrical PrOperties ........c.ccoceververvenienieieieieeeineneenens 356
6.7.2  Correlation for j and f.........cccocvveririnininininenececceeeeeeeeeas 357
Thermal Design TheOory ........ccoiiiiiiiiiiiiiiiieee e 358
6.8.1  Regenerator Solution Techniques.........ccccoevevvereneieiiinieieinencns 359
6.8.1.1 Open Methods: Numerical Finite-Difference Method...... 359
6.8.1.2  Closed Methods ........cccoccueeieiiiniiiiiiiniiiescceeceeeeeens 359
6.8.2  Basic Thermal Design Methods..........ccoceverienienienieienienieieincncnns 359
6.8.3  Coppage and Longon Model for a Rotary Regenerator ................... 360
6.8.3.1 Thermal Effectiveness ..........cocceervevvenenienieienieeeinincenens 362
6.8.3.2  Heat Transfer .........coceevevirineneniniiciccccccceececaes 364
6.8.4  Parameter Definitions.........cccoceeivirinenencnienieiccececeeeeeeeeans 364
6.8.5  Classification of ReZenerator...........cceevererienienienieieieieeeieeeeenens 365
6.8.6  Additional Formulas for Regenerator Effectiveness .........c.cccec..... 365
6.8.6.1 Balanced and Symmetric Counterflow Regenerator ........ 366
6.8.7 Reduced Length—Reduced Period (A-IT) Method............ccoeuuenneene. 367
6.8.7.1 Counterflow Regenerator.........c..cocceevvereeeeienieeeenencnnns 367

6.8.8  Razelos Method for Asymmetric-Unbalanced Counterflow
REEENETALON ... 370
6.8.9 Influence of Longitudinal Heat Conduction in the Wall.................. 371
6.8.9.1 Bahnke and Howard Method............ccccoccooiniininiinnnn, 372
6.8.9.2  Romie’s SOIULION .......ccuviiieiiiiiiiiiiiiecceeeeeeceeeeeas 372

6.8.9.3  Shah’s Solution to Account for the Longitudinal

Conduction Effect.........cccovvirininincninencciccicceee, 373
6.8.10 Fluid Bypass and Carryover on Thermal Effectiveness................... 374
6.8.11 Regenerator Design Methodology ........c..coevvevvevienieieiiieiniinencnnns 374
6.8.12 Primary Considerations Influencing Design.........cccccevveeeinencnnens 374
6.8.13 Rating of Rotary Regenerators..........cocceeverienienienieierenieeeinencenens 374
6.8.14 Sizing of Rotary Regenerators ..........c.cceceveviervenienieiereieeeincncenens 374
Mechanical DeSIZN........cc.coiiiiiiiiiiiiieieeeeeeee e 375
6.9.1 Single-Bed and Dual-Bed Fixed Regenerators ............ccccceceveruenene 375
6.9.2  Rotary REZENerators...........cecceeeererenienenenienienienieiereeeeeeeeeeenens 375
6.9.2.1  LeaKages .....ocoooueviiiiiiieiiicee e 375
6.9.2.2  Seal DeSIN ....cccooouiiiiiiiiiiiceecee e 376
6.9.2.3  Drive for the ROtOr.......ccccoeviiinininiiieicicicicccccece 376
6.9.2.4 Thermal Distortion and Transients...........c.cccccceceevvenennens 371
6.9.2.5 Pressure FOrces........coovviviiiiniiiiiiiiiicrcceeeceeeeens 371
Industrial Regenerators and Heat Recovery Devices...........cccccocenenieninnnens 371
6.10.1 Fluid-Bed Regenerative Heat Exchangers........c..coccceevevieieinencnnens 377
6.10.2 Fluidized-Bed Waste Heat RECOVErY .........coeovevienieiiiiieicinincnens 378
6.10.3 Vortex-Flow Direct-Contact Heat Exchangers..........cccccccceevvvvencnnen. 379
6.10.4 Ceramic Bayonet Tube Heat Exchangers .........c.ccccccveeveveeeenccncnnens 379
6.10.5 Regenerative BUIMETS .........ccccoceviviririeneneniecieeecreeeeeeeeee e 379
6.10.6 Porcelain-Enameled Flat-Plate Heat Exchangers.........c.cccccceeceeenen. 380
6.10.7 Radiation RECUPETALOLS .......cccoeruirueruirtinienieniereteeeeereeeeeeee e 380
6.10.8 Heat-Pipe Heat EXChangers.........cccocevevenenienienienieieieieeeeeeecenens 381
6.10.8.1 Merits of Heat-Pipe Heat Exchanger..........cccccecvvvncnen. 382
6.10.8.2 APPLICALION.....coiiiiiiiiiiiiiiieieeieeie e 382
6.10.9 ECONOMUIZET ....oueiuieiieiieiiiiiniieiieiteieeie sttt 382
6.10.10 ThermOCOMPIESSOT.......ccuteirirririirieriententerientereteteneerenreeeeeeeeeenens 382

6.10.11 Mueller Temp-Plate® Energy Recovery Banks ..........ccccccveeneenee. 383



Contents

Chapter 7

Xxix

6.11 Rotary Heat Exchangers for Space Heating ...........coccvevveviencnieieienieennnncnn. 383

6.11.1 Working PrinCiple ......c..ccecevviririnirinininenictciececreeeeeeeeeeeieas 384

6.11.2  CONSLIUCTION ...eueientieiietieiieeee ettt e et eee st enbeesee e esee e enee e eneenes 385

6.11.3 ROtOr MaterialS........cceouieieriieierieeieeieeie e 385

6.11.3.1 CONSIIUCHION. ....eeviieiiieriieeiieeiie ettt 385

6.11.3.2 CaITYOVET ..ottt 385

6.11.3.3 SIS ..t 385

6.11.4 Drive System and Control Unit...........cceeverienienieneniennenieneeinencnnens 386

6.11.5 Cleaning DEVICES .......cccecuririririnirintinieniesteteteeeeerereeeeee e 386

INOMENCIALUTE ...ttt sttt ettt esaee st s 386

RETEICICES ...ttt ettt ettt 388

BIDHOZIAPNY ...eeviiiiiieiieiieertcet ettt 391

Plate Heat Exchangers and Spiral Plate Heat Exchangers ...........cccccceeecieininnnnene. 393

7.1  Plate Heat Exchanger Construction: General............coccoeeevieveiecieieennnnnn. 393

7.1.1  Flow Patterns and Pass Arrangement ...........cccccceeveeveveieeeineneenens 394

7.1.2  Useful Dataon PHE ........ccoocooiiiiiiiiiiiiiicccccceee 396

7.1.3  Standard Performance Limits ..........cccoovevenieniinienenieniinieieinieeenns 397

7.2 Benefits Offered by Plate Heat Exchangers............cccooevvevienieniccieiicnininnnnne. 397
7.3  Comparison between a Plate Heat Exchanger and a Shell and Tube Heat

EXCRANGET ..ottt 399

7.4  Plate Heat Exchanger: Detailed Construction Features ............cccccccceceeuenene. 399

TAT  PLALE .ot 399

74.1.1  Plate Pattern.......cocooieiniriiniinenicnicieieciceeeeceeee e 399

7.4.1.2  Types of Plate COrrugation ........cc.cceceevereenereencneenennns 400

7.4.1.3 Intermating Troughs Pattern..........c.ccoocevvenincncnicncnnnn, 400

7.4.1.4 Chevron or Herringbone Trough Pattern............c..ccc.c...... 400

7.4.1.5  Plate MaterialS .......ccoeceviririinienenieieieieieieieeeeeeeeenes 400

742  Gasket SEleCtiON ......cc.ccveuiriiiiiiniiiieetesereteeeeeeeeee e 400

7.4.3  Bleed Port DesiZn......ccoeouiriieiiniiiiiniieiesteeee e 400

TAA4  FIAMES c..oviuiiiiiiieieictetete ettt 402

TAS  NOZZIES ..o 402

746 TiE BOIS .ot 402

747 Connector PIAtes.........ccciriiiiiiiniieciesesetcceceeeeeeeeee e 403

T4.8  CONNECLIONS ....cuuiuiiieiieiieiieit ettt sttt ettt 403

7.4.9  InStallation......cccccveieieiiiiiiiiieiee e 403

7.5  Brazed Plate Heat EXChanger ..........ccccoocoviiiiiiininiiineccececeece, 403

7.6 Other Forms of Plate Heat EXChangers ...........cccocevieviinieniniieniienceiecee, 403

7.6.1  All-Welded Plate EXChangers.........c.cceoceveevinienenienienicieneee 403

7.6.2  Supermax® and Maxchanger® Plate Heat Exchangers..................... 404

7.6.3  Wide-Gap Plate Heat Exchanger...........c.ccoocevievinieiinicncnieene 406

7.6.4 GEABIloc Fully Welded Plate Heat Exchanger..........c..ccccceeevenee. 407

7.6.5 Free-Flow Plate Heat EXxchanger...........c.ccooceiieniiieicniencniecene, 407

7.6.6  Flow-Flex Tubular Plate Heat Exchanger...........cccccocevieiiinienennnne. 407

7.6.7 Semiwelded or Twin-Plate Heat Exchanger...........ccccccceevevinnninn. 409

7.6.8  Double-Wall Plate Heat Exchanger..........cccccoceeveiiininicncnienenne 411

7.6.9  Diabon F Graphite Plate Heat Exchanger ...........c.cccocevieviniencnnene 411

7.6.10 Glue-Free Gaskets (Clip-On Snap-On Gaskets) ........ccceceveeruennnene 411

7.6.11 AlfaNova 100% Stainless Steel Plate Heat Exchanger.................... 412

7.6.12 Plate Heat Exchanger with Electrode Plate.............coccceoenniieinnncenne 412



XX

Chapter 8

Contents

7.6.13 Plate Heat Exchanger with Flow Rings...........ccccoccociiiinnnn. 412
7.6.14 AlfaRex™ Gasket-Free Plate Heat Exchanger .........cccoceovveiniecnnee. 412
7.6.15 Alfa Laval Plate Evaporator ........c..cocceevenenienienienienieieieeeiececenens 413
7.6.16 Sanitary Heat Exchangers ...........cccocooiiiiiiniiiiiiiiinccccee 413
7.6.17 EKasic® Silicon Carbide Plate Heat Exchangers ..........c.ccccccveeeee. 413
7.6.18 Deep-Set Gasket GIOOVES ..........cccerieviirieiienieieniieieseeieeeeee e 413
7.7 Where to Use Plate Heat Exchangers............c.cccccoooiiiniiiininiiiicee, 413

7.7.1  Applications for Which Plate Heat Exchangers Are Not
Recommended............ccoooiiiiiiiiiiiiiccc e 413
7.8  Thermohydraulic Fundamentals of Plate Heat Exchangers............cccccceeu.... 414
7.8.1  High- and Low-Theta Plates...........c.cccccooiiiiniiiiniiiiiiiiiceene 415
7.8.2  Thermal MIXINg .....ccccooieviiiiiiiiniiiiiiieeeneeee e 416
7.8.2.1 Thermal Mixing Using High- and Low-Theta Plates....... 416

7.8.2.2 Thermal Mixing Using Horizontal and

Vertical Plates............cccccciiieee 416
7.8.3  FLOW ATCA....cciiiiiiiiiiiiieiee e 417
7.8.4  Heat Transfer and Pressure-Drop Correlations............ccceceevveercnene 419
7.8.4.1 Heat Transfer Correlations..........coccovevverveieienieeeenencnnns 419
7.8.4.2  Pressure Drop .......cccoceeciiieiiiniiiiiiiicecceeeeees 420
7.8.5  Specific Pressure Drop or Jensen Number..........cccccecveieieincencnnens 421
7.9 PHE Thermal Design Methods ...........cccoceeiiiiiiiniiiiiniiicceeeeeeee, 421
7.9.1 LMTD Method due to Buonopane et al. ..........c..cccoccevieciininnnnnne. 422
7.9.2  &-NTU AppProach..........cccccevevienieiinieniiieeneeceeeeeeeeeee e 422
7.9.3  Specification Sheet for PHE ............ccocooinininininiiiiccicece 423
7.9.3.1 Design Pressure ........ccccceeieciinieiiiieniiieneeenceeeneeens 423
7.9.3.2  Plate HAnGer.......ccoooiiiiiiiiiiiiiiiieicieccece e 424
7.10  Corrosion of Plate Heat EXChangers.........c.ccceceverinininiencncncieiceeeeeeenn, 424
T FOULNG. .ot 425
7.12  Limitations of Plate Heat EXChangers ........c..coccoceveveninenienencieicieeceeen 425
7.13  Spiral Plate Heat EXChangers ..........cccccooieiiiiiiiniiiiieccecceeeeeeeee 425
7.13.1 Flow Arrangements and Applications..........c.cccceevecueniecieniecuennnnn 426
7.13.2 Construction Material ..........c.ccocoovinieiiniiininiieieeceeeeeeee 426
7.13.3 Thermal Design of Spiral Plate Heat Exchangers...........cccccceceeueuen. 426
7.13.4 Mechanical Design of Spiral Plate Heat Exchangers...........cc.c.c..... 427
7.13.5 Applications for Spiral Plate Heat Exchangers ............ccccceveveencnen. 427
7.13.6 Advantages of Spiral Plate Exchangers.........cccccccoevieviiienniinnncnnns 428
7137 LAMICATIONS ettt ettt s 428
7.14  Platecoil® Prime Surface Plate Heat Exchangers..........ccccocevveveiniecniecee 428
INOMENCIALULE ...ttt 429
REFETEICES ..ttt 430
BIblIOZIAPRY ..ot 431
Heat Transfer AUZMENtation ..........co.ccverueieieieieinincrieeeee ettt 433
8.1 INrOAUCHION ...ttt 433
8.1.1  Benefits of Heat Transfer Augmentation............cccceeevveveveeeenennenn 433
8.2  Application of Augmented SUrfaces..........cccceceevererinenieneneneneeieeeceene 433
8.3  Principle of Single-Phase Heat Transfer Enhancement...........c..ccccecvecnenne. 434

8.3.1 Increase in Convection Coefficient without an Appreciable
AT INCTRASE. ... .ot 434



Contents

xxi

8.3.2  Enhancement in Turbulent FIOW ........ccccccociiiiiniiiiiiniiiiiniceeen 434
8.3.3 Enhancement in Laminar FIOW.........cccccoviiiniiniiiniiniiiiceee 435
8.4  Approaches and Techniques for Heat Transfer Enhancement....................... 435
8.5  Heat Transfer MOde........ccooiiieiiieieciieiesieeesieee et 437
8.6 Passive TeChNIQUES .........cccouiiiiiiiiiiiiiiciceee e 437
8.6.1  Extended SUrfaces........cceeoeeieiiieieriieiee et 437
8.6.1.1 Extended Surfaces for Gases ........c..coceevervevereeeeeenennenn 437
8.6.1.2 Extended Surfaces for Liquids........ccccoeverieiecienceinennne 438
8.6.2  Treated SUIfaceS......cocoveiuieiereieiieiee et 441
8.6.3  Rough Surfaces ........ccecuevieiririiininneeeeee e 442
8.6.4  Tube Inserts and Displaced Flow Enhancement Devices ................ 444
8.6.4.1 Enhancement Mechanism...........cccceceeviinveiniinneeniennnen. 444
8.6.4.2 Forms of Insert Device .........ccoceeverierenieninieeeeeen, 444
8.6.4.3 Displaced Flow Enhancement Devices ............ccccccueeneee. 444
8.6.5  SWIrl FIOW DEVICES ....eeeruiiiiiiiiiiiiiiiieiiceeeee e 450
8.6.5.1 Twisted Tape INSert.........cocceeeriiiinieiiniiiniceeeeeeee 450
8.6.5.2 Corrugated SUrfaces .........cocoveverenenienienenieiereieeeeeenne 450
8.6.5.3 Doubly Enhanced Surfaces........c..coceevevvenenieiecienceenenncnn 452
8.6.5.4  TurbulatorsS.......cccueeieeiiiiiiiieeeeeeeeeee e 453
8.6.6  Surface Tension DEVICES .......cccirieriieierieieriieie e 453
8.6.7  Additives for LiqUids.......cccecueviriririinirininenenceeee e 453
8.6.8  Additives fOr GASES ......ccveeeeruieiieiieieeierie ettt 453
8.7 Active TeChNIQUES .....ccoeouiiiiiiieiiiicieeieeee e 454
8.8 FriCtion FaCLOT .....coiuiiiiiiiiiiiiicie et 454
8.9 Pertinent ProbIeMS .......cccceoiiiiiiiiiiiiiiieiietee e 454
8.9.1  Testing Methods .......cccooouieiiiiiiiiiiiiiiccecceeeeee e 454
8.9.2  FOUING ..o 455
8.9.3  Performance Evaluation Criteria..........coceeeverieriereeeneeneeiesieeennns 455
8.9.3.1 Webb’s PECs: Performance Comparison with
A Reference.......ooouevvieiirieieee e 456
8.9.3.2 Shah’s Recommendation for Surface Selection of
Compact Heat Exchanger with Gas on One Side.............. 456
8.9.4  Market FACOTS.....cccueiiiiiiiiiiiiiiecc e 457
8.9.4.1 Alternate Means of Energy Savings .........cccccceeveveeeeennne 457
8.9.4.2 Adoptability to Existing Heat Exchanger......................... 457
8.9.4.3 Proven Field/Performance TrialS........ccccocevvevveeveieeeennne 457
8.9.5 Mechanical Design and Construction Considerations..................... 458
8.10  Phase Change.........cccooiiiiiiiiiiiiiieieeeeeee ettt 458
8.10.1 Condensation Enhancement...........c.cccoceeviiiniiniiiinienieneeniceeee 458
8.10.1.1 Horizontal Orientation..........cc.ceeveercueenieesieenieenieeneenenenn 459
8.10.1.2 Shellside Condensation on Vertical Tubes........................ 459
8.10.2 Evaporation Enhancement.............ccccooceeviiiininiiniiiinieienieeeee, 459
8.10.3 Heat Transfer Augmentation Devices for the Air-Conditioning
and Refrigeration INAUSLTY .........covevereniinenienieicieeceeeneneeeseene 459
8.10.3.1 Shellside Evaporation of Refrigerants ............cccccceceeuennene. 459
8.10.3.2 Shellside Condensation of Refrigerants..........cccccceceeuennee. 460
8.10.3.3 In-Tube Evaporation of Refrigerants..........cccccceceeveuenene 460
8.11 Major Areas of APPlICALIONS ....cc.eoveeeieieiiieiirinerteetese et 460
INOMENCIALUTE ...ttt sttt ettt et esaee st s 461
RETEICICES ...ttt ettt ae e 461

BIbIIOZIAPRY ...t 463



xxii Contents
Chapter 9 FOULING .....cocoiiiiiiiiiiee ettt ettt eaee 465
9.1  Effect of Fouling on the Thermohydraulic Performance of Heat Exchangers ...... 465
9.2 Costs of Heat Exchanger FOuling..........ccccceviiinininininincnccicicceeeee 467
9.2.1  OVETSIZING ..ot 467
9.2.2  Additional Energy COStS ......cc.coieviirieiiinieiiiieiecieeieseeieeeee e 467
9.2.3 Treatment Cost to Lessen Corrosion and Fouling.............c...cc......... 467
9.24  Lost Production due to Maintenance Schedules and Down

Time for Maintenance ...........ceceeeveruerrenenientenienienieiereeeeeeeeeeenens 467
9.3 Fouling Curves/Modes of FOuling ..........ccccocvvirininininineneneieiceeeeeeenne 467
9.4 Stages of FOULING .....ccooiviriiriiiiieiciciccee et 468
9.5  Fouling Model ........ccooiiiiiiiiiiiietce e 468
9.6  Parameters That Influence Fouling Resistances........c..coccoevervevecieieenennne. 469
9.6.1  Properties of Fluids and Usual Propensity for Fouling.................... 469
9.6.2  TEMPETALULE.......oovieiiiiieiieiieiete ettt 469
9.6.3  Velocity and Hydrodynamic Effects .......c..coccoeveneviiviinieiniinccncnnns 470
9.6.4  Tube Material .........ccccoiiiiiiiiiiiiiiiiccce e 470
9.6.5  IMPUTIILIES c..ooviiiiiiieiiciieeee e 470
9.6.6  Surface ROUZNNESS .....cccceruiriiirinirininreccccceeeeeee e 471
9.6.7  Suspended SOAS.......ccoecuirieiiiniiiinieeee e 471
9.6.8  Placing More Fouling Fluid on the Tubeside..............cc.ccccceoeienne 471
9.6.9  Shellside FIOW ......ccocoieiiiiiiiiiiiinciceteseneccceeeeeeeeee e 471
9.6.10 Type of Heat EXChanger ...........coceverenienencnienicnicniciciceeeeececnne 472
9.6.10.1 Low-Finned Tube Heat Exchanger...........c..cccocceeeninenin, 472
9.6.10.2 Heat Transfer Augmentation Devices.........cccccecvevrvrcnen. 472
9.6.10.3 Gasketed Plate Heat Exchangers ..........c.cccoccoceniiiininen, 472
9.6.10.4 Spiral Plate Exchangers ..........c.ccccccoceviiiieninienicniencnnns 472
9.6.11 Seasonal Temperature Changes ...........coccecevievienieieniecienieieeene 472
9.6.12 Equipment Design .........ccccoieviiriiiiiniiiiiicinecececeeeeeeeeee 472
9.6.13 Heat Exchanger Geometry and Orientation............cccceceecueeeeueennnne 472

9.6.14 Heat Transfer Processes like Sensible Heating, Cooling,
Condensation, and Vaporization ............c.ccceceeceeverviencnieenenieenennens 473

9.6.15 Shell and Tube Heat Exchanger with Improved Shellside
Performance .........cccouevieirinininincsceeseeeceeee e 473
9.6.15.1 EMbaffle® Heat EXChanger...........ccccocevvueinreninieniercninenas 473
9.6.15.2 Twisted Tube Heat Exchanger .............cocceoiiiiniiiininnen, 473
9.6.15.3 Helixchanger Heat Exchanger .............ccccoooeiiiniiiinnn, 473
9.7 Mechanisms of FOUING .......cccoeviiiiiiiiiiiiiieecccceee e 474
9.7.1  Particulate FOUlINgG .........c.ccoooiiiiiiniiieee 474
9.7.2  Chemical Reaction Fouling (Polymerization)............cccccccceeeuennnee. 475
9.7.3  Corrosion FOUlING .........ccccoiiiiiiiiiiiiiiiiiciiceecceeeeeeeee 475
9.74  Crystallization or Precipitation Fouling..............c..cccooiiinnnnnnnne. 476
9.7.4.1 Modeling for Scaling .........cccceverererrerenenieiiieieieeecenns 476
9.7.5  Biological FOUlING .........ccccociiviiriiiiiniiiiiiceececeeeeeeeeeeeee 476
9.7.6  Solidification Fouling or Freezing Fouling...........ccccceevevinvinincnnns 477
9.8 Fouling Data........ccooiiiiiiiiiiiiiicc e 477
9.9  How Fouling Is Dealt while Designing Heat Exchangers............................. 477
9.9.1  Specifying the Fouling ResiStances ........c..cocceevverevecreieenencencnnens 477
9.9.2  OVETSIZING ..ovviiieiieiieiieeeit et 477
9.10 TEMA Fouling Resistance Values .........c..ccccooieviiriiiiinieninieiceneeeeeeee. 478

9.10.1 Research in FOuling..........cccccoiiiiiniiiiniiiicccceeeeee 478



Contents

9.11

9.12
9.13

9.14

9.15
9.16
9.17

Fouling MONITOTING ...c..eoviriiiiiiiiieiieieeeeeeteeeee ettt 478
9.11.1 Fouling Inline AnalySiS........ccccocieiirieiiniiiiinieieneeeseeeeee e 478
9.11.2 Tube Fouling MONItOTS..........cccoieiiirieiinicieneeieseeeeeeeeeee e 481
9.11.3 Fouling Monitor OPeration ............c.cceeereeeuerienienieiienieieeeeieeeeenn 482
9.11.3.1 Instruments for Monitoring of Fouling..........ccccccecerenen. 482
9.11.3.2 Gas-Side Fouling Measuring Devices.........c.cccoccecvenennens 482
EXPEIrt SYSIEML....couiiiiiiiiiiiiiiiieiiecee ettt 482
Fouling Prevention and Control ............c..ccceeiiiiiiiiiinieniiienceieneeeeneeene 483
9.13.1 Measures to Be Taken during the Design Stages...........ccccecoeuenee. 483
Cleaning of Heat EXChangers ..........ccccoeviririnieneninicnicieeiceereeeeeeeceaens 484
9.14.1 Cleaning TeChNIQUES ........cccccuevuieiiirieiiinice e 484
9.14.2 Deposit ANALYSIS.....ccccoieiiriiiieiieiereeese ettt 485
9.14.3 Selection of Appropriate Cleaning Methods..........ccccceeveeeenrencnnens 485
9.14.3.1 Precautions to Be Taken while Undertaking
a Cleaning Operation...........ccceeeeerueeeenieeiieneenesieeeeeneenns 485
9.14.4 Off-Line Mechanical Cleaning .........c.ccoccvevvevvenueneeeoienieeeinencnnens 485
9.14.4.1 Manual Cleaning ..........cccceceeeuerieruinieniiiieneereneereseenens 486
9.14.4.2 Jet Cleaning ..........ccceeueeuiniieieenieieieieie et 486
9.14.4.3 Dirilling and Roding of Tubes...........ccccovevvereveenenencnnens 487
9.14.4.4 Turbining .......cccooviiiiiiiiiiieccc e 487
9.14.4.5 Hydro Drilling ACtON .........cccoeieviiniiniiieniiienccieneeens 487
9.14.4.6 Passing Brushes through Exchanger Tubes..................... 487
9.14.4.7 Scraper-Type Tube Cleaners ............cccccceveveevencninenennens 487
9.14.4.8 Blast Cleaning.........ccccceecuevuieiuenieniinienienieneeeese e 488
9.14.4.9 SO0t BIOWING .....ccveiiiiiiiiiiiiiiiicicieeceee e 488
9.14.4.10 Thermal Cleaning..........ccccceeeuevievuinieniniencnreneeeeseenens 488
9.14.5 Merits of Mechanical Cleaning............cocceevververeenieiecrenieeeinencenens 488
9.14.6 Chemical Cleaning...........cccccevuieiiinieiienieienieieseee e 489
9.14.6.1 Clean-in-Place SYStems ........ccccecerveruerrerieiererieieenencnnens 489
9.14.6.2 Choosing a Chemical Cleaning Method............ccccccceucnen. 489
9.14.6.3 Chemical Cleaning SOIUtions ........c.ccoceeveveveieeeenrenennns 489
9.14.7 General Procedure for Chemical Cleaning...........ccccceeveveeenencnnens 489
9.14.8 Off-line Chemical Cleaning...........c.cceveerererienrenienreeereieeeeeeeeenens 490
9.14.8.1 Integrated Chemical Cleaning Apparatus..........c.ccccccee... 491
9.14.9 Merits of Chemical Cleaning ............coceeververierrenienieierenieeeeneneenens 491
9.14.10 Disadvantages of Chemical Cleaning Methods ...........cccccecurcerenen. 491
9.14.11 Online Cleaning Methods ...........ccccocieviriiiinieniniieneeeeeeeeee 491
9.14.12 Online Mechanical Cleaning Methods ............ccccooeciniiiiininnennne. 492
9.14.12.1 Upstream Filtration (Debris Filter) .......c.ccccecervieiniennennnn. 492
9.14.12.2 Flow EXCUISION .....cceiiiiiiiiiiiiiieiieieic e 492
9.14.12.3 Air BUMPING ..c.oooiiiiiiiiiiiiiciceice e 492
9.14.12.4 Reversing Flow in Heat Exchangers ............c.c.c.ccocceeeeie, 492
9.14.12.5 Automatic Tube Cleaning Systems ...........cccceceevercvenuennnens 493
9.14.12.6 Insert Technology..........ccccecuecuirieiiinieniiieninrenceeseeens 494
9.14.12.7 Grit CIRANINg......ccueeiiiieiiiieiieiieee et 496
9.14.12.8 Self-Cleaning Heat Exchangers ..........ccccceevevieenenccncnnens 497
9.14.13 Merits of Online Cleaning ..........coccoceeerererienienieneiereieeeeneeeenens 499
Foulant Control by Chemical Additives...........cccceceevirieniiieniiiienieieneenene 499
Control of Fouling from Suspended Solids.......c..cocevevvenieneniiiiinieininincnnns 501
Cooling-Water Management for Reduced Fouling...........ccccceeveiiinvinincnnns 501

9.17.1 Forms of Water-Side FOuling .........c.ccocevverenieneneneniiiiieieineecenns 501



XXiv Contents
9.17.2 Influence of Surface Temperature on Fouling...........cccccevveerencnens 502
9.17.3 Foulant Control versus Type of Cooling-Water System................... 502

9.17.3.1 Once-Through System .........cccceceevuiriieniniieniniieneiieneenens 502
9.17.3.2 Open Recirculating SyStem ........c.ccevverveeererieenenencnnens 502
9.17.3.3 Closed Recirculating Systems ..........ccccceceevervienencnenennens 502
9.17.3.4 Online Chemical Control of Cooling-Water Foulants...... 502

9.17.4 Control of Scale Formation and Fouling Resistances for Treated
CoOlING WALET .....ovviiiiiiiiiiieiee e 503
9.17.4.1 Chemical Means to Control Scaling..........ccccccecvecereercnnen. 503
9.17.4.2 Electrostatic Scale Controller and Preventer.................... 504
9.17.5 Cleaning of SCAlES......cccccuririririririrtenenertcteeeet et 504
9.17.5.1 Chemical Cleaning .........c.cceceeererveruenienienieieieeeeeeeeenens 504
9.17.6 Tron Oxide Removal ..........ccoceeviiiiiiniiniiiieieceeeeeeeeeee e 504
INOMENCIALUTE ...ttt sttt et ettt esaee st s 504
RETEICICES ...ttt ettt et eae e 505
BIDHOZIAPNY ...ttt 507
Chapter 10 Flow-Induced Vibration of Shell and Tube Heat Exchangers...........ccccccccevvvinennens 509
10.1 Principles of Flow-Induced Vibration ...........ccccoceeevenenenienienieiecieieininnenn. 509
10.1.1 Principles of Flow-Induced Vibration...........cccccceveevevievieininencnnns 509
10.1.2 Possible Damaging Effects of FIV on Heat Exchangers.................. 510
10.1.3 Most Probable Regions of Tube Failure...........cccceeveieieininnininnns 510
10.1.4 Failure MechaniSms .........ccceceeiririniniinienienicieieeeeereneeeieeeee e 510
10.1.5 Flow-Induced Vibration MechaniSms...........cccceueevevvereveenenenennens S11
10.1.6  Tube ReSPOnSe CUIVE......cccueriiriiriiniieiericeie e 511
10.1.7 Dynamical Behavior of Tube Arrays in Crossflow ...........cccccceuee. 511
10.1.8 Hydrodynamic FOICes .........ccccevirieniriiniiienieeneeeseee e 512
10.1.9 FIV Mechanisms versus Flow Mediums .........ccccccecvevveievininnincnnns 512
10.1.10 Approaches to FIV ANalysis ......ccccovveerierienenienenieienieieseeeeeene 512
10.1.11 Empirical Nature of Flow-Induced Vibration Analysis ................... 512
10.2  Discussion of Flow-Induced Vibration Mechanisms..........cccccccveeveveeeunnnene. 513
10.2.1 Vortex Shedding........ccccecerieiiniiienieieneeeeee e 513
10.2.1.1 Single TUDe ....ooveiieiiiiieieiieeee e 513
10.2.1.2 Strouhal NUMDET ......cccooviriiriiiiniiniiieieicicreieeeecee s 513
10.2.1.3 Vortex Shedding for Tube Bundles..........c.ccocererienennne. 514
10.2.1.4 Avoiding ReSONANCe ........cc.cecueruierienieniinieniesienceienieeene 515
10.2.1.5 Calculation of Strouhal Number for Tube Arrays............. 515
10.2.1.6 Criteria to Avoid Vortex Shedding ..........cccccoeeererienennene 516

10.2.1.7 Response due to Vortex Shedding Vibration

Prediction by Dynamic AnalysiS......c.ccecveverierieneeniennenn 517
10.3 Turbulence-Induced Excitation Mechanism...........ccccoceeuevvenienieieieieennnnenn. 518
10.3.1  TUrbUIENCE .....viiiiiiciiciie e 518
10.3.2 Turbulent Buffeting ..........ccccoceviiiiniiiniiieneeeeeeeeee 518
10.3.3 Owen’s Expression for Turbulent Buffeting Frequency ................... 518
10.3.4 Turbulent Buffeting Excitation as a Random Phenomenon.............. 519
10.4  Fluid Elastic InStability ..........ccccoeviiiiiiiiininiiiiieeeseseicceeeereeee e 519
10.4.1 Fluid Elastic FOICES.......ccoeviriririniniiniiiesieicieieeeeeereeeeee e 520
10.4.2 General Characteristics of Instability ..........ccccooceiieninieniniencnne 520
10.4.3 Connors’ Fluid Elastic Instability Analysis ........cccceecevverenienennnn 520

10.4.4  Analytical Model..........cccoiiriiniiiiniiinieeeeee e 521



Contents

XXV
10.4.5 Unsteady MoOdel..........cocoooiiiiiiiiiiiiiieiiciceeeceeee e 521
10.4.5.1 Displacement Mechanism...........c.cccceeerieniniiencriienennens 521
10.4.5.2  Velocity Mechanism ...........ccccoceevivieninieninienciieneenens 521
10.4.5.3 Unsteady Model ..........cccooiiiiniiiiniiiiiiieniiecceeeee 522
10.4.6 Design Recommendations............ccceeeueeieciinieniineenienieneeeeseenens 522
10.4.6.1 Chen’s Criterion .......c..cccueeuiecienieiiieieieeeesie e 522
10.4.6.2 Au-Yang et al. Criteria ........cccoeceevuieeeniiiienienienciieneeens 523
10.4.6.2  Guidelines of Pettigrew and Taylor...........ccccceveevrcincnnens 523
10.4.7  Acceptance Criteria.........ccooirueriiriiiniieiiniieieeeeie et 523
10.4.8 Stability DIagrams ........cccccceeiieriieiiinieiinieieeeeie e 524
10.5  Acoustic RESONANCE.......cc.occviiiiiiiiiiiiiiciccceeeeeee e 524
10.5.1 Principle of Standing Waves ...........cccecevererenenenenenennenieeeeeeenens 524
10.5.1.1  Effect of Tube Solidity on Sound Velocity .............c........ 525
10.5.2 Expressions for Acoustic Resonance Frequency..........c..cccccueeueuenen. 526
10.5.2.1 Blevins EXpPression.........cccecevieviiniencnienenieencieeneenens 527
10.5.3 Excitation MechanisSms ............cccoecuevieiiiniiiinieniieeniceeeeeeeeeene 528
10.5.3.1 Vortex Shedding Mechanism...........ccccocevirvencnienennens 528
10.5.3.2 Turbulent Buffeting Mechanism.........c.cccccceeveveeincincnnens 528
10.5.4  Acceptance Criteria for Occurrence of Acoustic Resonance........... 529
10.5.4.1 Vortex Shedding..........cccceeeciirieiiiniieiiiieneieneeeeneenens 529
10.5.4.2 Turbulent Buffeting........c.ccoeveneneneneneicieiceiccncnns 530
10.6  Vibration Evaluation Procedure .............c.coceniiiiniiiiniiiiniicceeeeeeeee. 530
10.6.1 Steps of Vibration Evaluation............cccceceverenenenencnenienieieieeenens 530
10.6.1.1 ~ Step 6 for Liquid FIOW ......cceoeriiniinieiiiiiicicicieiccecans 531
10.6.1.2  Step 6 for Gas FIOW .......coceeeverinenienenicicicicecieceeees 531
10.6.2 Caution in Applying Experimentally Derived Values
for Vibration Evaluation ..........ccccoccveveneninenicnenieicieiceeeeeecnes 531
10.7 Design Guidelines for Vibration Prevention ..........c..cocceeeevenveviecreniecennncnn. 531
10.7.1 Methods to Increase Tube Natural Frequency .........c..ccccceeeceninnnens 531
10.7.1.1  FIV of Retubed Units........ccceeeruenienienienieiiieieeeiececeans 533
10.7.2  Methods to Decrease Crossflow Velocity.........ccccoevvevveieieieincnnns 534
10.7.3 Suppression of Standing Wave Vibration.........c..c.cceceevevverveeeerenncns 535
10.7.3.1  Antivibration Baffles........ccccoceveniiininiiiiiiiniiiicns 535
10.7.3.2  Helmholtz Cavity Resonator............cccccoceevireniniienennens 537
10.7.3.3  Concept of Fin Barrier.........coccoeveveneneiecienieneincecnns 537
10.7.3.4  Concept of Helical Spacers........c.ccccceveneierenieneeenccncnncns 538
10.7.3.5  DEUNING ...oovviiiiiieiiiiieieieeeeeee et 538
10.7.3.6  Removal of Tubes........ccccrervireneniinieniencicicieeceeceeees 538
10.7.3.7  Surface Modification.........coeeververienienienieieieieeeiecneenens 539
10.7.3.8  Irregular Spacing of Tubes........cocceevveneieienienininincnnns 539
10.7.3.9 Change the Mass Flow Rate ............cccccoceviniiniiicnnnn. 539
10.8 Baffle Damage and Collision Damage ..........ccccoceeerenenieneneneieieeeeeenenn 539
10.8.1 Empirical Checks for Vibration SeVerity .........ccccoceeevverveneeeeercnnens 539
10.9 Impact and Fretting Wear.........c.oocoviiiiiiiiiiiiiiieniceceeeeee e 539
10.9.1 Tube Wear Prediction by Experimental Techniques........................ 540
10.9.2 Theoretical Model ..........cccoiiiiiiiiiiiiiiiiiiicceece e 540
10.10 Determination of Hydrodynamic Mass, Natural Frequency,
and Damping........ccoooiiiiiiiiiiiiii e 541
10.10.1 Added Mass or Hydrodynamic Mass.........cccceceeuirieniniiencnienennens 541

10.10.2 Determination of Added Mass Coefficient, C,,, for Single-Phase



XXVi

Chapter 11

Contents
10.10.2.1  Blevins Correlation ...........cccceceeveereeriineenenieenceeeneenens 541
10.10.2.2  Experimental Data of Moretti et al.........cc.ccceceeerirenenn 542
10.10.3 Natural Frequencies of Tube Bundles ...........ccccoceveriiieniinninincnnens 542
10.10.3.1  Estimation of Natural Frequencies of Straight Tubes.... 543
10.10.3.2  U-Tube Natural Frequency..........ccccccceeveniniencnienennns 544
10.10.4 DAMPING ...cviiniiiiieiiiieiceeeeeeeeeee ettt 544
10.10.4.1  Determination of Damping.........cccccceevevvecvevieneeenccnennens 545
10.10.5 Other ValUes........ccoiiiiiiiiiieieieeceeeeeeee e 546
10.11 New Technologies of Antivibration TOOIS ........ccccecervererrenienenieiieieieeeiienn 546
10.11.1 Antivibration Tube Stakes..........ccccoceeviiiiiiniiniiiiiiieneceeeee 546
10.11.2 ExxonMobil Research and Engineering ..........ccccocceeevvieniiienennens 548
10.12 Software Programs for Analysis of FIV.....cccccocvininininininiiieee 548
10.A Appendix A: Calculation Procedure for Shellside Liquids..........cccccecveuenee. 549
INOMENCIALULE ...c..ooviiiiiiiiiei ettt e s 556
REFETEIICES ..ttt 558
Suggested REAAINGS........cc.oiiiiiiiiiiiiieieece et 562
Mechanical Design of Shell and Tube Heat Exchangers ...........ccccoevvecveieieennnnene. 563
11.1  Standards and COdEs .........cceeuevuirieriiiiiniiieieeeeeee e 563
T1.LT StandardsS......cc.ooeeriiiiiiieeeeeeeeee e 563
11.1.1.1 Company Standards............cccceeeevuirveeniniienenienciieneenens 563
11.1.1.2 Trade or Manufacturer’s Association Standards .............. 564
11.1.1.3 National Standards...........ccceceririinieniniiniienceieeenes 564
11.1.2 Design Standards Used for the Mechanical Design of Heat
EXChanGers ...c..coviiiiiiiiiiiicceee e 564
11.1.2.1 TEMA Standards Scope and General Requirements
(Section B-1, RCB-1.1) ..cccoviiiriniininenicicieeciciececeee 564
11.1.2.2 Scope of TEMA Standards............cccceverveuerenrenenenerennens 564
11.1.2.3 Differences among TEMA Classes R, C,and B .............. 565
11.1.2.4 TEMA Engineering SOftware ..........ccccccceveevevveverenccrennens 565
11.1.2.5 When Do the TEMA Standards Supplement
or Override the ASME Code Specification?..................... 565
11.1.2.6 Heat Exchange Institute Standards...........ccccccveveevercincnnens 566
T1.1.3 CORS ittt 566
11.1.3.1 ASME COdES ...c.eeruireiiiiiriiniinienientciesieeeeereteeeeee e 567
11.1.3.2 CODAP ..ottt 572
11.1.3.3 AD Merkblatter 2000—German Pressure Vessel Code .... 572
11.1.3.4 UPV: The European Standards EN 13445 ....................... 573
11.2  Basics of Mechanical Design .......c.ccuecveviririnininienenenienieneeceereeeeeeeeene 573
11.2.1 Fundamentals of Mechanical Design.........c.ccocevenenenienieneciiincnnens 574
11.2.1.1 Information for Mechanical Design ..........ccccceceeercenennens 574
11.2.1.2 Content of Mechanical Design of Shell and Tube Heat
EXChangers........cococoeviiiiiiiiiiicciececeeeeeeee, 575
11.2.1.3 Mechanical Design Procedure...........c.ccccoerveniiienennen. 577
11.2.1.4 Design Loadings .......cccccceeieiiinieiiinieiiiienieeeescceeseenens 577
11.2.1.5 Topics Covered in the Next SECtions ..........ccccceeueeuenuenenes 577
11.3  Stress Analysis, Classes, and Categories of Stress.......cocoevervevvecieneeeeennenn. 577
11.3.1  Stress ANALYSIS ...oovieiiiiiiieiicieeeceeeeee e 577
11.3.2 Classes and Categories Of StreSSeS.......covumirirerererierrerreneeeeeeeenens 577

11.3.2.1 Stress CategOTies. ......coueeuiruieiuiriieiieieieeeerie e 578



Contents

11.4

1133

11.3.4
11.3.5

11.3.6
11.3.7
11.3.8

11.39

11.4.1

11.4.2

11.4.3

11.3.2.2 Stress Classification ........c.ceeeerererienienienieieieeeeeeeeeeens
11.3.2.3 Membrane SLress .........cccceeiecuerieiiinienieneenieseeseeeeseenens
11.3.2.4 Primary SIESS ...c.cocveruieiieniieiiniieieeeeie e
Stress ClassifiCation.........c.ceveeeirerenereneneneeeeteeeeee e
11.3.3.1 Primary Membrane Stress, P,,......ccccceeuervvenerivenercuenennens
11.3.3.2 Primary Bending Stress, Py ......ccccceeveevirvieneniencniieneenens
11.3.3.3 Local Membrane Stress, P ......ccccceeveevuirienenieenceiieneenens
11.3.3.4 Secondary STresS.......cccoecerieciiniereinieieneenie e
11.3.3.5 Thermal Stresses.......couevierieiiinieiieieieeeeie e
11.3.3.6 PeaK StresSs, F oo.uneeeeeeee e
11.3.3.7 DiScONtinUity STIESSES......ccueeuiruieuieiieiirieieeeenieeeenieeenens
Fatigue ANalysis......ccccoeiierieiiiiiiieieee e
Design Methods and Design Criteria.........cccooceeevvienenieencninenennens
11.3.5.1 ASME Code Section VIII Design Criteria.............c.........
ATIOWADIE SIIESS .....evviniiiiiiiieieiieeee et
Combined-Thickness Approach for Clad Plates ..........cccccecevcercnen.
Welded JOINES.......ooouiiiiiiiiinieeec e
11.3.8.1 Welded Joint Efficiencies.........c.ccoevvevvenreieienieneeincncnnns
11.3.8.2 JOINt CaAtEZOTIES.....euvenviiiiiieiieiieie et
11.3.8.3 Weld JoInt TYPeS....cccouieiiniieiiniieiieieiceeeie e
Key Terms in Heat Exchanger Design ........cccccoveirveeniiiiennienieenn
11.3.9.1 Design Pressure ........c..ccceeieciivieiiinieniiiieneseeneeeeneenens
11.3.9.2 Design Temperature.............ccceeeevuereenienienenieeneeeenennens
11.3.9.3 Maximum Allowable Working Pressure ............c.cc..c......
11.3.9.4 Operating Temperature or Working Temperature.............
11.3.9.5 Operating Pressure or Working Pressure .........................

TUDEShEEt DESIZN....cuviiiiiiiiiiieeieeite ettt

Fundamentals ...........ccooooiiiiiiiiiie s
11.4.1.1 Tubesheet Connection with the Shell and Channel..........
11.4.1.2 Supported Tubesheet and Unsupported Tubesheet...........
11.4.1.3 Tubesheet ThiCKness.........c.ccceeeevuirieniiriieneiienccieneeens
11.4.1.4 Tubesheet Design Procedure: Historical

Background.........cooieiiiiiiiiiiii
11.4.1.5 Assumptions in Tubesheet Analysis .........c.ccocceeervieninnnen.
Basis of Tubesheet Design........ccveveeieriirieniieieie e
11.4.2.1 Analytical Treatment of Tubesheets...........ccoccervrrerennnee
11.4.2.2 Design ANALYSIS ..eevuieriiiiiieiieeieeiieeieerte e
Tubesheet Design as per TEMA Standards .........cccccoceecveniiienennen,
11.4.3.1 Tubesheet Formula for Bending ..........ccccccevevievininccncnnens
11.4.3.2 Parameter F .......ccccoceeuieiiniieiiniieieeeeec e
11.4.3.3 Shear Formula RCB-7.133 .........ccccooiiiiiiiiniiiiniiiceees
11.4.3.4 Stress Category Concept in TEMA Formula ..................
11.4.3.5 Determination of Effective Design Pressure, P

(RCB-7.10) et
11.4.3.6 Equivalent Differential Expansion Pressure, p,

(RCB 7.101) ettt
11.4.3.7 Differential Pressure Design, after Yokell............ccc.c.....
11.4.3.8 Longitudinal Stress Induced in the Shell and Tube

11.4.3.9 TEMA Fixed Tubesheet Design with Different
ThiCKNESS .....eoiiiiiiiie e



xxviii

11.5

11.6

11.7

Contents
11.4.4 Tubesheet Design Method as per ASME,
CODAP and UPV:EN 13443 and Comparison
With TEMA Rules.......ccoooiiiiiiic e, 603
11.4.4.1 Effect of Ligament Efficiency in Tubesheet Thickness
and Tube-to-Tubesheet Joint Strength Calculation........... 604
11.4.4.2 Tubesheet Design Rules..........cccoceeieiiiiiininieniiienieen, 605
11.4.5 Methodology to Use ASME Rules.........cccoceviiiiniiininiiniiieneenene 608
11.4.6 Flanged Tubesheets: TEMA Design Procedure............c.c.ccccenennee. 609
11.4.6.1 Fixed Tubesheet or Floating Tubesheet............c.ccceceruenen. 609
11.4.6.2 U-Tube TUbeSheet ......c.coceruerrirreriiniiieieicicicieeeeececaan 610
11.4.7 Rectangular Tubesheet Design...........cccoeieiiniiiiiiininiieniiieneeene 610
11.4.7.1 Methods of Tubesheet Analysis........ccccoeeveeveriererencencnnens 610
11.4.8 Curved TUDEShEEts ........cccoevuiiiiiiiiiiicicccc e 611
11.4.8.1 Advantages of Curved Tubesheets..........ccccceeverererirennens 611
11.4.9 Conventional Double Tubesheet Design ..........cccccoceviriieniiicnennen. 611
Cylindrical Shell, End Closures, and Formed Heads under Internal
PIESSUTE ...ttt 612
11.5.1 Cylindrical Shell under Internal Pressure............cccccoceoveniiieninnens 612
11.5.1.1 Thin Thick Cylindrical Shells .........ccccoeoiiveniennincinennens 612
11.5.1.2 Design for External Pressure and/or Internal Vacuum..... 613
11.5.2 End Closures and Formed Heads ...........ccccccooviiiniininiiniiinn, 613
11.5.2.1 Flat COVET ..oovviiiiiiiiiiiiicieiieieeeee et 614
11.5.2.2 Hemispherical.........c.cocoeciiiiiiniiiiiieiiieceeecceeeeene 614
11.5.2.3 EIpsoidal.......ccccociririnierininenenicneeneeeeeeeeeeeeeeeeeens 614
11.5.2.4 Torispherical .........ccccocieviiiieiiiniiiiiieceeeie e 615
11.5.2.5 Conical....cccoooiiiiiiiiiiiiiicceec e 615
11.5.3 Minimum Thickness of Heads and Closures ............ccccevevveeeerennns 616
11.5.3.1 Flat COVET ..ot 617
11.5.3.2 Ellipsoidal Heads..........ccccoceeviiriniiiniiniiiiniiieccieeees 617
11.5.3.3 Torispherical Heads .........cc.cccovieiiiniininiiniiieniiieeeee 617
11.5.3.4 Hemispherical Heads...........cccoceeviniiiiniiniiiiniiicncs 617
11.5.3.5 Conical Heads and Sections (without Transition
KNUCKIE)....eviiiiiieeiie e 618
11.5.4 Comparison of Various Heads ..........cccecevirinineninencneniiiieeeens 619
Bolted Flanged Joint Design...........coeecuiniiiiiiiiiiiiiiiiiiieic e 619
11.6.1 Construction and Design........ccceceevriririnirinenenieneereeeeeeeeeaens 619
11.6.1.1 Flanged JOInt TYPES .....cccoeeuieiinieiieieiiiieieeeeeeeeeenene 619
11.6.1.2 Constructional Details of Bolted Flange Joints................ 619
11.6.1.3 Design of Bolted Flange Joints.........ccccocecvevevieneninccncnnns 620
11.6.1.4 Gasket DeSign.......ccceouieiiniiiiiiniiiiieieiceieie e 623
11.6.1.5 Bolting Design .......cccoieiiiiiiiiiniiiiiieiciieieeeeceeeeeens 626
11.6.1.6 Flange Design ......ccceceeereriniinenieniiieienieeciereeeeeeeeeeens 629
11.6.2 Step-by-Step Procedure for Integral/Loose/Optional Flanges
DESIZN...ceiiiiiiiiiece e e e 633
11.6.2.1 Data Required.........c.coceevuiviiriiiniiiiinieiiiieiceeecceeeees 633
11.6.2.2 Step-by-Step Design Procedure............c.cccoceoveniiieninnen. 633
11.6.2.3 Taper-Lok® Heat Exchanger Closure...........cccocevevenenennee 637
11.6.2.4 Zero-Gap Flange...........cccoeiviiniiiiniiiiiiieniiencceeeees 638
11.6.2.5 Long Weld Neck Assembly ...........ccceeiriiniiiiniiicninnns 639
EXPansion JOINES ........cccovieiiiiiiiiieieiesieieeie ettt 640

11.7.1 Flexibility of EXpansion JOINES..........cccevererenrenenenienienieieieeeeenens 640



Contents XXix
11.7.2  Classification of EXpansion JOINtS........cccceccverenenerenienrenieeeeeeenens 640
11.7.2.1 Formed Head or Flanged-and-Flued Head....................... 640
11.7.2.2 Bellows or Formed Membrane .............c.ccccccoeveniiieninnen. 642
11.7.2.3 Deciding between Thick- and Thin-Walled Expansion

JOINES .o 644
11.7.3 Design of EXpansion JOINES .......cccccuecererinerinenenenieieieieeeeeeenens 644
11.7.3.1 Formed Head Expansion JOINtS .........ccccoceeveriencriienennnens 644
11.7.3.2 Finite Element Analysis........cccccevirieniniieniniienciieneenens 645
11.7.3.3 FEA by Design Consultants ............ccccccoveeverencrienennens 645
11.7.3.4 Singh and Soler Model..........c.cccccciniiiiniininiiniiieneenes 646

11.7.3.5 Procedure for Design of Formed Head Expansion
JOINES .o 647
11.7.3.6 Design Procedure as per ASME Code .........ccccceevrinenens 648
11.7.4 Design of Bellows or Formed Membranes..........c..cccceveeveveeeenennns 649
11.7.4.1 Shapes and Cross SECtion ..........ccceveeruirienierieenerieenennnens 649
11.7.4.2 Bellows Materials .........ccccoceeeirieiinieniiieniciiencceeeeeae 649
11.7.4.3 Bellows Design: Circular Expansion Joints...................... 649

11.7.4.4 Limitations and Means to Improve the Operational
Capability of BElIOWS .......cccccerereneneniiecicicicecceee, 649
11.7.4.5 Fatigue Life......cccoooivininiinininininiicieeceeeeeeeecen 652
11.8  Opening and NOZZIES.........cccooueviiiiiiiiiiiiceceeeeee e 653
T1.8.1  OPENINGS ..ttt st 653
11.8.1.1 Reinforcement Pad..........c.ccoeverinininininiiiiiiicincicns 653
11.8.1.2 Reinforced Pad and Air—Soap Solution Testing............... 653
T1.8.2 INOZZIES .. 654
11.8.3  Stacked UNiLS......coouiiiiiiiiiiiiieieieieeeeeeteeeeeee e 655
L1.9 SUPPOILS ..ttt e 655
11.9.1 Design Loads.......coceoieiiiiiiiiiiiicicieeeeeeeeec e 655
11.9.2 Horizontal Vessel SUPPOILS......c..cccuevieiirieiiinieiiiieie e 656
11.9.2.1 Saddle SUPPOLLS ....cceeuiruiiiieiiriieiieeeie et 656
11.9.2.2 RiNG SUPPOILS c..ooviiiiiniiiiiiiieieniieieeeeeee e 656
11.9.2.2 Leg SUPPOITS.....eoiiiiiiieiiiiieieeieeie ettt 657
11.9.3  Vertical VESSEIS ...c..coviiiiiiiiiieiciceeceeeeeec e 657
11.9.3.1 SKIrt SUPPOTLS ...coveeeieiieiiiiieieeieeie et 657
11.9.3.2 Lug SUPPOILS.....eeiiiiiiiiiiiieieeieeie et 657
11.8.3.3 RiNG SUPPOIt..cuiiiiiiiiiiiiiieieeiieieeeeec et 658
11.9.4 Procedure for Support Design.........ccceceeererineneneneneieieieieeenens 658
11.9.4.1 TEMA Rules for Supports Design (G-7.1)....ccccccecvrceruenene 658
11.9.4.2 ASME COde.....cooriruimiiiriiniinienienieiesieeeeeteteeeeeeee e 659
11.9.5 Lifting Devices and Attachments.........ccceccvevverenenenienienieieeeennens 659
REFETEIICES ...ttt 659
BIblIOZIAPRY ...t 663
Chapter 12 COTTOSION ....c..eeuieitieieittete ittt ettt ettt et st e s bt et e sbeeaeesbeeaeeebeenbeebeenseeseeneeeneenes 665
12.1  Basics Of COITOSION........ccueruerieieieieiieiieteitee ettt sttt 665
12.1.1 Reasons for Corrosion StUAIes ..........ccevereremrenienienierienreieieieeenens 665

12.1.2 Corrosion Mechanism
12.1.2.1 Basic Corrosion Mechanism of Iron in Aerated
AQUEOUS SYSLEML.....eiiieiiiieieiiieie et 667



XXX

12.2

12.3
12.4

Contents

12.1.3 Forms of Electrochemical COrrosion ...........cceceevveeerieseeneseenieennane 668
12.1.3.1 Bimetallic Cell .......cccocevivininiiiiiiicicicecceeeeecias 668
12.1.3.2  Concentration Cell .........cocceeveiriiniiiniiiiniiniceeeeeeeee, 668
12.1.3.3  Differential Temperature Cells ........c.cccecvevveverenccncnnens 669
12.1.4 Corrosion Potential and Corrosion Current ............eeeeeveeeveeeneennnen. 669
12.1.5 Corrosion KINEICS .....cccueevuierieiniiiiieiierieesiteeeesireee et 669
12.1.5.1 Polarization Effects.........cccoeieiiriininiieciereeeees 669
12.1.5.2  PasSiVaAtiON....ccc.eevieriieniieeieeieenieeeeste e 670
12.1.6 Factors Affecting Corrosion of a Material in an Environment........ 672
12.1.6.1 Environmental Factors........cccoeeevieiniinieeniciiceeeen, 672
FOrms Of COITOSION. ......ccueeitiiiieiieiesieeie ettt et enaesae e 673
12.2.1 Uniform Corrosion versus Localized Corrosion............cccccecverueennee 673
12.2.2  Factors That Favor Localized Attack........cccccoeeveeviiniieniinieniennen. 674
12.2.3  Forms Of COITOSION ....c..eeueeiieiieiieiieetieie ettt ee et see et sae e sie e 674
12.2.3.1 Uniform or General COrrosion.............ceeeeeereeeeenueennnns 675
12.2.3.2  Galvanic COITOSION ........ceveevveerieeiieniieeieenie et 680
12.2.3.3  Pitting COIroSION ...c..cocuiuieiiiieiieiieieeeeie e 684
12.2.34  Crevice COTITOSION .....cccueereeerieerieeiieniieeieeniee et 689
12.2.3.5  Intergranular COrrosion..........cccceeceevuireeniereencrinenennens 691
12.2.3.6  Dealloying or Selective Leaching............c.ccccccecenineen. 692
12.2.377  Erosion—COITOSION .....cc.eeruerrieerieeniieniieeieeneeeieesiee e 694
12.2.3.8  Stress Corrosion Cracking ............ccccceceevinvvenciceenennns 701
12.2.3.9  Hydrogen Damage...........ccccoeeevuinieniniieninienciieneenens 705
12.2.3.10  Fretting COrroSiON ........cceecueeueeeeeeeienieie s 706
12.2.3.11  Corrosion Fatigue.........cccccovieiiiniieniiiiniiienciieneees 706
12.2.3.12  Microbiologically Influenced Corrosion...................... 707
Corrosion of Weldments.........cc.eeuerierieriierieiieie e 711
Corrosion Prevention and Control...........ccoceeveeriiiniinieniienieeieenreeeeeeene 712
12.4.1 Principles of Corrosion CONntrol ...........cocceererenenenennenieneeiereeeenens 712
12.4.2 Corrosion Control by Proper Engineering Design.............ccccc.c..... 713
12.4.2.1  Design DetailS.......ccccoceeiiiiniiiiniiiiieccecceeeeee 713
12.4.2.2  Preservation of Inbuilt Corrosion Resistance ............... 713
12423  Design to Avoid Various Forms of Corrosion............... 713
12424  Weldments, Brazed and Soldered Joints........................ 713
12.4.2.5  Plant LoCation .......cccceveeriernieinieeiienieeieeseeeieesee e 714
12.4.2.6  Startup and Shutdown Problems..............c.cccccoceinin. 714
124277 OVErdeSi@N .....ccueeueeiieiiiiieiiiiieieeieeie e 714
12.4.3 Corrosion Control by Modification of the Environment
(Use of INNIDILOTS) voovvveieiieiiieieeciie ettt 714
12431 INhibItOrS coueeuiiiiiiiiieicreeecrececceetee e 715
12.4.4 Corrosion-Resistant ALIOYS ......c..ccceeieiiiniiiiniiiniiicncieeceeeeeens 717
12.4.5 Bimetal CONCEPL.....cocueruiriiiiiiiiiiieieieeieete ettt 717
12451 Cladding....ccccooeverenineninienenienieeeeeeeeeteeee e 718
12.4.5.2  Bimetallic or Duplex Tubing.........cccccoceeviiveniiienennens 718
12.4.6  Protective COAtINGS ....c..cccveruirieriieieniieieeteeee ettt 719
12.4.6.1 Plastic Coatings........cccecuieveriieiienieieineeieseese e 720
12.4.6.2  Effectiveness of Coatings........c.ccovevververerenieneeencenennens 720
12.4.6.3  Surface Treatment ............ccceeeeveeeieniieieneeeeseeee e 720
12.4.7 Electrochemical Protection (Cathodic and Anodic Protection)....... 720
12471 Principle of Cathodic Protection...........cccccceeceeirercnnens 720

12.47.2 ANOodiC ProteCtion ...........cooovvviviiiiiiiieieeeeeeeeeeeeeeeen 721



Contents

12.5

12.6

12.4.8  PaSSIVALION ....c.coiuieiiiiieiiiieieeeeteeeee ettt 722
Corrosion MONITOTINE ......c.eeiiiiiiiiieieeiiee ettt 722
12.5.1 BEREILS c.cveiiiiiiriieteiceecteetee ettt 722
12.5.2 Approaches to Corrosion MONItOring ...........eceeveeeenierieenennenennens 722
12.5.3 Corrosion Monitoring Techniques ..........cccccoeceeviriicniniieniiieneenens 723
12.5.3.1 Online Monitoring Techniques............ccccceervvenirienennens 723
12.5.3.2 Corrosion Monitoring of Condensers by Systematic
Examination of the State of the Tubes............ccccccevruennene. 724
12.5.4 Limitations of Corrosion Monitoring.........c..ceceeerververvenreneeeereeeenens 724
12.5.5 Requirements for Success of Corrosion Monitoring Systems.......... 724
Cooling-Water COITOSION........cc.eeeiruieietieienie ettt ettt 725
12.6.1 Corrosion Processes in Water SYStems .........cccceerververuereneeeeenennens 725
12.6.2 Causes of Corrosion in Cooling-Water Systems ..........ccccceceeverennens 725
12.6.2.1 Dissolved Solids and Water Hardness .............c.ccccceeeeee. 726
12.6.2.2 ChIOTIAE .....eoveviiiriiriieiinereeteeseseeceeete e 728
12.6.2.3  SUIfALES ...oovieiiiiiiiiieiceierereee e 728
12.6.2.4 SIlICA ..veiiiiieiieiiiecceeee s 728
12.6.2.5 Oll ettt 728
12.6.2.6 Iron and Manganese ..........c.cceververvenuenvenveeereneeneeeeenennens 728
12.6.2.7 Suspended Matter ..........cccoceecierieiiinieniinienieiiencereseenens 729
12.6.2.8 Dry Residue .......ccccccuevuiiiiniieiiiiiiieiecceee e 729
12.6.2.9 Dissolved GaSES.....c..coueeuueruieiiniieiieieieeeenie e 729
12.6.3  COOlING SYSIEIMS ..cuviuvenreneenieirenieiieiieieeieete sttt sttt enens 732
12.6.3.1 Once-Through System .........ccccccevuirieiiriieniniicnciieneenens 732
12.6.3.2 Open Recirculating SyStems..........ccccecuereereriiencrinenennens 733
12.6.3.3 Closed Recirculating Systems ..........cccccoceevervencrcienennens 733
12.6.4 Corrosion Control Methods for Cooling-Water Systems ................. 733
12.6.4.1 Material Selection..........ccccceecuevieiiinieiiiiieniiiencceeeeee 734
12.6.4.2 Water Treatment .......c..coceeuieiiirieiinienieeeenie e 735
12.6.4.3 Corrosion Inhibitors. ........cccceceviiiiinieiinieniieciieeees 735
12.6.4.4 Ferrous Sulfate DOSING ......ccevververiinienienieieieieeeieceeeaens 735
12.6.4.5 PasSIVALION .....coeeuieiiiiiiiiieieeieeee e 735
12.6.5 Influence of Cooling-Water Types on COrrosion.............cceceeeeuenene 736
12.6.5.1 Fresh Water........cocoooviiiiiiiniiiiiieieceeccec e 736
12.6.5.2 Seawater COITOSION.......c..couteiiruieiieiieiirieie e 736
12.6.5.3 Brackish Waters........ccccccovieiiniiiiniiiiecceecceeeeee 736
12.6.5.4 Boiler Feedwaters ...........cccceecuivieiiinieniiiienicieercceeneeens 736
12.6.6 Corrosion of Individual Metals in Cooling-Water Systems.............. 736
12.6.7 Forms of Corrosion in Cooling Water...........cccceceververrenienveenenennens 737
12.6.7.1 Uniform COITOSION. ......ccerverreriertentenieienierereteeeeeeeieenens 737
12.6.7.2 Galvanic COrroSION..........ccueeuirueeiieieieeieie e 737
12.6.7.3 Pitting COrrOSION.......ccuviuiiiieiiiieiieieie et 737
12.6.7.4 Crevice COITOSION ......c..ccuevuieiiniieiieiieieeeeie e 738
12.6.7.5 Stress Corrosion Cracking.........ccceeveevireenieniienciieenennens 738
12.6.7.6 Corrosion Fatigue and Fretting Wear ...........cccccecvvcenennene 738
12.6.7.7 Erosion of Tube Inlet .........ccceevereninieneneiiiiicciecncenns 738
12.6.7.8 DezinCifiCation..........coceveruerrenerienienienienieeereieeeeeceie e 738
12.6.7.9 Microbiologically Induced Corrosion..........c.cccccecveuennee 738
12.6.8 Material Selection for Condenser Tubes ..........ccccoervevverenieieenennns 738

12.6.9 Operational Maintenance of Condensers and Feedwater Heaters ... 739
12.6.10 Preventing Corrosion in Automotive Cooling Systems.................... 739



Xxxii Contents

12.7 Material Selection for Hydrogen Sulfide Environments ..........ccccccccceceeuenene. 739
12.7.1 Effects of Hydrogen in Steel (ASTM/ASME A/SA 516 Grades

60/65/70) ..ttt 739

12.7.2 Sources of Hydrogen in Steel..........cccocevenirininenenenieieieieeeeenens 740

12.7.3 Hydrogen-Induced Cracking ...........cccecevieiiiniiiniiiininiienieieneeeene 740

12.7.3.1 Stress-Oriented Hydrogen-Induced Cracking .................. 740

12.7.3.2 Susceptibility of Steels to HIC .........ccccoeciiiiienninninnns 741

12.7.3.3 Prevention of HIC ........ccccoceviiininiiininiiciciccceccecens 741

12.7.4 Hydrogen Embrittlement...........ccccoveevieriiiniiniieenieeeeneceieesee e 741

12.7.4.1 Mechanism of Hydrogen Embrittlement ..............cc.......... 741

12.7.4.2 Hydrogen Embrittlement of Steel Weldments .................. 742

12.7.5 Hydrogen-Assisted Cracking...........ccceceeieviiniieniniieninieniieneeens 742

12.7.5.1 Prevention of HSCC .......cccoeveniniinininiicicieeciececens 742

12.7.6 Hydrogen BIStEring ..........ccccocueiiiiiiiniiiiiniiiinieiceeee e 743

12.7.6.1 Susceptible Materials.........cccceverererenienenieienieieincncenens 743

12.7.6.2 Prevention of BIIStEring ........ccccovevvevuenienieieieieieincncenns 743

12.7.6.3 Detection of Blisters in SErvice ........ccccoeeveveveeneeerverennens 743

12.7.6.4 Correction of Blistered Condition in Steel Equipment..... 743

12.7.7 Pressure Vessel Steels for Sour Environments..........cccccecveceeverennens 743

12.7.8 HIC Testing SpecifiCation .........c.cccceceeerererinenenenienieieeeeeeeeenens 743

REFETEIICES ...ttt 744

BIblIOZIAPRY ...ttt 748

Chapter 13 Material Selection and Fabrication ............cccccccevererineneneneneneneeereeeeeeeeeeenens 749

13.1 Material Selection Principles...........cocooceriiiiniiiiinieiiiieieeeceeeeeeee 749

13.1.1 Material SEleCtiON .........ccceviiiiiiiiiiiiieieeeeeeeeee e 750

13.1.2 Review of Operating Process .........cccceceeererenenenenenenieeeieeecenens 750

13.1.3 ReView Of DEeSIZI .cveoviriiiiiiieieiieiieceee e 750

13.1.4  Selection of Material ........c..cceoveiriririnineninenenerteeeeeeeeeeeaens 750

13.1.4.1 ASME Code Material Requirements...........c.ccc.ccecuenueeue. 750

13.1.4.2 Functional Requirements of Materials .........c.cccceceecerenenn 751

13.1.5 Evaluation of Materials ..........ccceceeviririnineriineneneneeeeeeeeeeeeens 760

13.1.5.1 Material TEStS ....cc.cocueeuieiiiniieiiiieiieeec e 761

13.1.5.2 Materials Evaluation and Selection to Resist Corrosion ...... 761

13.1.0 €Ottt sttt 761

13.1.6.1 Cost-Effective Material Selection...........ccccceeveveeercrennens 761

13.1.7 Possible Failure Modes and Damage in Service...........cccoccecvenuenene 762

13.2  Equipment Design Features..........ccccocoeviniiiiiiiiiiniiiiiieccecceeeeee e 762

13.2.1 MAINeNANCE .....eeeuieiieniieiieieeieteee ettt st 762

13.2.2  Failsafe Features.........coccouevueeieieieiiiiinincniescicseeeceeeeeeeeie e 762

13.2.3  Access fOr INSPECLION ....c..cveureuieuieiiiiiieiinicreeteneneeeeeeeeeieee e 762

13.2.4 SALRLY ..eouiiiiieietieereete et 763

13.2.5 Equipment Life........cocoiriiiiiiniiiiiiinieencneseieseeeceeeeeeeee e 763

13.1.5.1 Component Life ........ccceverininenenineniniiicieceeececaens 763

13.2.6 Field TrIalS...cooeeriniiierienieecieecteee et 763

13.3 Raw Material Forms Used in the Construction of Heat Exchangers ............ 763

13301 CASHNES vttt st s 764

13.3.2 FOI@INGS ...oiiiiiiiiieieeiee ettt e st 764

13.3.3 Rods and Bars ........cccccoiiiiiiiiiiiiiiiciceeec e 764

13.3.3.1 Pipe Fittings and Flanges...........ccccocevirvininicninicnennns 764



Contents

13.4
13.5

13.6

13.7

13.8

13.9

Xxxiii
13.3.4 Bolts and StudS.........cocouiiiiiiiiieiiiiiiieeeee e 764
13.3.4.1 Materials for Corrosion-Resistant Fasteners .................... 764
13.3.5 Handling of Materials .........cccccecuriririininiininieneneseieeeeeeeeeeeens 765
13.3.6 Material Selection for Pressure Boundary Components.................. 765
13.3.6.1 Shell, Channel, Covers, and Bonnets............c....cccueenn..... 765
13.3.6.2 TUDES ..c.euiiiiieiieieiiceieeieee sttt 765
13.3.6.3 TUDESNEEL ......eoviiiiiiiiiicrieetetcctceeeecete e 765
13.3.6.4 Baffles ...ccooiiiiiiiiiiieicreeeeccceeeeee e 766
Materials for Heat Exchanger Construction............coceeevenenienvenieneeieencnnens 766
PIate STEEIS......ooiiiiiiieie e 767

13.5.1 Classifications and Designations of Plate Steels: Carbon and
ATIOY SEEEIS .. 767
13.5.1.1 How Do Plate Steels Gain Their Properties? ................... 767
13.5.1.2 Changes in Steel Properties due to Heat Treatment ......... 767

13.5.1.3 ASTM Specifications on Plate Steels Used for

Pressure Vessel Fabrications and Heat Exchangers.......... 768
13.5.2 Processing of Plate Steels.......c.ccuevriririnirinenenenicieieeeeeeeceaens 770
Pipes and TUDES .......c.eevuiiiiiiiiieeee s 771
13.6.1 Tubing REQUITEMENLS ....c..cceeveuieuieiiiiriniinienieeteneseeseeteeeeeieee e 771
13.6.2 Selection of Tubes for Heat Exchangers...........coccoevvevveienieieencnnns 772
13.6.3 Specifications for TUDES .........ccccceevriririnerinenenierciereeeeeeeeeaens 772
13.6.4 Defect DeteCtion......cc.covevveieieieieieeeieiesie sttt 772
13.6.5 Standard Testing for Tubular Products..........c.ccoccvevivienienicinnncnnens 772
13.6.5.1 Hydrostatic Pressure Testing ..........cccccceeveevinvienciienennens 772
13.6.5.2 Pneumatic Test.......ccccoieiiniieiiiniiiiiieicieeie e 773
13.6.5.3 Corrosion TESLS .....ccceceuieiiruieiiinieiieieie et 773
13.6.5.4 Dimensional Tolerance Tests..........ccccocerveeniriencriienennens 773
13.6.6 Mill SCA@ ....cviiiiiiiieiectctccet ettt 773
13.6.7 ASTM Specifications for Ferrous Alloys Tubings ..........ccccceeceeuenene 773
Weldability Problems .........coocueiiiiiiiiiiiiieeceeeeee e 774
13.7.1 Cold Cracking ........coceeuieiiniiiieiiiieieieeeeeeeeeee e 774
13.7.1.1 Hydrogen-Induced Cracking............ccccccoveeviriencnnenennens 775
13.7.1.2 Underbead Cracking...........cccceceeviinieiiiiieninienciieneenens 780
13.7.1.3 Lamellar Tearing .........ccccceceeeuerieiinieneiieneseeseeeeseenens 780
13.7.1.4 Fish-Eye Cracking .........ccccccecevieviniiininieniiienceieneenens 783
HOEt Cracking ......c.ooieiiiiiiiiiieieceeeeceee et 783
13.8.1 Factors Responsible for Hot Cracking..........cocceveverevieienieinincnnens 784
13.8.1.1 Segregation of Low-Melting-Point Elements.................... 784
13.8.1.2 Stress States That Induce Restraint ............cccccceeeenennens 784
13.8.1.3 Mode of Solidification ..........cccceerveruereenieieieieieiecrceaens 784
13.8.2 Susceptible ALIOYS ......cceeiieriiiiiiiiiieiieieeeeeeeec e 784
13.8.3 Types of Hot Cracking ........cccoveceeiririnenerinienienienieiereeeeeeeeenens 784
13.8.3.1 Solidification Cracking..........ccocevevvervenieeeierieneeencrennens 784
13.8.3.2 Heat-Affected Zone Liquation Cracking..........cccceceeenene 786
13.8.3.3 Reheat Cracking or Stress-Relief Cracking.............c.c..... 786
13.8.3.4 Ductility Dip Cracking ........cccceceevueveevirvieninienciieneenens 788
13.8.3.5 Chevron Cracking.........cccceceecuivieviinieniiiiienciienceeeneenens 788
13.8.3.6  Crater Cracks ......ccceeeeererenrenienieneetenienieeereeeeeeeeeeenens 788
Laboratory Tests to Determining Susceptibility to Cracking ...................... 788
13.9.1 Weldability TEStS ....ccceeouirieiieieiieieieeeeeee e 788

13.9.2 Varestraint (Variable Restraint) Test.........cccccveerciieerciieenciieeeiee e, 789



XXXiV

Contents

1393 MultiTask Varestraint Weldability Testing System....................... 790

13.10 Service-Oriented Cracking..........ccccoievierieiiiniiniinieieeeeieeeee e 790
13.10.1  Temper Embrittlement or Creep Embrittlement........................... 790

13.11 Welding-Related Failures .........c...ccccoieiiniiiiiiiiiniiieceeeeecceceee e 790
13.12 Selection of Cast Iron and Carbon Steels.........coceeeverenienieneneirecieieinenenn 791
13121 CaStITON oo 791
13.02.2  SEEIS .ttt 791
13.12.2.1 Process Improvements...........cccceceeeueevenieveeneennencenne. 792

13.12.2.2  Carbon Steels.......cocoevivieiiieiiiiiieiceeeceeeeeeee 792

13.12.2.3  Types Of Steel.....ccccveeririririninenieieiececreeeeeeees 792

13.12.2.4  Product FOrms .........ccccooveiiiiiiiiiiiiiicccceeeeeee, 792

13.12.2.5 Use of Carbon Steels ........ccocerererenreneneeeieieeeene 793

13.12.2.6  Fabrication ........c..coceeeuerieniieieeiieieeeeeeeeeeeeee e 794

13.13 Low-AllOy SIS ..ottt 795
13.13.1  Selection of Steels for Pressure Vessel Construction ................... 795
13.13.2  Low-Alloy Steels for Pressure Vessel Constructions ................... 796
13.13.2.1 Applications of Low-Alloy Steel Plates...................... 796

13.13.2.2 Carbon—Molybdenum Steels ..........ccccceeevinienencnee. 796

13.13.2.3 Carbon—Manganese Steels ...........cceveviriiniencncennn. 796

13.13.2.4 Carbon—Manganese—Molybdenum Steels.................. 797

13.14 Quenched and Tempered Steels...........cccovieiiiiiiiniiiiiiieieeeeeee e 797
13.14.1  Compositions and Properties............ccceceveveeninvieniniencnieeneenns 798
13142 Weldability.....coeeuevueriiiiiiieieieieceeee ettt 799
13.14.3  JoINt DESIZN ...eeouiiiiiiiiiiiiieieeceeeeee e 799
13.14.4  Preheat ..o 799
13.14.5  Welding ProCesses .......c.coieieriieiiniieiiniieieeeeie e 799
13.14.6  Postweld Heat Treatment ..........ccccoeeceevieiiinieniiiienieieeneeeeeenens 799
13.14.7  Stress-Relief Cracking ........ccccceeeeeireniencrinenenenieiereeeeeeeeenens 800

13.15 Chromium—-Molybdenum Steels..........ccccoceeviriiiiniiiinieiceeceeeeeeen 800
13.15.1  Composition and Properties ...........ccccceceevuereeriirvieneniienenieeneenens 800
13.15.2 APPLCALIONS ....coviiiiiiiiiieiiceeeeee et 801
13.15.3  Creep Strength ........ooiiiiiiiiiiiiiece e 801
13.154  Welding Metallurgy ..........ccccoeieiiiieiiiniiienieiceecie e 802
13.15.4.1  Joint DeSiZn ......coeiieiiiiieiiiiciieiceceeeeeeee e 802

13.15.4.2  Joint Preparation.........ccccccceecveevieieniieciinceiicnieiencenee. 802

13.15.4.3  Preheating.........ccccocvevievieiiieicniiiieiceeceeeeee e 802

13.15.4.4  Welding Processes ......cccooueeueeiirieniiienicieneeeeeenee. 802

13.15.4.5 Filler Metal .......ccccocooiiiiiiiiiiiiiieiceeeeeeeee 802

13.15.5 Temper Embrittlement Susceptibility ..........ccccccoveririieninienennne 802
13.15.6  Step-Cooling Heat Treatment.............ccceeeueeeeniinieneniiencnienennens 803
13.15.7  CVN Impact Properties ...........cccceeeecuerieiiinieniiiienieneeneceeeeene 804
13.15.8  Temper Embrittlement of Weld Metal..........ccccocevevieienincinincnncns 804
13.15.8.1 Control of Temper Embrittlement of Weld Metal....... 804

13.15.9  Postweld Heat Treatment (Stress Relief) .........ccccoevveviieiivenenenen. 804
13.159.1 Larson—Miller Tempering Parameter-......................... 805

13.15.10 Reheat Cracking in Cr—Mo and Cr-Mo-V Steels..........c.cccocc..... 805
13.15.11 Modified 9Cr—1MO0 Steel .......ccoeovririminirininenienieiereeeeeeeeeeens 805
13.15.12 Advanced 3Cr—Mo—Ni Steels.........cccevirviirieniniiininienieeneeene 805

13.16 Stainless SEELS .......couiiiiiiiiiiiiiiiee e 805
13.16.1  Classification and Designation of Stainless Steels ............ccccc..... 806

13.16.1.1  DeSignations ........cccccceeverreeieiieeeiieeeneeeeseeeeseeenes 806



Contents

XXXV
13.16.1.2 ASTM Specification for Stainless Steels.................... 806
13.16.1.3 Guidance for Stainless Steel Selection.............c......... 806
13.16.2  Martensitic Stainless Steel..........ccociviiiiniiniiiiniiinieeee 806
13.16.3  Austenitic Stainless Steel Properties and Metallurgy ................. 807
13.16.3.1 Types of Austenitic Stainless Steel.........ccccccvecvrennenne. 807
13.16.3.2  Alloy Development.......c.coeevevvenienreieieneeeeieceeenenes 807
13.16.3.3 Stainless Steel for Heat Exchanger Applications ....... 808
13.16.3.4 Properties of Austenitic Stainless Steels .................... 808
13.16.3.5 Alloying Elements and Microstructure ...................... 809
13.16.3.6  Alloy Types and Their Applications..........ccccccceceeuenee. 809
13.16.4  Mechanism of Corrosion ResiStance ...........cocceevvevvevenveveenenncns 810
13.16.4.1  Sigma Phase.......ccocevivienenienienienciciccccecececeee 811
13.16.4.2 Passive versus Active Behavior..........ccccccecvevviincnnnnne. 811
13.16.4.3 Resistance to Chemicals........ccccoevveuerereeeriencencnnenne. 811
13.16.4.4 Stainless Steel in SeaWater .......c..coceevevereeeeeeerenenne. 811
13.16.4.5 Resistance to Various Forms of Corrosion................. 811
13.16.4.6  Galvanic COITOSION.......cc.erveveruerereiereeeeeeeeeeeeneenes 811
13.16.4.7 Localized Forms of Corrosion...........cccccceceeveeecnuene. 812
13.16.4.8  Pitting COITOSION.....c..coveruereireienienreiiereeeieeeeeeieeieenes 812
13.16.4.9  Crevice COITOSION ......cc.evververrerieiereiereeeeeeee e 813
13.16.4.10 Stress Corrosion Cracking........c..coceceeeverveeeeecenennene. 814
13.16.4.11 Intergranular COITOSION ......cc.evveveuveureureeeieieeeeenenes 817
13.16.4.12 Knifeline Attack ........coccoverevvenenenieiieieieiciececeee, 818
13.16.5  Austenitic Stainless Steel Fabrication..............cccccoccoveniiienennens 819
13.16.5.1  PiCKIING.cvtiiriiriiniininiiieneniceeceeeeeeeeee s 819
13.16.5.2 PassiVation ........cecereriinrenuenienienienieeenereeeeeeee e 819
13.16.5.3 Mechanical Cutting Methods .........cccceeveerircincnnnnne. 819
13.16.5.4 Gas Cutting Method ........ccccoevenenievienienieiiiiceceee, 819
13.16.6  Austenitic Stainless Steel Welding ...........cccccceeviviniininicnennns 820
13.16.6.1  'Welding ProCesses ........cocevververuenrereeeieeeeeieceeenenes 820
13.16.6.2  Welding Methods .........cccceevuenenienienieieicieieeeeeee 820
13.16.6.3  Filler Metal Selection ............cccceveeveiereneeeerncnennenne. 821
13.16.6.4  Shielding Gases ........coererueruenrenieieiereeeeeeeeeeeeenes 822
13.16.6.5 Weld Preparation ..........cccceeevevuenienreieieeeieiececeenes 822
13.16.6.6  JOINt DESIZN ...cevinviiiiiiiniinieicicceeeeeeeeeeeeeees 822
13.16.6.7 Preweld Cleaning..........coccoeevevvenveneeieieeeeeeeeeeeeenes 822
13.16.6.8 Welding Considerations............coceveeveveeeveeeeeeenennes 823

13.16.6.9 TIG Welding Techniques to Overcome Carbide
Precipitation.........cocceeiieiiiiieiiiiieicccce e 830
13.16.6.10 Gas COVEIAZE ......erverrerrerrereereieienreiereeeeeareeeeeeneeaes 830
13.16.6.11 Welding Practices to Improve the Weld Performance.....831

13.16.6.12 Protection of Weld Metal against Oxidation

and Fluxing to Remove Chromium Oxide ................. 831
13.16.6.13 Protecting the Roots of the Welds against Oxidation .... 831
13.16.6.14 Welding Processes Generate Different Weld Defects......832
13.16.6.15 Postweld Heat Treatment..........coceveeveveeeeenncncnnenne. 832
13.16.6.16 Welding Stainless Steels to Dissimilar Metals........... 833
13.16.6.17 Postweld Cleaning ...........coeevevereenrevrereneeeeeeeeenennes 833
13.16.6.18 Corrosion Resistance of Stainless Steel Welds........... 834
13.17 Ferritic Stainless StEELS ........ccceviriiriiiiiiiiiiceeeee e 834
13.17.1 Conventional Ferritic Stainless Steels ...........ccocccoiiveninienennns 834



XXXVi

Contents
13.17.2  “New” and “OIld” Ferritic Stainless Steels..........ccccccevenirienennens 835
13.17.2.1  Superferritic Stainless Steels, Superaustenitic

Stainless Steels, and Duplex Stainless Steels ............. 835
13.17.3  Superferritic Stainless Steel .........ccceoevivirininenenienieieeeieeeeeens 835
13.17.3.1  CharacteriStiCS......cooueruirieniirieiieieiieeeeieeee e saeenes 835
13.17.3.2  Alloy COMPOSIION .....eueveniiiienrieireiieiieieeeeeeeee e 835
13.17.3.3  APPUCALIONS ....eeemiiiiiiiiieiiciieieeeeeeeee e 837
13.17.3.4  Physical Properties..........c.ccccceeievieniecenieieniecncenee. 837
13.17.3.5 Corrosion ResiStance...........cccceeevvevuiecienueeceeneeneeneenne. 838
13.17.3.6  Fabricability .........cccccocevvieniiiiiiiiiiiiceeceeee e, 839
1317.377  WeldIng ..c..ooviiiiiiiiiiiiiicicceeeeeeeeeee e 839
13.18 Duplex Stainless StEels.........ooouiriiiiriiiiniiiiiiceneeeeeeeee e 840
13.18.1  Composition of Duplex Stainless Steels..........ccverevverrereevencencnnns 841
13.18.2  Comparison with Austenitic and Ferritic Stainless Steels ............ 842
13.18.3  Corrosion Resistance of Duplex Stainless Steels .........c.ccceceeueenen. 843
13.18.4  Process APPLCAtIONS ......cc.eecueruieiiniieiiniieie et 843
13.18.5  Welding Methods.........cccoiiiiniiiiiiiiiiiiieiceeec e 843
13.18.5.1  Weldability .....ccccouevieiiiiiiiiicicciceceeeec e 843
13.18.5.2  Postweld Stress Relief .........ccccooevvenenencncnciieincnene. 845
13.18.6  Nondestructive Testing of Duplex SS........ccoccoeniniiinenniinincnnens 845
13.19 Superaustenitic Stainless Steels with Mo + N.........ccccooiiiiiiiiiiiiinn 845
13.19.1  4.5% Mo Superaustenitic Steels ..........ccecvrveeririienirienieniieneenns 846
13.19.2 6% Mo Superaustenitic Stainless Steel ............coceeirveniiienennns 846
13.19.2.1 Corrosion ResiStance...........cccceveeeveruieeenieceeneeneeneenne. 847
13.19.2.2  APPUCALIONS ....eeemiiiiiiiiieiicicieeeieee e 847
13.19.2.3  Welding .....coovviiiiiiiiiiicicicieeeeeeee e 848
13.19.3  Corrosion Resistance of Superaustenitic Stainless Steel Welds.... 849
13.20 Aluminum Alloys: Metallurgy ..........ccccccouieiiiniiiiniiiinieeeeeececeeee e 850
13.20.1  Properties of AIUMINUML......c.cceeciririninininineneecreeeeeeeeeaeas 850
13.20.1.1  Aluminum for Heat Exchanger Applications.............. 850
13.20.1.2  Wrought Alloy Designations............cccceeecuereenueneenne. 851

13.20.1.3  Temper Designation System of Aluminum and
Aluminum ALOYS......cccoooieriiiiiniiieiicieeeeceeeeee 853
13.20.1.4  Product Forms and Shapes............ccccccceeieviniencnnene. 853
13.20.2  Corrosion ReSIStanCe ..........cccoueeuirieiinieiiiiieiceeeeeeene e 853
13.20.2.1 Surface Oxide Film on Aluminum ........cccccceecvrennenne. 853
13.20.2.2 Chemical Nature of Aluminum: Passivity .................. 854
13.20.2.3  Resistance to Waters ...........cceeeeveeeieienieieneeneneenne. 854
13.20.2.4 Forms of COITOSION .....c.ceceruiruirinierienieieieeereeeeenene 855
13.20.2.5 Corrosion Prevention and Control Measures.............. 858
13.20.3  FabriCation ........ccccoceeiiiiieniieieiicieeieeeeeete et 859
13.20.3.1 Parameters Affecting Aluminum Welding................. 859
13.20.3.2 Surface Preparation and Surface Cleanliness............. 861
13.20.3.3 Plate Cutting and Forming............ccccccceevevininncnnene. 861
13.20.3.4  Joint Design.......ccccocveiiiiieniiiiiiieieiiceeeeeeeee e 861
13.20.3.5  Joint GEOMELIY .....ccceevieureiieiieiieieieeeeieeee e 861
13.20.3.6  Preheating .........c.ccoceeeuieieiiieieniiciciceeeeeeeeeee e 861
13.20.3.7  Wire Feeding.........cccoceeveiieiiininiiiiciceciceceeeee 862
13.20.3.8  Push Technique ...........cccccoeeiiniiiiiniiinicenccceeee, 862
13.20.3.9  Travel Speed.........coceviiiiiiiiiiiiiieicceceeee e 862

13.20.3.10 Shielding Gas .......cccccceeieiiieieniieienieieeeeeeeeee e 862



Contents

XXXVii

13.20.3.11  Welding WIre .....cccocveviiiieniiiiinicieeceseeeeeeeeee 862

13.20.3.12 Convex-Shaped Welds.........cccccoceeveniiiininiiniiine 862
13.20.3.13 Corrosion Resistance: Welded, Brazed, and

Soldered JOINtS ........coceoieiinieiiinieiecieeeeee e 862

13.20.3.14 Welding Filler Metals..........cccccoceeveniiiininiiniiiene 862

13.20.3.15 Welding Methods ..........ccccoieiniiiiniiiinieiiniceeee 863

I3.21 COPPELT et 864

13.21.1 Copper Alloy Designation ...........ccceceecueeeecuinienieieeneiienenreseenens 864

132111 Wrought AIIOYS .....cceeiiriiiiiiiniccieeceseeeeeeee 864

13.21.1.2  Heat Exchanger Applications.........c..ccccceeecuenieuennnnne. 864

13.21.1.3  Copper in Steam Generation.............ccccceeecverueerennnnne 865

13.21.14  Wrought Copper Alloys: Properties and Applications.... 865

13.21.1.5  Product FOrms........ccccooieniiiiiniiiinicenicieceeeee 868

13.21.2  Copper COITOSION. .....ccuiiuieiieiieiieieeteeiteeieeee ettt eanens 868

13.21.2.1  Corrosion ResiStance...........ccccceeevuereecieniecieneeciennnnn. 868

13.21.2.2  Galvanic COIroSION ..........coceeceerueeuenieeceenieeeseeneeenns 868

13.21.2.3  Pitting COrroSION ......cccuieueeniieieieerenieeeeseeee e 870

13.21.2.4  Intergranular COrrOSION. ........ccoceeuerieecueniieeeniieieeneene 870

13.21.2.5 Dealloying (Dezincification).........ccccoeeeevevrerenuennenn 871

13.21.2.6  Erosion—CoOIroSiOn ...........coeeuenueeuenieecuenieieseeneenenns 872

13.21.2.7  Stress Corrosion Cracking .........c.ccocceceviecuenieciennnne. 872

13.21.2.8  Condensate COITOSION .........ccceerueeueruercueneereneereenenn 873

13.21.2.9  Deposit Attack........cceouieieiiiiiiniiieniceneceeeeeeee 873

13.21.2.10 Hot-Spot COITOSION ......cc.eevuieueeieereieereniiereseeieenenne 874

13.21.2.11 Snake Skin Formation...........cccoccecerieieninieninciennne. 874

13.21.2.12  Corrosion Fatigue...........cccccceviniiiiniiiininiinicieene, 874

13.21.2.13  BiofOUling.....coevueruiniinienieniinicieneteeeeceeeeeeee e 874

13.21.2.14 Cooling-Water Applications...........c.cccceveecueneecuennnnne 874

13.21.2.15 Resistance to Seawater COrrosion.........c..eceeeeeeenene. 874

13.21.2.16  Sulfide AttacK........coevereriinienieniiieiececeeecceeeeeee 874

13.21.2.17  EXfOlAtioN....cc.eoiruiriiniineniiiciciceeeeceeeeeeeee e 875

13.21.2.18 Copper and Aquatic Life........coceoevveneniiiiincnninnn 875

13.21.3  Copper Welding ........ccoecieiiiiiiiniiiiieiieiee e 875

132131 Weldability .c..ooveveveeeieiiirereneseccccceeeeeeee 875

13.21.3.2  Alloy Classification from Weldability Considerations...877

132133 PWHT oo 879

13.21.3.4  Dissimilar Metal Welding............cccocevinveninienennns 879

13.22 Nickel and Nickel-Base Alloys Metallurgy and Properties..............cccc........ 880

13.22.1 Classification of Nickel ALIOYS ......cccecevviririninenenienieieieieiecenens 881

13.22.1.1  Commercially Pure Nickel.............ccccoccnvininninnn. 881

13.22.1.2  Nickel-Copper Alloys and Copper—Nickel Alloys..... 882

13.22.1.3  Inconel and Inco ALlOY.........cccceeieiinieiiniieniiiencees 882

13.22.2

13.22.1.4  Nickel-Iron—Chromium Alloys and
Inco Nickel-Iron—Chromium Alloys for

High-Temperature Applications ..........cccccceeveceenenee. 884
13.22.1.5  Magnetic Properties and Differentiation of Nickels........ 885
Nickel and Nickel-Base Alloys: Corrosion Resistance................... 885
13.22.2.1  Galvanic COITOSION ........cceeeueeveruieiiniieieseeieeeesieeenens 885
13.22.2.2  Pitting ResiStance..........coceeueeienieiiinienciienecieneenens 886
13.22.2.3  Intergranular COIroSiON.........cccceveceirieniirienienieneenens 886

13.22.2.4  Stress Corrosion Cracking ..........ccccoeceevirvvencniienennens 887



XXXViii

Contents
13.22.3 Nickel and Nickel-Base Alloys: Welding............cccccoevieniiicnennene 888
13.22.3.1  Considerations while Welding Nickel......................... 888
13.22.3.2  Welding Methods ........ccocevviieniiniiiniiiieniceeeeeeen 891
13.22.3.3  Postweld Heat Treatment ............c..coeevuvveeeeeicnneeeeennns 892
13.22.4 HaStEIlOY® ..eeieeiieiieee e 892
13.23 Titanium: Properties and Metallurgy ............c.cccevieiiniiiinieniiicnieeneenee. 892
13.23.1 Properties That Favor Heat Exchanger Applications ..................... 892
13.23.2  Alloy SPecifiCation ......c..ccccveveeieiririninienenieneneeneerereeeieeeeie e 893
13.23.3 Titanium Grades and ALOYS..........ccceeviiviiiiinieniiicneeiecceeeene 893
13.23.3.1  Unalloyed Grades..........cccccceeciinieiinieniniencnieneenens 893
13.23.3.2 Aoy Grades .......ccccoceeeveeieniieiinieiieieiceeee e 894
13.23.3.3  ASTM and ASME Specifications for Mill Product
FOrms ..o, 894
13.23.4 Titanium Corrosion ResiStance ...........cccccovveeeeeeiivreeeeeeciiieee e, 895
13.23.4.1  Surface Oxide Film......c....ooooviiiiiiiiiiiiceeeceeeeee, 895
13.23.4.2  General COrroSiON .......ccvveeeeeeeuvieeeeeeiiieeeeeecireeeee e 895
13.23.4.3  Resistance to Chemicals and Solutions....................... 896
13.23.4.4  Resistance to Waters ..........ccoeevvvveeeeeeiiiveeeeeeiiireeeeeeennns 896
13.23.4.5  Forms of COITOSION .......c..ceeevueeieieieeeiee e 896
13.23.4.6  Thermal Performance ..............ccccoovvveeeeieeeecneeeenenn, 897
13.23.47  FOULNG ..ottt 898
13.23.4.8  ApPLICAtIONS ....coueeuiiiiiiieiieiicieiieeeeec e 898
13.23.5 Titanium Fabrication .........cc.cccccoeeviiiiiiieiiiiiee e, 899
13.23.5.1  Welding Titanium .........ccccceceeceevieiinienicnieenenieneenens 899
13.23.5.2  In-Process Quality Control and Weld Tests................ 903
13.23.5.3  Heat Treatment..........cccoveeeeeeeiiiiieeeeeeiiieee e 904
13.23.54  Forming of Titanium-Clad Steel Plate........................ 904
13.24 ZATCONIUITL ...vvieiieeiiiiieeeeeetieee e eeetie e e e et e e e eeareeeeeeeeaaaeeeeeeeassseeeeeenarseeeeesennes 904
13.24.1 Properties and Metallurgy ..........cccceceeeeeieiinieniniieneiienceeseeene 904
13.24.1.1  Alloy ClassifiCation ...........cecceverereenrenreneeienreeeeeenenne 904
13.24.1.2  Limitations of Zirconium..........c...ccoeveeeveeeeveeeeeneennn. 905
13.24.2 Corrosion ReSIStANCE ........ccvvveeiieeiuiiieeeeeiiiieee et 905
13.24.2.1 Resistance to Chemicals ........ccccceeeeeeiiivieeieeiiiinieeeeenns 906
13.24.2.2  Forms of COITOSION .........oeeevveeeeieieeeiee e 906
13.24.3 FabriCatiOn .......coeiieiiiiiiieeeciieeee ettt et 906
13.24.3.1  Welding Method..........ccoceeriiiiniiniiiiiiiiciceeeeeen 906
13.24.3.2  Weld Metal Shielding..........cccecueevueinienieiniiinienienen. 907
13.24.3.3  Weld Preparation...........ccccceueeienieiiinieniiienicnieneenens 907
13.24.3.4  Surface Cleaning.........cccceceeerererenienenenienreneeeeenene 907
13.24.3.5  Filler Metals .....c.ccoocuiieeiiiieiieeciieeeee e 907
13.24.3.6  Weld InSpection.........ccceceeerereneniinrenieneeiereeeeeeenee 907
13.24.3.7  Welding of Dissimilar Metals..........ccccoevvereveenennnn 907
13.25 Tantaltml.......oooiiiiiiiiiie ettt e e et e e e e e e arraeeeeeenees 907
13.25.1 Corrosion ReSIStANCE ........ccvveeeeeeeiiiiieeeeeiiiieee et 909
13.25.1.1  Hydrogen Embrittlement.............cccccoceevirieninieninnns 909
13.25.1.2  Resistance to Chemicals ........cccceeeeeeiiivieeeeeiiiiieeeeeenn, 909
13.25.2 Product Forms and CoSt ............cceovuviieiieiiiiiee e 909
13.25.3 Performance versus Other Materials ..............ccooveeeeeeeeceeeeeneeenne. 909
13.25.4 Heat Transfer ........ccoeeoeueeeeeeie e 909
13.25.5 WD .ceouveiiieiiiieiteeeeee et 910

13.26 Graphite, Glass, Teflon, and Ceramics ..........ccceevvereererieneeieneeieseee e 910



Contents

13.27 GIaphile....cc.cociiiiiiiiiieiieieeete et 910
13.27.1 Applications of Impervious Graphite Heat Exchangers.............. 910
13.27.2 Drawbacks Associated with Graphite ............cccceeeeveninicnennens 911
13.27.3 Forms of Graphite Heat Exchangers ........c..ccccocevevienenieincinncnnn. 911
13.27.4 Shell-and-Tube Heat Exchanger .............cccccceviiiiniiiinincnnne. 911
13.27.5 Graphite Plate Exchanger...........cccoccooviiiiiiiiiiniiieees 912

13.28 GIASS e 912
13.28.1 APPLCALIONS....eiiieiiiieiieieeeteee e e 912
13.28.2  Mechanical Properties and Resistance to Chemicals.................. 912
13.28.3  Construction TYPeS.......cceecueriieiiiniieiinieiieeee e 912

13.28.3.1  Shell-and-Tube Heat Exchangers............c.ccccccceeee. 913
13.28.3.2  Coil Heat Exchangers..........c.ccccceivvieniiicninicncnnns 913
13.28.3.3  Hybrid Heat Exchangers...........cccoccceeeieninicninnens 913
13.28.3.4  Glass-Lined Steel........cc.cccoeoiiiiiiniiniiiiniiiencees 913
13.28.3.5 Drawbacks of Glass Material.........c.ccccceevveirincnnene 913

13.29 TEHIOM c.cuiiee e 913
13.29.1 Teflon as Heat Exchanger Material ..........cocccoeveneicnieniieninncnnns 913
13292 Heat Exchangers of Teflon in the Chemical Processing Industry .....914
13.29.3 Design Considerations.........c..cocueeueecuereeieieeenuenienieeeeneeeesieenens 914
13.294 S1Z/CONSLIUCHION .....c..eeuviiieiiciieniieee sttt 914
13.29.5 Heat Exchanger Fabrication Technology............cccccecevivieninen. 914
13.29.6 Fluoropolymer Resin Development.............cccccoceviiiieniniencnnens 915

13.30 COIaAMUICS ..cuiiiiniieiieieeieete ettt s 915
13.30.1 Suitability of Ceramics for Heat Exchanger Construction.......... 915
13.30.2  Classification of Engineering Ceramics .........c..coeevevveveeeerennens 915
13.30.3  Types of Ceramic Heat Exchanger Construction ............cccc.c..... 916

13.31 Hexoloy® Silicon Carbide Heat Exchanger Tube ...........ccceceevverieinieenieennen. 916

13.32 Alloys for Subzero Temperatures ............cecceverererrererenienieneneeeereeeeeeeeene 917
13.32.1 Ductile—Brittle Transition Temperature .............cccccecevervenennens 917
13.32.2  Crystal Structure Determines Low-Temperature Behavior......... 917
13.32.3 Requirements of Materials for Low-Temperature Applications...... 918
13.32.4  Notch TOUZHNESS ...c..eeoveriiiiiiiiiiieieeeeceeee e 918

13.32.4.1  Notch Toughness: ASME Code Requirements........ 918
13.32.5 Selection of Material for Low-Temperature Applications........... 918
13.32.6  Materials for Low-Temperature and Cryogenic Applications..... 918
13.32.6.1  Aluminum for Cryogenic Applications ................... 919
13.32.6.2  Copper and Copper AllOYS ......ccceevvevervieniniieninnens 920
13.32.6.3  Titanium and Titanium AllOyS........cccccevvenireninnens 920
13.32.6.4  Nickel and High-Nickel AlloyS........ccccocevireninnens 920
13.32.6.5 Carbon Steels and Alloy Plate Steels....................... 920
13.32.6.6  Products Other than Plate ........c..ccccoevvevienicincinncnnen. 922
13.32.6.7  Austenitic Stainless Steel..........c.cocccoirieniniinnnn. 922
13.32.7 Fabrication of Cryogenic Vessels and Heat Exchangers ............. 922
13.32.8 9% Nickel Steel ........cocveviiiiiniiiiiieiiciceeec e 923
13.32.8.1  Merits of 9% Nickel Steel ........cccoeveveneniecincnncnnns 923
13.32.8.2  Forming of 9% Nickel Steel........c.ccocceveveueircinncnnns 923
13.32.8.3  Surface Preparation and Scale Removal for
WEIdINg ..o 923
13.32.8.4  Edge Preparation............cccecueveeviinieniniiencniencenens 923
13.32.8.5 Welding Procedures..........cccccoceevirieninieniniencnnens 923

13.32.8.60  EIECtIOAES...uciiiiieeeieiieieeeeeeeeeeeeeee e 924



xI Contents
13.32.8.7  Guidelines for Welding of 9% Ni Steel.................... 924
13.32.8.8  Welding Problems with 9% Ni Steel........................ 925
13.32.8.9  Postweld Heat Treatment .............cccccoeeieninienennens 925
13.329 Welding of Austenitic Stainless Steels for Cryogenic Application..... 925
13.329.1  Charpy V-Notch Impact Properties ...........ccccccueeee. 925
13.329.2  Problems in Welding..........cccocevirviiniiieniniencnnns 926
13.32.10  Safety in CryOZeNiCS....cc.coveieiereieiiniererientesteneeeeeereeeeeeeeenens 926
13.32.10.1  ChecKIiSt ..c.veuveieieiieicieiencrceecneeeceeeeeeee e 926
13.33 Cladding ...c.eeeeueeiiriinienieene ettt 927
13.33.1 Clad PIate......eoveriiieiiiiicieieece ettt 927
13.33.2  Cladding ThiCKNESS ......cc.cecueviieiiniieiiiieieeeeie e 927
13.33.3 Methods of Cladding .........cceoveeeererinienineneneneeeeeeeeeeeaens 927
13.33.3.1 Lo0se Lining.....c..cccevuiriiniiiiiniiiiiieiccicieeeeees 928
13.33.3.2 Resistance Cladding.........ccccceeeeviinieniiiencnienennens 928
13.33.3.3 Lining Using Plug Welding...........c.ccccceoveniniannnnns 928
13.33.3.4 Thermal Spraying ........ccccceeceeeeviniencnieenenieneenens 928
13.33.3.5 Weld Overlaying or Weld Surfacing ........c.cccccceeuennee 928
13.33.3.6  Roll Cladding ........ccceceeerenireninenienieieieeeeeeeeeneas 932
13.33.3.7 Explosive Cladding .........cccccceeeeiiniencniicninienennns 933
13.334 Processing of Clad PIates ........c.ccceceeiverinenencnenienieieieieceans 936
13.33.4.1 Forming of Clad Steel Plates .......c..cccccevveveeiecencnnens 936
13.33.5 Failure of Clad Material ..........ccccceveeinerineneneneieeieeeieeeaens 938
13.33.6 ASME Code Requirements in Using Clad Material ................... 938

13.34 Postweld Heat Treatment of Welded Joints in Steel Pressure Vessels and
Heat EXChan@ers ........cocociiiiiiiiiiiiiiciceeeeee e 938
13.34.1 Objectives of Heat Treatment ..........cccceverevererenenienenieeeieeenens 939
13.34.2  Types of Heat Treatment .........c..ccceceeererinienenenienienieieieeeeenens 939
13.34.3  Effects of Changes in Steel Quality and PWHT ...........cccccoc.ee. 940
13.344  ASME Code Requirements for PWHT ..........ccccccoeieiiinininnns 940
13.34.4.1 Charts for Heat Treatment as per ASME Code ........ 940
13345  PWHT CyCle..uuiniiniiniiiiiiieicicieeceeecseeteseseeeeeeee e 940
13.34.6 Quality Control during Heat Treatment ..............c.ccccceeercienennens 941
13.347  Methods of PWHT ......cccoiiiiiiiiiiinnrceecceeeeeeeeeae 941
13.34.8  Effectiveness of Heat Treatment..........cccoeevevenenienienienieenencenns 942
13.349  Defects due to Heat Treatment ...........cecevveeveveneeneenienieneeeneneenens 942
13.34.10  Possible Welding-Related Failures .............ccccccoceniiiininicncnnn, 942
13.34.11  NDT after PWHT ..c..cooioiiiiiiiiiiicecceeeeeeeeeaeas 942
REFETEIICES ...ttt 942
BIblIOZIAPRY ...t 953
Chapter 14 Quality Control and Quality Assurance, Inspection, and Nondestructive Testing.......... 955
14.1 Quality Control and Quality ASSUTANCE.........cceeverrerrererrenreniererereeeeeieenene 955
14.1.1 Quality Management in Industry .........ccccoccvevenenencneneneinineenens 955
14.1.2 Quality and Quality Control ..........cccceceeeverinenenenenieieieieeeeenens 955
14.1.2.1 Aim of Quality COntrol ...........cecevevvenvenenieiienieninineneenens 956
14.1.3  QUAlity ASSUTANCE ......coveeiueeurenieiieiieieeieeteete sttt sttt ene v 956
14.1.3.1 Need for QA ....oooiiiiieeiieieeeeeee ettt 956
14.1.3.2 Essential Elements of Quality Assurance Program.......... 956

14.1.3.3 Requirements of QA Programs for Success ...........ccc.c..... 956



Contents

14.2

14.3

xli

14.1.3.4  Quality Assurance in Fabrication of Heat Exchangers
and Pressure Vessels........ccocovieviiieniiieniniincceeees 956

14.1.3.5 Contents of QAP for Pressure Vessels and

Heat EXchangers ..........cccoooveeiiiiiiiiniicniccecceceeeee. 957
14.1.4 Quality SYStEIM ....ccueiiiiiiiiiiiieieeeee e 957
14.1.4.1  ASME Code: Quality Control System...........c..ccceeueneeee 959
14.1.5 Quality Manual ..........ccccooiiiiiiiiiiiccceee e 959
14.1.5.1  Details of QA Manuals.........cccceevvrevierrienieeie e 960
14.1.6  Main Documents of the Quality System.......c.cccccrerevuereninircencnnens 960
14.1.6.1  Quality Assurance Program ........c..ccccoccevevvevienninccnncnnns 960
14.1.6.2  Operation Process Sheet........c.ccocevevenieieienienenincncnnns 960
14.1.6.3  ChecKIiSt ..ccueeuiriririiniinierieeteestestceeeeete e 961
14.1.7 Economics of Quality ASSUIANCE.........ceceruerirrerrerienieriereeeeeeeeenens 961
14.1.8 Review and Evaluation Procedures............cccoccoeinvininiininicnennns 962
14.1.8.1  AUItING c.evoviiiiiiiiiriieienereee et 962
14.1.8.2  Auditing Procedure............ccccocoeviniiiiiniiniiiiniiieeees 962
14.1.8.3  Contents of an Audit Plan.........c.ccccceveveviiviinennvnnncnnens 962
14.1.9 DOCUMENTATION .....eeiiiiiiiieiieiieiieieie ettt 962
14.1.10 ISO 9000 ....eeouiiiriiiiienieietceeetetet ettt 963
14.1.10.1 What Is the ISO 9000 Series?.........ccccoevuererrereeencenenncns 963
14.1.10.2  Principles of ISO 9000 .......ccccoevvevvenieneiiieieieiecncenens 963
14.1.10.3  Why ISO 90007 ......coviiiriniininienieieeieiereeeeeeeeeieeeens 963
14.1.10.4  Benefits of ISO 9000 .......ccceververienrenenieieieieeeieceeeans 963
14.1.10.5 Listing of Selected ISO 9000 Quality Standards ........... 963
14.1.10.6  Total Quality Management............cccccceveevereencrnennennnens 963
INSPECHION ... 964
14.2.1  DefINItIONS c..eovivieiiiieieietcieeet ettt sttt 964
14.2.2  Objectives of INSPECION ......cveveuiruiriririincrereeneeeceeeeeeeeeeaens 964
14.2.3 Design and INSPECtiON ..........cccoeeuieiiniieiiiniiiinieic e 964
14.2.4 Inspection GUIAEHINES........c..cocueeuiiiiriieiiiniiieiecic e 964
14.2.5 Scope of Inspection of Heat Exchangers..........ccccoceevevierienieiicencnnens 964
14.2.5.1  Material Control and Raw Material Inspection.............. 965
14.2.5.2  Positive Material Identification..........c.ccccccevveverincincnncns 965
14.2.6 Detailed Checklist for COMPONENLS ......c.cceruevrerrenrenienrereieieeeeenens 966
14.2.6.1  Checklist for Tubesheet .........c.ccoevevueneieieieneeinincnnns 966
14.2.7 TEMA Standard for InSpection..........cceceeererienenenicnienieneeieeeeenens 966
14.2.8 Master Traveler..........ccociiiiiiiiiiiiiiiieceeec e 966
14.2.9 Scope of Third-Party INSpection..........cccceccrerererenenienienieieeeeenens 967
14.2.9.1  Hold Points and Witness Points.............cccccocevirieninnen. 967
Welding DESIZI .....ovieiiiiiiiiiieeceeeee et 968
14.3.1 Parameters Affecting Welding Quality.........ccccocererevienienncincencnnens 968
14.3.2 Welding Quality Design........ccccoeeiiiriiiiiiniiiiiiieiiieeieeeeeceeeeens 968
14.3.2.1  Variables Affecting Welding Quality .........cccccevereruenene 969
14.3.3 Scheme of Symbols for Welding..........cccecerenenenenenienienieieieeenens 970
14.3.4 Standard for Welding and Welding Design.........c.cccccevevvenvevnencnnns 970
14341 ASME Code Section IX .......ccocevevienineieiieieieinciceens 970
14.3.5 Selection of ConsSUMADbIES ......c..cceevririrenirinienenereiereeeeeeeeeeens 970
14.3.6 PINUMDEIS ....ccoiiiiiiiee e 970
14.3.7  Filler MEtalS ..cc.evueriiieiiiiicieieieteceieetes ettt 970
14371 FNUMDETS ..ooviiiiiiiiiiiiccecc e 971

14.37.2 A NUINDEIS . ..uvviiiiiiiiiiieieeeeeeeee et 971



xlii

14.4

Contents
14.3.8 Welding Procedure Qualification: Welding Procedure
Specification and Procedure Qualification Record.............c.cc........ 971
14.3.8.1  Welding Procedure Specification ............ccccceeveeuervrennens 971
14.3.8.2  Procedure Qualification Record ..........cccccveevrevreennnennen. 972
14.3.8.3  Welder’s Performance Qualification.............c..cccveeueeennee. 972
14.3.8.4  Welder Requalification ..........c.cceevvevvenieieienienenincncnnns 972
14.3.8.5 Welding Positions and Qualifications...........cc.ccceecerenene 972
14.3.9 Weld Defects and Inspection of Weld Quality........ccccccvevvevevrennenn 973
14.39.1  Weld Defects (Discontinuities) ............cceeveervrerreerneennen. 973
14.3.9.2  Causes of DiSCONtINUILIES .....ccveeeeeeierereierieeierieeienieeeeens 973
14.3.9.3  General Types of Defects and Their Significance.......... 973
14394  Approach to Weld Defect Acceptance Levels................. 975
Nondestructive Testing Methods...........cccoocieiiiiniiiiniiniieccceeee 976
14.4.1 Selection of NDT Methods .........ccccevieiiiriininienieiere e 976
144.1.1  Capabilities and Limitations of Nondestructive
Testing Methods...........cccooiiiiiiiiiiiicccceeee, 976
14.4.1.2  Acceptance Criteria........occocoevievuinieniirieenienieneerenieenens 976
T4.4.1.3  COSturuiiiiiiieiieiieeeeetteee sttt 976
14.4.1.4  Personnel........coceeviiriiiniiiiieeieeiieeeee et 979
14.4.2 Inspection EQUIPMENL........cccecuiiiiiiiiiiiiiiiiiieceiceeee e 980
14.4.3 Reference Codes and Standards...........ccoeeeveeeienieienesrieneeeneeene 980
14.4.3.1 ASME Code Section V: Nondestructive
EXamination ..........vereieiiiiiiiiiiiinee e 980
14.4.4 NDT SYMDOIS....coioiiriiriiiiiiieieieieteee sttt 980
14.4.5 Written Procedures. .........oooueeeeiiiiniiinieiiieieceeneeeeeee e 980
14.4.5.1 Content of NDT Procedures ..........cceevrevereroeenernieniennnnns 981
14.4.5.2  General Details of Requirements in the NDT
Procedure Document ...........cceeeeeveenieineenienieenieeeeee 981
14.4.5.3  Deficiencies in NDT Procedures ..........cccocereeererieneennnene 982
14.4.6 Visual EXamination...........cccevveerieinieenienieenienieenieeeieesiee e 982
14.4.6.1  Principle of VT ....cccooviiirinininiiniciecceceteeeeeceeeaens 982
14.4.6.2  Merits of Visual EXamination ............c.cceeceeveererieniennnene 983
14.4.6.3 VT Written Procedure .........cccccoovvevvieniinnienieiicneeee, 983
14.4.6.4  Reference DOCUMENL..........ccueeuieeieieriieieie e 983
14.4.6.5 Visual Examination: Prerequisites .........c..ccccceceecvenennnes 983
14.4.6.6  Visual Examination Equipment..............c.ccocceoeiiininnen. 983
14.4.6.7 NDT of Raw Materials ..........cccevuvrieririeneneseeieseeene 983
14.4.6.8  Visual Examination during Various Stages of
Fabrication by Welding..........cc..cccceceiiiiiniiiiniencneene. 984
14.4.6.9 Developments in Visual Examination Optical
INSEIUMENES ..ot 984
14.4.7 Liquid Penetrant INSPECtion ............ccceecueviiiiinieninienieiienieeeeeenene 986
144771 PrinCiple....c..coooiiiiiiiiiiiiiiicieiecc e 986
144772 ApPPlCALIONS ..ottt 987
144773 Merits Of PT...ooiiiiiiiiiiiiecsccecceteeeeeeee e 987
14474 LimitationsS.....cccceerierieeeniieeieeieenieeieesite et 987
14475  Written Procedure...........cooceeveiniinniiniiiieniceeeeeeeee, 987
14.47.6  Standards ........coceeeeeriieiienieeeee e 988
14477  TeSt ProCedUre ........cocueeiiierieeiiiiieeeeneeeese e 988
144778 Penetrants.......cocceevierieiniieeieeiienieeieeste et 988

14.4779  Method......ccoiiiiiiiiiiiiiec e 989



Contents

144710 Selection of DeVelOper........ccccoevveriervenieieieieeeieceeenens 989
14.477.11 Penetrant Application ...........ccceceveevirieniniienciiienennens 989
144712 Surface Preparation .........c..cocceevevuenienienieienieneeeecnennens 989
14.477.13  Excess Penetrant Removal.............cccccoooeniiiiniiicnnnnen. 989
144714  Standardization of Light Levels for Penetrant and
Magnetic INSpection ...........ccccecvevuirienieieniieieenieeeeeenne. 990
14.47.15 Evaluation of Indications ..........c.ccccevvevieveienieneeenccncnnens 990
14.477.16  Acceptance Standards...........ocoeeeeeeiiriieninienciieneenens 990
14.477.17  POStCIEANING .....cveeiiiiniiiiiiiieiciieieeeec e 990
14.477.18 Recent Developments in PT............cccooiiiiiininnnn. 990
14.4.8 Magnetic Particle InSpection...........cccecevieiinieniiiiininiiencceneeene 990
14.4.8.1  PrinCiple....c..coceoiiiiiiiiiiiiiiiiieecec e 991
14.4.8.2  ApPPlCALIONS .....ovviiiiiiiiiiiieiciieieeeeec e 991
14.4.8.3  Reference Documents ...........ccoevveevenueieieienienceincnennens 991
14.4.8.4  Test Procedure ............cccoeieciinieiinieniiieniccecceeeeens 991
14.4.8.5 Factors Affecting the Formation and Appearance
of the Magnetic Particles Pattern..........cccccccveveevnencnnens 991
14.4.8.6  Merits of Magnetic Particle Inspection ..........cccccceueuene 992
14.4.8.7  Limitations of the Method...........cccccueveiiiieiienninincnnns 992
14.4.8.8  Written Procedure..........c.ocoeieiiinieiiniiniienciieeeee 992
14.4.8.9 Magnetizing Current ..........cccoceeeeeeeevueneenieeieenenieeneenens 992
14.4.8.10 Equipment for Magnetic Particle Inspection.................. 993
14.4.8.11 Magnetizing Technique ...........ccccoeceeviiiieniiicniiicneenens 993
14.4.8.12 Inspection Medium (Magnetic Particles) ...................... 994
14.4.8.13 Inspection Method............cccoeieiiiniiiiniiniiiiniiieeeee 995
14.4.8.14 Surface Preparation ........c..cecceevevvenuenieieienieneeencnennens 995
14.4.8.15 Evaluation of Indications ..........c.ccceeveveveienieneeencncnnens 996
14.4.8.16 DemagnetiZation...........coceeveruerrerrenuenuenieeeieieeeeeeeennens 996
14.4.8.17 Record of Test Data .........ccceeevenienienienieieieieieiececans 996
14.4.8.18  INterpretation ..........coceeceeeeeeceeruierieneenieneenie e eeeseeenens 996
14.4.8.19 Acceptance Standards...........cccecueeeeiirieninieneiieneenens 996
14.4.8.20 MT ACCESSOTLIES .....eeuviuiiniieiiiiieiieeieere et 996
14.4.9 Radiographic TeStNg.......c.ccceevieriiiiiiiieiinieieeeec e 996
14.49.1  Principle of Radiography.......c..cocceevveneieieniennincncnnens 997
14.49.2  ApPlCALION.......oouiiiiiiiiiiieicecieeeec e 997
14.49.3  Radiation Sources (X-Rays and Gamma Rays).............. 997
14.49.4  Merits and Limitations ..........cccceveeviiiieneniienciieenennens 998
14.49.5 Radiographic Test Written Procedure .............ccccceeee. 998
14.49.6  Requirements of Radiography ..........ccccceeevevveveeinicncnnns 999
14.49.7  General Procedure in Radiography ...........cccccccoceniniins 999
14.49.8  Reference DOCUMENLS .........ccccvververvenvenieieieieieieceeeaens 999
14.4.9.9  Safely ..ceeiiieiiiiieeeee et 999
14.49.10 Identification Marks.........cccceververvenuenienienieieieeeeecncenens 999
14.49.11 Location Markers..........ccccoecevieiiinieniniieneiencieeneeens 999
14.49.12  Processing of X-Ray Films......ccccoceveneiivininninincnnens 999
14.49.13  Surface Preparation .........c..cocceevevienvenieieienieneeencnennens 999
14.49.14 Radiographic Techniques for Weldments
Of Pressure VESSelS ....c..coecveieieieirinenenencseneeneenne 1000
14.49.15 Full Radiography .........ccccceceiiiieniiiinieecneeicnceeee 1001
14.49.16 Radiographic Quality ..........ccccecevieiiinieiinieiencenee. 1002
14.49.17 Recent Developments in Radiography.............c..c....... 1004



xliv Contents
14.4.10 Ultrasonic TeStNG ......cc.cocuevuerieriiniiiinieieeiee e 1007
14.4.10.1  Test Method .........cceoieiiiieiiiniiiieccceececeeee 1008
14.4.10.2  Application of Ultrasonic Technique in Pressure
Vessel IndUstry ......cc.ooeeeiiiiiiiiiiniieneceeeeeeee 1008
14.4.10.3  Written Procedure .............cccocveeieiiniiiinincnceee. 1009
14.4.104  Code COVErage.....c.coveueeueeieniieiieieeieeeeseeeee e 1009
14.4.10.5  Advantages of Ultrasonic Inspection ........c..ccccceeuueee. 1009
14.4.10.6  Limitations of Ultrasonic Inspection.........c..c.ccecceueeee. 1010
14.4.10.7  Examination Procedure............cccccccoeieiinininnencnnn. 1010
14.4.10.8  Surface Preparation .........c.cccceceeeererencncncncnennennn 1012
14.4.10.9  Probes....cccooieoiiieiiiieiieeeeeeee e 1012
14.4.10.10  Couplant........ccccoeeuerieiienieiieieiieeee et 1012
14.4.10.11  Ultrasonic Testing of Welds .......c.ccocevererencnenenene. 1012
14.4.10.12 Examination COVETage .........ccceeueevuerueeveereenueneennennnes 1014
14.4.10.13  UT Calculators ........ccocceeeeeiieienieiienieieneeie e 1014
14.4.10.14  Acceptance Criteria.........ccceceeveerueeveeneenieneenieneenenanes 1014
14.4.10.15 Reference BIOCKS .......cocouevienieieieieiiiiicicencnceee 1014
14.4.10.16  Calibration ........ccccouevveeeieieeeineneneneneseeeeneeeeenne 1015
14.4.10.17  Phased Array Ultrasonic Testing............ccccccereennne. 1015
14.4.10.18  Fracture Mechanics ...........ccceeveeeiieicniiiieniecicnceee. 1019
14.4.10.19 What Is New in UT?......occoiiiiiiiiiiiicccee 1020
14.4.11 Acoustical Holography .............cccceoveviiniciiiiiininicieeeeeeeseeee 1021
14.4.11.1 Merits and Comparison of Acoustical Holography
with Radiography and Ultrasonic Testing................. 1021
14.4.11.2  Holographic and Speckle Interferometry.................. 1021
14.4.12 Acoustic Emission TeSting ..........cccceeeveeuirieniiniienieieneeeeseeeee 1021
14.4.12.1  Principle of Acoustic Emission ........c..c.ccoceevenennennee 1021
14.4.12.2  Emission Types and Characteristics...........ccccoceeuee.e. 1022
14.4.12.3  Kaiser Effect.....ccccoeviiiiieiiiiincecee 1022
14.4.12.4  Reference Code.......c.coveveieerinerininencncneneneeeens 1023
14.4.12.5  Written Procedure .............cccoceviiiiniiiininicnceee. 1023
14.4.12.6  AE Testing Instrument .........ccceceeevevenenenienennennn 1023
14.4.127  Signal AnalysiS.......ccccocevvieiiniiininiinieieneeeeeee 1023
14.4.12.8  Factors Influencing AE Data.........cccoceverinicnenennn. 1023
14.4.129  Applications: Role of AE in Inspection and Quality
Control of Pressure Vessels and Heat Exchangers .... 1023
14.4.12.10  Merits of Acoustic Emission Testing............cccccucu.e... 1024
14.4.13 Eddy Current TeSting ........cc.coceeeuirieiienieiieieieeeeie e 1024
14.4.13.1  Principles of Eddy Current Testing ...........ccccevevveueee. 1025
14.4.13.2  Written Procedure .............cccoceeiiiiniiiininicnceee. 1026
14.4.13.3  ASTM Specifications.........ccecevererenenenenenennennenn 1026
14.4.13.4  PrObES ..oociiiiiiiieeieeeeeeeeeeee e 1026
14.4.13.5  Eddy Current Test Equipment............ccccoceeeeneennne. 1027
14.4.13.6  Signal Processing ..........cccccceeveevuieieenieieeneeceeneeeene 1027
14.4.13.7  Inspection or Test Frequency and Its Effect on
Flaw Detectability ...........cccceoiiiiiniiiiniiiiienceeee. 1028
14.4.13.8  Operating Variables...........ccceceeeiniiiniiicnincicnieee. 1028
14.4.139  Inspection Method for Tube Interior ...........ccccueeeee. 1029
14.4.13.10  Tube Inspection with Magnetic Flux Leakage.......... 1030
14.4.13.11 Remote Field Eddy Current Testing...........ccccocccuee... 1030
14.4.13.12  Tube Inspection with Near Field Testing................... 1030



Contents

References

14.4.13.13  Tube Inspection with Internal Rotating Inspection
System for Ferrous and Nonferrous Materials ..........
14.4.13.14  InStrumentation ..........cccceceeeueeeenueeeenieeieeneeeeneeee e
14.4.13.15  Testing of Weldments .........c.ccceevererenenenenenennenenn
14.4.13.16  Calibration ........ccccovevveeeieieeeinereneneneseeeeneneeeeane
144.13.17  Merits of ET and Comparison with Other Methods......
14.4.13.18  Limitations of Eddy Current Testing............cccccueu.e...
14.4.13.19  Recent Advances in Eddy Current Testing................
14.4.13.20 Tubesheet Diagram for Windows ........c..cocceevvenennee.

14.4.14 Leak TeSUNZ .ccveeriieiieeieeieeeeeeite ettt s

Bibliography

14.4.14.1 Written Procedure ........cccoeeevveiiviieeieeiiieecceciieee e
14.4.14.2  Methods of Leak Testing........ccccceeveereeieneereeneeeenne.

Chapter 15 Heat Exchanger FabriCation ...........cccoeeeriririenienicnicieieeeinenceesesee e

15.1

15.3

Introduction to Fabrication of the Shell and Tube Heat Exchanger ............
15.2  Details of Manufacturing Drawing .......c..ccccceeeeevererinienenencnenenenenenenn

15.2.1
Stages
15.3.1
15.3.2

15.3.3

1534

15.3.5

15.3.6

15.3.7

15.3.8

Additional Necessary Entries........coccevvveenieriieeiiiiniennienieenieeens
of Heat Exchanger Fabrication............ccccecevieiiinieniinienieeseee
Identification of Materials ........ccccoevveierieieineninineneseseeeeene
Edge Preparation and Rolling of Shell Sections, Tack Welding,
and Alignment for Welding of Longitudinal Seams......................
15.3.2.1 General Discussion on Forming of Plates .....................
15.3.2.2 Fabrication of Shell.........cccccccoeviinininnininincnence
Plate Bending Machines, PWHT, and Manipulative
EqQUIPMENt ...cooviiiiiiiiiiee e
15.3.3.1 Roll Bending Machine............ccccocevieiiiniiiininiiniene.
15.3.3.2 Vertical Plate Bending Machine..............cccccoceeeeninnne.
15.3.3.3 PWHT 0Of ShellS.....ccccoerinieieiiiiininceencnceeieee
15.3.3.4 Manipulative Equipment ............ccccccoeveeiiiiiniencnienene.
Welding of Shells, Checking the Dimensions, and Subjecting
Pieces to Radiography ..........cocceviiiiiiniiiniiiiceeeceeeee
Checking the Circularity of the Shell and the Assembly
Fit, Including Nozzles and Expansion JOINts ..........cccccevecveneenene
15.3.5.1 Welding of NOZZIES......ccocoveieieiriiinininencneeeeen
15.3.5.2 SUPPOILS ..o
15.3.5.3 Attachment of Expansion JOINts .........cccceceverenvenvcnnennen.
Tubesheet and Baffle Drilling ..........cccoooeverieniiienieiesieeceee
15.3.6.1 Tubesheet Drilling .......cccccevvevieverinieninineneneenenecenes
15.3.6.2 Tube Hole Finish.......cccoceoevienienirinininincncccnccen
15.3.6.3 Drilling of Baffles........ccccoeeievieinininininncncicnccen
Tube Bundle AsSembly.........cccccooiiirieniiiniiiiiiicieeeeeeeeene
15.3.7.1 Assembly of Tube Bundle outside
the Exchanger Shell..............cccoiiiii,
15.3.7.2 Assembly of Tube Bundle inside the Shell .....................
15.3.7.3 Tube Nest Assembly of Large Steam Condensers..........
15.3.7.4 Cautions to Exercise while Inserting Tubes ...................
15.3.7.5 Assembly of U-Tube Bundle.........c.cccccrveveninincncnennnnn.
Tubesheet to Shell Welding..........c.cocoviiiiiiiniiiiniiiinieiceeee

xlv



xlvi Contents
15.3.9 Tube-to-Tubesheet Joint Fabrication .............ccccccceeieciniiicncnnne. 1061
15.39.1 Quality Assurance Program for Tube-to-Tubesheet
JOINE i 1062
15.39.2 MOCK-UP TeSt....ccuviiieiiiieiiiieicceeceeee e 1062
15.393 Tube EXPansion ........c..ccceeeevuieieniieicneenieneeeseeene 1063
15.3.94 Requirements for Expanded Tube-to-Tubesheet Joints.... 1063
15.3.9.5 Tube-to-Tubesheet Expansion Methods .................... 1063
15.3.9.6 Rolling Equipment ..........cccccoevinieiinieninienenieene 1064
15.3.9.7 Basic Rolling Process..........ccceceeievcniencniencnienen. 1064
15.3.9.8 Optimum Degree of EXpansion .........c..cccceeeveeveeeneee 1065
15.3.99 Methods to Check the Degree of Expansion............. 1066
15.3.9.10 Criterion for Rolling-in Adequacy ........c..coccevevvennenee 1066
15.3.9.11 Length of Tube EXpansion .........c.ccoceevevenencnennenenn. 1074
1539.12  Full-Depth RoIling ....c..ccocovevieuinininininineicccee 1075
15.3.9.13 Size of Tube Holes......cc.ccevveiririninininincnencicne 1076
15.3.9.14 Factors Affecting Rolling Process ......c..c.cccccvveueueee. 1079
15.3.9.15 Strength and Leak Tightness of Rolled Joints .......... 1079
15.3.9.16 Expanding in Double Tubesheets.............c.ccccceenene 1081
15.3.9.17 Leak Testing.......ccoeveviirieiiiiieiiieenceeeieceeeeeene 1081
15.3.9.18 Residual Stresses in Tube-to-Tubesheet Joints.......... 1081
15.3.10 Tube-to-Tubesheet Joint Welding ...........cc.ccceeieieniniiniiiencennene. 1082
15.3.10.1 Various Methods of Tube-to-Tubesheet Joint Welding .... 1083
15.3.10.2 Tube-to-Tubesheet Joint Configuration...................... 1083
153.10.3  Welding of Sections of Unequal Thickness.............. 1092
15.3.10.4 Seal-Welded and Strength-Welded Joints.................. 1093
15.3.10.5 Considerations in Tube-to-Tubesheet Welding.......... 1094
153.10.6  Welding of Titanium Tubes to Tubesheet.................. 1096
15.3.10.7 Merits of Sequence of Completion of Expanded
and Welded JOINtS ........cccoeceeviiiiiniiiinicciicceeee 1096
15.3.10.8 Full-Depth, Full-Strength Expanding after Welding ....... 1099
15.3.10.9 Ductility of Welded Joint in Feedwater Heaters....... 1099
15.3.10.10  Welded MOCK-UPS......cceevueeuirieniiiieiieicniecieneeeee 1100
15.3.10.11  Inspection of Tube-to-Tubesheet Joint Weld.............. 1100
153.10.12  Leak Testing of Tube-to-Tubesheet Joint .................. 1102
15.3.10.13  Brazing Method for Tube-to-Tubesheet Joints.......... 1102
15.3.11 Heat Treatment .......c..cocveeueiierieiinieieeieieeeete et 1103
15.3.11.1 With Tubes Welded in One Tubesheet and Left
Free in the Other Tubesheet.............cocccoiiiiinennen. 1103
15.3.11.2 Both Ends of the Tubes Welded with Tubesheets ..... 1103
15.3.11.3 Heat Treatment: General Requirements.................... 1103
15.3.12 Assembly of Channels/End ClOSUIES ..........cccecevererineneneneniennens 1104
15.3.12.1 Bolt Tightening .....c..cccccveveererinenenineneneseeeenes 1104
15.3.13 Hydrostatic TeStING........c.ceeuerieriirieiinieieeiee et 1104
15.3.13.1 ASME CODE Requirement...........c.ccoceeeervenuennennen. 1104
15.3.13.2 TEMA Standard Requirement..........c..ccccceeeuennennen. 1105
15.3.13.3 Hydrostatic Testing: Prerequisites.........c..cocceeuereenen. 1105
153.13.4  Improved Method for Hydrostatic Testing of
Welded Tube-to-Tubesheet Joint of Feedwater
Heaters .......coooiiiiiiicccee 1106
15.3.13.5 HydroProof ™. ..o 1106

15.3.13.6 Plate-Fin Heat Exchanger ........cccccccoccvvvininincncnenenn. 1107



Contents

15.4

15.5

15.6

15.7

15.3.14 Preparation of Heat Exchangers for Shipment..........c.cccccoevenenene 1108
15.3.14.1  Painting ...coveevevuiniiniinienicieieieeeieeceeeeeeeie e 1108
15.3.14.2 Nitrogen Filling..........cccooiviiiiiiiiiiiiicececeeee, 1108

15.3.15 Making Up CertifiCates .........ccouerueveieeeinirenineneneesreseseeneeeenens 1108
15.3.15.1 Foundation Loading Diagrams/Drawings .................... 1109
15.3.15.2 Schematics or Flow Diagrams ..........ccccocevieiinienncnne. 1109
15.3.15.3 Installation, Maintenance, and Operating

INSErUCTIONS ... 1109

Forming of Heads and ClOSUIES ..........cccoveieieieiiiiinineneseereicneeeerenene 1109

15.4.1 Forming Methods..........ccccoiiiiiiiniiiiiiiieieeeece e 1109

1542 SPINNING .ooiiiiiiiiiiice e 1109

15.4.3 PIESSING c..ooviiiiiiieieeieeie ettt s 1110

15.4.4 Crown-and-Segment (C and S) Technique...........ccccccenieninennn. 1112

15.4.5 PWHT of Dished Ends........ccccoceniniiiiininiiiiiiiciiinccceencseeieee 1112

15.4.6 Dimensional Check of Heads..........ccccoeoveiiieiinininininincnceenene 1114

15.4.7 Purchased End ClOSUTES..........c.cceeieiiiniiniieiiniieieeecie e 1114

BIazZing ...ooomeieeiei e 1114

15.5.1 Definition and General Description of Brazing ...........cccccccoceeuenene. 1114

15.5.2 Brazing Advantages ..........cccoceeeeeieniieieniieiienieeeeseeee e 1114

15.5.3 Disadvantages of Brazing.......c..c.ccecceuevevieiiiviineininicnenencnencnnenns 1115

Elements of Brazing .........ccocceceveririineninenienenieieieieceeee e 1115

15.6.1  JOINE D@SIZN....eviiiiriiriiniiriiriitcietccetete ettt 1115
15.6.1.1  JOINt TYPES..ueiruiiiiiiiiiiieieeieeeeeee e 1116

15.6.2 Brazing Filler Metals ..........ccccoeniviiiiiniiniiiiieicieenccceeecseeeeeee 1116
15.6.2.1 Composition of Filler Metals........ccccceceevererinencncnnenen 1116
15.6.2.2 Aluminum Filler Metals...........cccoocieiiniiiininiiiee. 1116
15.6.2.3  Copper FAllers .........cccoeoiiiiiiiniiiiiiciiicceecceeeee 1117
15.6.2.4 Nickel-Based Filler Metals.........c.ccccccovieiinieninencnnnn. 1117
15.6.2.5 Silver-Based Filler Metals .........ccccccoeiniiiiniininencnn. 1117
15.6.2.6 Gold-Based Fillers......c..coeeuevienieieieieieincncecncneceeen 1117
15.6.2.7 Forms of Filler Metal ..........ccccoevvivienieininininincncnennen 1118
15.6.2.8 Placement of Filler Metal ..........cccccecvevinvininiinncncnene. 1118
15.6.2.9 ASME Code Specification for Filler Metals .................. 1118

15.6.3 Precleaning and Surface Preparation...........cccceceeevcrencncncnennenn 1118
15.6.3.1  Precleaning..........coccoceeiiiiiiiiiniieiiinieienccceeee e 1118
15.6.3.2  Scale and Oxide Removal ............ccccccooiiiinininnannn. 1118
15.6.3.3  Protection of Precleaned Parts.........ccccccevcevenincncnncnne. 1119

15.6.4 FIUXING .oovieiiiiieiiiiiiieieeiene sttt ettt ettt 1119
15.6.4.1  Selection of @ FIUX ...cc.coceviviineneiiieiciciecccececceee 1119
15.6.4.2 Composition of the FIUX ......cc.cccccvevieiieinvnininnncnenes 1119
15.6.4.3 Demerits of Brazing Using Corrosive Fluxes................. 1119

15.6.5 FIXTUTINZ . c.eeutiuiiiiiiiiiniinenenteetenestete ettt ettt 1119

15.6.6 Brazing Methods ........c.ccoeeuirieniiiiiiieiiinieceeeese e 1120
15.6.6.1  Torch Brazing.........coccovevvevienieninininininenenesieseeneeenns 1120
15.6.6.2  Dip Brazing.......cocceeevenievieiieiieiiiinincncncncseeseneen 1120
15.6.6.3 Furnace Brazing......c..c.cccceeevevrinininincncncnenencen 1122
15.6.6.4  Vacuum Brazing.........c.ccccceeevieverinienieniniencneneneneeenns 1124

15.6.7 Postbraze Cleaning........c.ccoceueruerieieiieieinincneeene et 1125
15.6.7.1  Braze Stopoffs.......cccoevevievieiieienininireneneseeeen 1125

Fundamentals of Brazing Process Control............cccocecevvencrenencnencnnennens 1125

15.7.1 Heating Rate........cccooiiiiiiiiiiiiciiccceee e 1125



xlviii

Contents

15.7.2 Brazing Temperature.........cc.cocueeueeieiiinieiinieieeeeie e 1125
15.7.3 Brazing TImMe........cccocoeiiiiiiiiiieiiiiceceee e 1125
15.7.4 Temperature Uniformity ........coccoecvevvereevininiineneneneneneneeneenennens 1126
15.7.5 Control of Distortion during the Furnace Cycle ..........ccccoevveuenee 1126
15.8  Brazing of AIUMINUML......cccooiiveririiniiiiieieieteeeceese e 1126
15.8.1 Need for Closer Temperature COntrol...........ccccecevverererenenenuennne 1126
15.8.2 Aluminum Alloys That Can Be Brazed...........cccccociniiiinnnne. 1127
15.8.3 Elements of Aluminum Brazing .........cccececevvenininininicnencnennns 1127
15.8.3.1  Joint Clearance ...........ccceceveevuireenieieenieeienieeeeeeeeene 1127

15.8.3.2  Precleaning.......c.ccccoeceeieiiinieniiiienieiieeeieseeeeeeenee 1127

15.8.3.3  Surface Oxide Removal.........cccccevevininicninincncncnnn. 1127
15.8.3.4  Aluminum Filler Metals...........c.cccoccoiiniiiininiininee 1127

15.8.3.5  FIUXING weoviiiiiiiiiieiiciiecetec e 1127

15.8.4 Brazing Methods ........c..cocoeoiiiiiiiiiiiiiiccee e 1128
15.8.4.1  Aluminum Dip Brazing............ccccecerviiiniininiinenene 1128
15.8.4.2  Furnace Brazing............cccccoceviiiieniiiiininiicnicicieeene 1128
15.8.4.3  Brazing Process.......cccoceviniiiiiicniiiiiiieniceeeee 1130

15.8.4.4  Vacuum Brazing of Aluminum........c.ccecceverenenennennene. 1132

15.9 Brazing of Heat-Resistant Alloys and Stainless Steel...........c.ccocevenenennene. 1135
15.9.1 Brazing of Nickel-Based AlIOYS......c.ccccecuriririnenerinenenenieienne 1135
159.1.1  Brazing Filler Metals ........c.cccccoveiiiiininiiniiiieee 1135

15.9.2 Brazing of Cobalt-Based AllOYS........ccceceveririnenenininenieneienne 1136
15.9.3 Brazing of Stainless Steel.......c.ccoevuerirriiininiirininenceeseneerene 1136
159.3.1  Brazeability of Stainless Steel..........ccccevererenenenennnne. 1136

15.10 Quality Control, Inspection, and NDT of Brazed Heat Exchangers........... 1137
15.10.1 Quality of the Brazed JOINtS......cc.ccveieerininiiininercncsenicecene 1138
15.10.1.1  DiSCONtINUILIES.....cvieueiiieiiiriieieiieieeeeie e 1138

15.10.2 INSPECLION ..ot 1139
15.10.2.1  Visual EXamination...........ccccecereeninienienienieieneenene 1139
15.10.2.2  Leak TeSting .....ccccveeeriieiiinieiiiieeeeeeeieieeeeeeeeee 1139

15.10.3 Brazing Codes and Standards ............ccceceeveevinieninienieenceeee. 1139
15.11 Soldering of Heat EXChangers .........cccccecveieieirinininicneneneneeseeeeeeene 1139
15.11.1 Elements of SOIAEring .........cccovevveieieieininininene e 1139
ISALLT Joint DeSIZM.....coieciiiiiiieiiniieicieeeeeeeeieeeeeeeee e 1140
IS11.1.2 Tube JOINES....cuieieiieiiiiieieeieeie e 1140
15.11.1.3  Tube-to-Header Solder JOINtS ..........ccceeeeienieienenncnne 1140
ISA114 SOIAETS ..ot 1140
15.11.1.5 Cleaning and Descaling ..........ccccoceeveenieniniencniencnnen. 1141
15.11.1.6  Soldering FIUXES.........ccccoeeiiniieiiinieiinieicceec e 1141
15.11.1.7  Soldering Processes...........ccceeevuereeveenieneneencneenenanes 1141
15.11.1.8  Flux Residue Removal.............ccccoeoeiiniiiininiiencnn. 1142

15.11.2 Ultrasonic Soldering of Aluminum Heat Exchangers..................... 1142
15.11.2.1 Material That Can Be Ultrasonically Soldered............ 1143
15.11.2.2  Basic Processes for Soldering All-Aluminum Coils......... 1143

15.11.3 Quality Control, Inspection, and Testing ...........ccccceeceeveeceeneenenne. 1146
15.11.4 Nondestructive TeStING......c..cccveeuerieriirieiieieie e 1146
15.11.4.1  Visual InSpection............ccccoeevuirieniiienienienieieeeeiene 1146
15.11.4.2  DiSCONINUILIES.....cuieueiiieiiriieieiieieeeee e 1146
15.11.4.3 Removal of Residual FIuX .......ccccccevervinieninincncnenne. 1146
15.11.4.4  Pressure and Leak Testing ..........cccccevvievinieniniencnnnn. 1147

15.11.4.5 Destructive TeSting........ccceecvevueeruerieniinienieneee e 1147



Contents

Chapter 16

15.12 Corrosion of Brazed and Soldered JOINtS .........ccc.coevvieeeiuiieeiieeicieeeeeeeene
15.12.1 Factors Affecting Corrosion of Brazed Joints...........ccccecevverenuennnn
15.12.2 Corrosion of the Aluminum Brazed Joint...........c...cccoeevvvieeeiieenn.

15.12.2.1 Galvanic Corrosion Resistance.............cccoeevveeeeeennns

15.12.2.2  Influence of Brazing Process ........c.cccevererencnnennen.

15.12.3 Corrosion of Soldered JOINS ..........cocveeeeuieieiieeeceeeeeeee e,

15.12.3.1 Solder Bloom CoOrrosion.............cccvveeeeeeciuveeeeeeecnnnenn..
15.12.3.2  Manufacturing Procedures to Control Solder

Bloom CoOrroSion ...........eeeeeeecvieeeeeeeiiiieeeeeeciieee e

15.13 Evaluation of Design and Materials of Automotive Radiators....................
15.13.1 Mechanical Durability Tests .........cccceeieeiirieniniieiiiieeeeereeee
15.13.2 Tests for Corrosion ReSiStance .............cooevveeeeveeeeieeeeieeeeeee e,

15.13.2.1 External Corrosion TestS.......ccccuveeeeveiiieeeeeeiiieeeeeen,
15.13.2.2 Internal Corrosion Tests........ccccceevevuvieeeieeiiineeeeeeennns

15.14 CuproBraze Heat EXChanger ...........c.cccooiiiiiiiiiiniiiiiicccecceece
15.14.1 Round Tube versus Flat Tube .........cccccooooeviiiiiiiiiiiiiieccecieee e

15.14.1.1 Tube Fabrication.........cccccecoeeiiieeieieiiiiiiee e
15.14.1.2 High-Performance Coatings .........ccceccevevvercrencnennens

I5. A APPENAIX wniiiiiiiiiiiiece e e

RETEICIICES ...t e e

Suggested REAdING ........ccooviiiiiiiiiiiiceeee e

Heat Exchanger Installation, Operation, and Maintenance ..............cccceceeeeeeenne.

LO. 1 SEOTAZE ...ttt
16.2 INStallation .......cc.eiiiiiiiiiiiieieeiieeeeeeee ettt
16.3  OPEIAtION ...ttt ettt ettt
164 MAINIENATICE «...ueeiieniiiieiieiieie ettt ettt et
16.5 Periodical Inspection of Unit........cccoueoierieieiiiiiininineneeeneneeeeeieeeeeeene
16.6  Indications of FOULING.......ccccoieviririiriiiiieicicteceeeee e
16.7 Deterioration of Heat Exchanger Performance ............ccccccevevvininincncnenne.
16.7.1 Air-Cooled Heat EXChangers...........ccccoevveieienieinincnincncncnenene

16.7.1.1 Determine the Original Design Performance Data of
the ACHE ..ot
16.7.1.2 Inspect the Heat Exchanger Unit..........c..ccccooveeninennnnn.

16.7.1.3 Determine the Current ACHE Performance and Set

Baseline.........coeioiiiiiiiiiii e
16.7.1.4 Install Upgrades........c..cccceeuiruiniieiienieienieeneee e
16.7.1.5 Tube Bundle..........cccoouiiiiiiiiiiiiiiiciiccecc e
16.7.2  Shell and Tube Heat Exchanger..........c.ccccccveevevirinincninnncnennenn
16.7.2.1 Quality Auditing of Existing Heat Exchanger.................
16.7.2.2 Leak Detection: Weep-Hole Inspection ..............c........
16.7.2.3 Tube Bundle Removal and Handling.....................c..c.....
16.7.3 Brazed Aluminum Plate-Fin Heat Exchanger...........ccccccoccvinennnn.
16.7.3.1 Leak Detection..........ccccecuevuieieniieieniiiinieieeeeieseeeen
16.7.3.2 Repair of Leaks .....ccccovevevinienenieiiiiicicieccceeeenceeee

16.8 NDT Methods to Inspect and Assess the Condition of Heat Exchanger
and Pressure Vessel COMPONENtS ..........cc.eoeeueriieiiinieniieieieeeeseeee e
16.8.1 Ultrasonic Internal Rotary Inspection System..........cccceccevereruennenn
16.8.2 Remote Field Eddy Current Testing......c.ccecveeeerererenencnenennenn



Contents

16.8.3 Eddy Current TEeStING .......coceeeruerueruerienieieieieeeeeeeesreerese e 1182
160.8.4 TUDES ettt s 1183
16.9 Residual Life Assessment of Heat Exchangers by NDT Techniques........... 1183
16.9.1  Creep WaVeS...cc.evuiriiriiiiriiicieecteteteteieeit ettt 1184
16.9.2 Ultrasonic Method Based on Backscatter and Velocity Ratio
MEASUTEIMENL ...ttt ettt 1184
16.9.3 Pulsed Eddy CUITENtS. ......cc.couerieieieieiiinincneeene e 1184
16.9.4 Flash Radiography.........ccccoeeierierieieiieiiiniriseseseseeeveseseeeeeeene 1184
16.9.5 Low-Frequency Electromagnetic Test..........cecevererinenenenrenuenens 1184
16.9.6 Photon-Induced Positron Annihilation and Distributed Source
Positron Annihilation ...........ccccoieviiiiiiinieiineee e 1185
16.9.6.1 Replication Techniques.........ccccvveveveieeeinenirenencreenne 1185
16.9.6.2 Creep Determinations by Nondestructive Testing
MEthOd ..ottt 1185
16.10 Pressure Vessel Failure............ccccooiiiiiiiiiiiiiiiiiccceccceceeeee 1185
16.10.1 Failure MOdes.......cooeiriririinrinieniiieienieieteteeeeeieeie e 1185
16.11 Professional Service Providers for Heat Exchangers .........ccccoccvvevcncncnienne. 1185

RETETEICES ..ottt e et e e e e ettt e e e s aaeeeeseeraaeeeeas 1186



Preface

INTRODUCTION

The advances in heat exchanger technology since the publication of the first edition and the topics
that had been missed have necessitated a second edition of this book. This edition showcases recent
advances in the selection, design, construction, operation, and maintenance of heat exchangers.
The errors in the previous edition have been corrected, and the quality of figures including
thermal effectiveness charts has been improved. This book provides up-to-date information on
the single-phase heat transfer problems encountered by engineers in their daily work. It will con-
tinue to be a centerpiece of information for practicing engineers, research engineers, academicians,
designers, and manufacturers involved in heat exchange between two or more fluids. Permission
was sought from leading heat exchanger manufacturers and research organizations to include
figures of practical importance, and these have been added in this edition. Care has been taken to
minimize errors.

COVERAGE

In the chapter on the classification of heat exchangers, topics such as scrapped surface heat exchanger,
graphite heat exchanger, coil wound heat exchanger, microscale heat exchanger, and printed circuit
heat exchanger have been included. The construction and performance features of various types of
heat exchangers have been compared.

Concepts like ALEX core for PFHE, radial flow heat exchanger for waste heat recovery, and
rotary regenerator for HVAC applications have been added. Breach-Lock™ and Taper-Lok™ end
closures have also been included.

Construction details and performance features of nonsegmental baffles heat exchangers such as
EMbaffle®, Helixchanger®, and Twisted Tube® heat exchangers have been added. Design features of
feedwater heater, steam surface condenser, and tantalum heat exchanger for pharmaceutical appli-
cations have also been included.

Information on pressure vessel codes, manufacturer’s association standards, and ASME codes
has been updated. ALPEMA standards for PFHE have been dealt with in depth.

Performance features of coil wound heat exchangers have been compared with brazed aluminum
heat exchangers. The construction, selection, design, and concepts of manufacture of ACHE have
been updated.

Recent advances in PHE concepts such as all welded, shell type, wide gap, free flow, semi-welded,
and double-wall have been discussed and their construction and performance features compared.

The chapter on heat transfer augmentation has been thoroughly revised. Underlying the principle
of heat transfer enhancement, devices such as hiTRAN thermal system and wire matrix turbulators
have been described.

Fouling control concepts, such as back flushing, heat exchangers, such as self-cleaning, and lig-
uid fluidized bed technology, fluidized bed units, and fouling control devices, such as Spirelf®,
Fixotal®, and Turbotal®, have been added.

A new chapter on heat exchanger installation, operation, and maintenance covers the commis-
sioning of new units, operation, their maintenance, repair practices, tube bundle removal, handling
and cleaning, leak testing and plugging of tubes, condition monitoring, quality audit, and residual
life assessment by NDT methods.

The tubesheet design procedure as per the latest ASME code, CODAP, PD 5000, and UPV has
been discussed and compared with TEMA standards. The software program structure for design
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of ACHE and STHE has been updated. Recent trends in NDT methods such as ECT, UT, and leak
testing have been included.

The chapter on fabrication of heat exchangers has now been revised, covering the recent advances
in tube expansion and tube-to-tubesheet welding practices, rolling equipment, accessories, adequacy
of rolling, cold working principle, configuration of tube-to-tubesheet joints for welding, modern
equipment for tube hole preparation, and internal bore welding tubes. The section on heat exchanger
heads has now been updated by incorporating various hot/cold working methods, and manufactur-
ing procedures and PWHT have been discussed. New topics like CAB brazing of compact heat
exchanger, cupro-braze radiators, and flat tube versus round tube concept for radiator tubings have
also been added.

Due to their content and coverage, chapters 2, 5, 13 and 15 can be treated as individually
self-contained units, as they do not require other chapters to be understood. This edition is abun-
dantly illustrated with over 600 drawings, diagrams, photos, and tables. The Heat Exchanger Design
Handbook, Second Edition is an excellent resource for mechanical, chemical, and petrochemical
engineers; process equipment and pressure vessel designers, consultants, and heat exchanger manu-
facturers; and upper-level undergraduate and graduate students in these disciplines.
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’I Heat Exchangers

Introduction, Classification,
and Selection

1.1  INTRODUCTION

A heat exchanger is a heat transfer device that is used for transfer of internal thermal energy
between two or more fluids available at different temperatures. In most heat exchangers, the fluids
are separated by a heat transfer surface, and ideally they do not mix. Heat exchangers are used in
the process, power, petroleum, transportation, air-conditioning, refrigeration, cryogenic, heat recov-
ery, alternate fuels, and other industries. Common examples of heat exchangers familiar to us in
day-to-day use are automobile radiators, condensers, evaporators, air preheaters, and oil coolers.
Heat exchangers can be classified into many different ways.

1.2 CONSTRUCTION OF HEAT EXCHANGERS

A heat exchanger consists of heat-exchanging elements such as a core or matrix containing the heat
transfer surface, and fluid distribution elements such as headers or tanks, inlet and outlet nozzles
or pipes, etc. Usually, there are no moving parts in the heat exchanger; however, there are excep-
tions, such as a rotary regenerator in which the matrix is driven to rotate at some design speed and
a scraped surface heat exchanger in which a rotary element with scraper blades continuously rotates
inside the heat transfer tube. The heat transfer surface is in direct contact with fluids through which
heat is transferred by conduction. The portion of the surface that separates the fluids is referred to
as the primary or direct contact surface. To increase heat transfer area, secondary surfaces known
as fins may be attached to the primary surface. Figure 1.1 shows a collection of few types of heat
exchangers.

1.3 CLASSIFICATION OF HEAT EXCHANGERS

In general, industrial heat exchangers have been classified according to (1) construction, (2) trans-
fer processes, (3) degrees of surface compactness, (4) flow arrangements, (5) pass arrangements,
(6) phase of the process fluids, and (7) heat transfer mechanisms. These classifications are briefly
discussed here. For more details on heat exchanger classification and construction, refer to Shah
[1,2], Gupta [3], and Graham Walker [4]. For classification and systematic procedure for selection
of heat exchangers, refer to Larowski et al. [Sa,5b]. Table 1.1 shows some types of heat exchangers,
their construction details, and performance parameters.
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FIGURE 1.1 Collection of few types of heat exchangers. (Courtesy of ITT STANDARD, Cheektowaga, NY.)

1.3.1  CLASSIFICATION ACCORDING TO CONSTRUCTION

According to constructional details, heat exchangers are classified as [1] follows:

Tubular heat exchangers—double pipe, shell and tube, coiled tube

Plate heat exchangers (PHEs)—gasketed, brazed, welded, spiral, panel coil, lamella
Extended surface heat exchangers—tube-fin, plate-fin

Regenerators—fixed matrix, rotary matrix

1.3.1.1 Tubular Heat Exchanger

1.3.1.1.1 Double-Pipe Exchangers

A double-pipe heat exchanger has two concentric pipes, usually in the form of a U-bend design. Double-
pipe heat changers with U-bend design are known as hairpin heat exchangers. The flow arrangement is
pure countercurrent. A number of double-pipe heat exchangers can be connected in series or parallel
as necessary. Their usual application is for small duties requiring, typically, less than 300 ft? and they
are suitable for high pressures and temperatures and thermally long duties [5]. This has the advantage
of flexibility since units can be added or removed as required, and the design is easy to service and
requires low inventory of spares because of its standardization. Either longitudinal fins or circumfer-
ential fins within the annulus on the inner pipe wall are required to enhance the heat transfer from the
inner pipe fluid to the annulus fluid. Design pressures and temperatures are broadly similar to shell
and tube heat exchangers (STHESs). The design is straightforward and is carried out using the method
of Kern [6] or proprietary programs. The Koch Heat Transfer Company LP, USA, is the pioneer in the
design of hairpin heat exchangers. Figures 1.2 through 1.4 show double-pipe heat exchangers.

1.3.1.1.1.1  Application When the process calls for a temperature cross (when the hot fluid
outlet temperature is below the cold fluid outlet temperature), a hairpin heat exchanger is the
most efficient design and will result in fewer sections and less surface area. Also, they are com-
monly used for high-fouling services such as slurries and for smaller heat duties. Multitube heat
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TABLE 1.1

Heat Exchanger Types: Construction and Performance Features

Type of Heat

Exchanger

Double
pipe(hair
pin) heat
exchanger

Shell and
tube heat
exchanger
(STHE)

Coiled tube
heat
exchanger
(CTHE)

Finned-tube
heat
exchanger

Constructional Features

A double pipe heat exchanger has two concentric
pipes, usually in the form of a U-bend design.
U-bend design is known as hairpin heat
exchangers. The flow arrangement is pure
countercurrent. The surface area ranges from
300 to 6000 ft? (finned tubes). Pressure
capabilities are full vacuum to over 14,000 psi
(limited by size, material, and design condition)

and temperature from —100°C to 600°C (-150°F

to 1100°F).

The most commonly used heat exchanger. It is the
“workhorse” of industrial process heat transfer.
They are used as oil cooler, surface condenser,
feed water heater, etc.

The major components of a shell and tube

exchanger are tubes, baffles, shell, front head, rear

head, and nozzles.

Shell diameter: 60 up to 2000 mm. Operating
temperature: —20°C up to 500°C. Operating
pressure max. 600 bar.

Construction of these heat exchangers involves
winding a large number of small-bore ductile
tubes in helix fashion around a central core tube,
with each exchanger containing many layers of
tubes along both the principal and radial axes.
Different fluids may be passed in counterflow to
the single shellside fluid.

Construction

1. Normal fins on individual tubes referred to as
individually finned tubes.

2. Longitudinal fins on individual tubes, which
are generally used in condensing applications
and for viscous fluids in double-pipe heat
exchangers.

3. Flat or continuous (plain, wavy, or interrupted)
external fins on an array of tubes (either circular
or flat tube).

4. The tube layout pattern is mostly staggered.

Performance Features

Applicable services: The process results in a
temperature cross, high-pressure stream on
tubeside, a low allowable pressure drop is
required on one side, when the exchanger is
subject to thermal shocks, when flow-induced
vibration may be a problem.

Advantages: Extremely flexible and robust design,
easy to maintain and repair.

Disadvantages

1. Require large site (footprint) area for
installation and often need extra space to
remove the bundle.

2. Construction is heavy.

3. PHE may be cheaper for pressure below 16 bar
(230 psi) and temperature below 200°C
(392°F).

Advantages, especially when dealing with
low-temperature applications where
simultaneous heat transfer between more
than two streams is desired. Because of small
bore tubes on both sides, CTHEs do not
permit mechanical cleaning and therefore are
used to handle clean, solid-free fluids or fluids
whose fouling deposits can be cleaned by
chemicals. Materials are usually aluminum
alloys for cryogenics, and stainless
steels for high-temperature applications.

Merits: small inventory, low weight, easier
transport, less foundation, better temperature
control

Applications

Condensers and evaporators of air conditioners,
radiators for internal combustion engines, charge
air coolers and intercoolers for cooling
supercharged engine intake air of diesel
engines, etc.

(continued)
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TABLE 1.1 (continued)
Heat Exchanger Types: Construction and Performance Features

Type of Heat
Exchanger

Air cooled
heat
exchanger
(ACHE)

Plate-fin heat
exchanger
(PFHE)

Regenerator

Constructional Features

Construction

1. Individually finned tube bundle. The tube
bundle consists of a series of finned tubes set
between side frames, passing between header
boxes at either end.

2. An air-pumping device (such as an axial flow
fan or blower) across the tube bundle which may
be either forced draft or induced draft.

3. A support structure high enough to allow air to
enter beneath the ACHE.

Plate fin heat exchangers (PFHEs) are a form of
compact heat exchanger consisting of a stack of
alternate flat plates called “parting sheets” and fin
corrugations, brazed together as a block. Different
fins (such as the plain triangular, louver,
perforated, or wavy fin) can be used between
plates for different applications.

Plate-fin surfaces are commonly used in gas-to-gas
exchanger applications. They offer high area
densities (up to about 6000 m?*m? or 1800 ft¥/ft}).

Designed for low-pressure applications, with
operating pressures limited to about 1000 kPa g
(150 psig) and operating temperature from
cryogenic to 150°C (all-aluminum PFHE) and
about 700°C-800°C (1300°F-1500°F) (made of
heat-resistant alloys).

The heat exchanger used to preheat combustion air
is called either a recuperator or a regenerator.
A recuperator is a convective heat transfer type heat
exchanger like tubular, plate-fin and extended
surface heat exchangers. The regenerator is classified
as (1) fixed matrix or fixed bed and (2) rotary
regenerators. The matrix is alternatively heated by
hot fluid and cooled by the cold fluid. Features:

1. A more compact size (§ = 8800 m*m? for
rotating type and 1600 m*m? for fixed
matrix type).

2. Application to both high temperatures
(800°C-1100°C) for metal matrix, and 2000°C
for ceramic regenerators for services like gas
turbine applications, melting furnaces or steam
power plant heat recovery, and low-temperature
applications like space heating (HVAC).

Performance Features

Merits: Design of ACHE is simpler compared to
STHE, since the airside pressure and temperature
pertain to ambient conditions. Tubeside design is
same as STHE. Maintenance cost is normally
less than that for water-cooled systems. The
fouling on the air side can be cleaned easily.

Disadvantages of ACHESs

ACHE:S require large heat transfer surfaces
because of the low heat transfer coefficient on
the air side and the low specific heat of air. Noise
is a factor with ACHEs.

1. PFHE offers superior in thermal performance
compared to extended surface heat exchangers.

2. PFHE can achieve temperature approaches as
low as 1°C between single-phase streams and
3°C between multiphase streams.

3. With their high surface compactness, ability to
handle multiple streams, and with aluminum’s
highly desirable low-temperature properties,
brazed aluminum plate fins are an obvious
choice for cryogenic applications.

4. Very high thermal effectiveness can be achieved,
for cryogenic applications, effectiveness of the
order of 95% and above is common.

Limitations:

1. Narrow passages in plate-fin exchangers make
them susceptible for fouling and they cannot be
cleaned by mechanical means. This limits their
use to clean applications like handling air, light
hydrocarbons, and refrigerants.

Usage

1. Reheating process feedstock.

2. Waste heat boiler and feed water heating for
generating steam (low-temperature recovery
system).

3. Air preheater—preheating the combustion air
(high temperature heat recovery system).

4. Space heating—rotary heat exchanger (wheel)
is mainly used in building ventilation or in the
air supply/discharge system of air conditioning
equipment.
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TABLE 1.1 (continued)
Heat Exchanger Types: Construction and Performance Features

Type of Heat
Exchanger

Plate heat
exchanger
(PHE)

Spiral plate
heat
exchanger
(SPHE)

Printed
circuit heat
exchangers
(PCHE:)

Constructional Features

W

. Operating pressure of 57 bar for gas turbine
applications and low pressure of 1-1.5 bar for
air dehumidifier and waste heat recovery
applications.

4. The absence of a separate flow path like tubes
or plate walls but the presence of seals to
separate the gas stream in order to avoid mixing
due to pressure differential.

A plate heat exchanger is usually comprised of a
stack of corrugated or embossed metal plates in
mutual contact, each plate having four apertures
serving as inlet and outlet ports, and seals
designed so as to direct the fluids in alternate flow
passages.

Standard performance limits

Maximum operating pressure 25 bar (360 psi)

Maximum temperature 160°C (320°F)
With special gaskets 200°C (390°F)
Maximum flow rate 3600 m*h (950,000
USG/min)
Temperature approach As low as 1°C
Heat recovery As high as 93%

Heat transfer coefficient 3000-7000 W/m?2-°C

(water—water duties with

normal fouling resistance)

Other varieties include, brazed plate heat exchanger
(BPHE), shell and plate heat exchanger, welded
plate heat exchanger, wide-gap plate heat
exchanger, free-flow plate heat exchanger,
semi-welded or twin-plate heat exchanger,
double-wall plate heat exchanger, biabon F
graphite plate heat exchanger, etc.

SPHE is fabricated by rolling a pair of relatively
long strips of plate to form a pair of spiral
passages. Channel spacing is maintained
uniformly along the length of the spiral passages
by means of spacer studs welded to the plate strips
prior to rolling.

HEATRIC printed circuit heat exchangers consist
of diffusion-bonded heat exchanger core that are
constructed from flat metal plates into which
fluid flow channels are either chemically etched
or pressed. They can withstand pressure of
600 bar (9000 psi) with extreme temperatures,
ranging from cryogenic to 700°C (1650°F).

Performance Features

Merits: True counterflow, high turbulence and
high heat transfer performance. Close approach
temperature.

Reduced fouling: Cross-contamination eliminated.

Multiple duties with a single unit. Expandable.

Easy to inspect and clean, and less maintenance.

Low liquid volume and quick process control.

Lower cost.

Disadvantages

1. The maximum operating temperature and

pressure are limited by gasket materials. The
gaskets cannot handle corrosive or
aggressive media.
2. Gasketed plate heat exchangers cannot handle
particulates that are larger than 0.5 mm.
3. Gaskets always increase the leakage risk.
Exchanger

Advantages: To handle slurries and liquids with
suspended fibers, and mineral ore treatment
where the solid content is up to 50%. The SPHE
is the first choice for extremely high viscosities,
say up to 500,000 cp, especially in cooling
duties.

Applications: SPHESs are finding applications in
reboiling, condensing, heating or cooling of
viscous fluids, slurries, and sludge.

Merits: fluid flow can be parallelflow,
counterflow, crossflow, or a combination of these
to suit the process requirements. Thermal
effectiveness is of the order of 98% in a single
unit. They can incorporate more than two
process streams into a single unit.

(continued)
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TABLE 1.1 (continued)
Heat Exchanger Types: Construction and Performance Features

Type of Heat
Exchanger

Lamella heat
exchanger
(LHE)

Heat pipe
heat
exchanger

Plate coil
heat
exchanger
(PCHE)

Scraped
surface heat
exchanger

Constructional Features

A lamella heat exchanger normally consists of a
cylindrical shell surrounding a number of heat
transferring lamellas. The design can be
compared to a tube heat exchanger but with the
circular tubes replaced by thin and wide
channels, lamellas. The lamella heat exchanger
works with the media in full counter current
flow. The absence of baffle plates minimizes the
pressure drop and makes handling of most
media possible.

The heat-pipe heat exchanger used for gas—gas
heat recovery is essentially bundle of finned
tubes assembled like a conventional air-cooled
heat exchanger. The heat pipe consists of three
elements: (1) a working fluid inside the tubes,
(2) a wick lining inside the wall, and
(3) vacuum sealed finned tube. The heat-pipe
heat exchanger consists of an evaporative
section through which the hot exhaust gas flows
and a condensation section through which the
cold air flows. These two sections are separated
by a separating wall.

Fabricated from two metal sheets, one or both of
which are embossed. When welded together, the
embossings form a series of well-defined passages
through which the heat transfer media flows.

Scraped surface heat exchangers are essentially
double pipe construction with the process fluid
in the inner pipe and the cooling (water) or
heating medium (steam) in the annulus. A
rotating element is contained within the tube
and is equipped with spring-loaded blades. In
operation the rotating shaft scraper blades
continuously scrape product film from the heat
transfer tube wall, thereby enhancing heat
transfer and agitating the product to produce a
homogenous mixture.

Performance Features

Merits: Since the lamella bundle can be easily
dismantled from the shell, inspection and
cleaning is easy.

Applications

Cooking fluid heating in pulp mills.

Liquor preheaters.

Coolers and condensers of flue gas.

Oil coolers.

Application: The heat pipes are used for (i) heat
recovery from process fluid to preheating of air
for space heating, (ii) HVAC application-waste
heat recovery from the exhaust air to heat the
incoming process air

It virtually does not need mechanical
maintenance, as there are no moving parts. The
heat pipe heat recovery systems are capable of
operating at a temperature of 300°C-315°C with
60%—80% heat recovery capability.

A variety of standard PLATECOIL® fabrications,
such as pipe coil, half pipe, jacketed tanks and
vessels, clamp-on upgrades, immersion heaters
and coolers, heat recovery banks, storage tank
heaters, etc., are available. Easy access to panels
and robust cleaning surfaces reduce maintenance
burdens.

Scraped surface heat exchangers are used for
processes likely to result in the substantial
deposition of suspended solids on the heat
transfer surface. Scraped surface heat
exchangers can be employed in the
continuous, closed processing of virtually
any pumpable fluid or slurry involving
cooking, slush freezing, cooling,
crystallizing, mixing, plasticizing, gelling,
polymerizing, heating, aseptic processing,
etc. Use of a scraped surface exchanger
prevents the accumulation of significant
buildup of solid deposits.
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I Outer tube

FIGURE 1.2 Double pipe/twin pipe hairpin heat exchanger. (a) Schematic of the unit, (b): (i) double pipe
with bare internal tube, (ii) double pipe with finned internal tube, (iii) double pipe with multibare inter-
nal tubes, and (iv) double pipe with multifinned internal tubes. (Courtesy of Peerless Mfg. Co., Dallas, TX,
Makers of Alco and Bos-Hatten brands of heat exchangers.)

(b)

FIGURE 1.3 Double pipe/hairpin heat exchanger. (a) 3-D view and (b) tube bundle with longitudinal fins.
(Courtesy of Peerless Mfg. Co., Dallas, TX, Makers of Alco and Bos-Hatten brands of heat exchangers.)
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FIGURE 1.4 Hairpin heat exchanger. (a) Separated head closure using separate bolting on shellside and tube-
side and (b) Hairpin exchangers for high-pressure and high-temperature applications and (c) multitubes (bare)
bundle. (Photo courtesy of Heat Exchanger Design, Inc., Indianapolis, IN.)

exchangers are used for larger heat duties. A hairpin heat exchanger should be considered when
one or more of the following conditions exist:

* The process results in a temperature cross

* High pressure on tubeside application

* A low allowable pressure drop is required on one side

*  When an augmentation device to enhance the heat transfer coefficient is desired
*  When the exchanger is subject to thermal shocks

*  When flow-induced vibration may be a problem

*  When solid particulates or slurries are present in the process stream

1.3.1.1.2  Shell and Tube Heat Exchanger

In process industries, shell and tube heat exchangers are used in great numbers, far more than any
other type of exchanger. More than 90% of heat exchangers used in industry are of the shell and
tube type [7]. STHESs are the “workhorses” of industrial process heat transfer [8]. They are the first
choice because of well-established procedures for design and manufacture from a wide variety of
materials, many years of satisfactory service, and availability of codes and standards for design and
fabrication. They are produced in the widest variety of sizes and styles. There is virtually no limit
on the operating temperature and pressure. Figure 1.5 shows STHEs.

1.3.1.1.3  Coiled Tube Heat Exchanger

Construction of these heat exchangers involves winding a large number of small-bore ductile tubes
in helix fashion around a central core tube, with each exchanger containing many layers of tubes
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FIGURE 1.5 Shell and tube heat exchanger. (a) Components and (b) heat exchanger. (Courtesy of Allegheny
Bradford Corporation, Bradford, PA.)

along both the principal and radial axes. The tubes in individual layers or groups of layers may
be brought together into one or more tube plates through which different fluids may be passed in
counterflow to the single shellside fluid. The construction details have been explained in Refs. [5,9].
The high-pressure stream flows through the small-diameter tubes, while the low-pressure return
stream flows across outside of the small-diameter tubes in the annular space between the inner
central core tube and the outer shell. Pressure drops in the coiled tubes are equalized for each
high-pressure stream by using tubes of equal length and varying the spacing of these in the different
layers. Because of small-bore tubes on both sides, CTHEs do not permit mechanical cleaning and
therefore are used to handle clean, solid-free fluids or fluids whose fouling deposits can be cleaned
by chemicals. The materials used are usually aluminum alloys for cryogenics and stainless steel for
high-temperature applications.

CTHE offers unique advantages, especially when dealing with low-temperature applications for
the following cases [9]:

e Simultaneous heat transfer between more than two streams is desired. One of the three
classical heat exchangers used today for large-scale liquefaction systems is CTHE.

* A large number of heat transfer units are required.

* High-operating pressures are involved.

CTHE is not cheap because of the material costs, high labor input in winding the tubes, and the
central mandrel, which is not useful for heat transfer but increases the shell diameter [5].

1.3.1.1.3.1 Linde Coil-Wound Heat Exchangers Linde coil-wound heat exchangers are com-
pact and reliable with a broad temperature and pressure range and suitable for both single- and two-
phase streams. Multiple streams can be accommodated in one exchanger. They are known for their
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FIGURE 1.6 Coiled tube heat exchanger. (a) End section of a tube bundle, (b) tube bundle under fabrication,
and (c) construction details. (From Linde AG, Engineering Division. With permission.)

robustness in particularly during start-up and shut-down or plant-trip conditions. Both the brazed
aluminum PFHESs and CTHEs find application in liquefication processes. A comparison of salient
features of these two types of heat exchangers is shown in Chapter 4. Figure 1.6 shows Linde coil-
wound heat exchangers.

Glass coil heat exchangers: Two basic types of glass coil heat exchangers are (i) coil type and
(i1) STHE with glass or MS shells in combination with glass tube as standard material for tube.
Glass coil exchangers have a coil fused to the shell to make a one-piece unit. This prohibits leak-
age between the coil and shellside fluids [10]. The reduced heat transfer coefficient of boro silicate
glass equipment compares favorably with many alternate tube materials. This is due to the smooth
surface of the glass that improves the film coefficient and reduces the tendency for fouling. More
details on glass heat exchangers are furnished in Chapter 13.

1.3.1.2 Plate Heat Exchangers

PHEs are less widely used than tubular heat exchangers but offer certain important advantages.
PHEs can be classified into three principal groups:

1. Plate and frame or gasketed PHEs used as an alternative to tube and shell exchangers for
low- and medium-pressure liquid-liquid heat transfer applications

2. Spiral heat exchanger used as an alternative to shell and tube exchangers where low main-
tenance is required, particularly with fluids tending to sludge or containing slurries or
solids in suspension

3. Panel heat exchangers made from embossed plates to form a conduit or coil for liquids
coupled with fins
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FIGURE 1.7 Plate heat exchanger. (a) Construction details—schematic (Parts details: 1, Fixed frame plate; 2, Top
carrying bar; 3, Plate pack; 4, Bottom carrying bar; 5, Movable pressure plate; 6, Support column; 7, Fluids port; and
8, Tightening bolts.) and (b) closer view of assembled plates. (Courtesy of ITT STANDARD, Cheektowaga, NY.)

1.3.1.2.1  Plate and Frame or Gasketed Plate Heat Exchangers

A PHE essentially consists of a number of corrugated metal plates in mutual contact, each plate hav-
ing four apertures serving as inlet and outlet ports, and seals designed to direct the fluids in alternate
flow passages. The plates are clamped together in a frame that includes connections for the fluids.
Since each plate is generally provided with peripheral gaskets to provide sealing arrangements, PHEs
are called gasketed PHEs. PHEs are shown in Figure 1.7 and are covered in detail in Chapter 7.

1.3.1.2.2  Spiral Plate Heat Exchanger

SPHEs have been used since the 1930s, when they were originally developed in Sweden for heat
recovery in pulp mills. They are classified as a type of welded PHE. An SPHE is fabricated by roll-
ing a pair of relatively long strips of plate around a split mandrel to form a pair of spiral passages.
Channel spacing is maintained uniformly along the length of the spiral passages by means of spacer
studs welded to the plate strips prior to rolling. Figure 1.8 shows an SPHE. For most applications,
both flow channels are closed by alternate channels welded at both sides of the spiral plate. In some
services, one of the channels is left open, whereas the other closed at both sides of the plate. These
two types of construction prevent the fluids from mixing.

The SPHE is intended especially for the following applications [5]:

To handle slurries and liquids with suspended fibers and mineral ore treatment where the solid
content is up to 50%.

SPHE is the first choice for extremely high viscosities, say up to 500,000 cp, especially in
cooling duties, because of maldistribution, and hence partial blockage by local overcooling
is less likely to occur in a single-channel exchanger.

SPHE:s are finding applications in reboiling, condensing, heating, or cooling of viscous fluids,
slurries, and sludge [11].

More details on SPHE are furnished in Chapter 7.
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FIGURE 1.8 Spiral plate heat exchanger. (Courtesy of Tranter, Inc., Wichita Falls, TX.)

1.3.1.2.3  Plate or Panel Coil Heat Exchanger

These exchangers are called panel coils, plate coils, or embossed panel or jacketing. The panel coil
serves as a heat sink or a heat source, depending upon whether the fluid within the coil is being
cooled or heated. Panel coil heat exchangers are relatively inexpensive and can be made into any
desired shape and thickness for heat sinks and heat sources under varied operating conditions.
Hence, they have been used in many industrial applications such as cryogenics, chemicals, fibers,
food, paints, pharmaceuticals, and solar absorbers.

Construction details of a panel coil: A few types of panel coil designs are shown in Figure 1.9.
The panel coil is used in such industries as plating, metal finishing, chemical, textile, brewery,
pharmaceutical, dairy, pulp and paper, food, nuclear, beverage, waste treatment, and many others.
Construction details of panel coils are discussed next. M/s Paul Muller Company, Springfield, MO,
and Tranter, Inc., TX, are the leading manufacturers of panel coil/plate coil heat exchangers.

Single embossed surface: The single embossed heat transfer surface is an economical type to utilize
for interior tank walls, conveyor beds, and when a flat side is required. The single embossed design
uses two sheets of material of different thickness and is available in stainless steel, other alloys,
carbon steel, and in many material gages and working pressures.

Double embossed surface: Inflated on both sides using two sheets of material and the same thick-
ness, the double embossed construction maximizes the heating and cooling process by utilizing
both sides of the heat transfer plate. The double embossed design is commonly used in immersion
applications and is available in stainless steel, other alloys, carbon steel, and in many material gages
and working pressures.
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FIGURE 1.9 Temp-Plate® heat transfer surface. (Courtesy of Mueller, Heat Transfer Products, Springfield, MO.)

FIGURE 1.10 Welded dimpled jacket template. (a) Gas metal arc welded and (b) resistance welded.

Dimpled surface: This surface is machine punched and swaged, prior to welding, to increase
the flow area in the passages. It is available in stainless steel, other alloys, carbon steel, in
many material gages and working pressures, and in both MIG plug-welded and resistance spot-
welded forms.

Methods of manufacture of panel coils: Basically, three different methods have been used to
manufacture the panel coils: (1) they are usually welded by the resistance spot-welding or seam-
welding process. An alternate method now available offers the ability to resistance spot-weld the
dimpled jacket-style panel coil with a perimeter weldment made with the GMAW or resistance
welding. Figure 1.10 shows a vessel jacket welded by GMAW and resistance-welding process. Other
methods are (2) the die-stamping process and (3) the roll-bond process. In the die-stamping process,
flow channels are die-stamped on either one or two metal sheets. When one sheet is embossed and
joined to a flat (unembossed sheet), it forms a single-sided embossed panel coil. When both sheets
are stamped, it forms a double-sided embossed panel coil.

Types of jackets: Jacketing of process vessels is usually accomplished by using one of the three
main available types: conventional jackets, dimple jackets, and half-pipe coil jackets [12].

Advantages of panel coils: Panel coils provide the optimum method of heating and cooling pro-
cess vessels in terms of control, efficiency, and product quality. Using a panel as a means of heat
transfer offers the following advantages [12]:

e All liquids can be handled, as well as steam and other high-temperature vapors.
 Circulation, temperature, and velocity of heat transfer media can be accurately controlled.
* Panels may often be fabricated from a much less expensive metal than the vessel itself.

* Contamination, cleaning, and maintenance problems are eliminated.
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e Maximum efficiency, economy, and flexibility are achieved.
* In designing reactors for specific process, this variety gives chemical engineers a great
deal of flexibility in the choice of heat transfer medium.

1.3.1.2.4 Lamella Heat Exchanger

The lamella heat exchanger is an efficient, and compact, heat exchanger. The principle was
originally developed around 1930 by Ramens Patenter. Later Ramens Patenter was acquired by
Rosenblads Patenter and the lamella heat exchanger was marketed under the Rosenblad name. In
1988, Berglunds acquired the product and continued to develop it. A lamella heat exchanger nor-
mally consists of a cylindrical shell surrounding a number of heat-transferring lamellas. The design
can be compared to a tube heat exchanger but with the circular tubes replaced by thin and wide
channels, lamellas. Sondex Tapiro Oy Ab Pikkupurontie 11, FIN-00810 Helsinki, Finland, markets
lamella heat exchangers worldwide.

The lamella is a form of welded heat exchanger that combines the construction of a PHE with
that of a shell and tube exchanger without baffles. In this design, tubes are replaced by pairs of thin
flat parallel metal plates, which are edge welded to provide long narrow channels, and banks of
these elements of varying width are packed together to form a circular bundle and fitted within a
shell. The cross section of a lamella heat exchanger is shown schematically in Figure 1.11. With this
design, the flow area on the shellside is a minimum and similar in magnitude to that of the inside
of the bank of elements; due to this, the velocities of the two liquid media are comparable [13]. The
flow is essentially longitudinal countercurrent “tubeside” flow of both tube and shell fluids [4]. Due
to this, the velocities of the two liquid media are comparable. Also, the absence of baffles minimizes
the pressure drop. One end of the element pack is fixed and the other is floating to allow for thermal
expansion and contraction. The connections fitted at either end of the shell, as in the normal shell
and tube design, allow the bank of elements to be withdrawn, making the outside surface accessible
for inspection and cleaning. Opposed from an STHE, where the whole exchanger has to be replaced
in case of damage, it is possible just to replace the lamella battery and preserve the existing shell.
Lamella heat exchangers can be fabricated from carbon steel, stainless steel, titanium, Incolly, and
Hastelloy. They can handle most fluids, with large volume ratios between fluids. The floating nature
of the bundle usually limits the working pressure to 300 psi. Lamella heat exchangers are generally
used only in special cases. Design is usually done by the vendors.

Merits of lamella heat exchanger are as follows:

1. Strong turbulence in the fluid
2. High operation pressure

FIGURE 1.11 Lamella heat exchanger. (a) Counterflow concept and (b) lamella tube bundle.
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FIGURE 1.12  Air-cooled condenser. (Courtesy of GEA Iberica S.A., Vizcaya, Spain.)

Applications

Cooking fluid heating in pulp mills
Liquor preheaters

Coolers and condensers of flue gas
Oils coolers

1.3.1.3 Extended Surface Exchangers

In a heat exchanger with gases or some liquids, if the heat transfer coefficient is quite low, a large
heat transfer surface area is required to increase the heat transfer rate. This requirement is served
by fins attached to the primary surface. Tube-fin heat exchangers (Figure 1.12) and plate-fin heat
exchangers (Figure 1.13) are the most common examples of extended surface heat exchangers. Their
design is covered in Chapter 4.

1.3.1.4 Regenerative Heat Exchangers

Regeneration is an old technology dating back to the first open hearths and blast furnace stoves.
Manufacturing and process industries such as glass, cement, and primary and secondary metals
account for a significant fraction of all energy consumed. Much of this energy is discarded in the
form of high-temperature exhaust gas. Recovery of waste heat from the exhaust gas by means of
heat exchangers known as regenerators can improve the overall plant efficiency [14].

Types of regenerators: Regenerators are generally classified as fixed-matrix and rotary regenera-
tors. Further classifications of fixed and rotary regenerators are shown in Figure 1.14. In the former,

FIGURE 1.13 Plate-fin heat exchanger. (a) Schematic of exchanger and (b) brazed aluminum plate-fin heat
exchanger. (From Linde AG, Engineering Division. With permission.)
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FIGURE 1.14 Classification of regenerators.
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FIGURE 1.15 Rotary regenerator: working principle.

regeneration is achieved with periodic and alternate blowing of hot and the cold stream through a
fixed matrix. During the hot flow period, the matrix receives thermal energy from the hot gas and
transfers it to the cold stream during the cold stream flow. In the latter, the matrix revolves slowly
with respect to two fluid streams. The rotary regenerator is commonly employed in gas turbine
power plants where the waste heat in the hot exhaust gases is utilized for raising the temperature
of compressed air before it is supplied to the combustion chamber. A rotary regenerator (rotary
wheel for HVAC application) working principle is shown in Figure 1.15, and Figure 1.16 shows the
Rothemuhle regenerative air preheater of Babcock and Wilcox Company. Rotary regenerators fall
in the category of compact heat exchangers since the heat transfer surface area to regenerator vol-
ume ratio is very high. Regenerators are further discussed in detail in Chapter 6.

1.3.2  CLASSIFICATION ACCORDING TO TRANSFER PROCESS

These classifications are as follows:

Indirect contact type—direct transfer type, storage type, fluidized bed
Direct contact type—cooling towers

1.3.2.1 Indirect Contact Heat Exchangers

In an indirect contact-type heat exchanger, the fluid streams remain separate and the heat transfer
takes place continuously through a dividing impervious wall. This type of heat exchanger can be
further classified into direct transfer type, storage type, and fluidized bed exchangers. Direct transfer
type is dealt with next, whereas the storage type and the fluidized bed type are discussed in Chapter 6.
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FIGURE 1.16 Rothemuhle regenerative air preheater of Babcock and Wilcox Company—stationary matrix
(part 1) and revolving hoods (part 2). (Adapted from Mondt, J.R., Regenerative heat exchangers: The elements
of their design, selection and use, Research Publication GMR-3396, General Motors Research Laboratories,
Warren, M1, 1980.)

1.3.2.1.1 Direct Transter-Type Exchangers

In this type, there is a continuous flow of heat from the hot fluid to the cold fluid through a separat-
ing wall. There is no direct mixing of the fluids because each fluid flows in separate fluid passages.
There are no moving parts. This type of exchanger is designated as a recuperator. Some examples
of direct transfer—type heat exchangers are tubular exchangers, PHEs, and extended surface exchangers.
Recuperators are further subclassified as prime surface exchangers, which do not employ fins or
extended surfaces on the prime surface. Plain tubular exchangers, shell and tube exchangers with
plain tubes, and PHEs are examples of prime surface exchangers.

1.3.2.2 Direct Contact-Type Heat Exchangers

In direct contact—type heat exchangers, the two fluids are not separated by a wall and come into
direct contact, exchange heat, and are then separated.

Owing to the absence of a wall, closer temperature approaches are attained. Very often, in the
direct contact type, the process of heat transfer is also accompanied by mass transfer. Various types
of direct contact heat exchangers include (a) immiscible fluid exchanger, (b) gas—liquid exchanger,
and (c) liquid—vapor exchanger. The cooling towers and scrubbers are examples of a direct contact—
type heat exchanger.

1.3.3  CLASSIFICATION ACCORDING TO SURFACE COMPACTNESS

Compact heat exchangers are important when there are restrictions on the size and weight of
exchangers. A compact heat exchanger incorporates a heat transfer surface having a high area den-
sity, B, somewhat arbitrarily 700 m?/m? (200 ft?/ft?) and higher [1]. The area density, p, is the ratio
of heat transfer area A to its volume V. A compact heat exchanger employs a compact surface on one
or more sides of a two-fluid or a multifluid heat exchanger. They can often achieve higher thermal
effectiveness than shell and tube exchangers (95% vs. the 60%—80% typical for STHESs), which
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makes them particularly useful in energy-intensive industries [15]. For least capital cost, the size
of the unit should be minimal. There are some additional advantages to small volume as follows:

Small inventory, making them good for handling expensive or hazardous materials [15]
Low weight

Easier transport

Less foundation

Better temperature control

Some barriers to the use of compact heat exchangers include [15] the following:

The lack of standards similar to pressure vessel codes and standards, although this is now
being redressed in the areas of plate-fin exchangers [16] and air-cooled exchangers [17].
Narrow passages in plate-fin exchangers make them susceptible for fouling and they cannot
be cleaned by mechanical means. This limits their use to clean applications like handling

air, light hydrocarbons, and refrigerants.

1.3.4 CLASSIFICATION ACCORDING TO FLOW ARRANGEMENT
The basic flow arrangements of the fluids in a heat exchanger are as follows:

Parallelflow
Counterflow
Crossflow

The choice of a particular flow arrangement is dependent upon the required exchanger effective-
ness, fluid flow paths, packaging envelope, allowable thermal stresses, temperature levels, and other
design criteria. These basic flow arrangements are discussed next.

1.3.4.1 Parallelflow Exchanger

In this type, both the fluid streams enter at the same end, flow parallel to each other in the same direc-
tion, and leave at the other end (Figure 1.17). (For fluid temperature variations, idealized as one-dimen-
sional, refer Figure 2.2 of Chapter 2.) This arrangement has the lowest exchanger effectiveness among
the single-pass exchangers for the same flow rates, capacity rate (mass X specific heat) ratio, and surface
area. Moreover, the existence of large temperature differences at the inlet end may induce high thermal
stresses in the exchanger wall at inlet. Parallelflows are advantageous. (a) In heating very viscous fluids,
parallelflow provides for rapid heating. The quick change in viscosity results in reduced pumping power
requirements through the heat exchanger, (b) where the more moderate mean metal temperatures of the
tube walls are required, and (c) where the improvements in heat transfer rates compensate for the lower
LMTD. Although this flow arrangement is not used widely, it is preferred for the following reasons [2]:

1. When there is a possibility that the temperature of the warmer fluid may reach its freezing point.

2. It provides early initiation of nucleate boiling for boiling applications.

3. For a balanced exchanger (i.e., heat capacity rate ratio C* = 1), the desired exchanger effec-
tiveness is low and is to be maintained approximately constant over a range of NTU values.

4. The application allows piping only suited to parallelflow.

A
®

FIGURE 1.17 Parallelflow arrangement.
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5. Temperature-sensitive fluids such as food products, pharmaceuticals, and biological prod-
ucts are less likely to be “thermally damaged” in a parallelflow heat exchanger.

6. Certain types of fouling such as chemical reaction fouling, scaling, corrosion fouling, and
freezing fouling are sensitive to temperature. Where control of temperature-sensitive foul-
ing is a major concern, it is advantageous to use parallelflow.

1.3.4.2 Counterflow Exchanger

In this type, as shown in Figure 1.18a, the two fluids flow parallel to each other but in opposite
directions, and its temperature distribution may be idealized as shown in Figure 1.18b. Ideally,
this is the most efficient of all flow arrangements for single-pass arrangements under the same
parameters. Since the temperature difference across the exchanger wall at a given cross section
is the lowest, it produces minimum thermal stresses in the wall for equivalent performance com-
pared to other flow arrangements. In certain types of heat exchangers, counterflow arrangement
cannot be achieved easily, due to manufacturing difficulties associated with the separation of the
fluids at each end, and the design of inlet and outlet header design is complex and difficult [2].

1.3.4.3 Crossflow Exchanger
In this type, as shown in Figure 1.19, the two fluids flow normal to each other. Important types of
flow arrangement combinations for a single-pass crossflow exchanger include the following:

¢ Both fluids unmixed
¢ One fluid unmixed and the other fluid mixed
e Both fluids mixed

- — — — — - —1
2
(@
t: Cy>C, thi C,=C, thi C,<C,
T a— Hor Hot fluid
t X tho t., Uig
€0 Cold fluid Co ¢ tho
g thy ° Cold fluid :
¢t
L t; o
(b) — Flow length — Flow length — Flow length

FIGURE 1.18 (a) Counterflow arrangement (schematic) and (b) temperature distribution (schematic). (Note:
C, and C, are the heat capacity rate of hot fluid and cold fluid respectively, i refers to inlet, o refers to outlet
conditions and ¢ refers to fluid temperature.)
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FIGURE 1.19 Crossflow arrangement: (a) unmixed—unmixed, (b) unmixed-mixed, and (c) mixed—mixed.
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FIGURE 1.20 Temperature distribution for unmixed—unmixed crossflow arrangement.

A fluid stream is considered “unmixed” when it passes through individual flow passage without any
fluid mixing between adjacent flow passages. Mixing implies that a thermal averaging process takes
place at each cross section across the full width of the flow passage. A tube-fin exchanger with flat
(continuous) fins and a plate-fin exchanger wherein the two fluids flow in separate passages (e.g.,
wavy fin, plain continuous rectangular or triangular flow passages) represent the unmixed—unmixed
case. A crossflow tubular exchanger with bare tubes on the outside would be treated as the unmixed—
mixed case, that is, unmixed on the tubeside and mixed on the outside. The both fluid mixed case
is practically a less important case and represents a limiting case of some multipass shell and tube
exchangers (TEMA E and J shell).

For the unmixed—unmixed case, fluid temperature variations are idealized as two-dimensional
only for the inlet and outlet sections; this is shown in Figure 1.20. The thermal effectiveness for
the crossflow exchanger falls in between those of the parallelflow and counterflow arrangements.
This is the most common flow arrangement used for extended surface heat exchangers because it
greatly simplifies the header design. If the desired heat exchanger effectiveness is generally more
than 80%, the size penalty for crossflow may become excessive. In such a case, a counterflow unit
is preferred [2]. In shell and tube exchangers, crossflow arrangement is used in the TEMA X shell
having a single tube pass.

1.3.5 CLASSIFICATION ACCORDING TO PASS ARRANGEMENTS

These are either single pass or multipass. A fluid is considered to have made one pass if it flows
through a section of the heat exchanger through its full length once. In a multipass arrangement, a
fluid is reversed and flows through the flow length two or more times.

1.3.5.1 Multipass Exchangers

When the design of a heat exchanger results in either extreme length, significantly low veloci-
ties, or low effectiveness, or due to other design criteria, a multipass heat exchanger or several
single-pass exchangers in series or a combination of both is employed. Specifically, multipassing
is resorted to increase the exchanger thermal effectiveness over the individual pass effectiveness.
As the number of passes increases, the overall direction of the two fluids approaches that of a pure
counterflow exchanger. The multipass arrangements are possible with compact, shell and tube, and
plate exchangers.
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1.3.6  CLASSIFICATION ACCORDING TO PHASE OF FLUIDS

1.3.6.1 Gas-Liquid

Gas-liquid heat exchangers are mostly tube-fin-type compact heat exchangers with the liquid on the
tubeside. The radiator is by far the major type of liquid—gas heat exchanger, typically cooling the
engine jacket water by air. Similar units are necessary for all the other water-cooled engines used in
trucks, locomotives, diesel-powered equipment, and stationery diesel power plants. Other examples
are air coolers, oil coolers for aircraft, intercoolers and aftercoolers in compressors, and condensers
and evaporators of room air-conditioners. Normally, the liquid is pumped through the tubes, which
have a very high convective heat transfer coefficient. The air flows in crossflow over the tubes. The
heat transfer coefficient on the air side will be lower than that on the liquid side. Fins will be gener-
ally used on the outside of the tubes to enhance the heat transfer rate.

1.3.6.2 Liquid-Liquid

Most of the liquid—liquid heat exchangers are shell and tube type, and PHEs to a lesser extent. Both
fluids are pumped through the exchanger, so the principal mode of heat transfer is forced convec-
tion. The relatively high density of liquids results in very high heat transfer rate, so normally fins
or other devices are not used to enhance the heat transfer [4]. In certain applications, low-finned
tubes, microfin tubes, and heat transfer augmentation devices are used to enhance the heat transfer.

1.3.6.3 Gas-Gas

This type of exchanger is found in exhaust gas—air preheating recuperators, rotary regenerators,
intercoolers, and/or aftercoolers to cool supercharged engine intake air of some land-based die-
sel power packs and diesel locomotives, and cryogenic gas liquefaction systems. In many cases,
one gas is compressed so that the density is high while the other is at low pressure and low den-
sity. Compared to liquid-liquid exchangers, the size of the gas—gas exchanger will be much larger,
because the convective heat transfer coefficient on the gas side is low compared to the liquid side.
Therefore, secondary surfaces are mostly employed to enhance the heat transfer rate.

1.3.7 CLASSIFICATION ACCORDING TO HEAT TRANSFER MECHANISMS

The basic heat transfer mechanisms employed for heat transfer from one fluid to the other are
(1) single-phase convection, forced or free, (2) two-phase convection (condensation or evaporation)
by forced or free convection, and (3) combined convection and radiation. Any of these mechanisms
individually or in combination could be active on each side of the exchanger. Based on the phase
change mechanisms, the heat exchangers are classified as (1) condensers and (2) evaporators.

1.3.7.1 Condensers

Condensers may be liquid (water) or gas (air) cooled. The heat from condensing streams may be used
for heating fluid. Normally, the condensing fluid is routed (1) outside the tubes with a water-cooled
steam condenser or (2) inside the tubes with gas cooling, that is, air-cooled condensers of refrigera-
tors and air-conditioners. Fins are normally provided to enhance heat transfer on the gas side.

1.3.7.2 Evaporators

This important group of tubular heat exchangers can be subdivided into two classes: fired systems
and unfired systems.

Fired systems: These involve the products of combustion of fossil fuels at very high temperatures
but at ambient pressure (and hence low density) and generate steam under pressure. Fired systems
are called boilers. A system may be a fire tube boiler (for small low-pressure applications) or a water
tube boiler.



22 Heat Exchanger Design Handbook

Unfired systems: These embrace a great variety of steam generators extending over a broad
temperature range from high-temperature nuclear steam generators to very-low-temperature cryo-
genic gasifiers for liquid natural gas evaporation. Many chemical and food processing applications
involve the use of steam to evaporate solvents, concentrate solutions, distill liquors, or dehydrate
compounds.

1.3.8 OTHER CLASSIFICATIONS

1.3.8.1 Micro Heat Exchanger

Micro- or microscale heat exchangers are heat exchangers in which at least one fluid flows in lateral
confinements with typical dimensions below 1 mm and are fabricated via silicon micromachin-
ing, deep x-ray lithography, or nonlithographic micromachining [18]. The plates are stacked forming
“sandwich” structures, as in the “large” plate exchangers. All flow configurations (cocurrent, coun-
tercurrent, and crossflow) are possible.

Typically, the fluid flows through a cavity called a microchannel. Microheat exchangers have
been demonstrated with high convective heat transfer coefficient. Investigation of microscale
thermal devices is motivated by the single-phase internal flow correlation for convective heat
transfer:

_ Nuk
D,

h

where
h is the heat transfer coefficient
Nu is the Nusselt number
k is the thermal conductivity of the fluid
D, is the hydraulic diameter of the channel or duct

In internal laminar flows, the Nusselt number becomes a constant. As the Reynolds number is
proportional to hydraulic diameter, fluid flow in channels of small hydraulic diameter will predomi-
nantly be laminar. This correlation therefore indicates that the heat transfer coefficient increases as
the channel diameter decreases. Heat transfer enhancement in laminar flow is further discussed in
Chapter 8 Section 8.3.3.

1.3.8.1.1 Advantages over Macroscale Heat Exchangers

* Substantially better performance

* Enhanced heat transfer coefficient with a large number of smaller channels
* Smaller size that allows for an increase in mobility and uses

* Light weight reduces the structural and support requirements

* Lower cost due to less material being used in fabrication

1.3.8.1.2  Applications of Microscale Heat Exchangers

Microscale heat exchangers are being used in the development of fuel cells. They are currently used
in automotive industries, HVAC applications, aircraft, manufacturing industries, and electronics
cooling.

1.3.8.1.3  Demerits of Microscale Heat Exchangers

One of the main disadvantages of microchannel heat exchangers is the high-pressure loss that is
associated with a small hydraulic diameter.
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1.3.8.2 Printed Circuit Heat Exchanger

PCHE, developed by Heatric Division of Meggitt (UK) Ltd., is a promising heat exchanger because
it is able to withstand pressures up to 50 MPa and temperatures from cryogenic to 700°C. It is
extremely compact (the most common design feature to achieve compactness has been small chan-
nel size) and has high efficiency, of the order of 98%. It can handle a wide variety of clean fluids. The
flow configuration can be either crossflow or counterflow. It will maintain parent material strength
and can be made from stainless steel, nickel alloys, copper alloys, and titanium. Fluid flow channels
are etched chemically on metal plates. It has a typical plate thickness of 1.6 mm, width 600 mm, and
length 1200 mm. The channels are semicircular with 1-2 mm diameter. Etched plates are stacked
and diffusion bonded together to fabricate as a block. The blocks are then welded together to form
the complete heat exchanger core, as shown in Figure 1.21a.

HEATRIC PCHEs consist of diffusion-bonded heat exchanger core that are constructed
from flat metal plates into which fluid flow channels are either chemically etched or pressed.
The required configuration of the channels on the plates for each fluid is governed by the
operating temperature and pressure-drop constraints for the heat exchange duty and the chan-
nels can be of unlimited variety and complexity. Fluid flow can be parallelflow, counterflow,
crossflow, or a combination of these to suit the process requirements. Figure 1.21b through f
shows HEATRIC PCHE.

The etched plates are then stacked and diffusion-bonded together to form strong, compact, all
metal heat exchanger core. Diffusion bonding is a “solid-state joining” process entailing pressing
metal surfaces together at temperatures below the melting point, thereby promoting grain growth
between the surfaces. Under carefully controlled conditions, diffusion-bonded joints reach parent
metal strength and stacks of plates are converted into solid blocks containing the fluid flow pas-
sages. The blocks are then welded together to form the complete heat exchange core. Finally, head-
ers and nozzles are welded to the core in order to direct the fluids to the appropriate sets of passages.
Welded and diffusion-bonded PCHEs employ no gaskets or braze material, resulting in superior
integrity compared to other technologies that may use gaskets or brazing as part of their construc-
tion. (Gaskets or braze material can be potential sources of leakage, fluid incompatibility, and tem-
perature limitations.) The mechanical design is normally of ASME VIII Division 1. Other design

codes can be employed as required.
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FIGURE 1.21 Printed circuit heat exchanger. (a) Heat exchanger block with flow channel.
(continued)
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FIGURE 1.21 (continued) Printed circuit heat exchanger. (b) Flow channel, (c) and (d) section through flow
channel, (e) diffusion bonded core, (f) comparison of size of PCHE shell and tube heat exchanger (smaller
size) with a conventional exchanger (bigger size) for similar duty. (Courtesy of Heatric UK, Dorset, U.K.)

1.3.8.2.1 Materials of Construction

The majority of diffusion-bonded heat exchangers are constructed from 300 series austenitic
stainless steel. Various other metals that are compatible with the diffusion-bonded process
and have been qualified for use include 22 chromeduplex, copper—nickel, nickel alloys, and
titanium.
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1.3.8.2.2 Features of PCHE

Diffusion-bonded heat exchangers are highly compact and robust that are well established in the
upstream hydrocarbon processing, petrochemical and refining industries. Various salient construc-
tional and performance features are given next:

1. Compactness: Diffusion-bonded heat exchangers are 1/4—1/6th the conventional STHES of
the equivalent heat duty. This design feature has space and weight advantages, reducing
exchanger size together with piping and valve requirements. The diffusion-bonded heat
exchanger in the foreground of Figure 1.21e undertakes the same thermal duty, at the same
pressure drop, as the stack of three shell and tube exchangers behind. PCHE might be
judged as a promising compact heat exchanger for the high efficiency recuperator [19].

2. Process capability: They can withstand pressures of 600 bar (9000 psi) or excess and can
cope with extreme temperatures, ranging from cryogenic to 900°C (1650°F).

3. Thermal effectiveness: Diffusion-bonded exchangers can achieve high thermal effective-
ness of the order of 98% in a single unit.

4. They can incorporate more than two process streams into a single unit.

5. The compatibility of the chemical etching and diffusion-bonding process with a wide range
of materials ensure that they are suitable for a range of corrosive and high purity streams.

1.3.8.3 Perforated Plate Heat Exchanger as Cryocoolers

High-efficiency compact heat exchangers are needed in cryocoolers to achieve very low temperatures.
One approach to meet the requirements for compact and efficient cooling systems is the perforated
PHE. Such heat exchangers are made up of a large number of parallel, perforated plates of high-
thermal conductivity metal in a stacked array, with gaps between plates being provided by spacers.
Gas flows longitudinally through the plates in one direction and other stream flows in the opposite
direction through separated portions of the plates. Heat transfer takes place laterally across the plates
from one stream to the other. The operating principles of this type of heat exchanger are described by
Fleming [20]. The device employs plates of 0.81 mm thickness with holes of 1.14 mm in diameter and a
resulting length-to-diameter ratio in the range of 0.5-1.0. The device is designed to operate from room
temperature to 80 K. In order to improve operation of a compact cryocooler, much smaller holes, in the
low-micron-diameter range, and thinner plates with high length-to-diameter ratio are needed. As per
US Patent 5101894 [21], uniform, tubular perforations having diameters down to the low-micron-size
range can be obtained. Various types of heat exchange devices including recuperative and regenera-
tive heat exchangers may be constructed in accordance with the invention for use in cooling systems
based on a number of refrigeration cycles such as the Linde—Hampson, Brayton, and Stirling cycles.

1.3.8.4 Scraped Surface Heat Exchanger

Scraped surface heat exchangers are used for processes likely to result in the substantial deposi-
tion of suspended solids on the heat transfer surface. Scraped surface heat exchangers can be
employed in the continuous, closed processing of virtually any pumpable fluid or slurry involv-
ing cooking, slush freezing, cooling, crystallizing, mixing, plasticizing, gelling, polymerizing,
heating, aseptic processing, etc. Use of a scraped surface exchanger prevents the accumulation of
significant buildup of solid deposits. The construction details of scraped surface heat exchangers
are explained in Ref. [4]. Scraped surface heat exchangers are essentially double pipe construc-
tion with the process fluid in the inner pipe and the cooling (water) or heating medium (steam) in
the annulus. A rotating element is contained within the tube and is equipped with spring-loaded
blades. In operation, the rotating shaft scraper blades continuously scrape product film from the
heat transfer tube wall, thereby enhancing heat transfer and agitating the product to produce a
homogenous mixture. For most applications, the shaft is mounted in the center of the heat transfer
tube. An off-centered shaft mount or eccentric design is recommended for viscous and sticky
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FIGURE 1.22 Scraped surface heat exchanger: principle.

products. This shaft arrangement increases product mixing and reduces the mechanical heat load.
Oval tubes are used to process extremely viscous products. All pressure elements are designed in
accordance with the latest ASME code requirements. The principle of working of scraped surface
heat exchangers is shown in Figure 1.22. For scraped surface exchangers, operating costs are high
and applications are highly specific [5]. Design is mostly done by vendors. The leading manufac-
tures include HRS Heat Exchangers, Ltd., UK, and Waukesha Cherry-Burrell, USA.

1.3.8.4.1 Unicus Scraped Surface Heat Exchanger

Unicus™ is the trade name for scraped surface heat exchanger of HRS Heat Exchangers Ltd., UK,
for high-fouling and viscous fluid applications. The design is based on STHE with scraping ele-
ments inside each interior tube. The scrapers are moved back and forth by hydraulic action. The
scraping action has two very important advantages: any fouling on the tube wall is removed and the
scraping movement introduces turbulence in the fluid increasing heat transfer.

1.3.8.4.1.1 Elements of the Unicus Unicus consists of three parts: a hydraulic cylinder that
moves the scraper bars, the STHE part, and a chamber that separates both the elements. The hydrau-
lic cylinder is connected to a hydraulic power pack. The smaller models of the Unicus range can be
supplied with a pneumatic cylinder. The scraping system consists of a stainless steel rod to which
the scraping elements are fitted, as shown in Figure 1.23, and Figure 1.24 shows Unicus scraped
surface heat exchangers. The pictures show the various types of scrapers that can be applied. For
each application, the optimal scraper is selected and fitted.

Service fluid

Tube wall
Extra Scraper
turbulence

| Scraper bar

Product

Heat transfer
Service fluid

FIGURE 1.23 Principle of Unicus scraped surface heat exchanger working. (Courtesy of HRS Heat
Exchangers Ltd, Herts, U.K.)
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FIGURE 1.24 Unicus dynamic scraped surface heat exchanger. (a) 3-D model, (b) hydraulic cylinder head,
(c) a unit of Unicus, and (d) multiple Unicus units. (Courtesy of HRS Heat Exchangers Ltd, Herts, U.K.)

1.3.8.5 Graphite Heat Exchanger

Impervious graphite as a heat exchanger material is used for the construction of various types of
heat exchangers such as STHE, cubic block heat exchanger, and plate and frame or gasketed heat
exchangers (PHEs). Graphite tubes are used in STHE (refer to Chapter 13) and plates are used in
PHEs (refer to Chapter 7) for special purpose applications. It resists a wide variety of inorganic and
organic chemicals. Graphite heat exchangers are employed as boilers and condensers in the distilla-
tion by evaporation of hydrochloric acid and in the concentration of weak sulfuric acid and of rare
earth chloride solutions. Since cubic heat exchanger cannot be treated in categorization of extended
surface heat exchanger, the same is covered next.

Cubic heat exchanger: It is similar to the compact crossflow heat exchanger, consisting of
drilled holes in two perpendicular planes. They are suitable when both the process streams are
corrosive. With a cubic exchanger, a multipass arrangement is possible. It is manufactured by
assembling of accurately machined and drilled graphite plates bonded together by synthetic res-
ins, oven cured and sintered. Gasketed headers with nozzles are assembled on both sides to the
block to form a block heat exchanger and are clamped together, as shown in Figure 1.25.

Modular-block cylindrical exchanger: In this arrangement, solid impervious graphite blocks
have holes drilled in them. These blocks can be multistacked in a cylindrical steel shell that has
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FIGURE 1.25 NK series multipass cubic graphite heat exchanger. (a) Construction details, (b) cut section,
and (c) multipass flow pattern. (Courtesy of MERSEN, Paris La Défense, France.)

gland fittings. The process holes are axial and the service holes are transverse. The units are designed
as evaporators and reboilers. A modular block Graphilor® exchanger is shown in Figure 1.26.

1.4 SELECTION OF HEAT EXCHANGERS
1.4.1 INTRODUCTION

Selection is the process in which the designer selects a particular type of heat exchanger for a given
application from a variety of heat exchangers. There are a number of alternatives for selecting heat
transfer equipment, but only one among them is the best for a given set of conditions. The heat
exchanger selection criteria are discussed next.
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FIGURE 1.26 GRAPHILOR® cylindrical tubes (in block) heat exchanger. (Courtesy of MERSEN, Paris La
Défense, France.)

1.4.2  SeLecTiON CRITERIA

Selection criteria are many, but primary criteria are type of fluids to be handled, operating pres-
sures and temperatures, heat duty, and cost (see Table 1.1). The fluids involved in heat transfer
can be characterized by temperature, pressure, phase, physical properties, toxicity, corrosivity,
and fouling tendency. Operating conditions for heat exchangers vary over a very wide range, and
a broad spectrum of demands is imposed for their design and performance. All of these must be
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considered when assessing the type of unit to be used [22]. When selecting a heat exchanger for a
given duty, the following points must be considered:

* Materials of construction

* Operating pressure and temperature, temperature program, and temperature driving force
* Flow rates

* Flow arrangements

e Performance parameters—thermal effectiveness and pressure drops
* Fouling tendencies

* Types and phases of fluids

* Maintenance, inspection, cleaning, extension, and repair possibilities
e Overall economy

» Fabrication techniques

* Mounting arrangements: horizontal or vertical

* Intended applications

1.4.2.1 Materials of Construction

For reliable and continuous use, the construction materials for pressure vessels and heat exchangers
should have a well-defined corrosion rate in the service environments. Furthermore, the material should
exhibit strength to withstand the operating temperature and pressure. STHESs can be manufactured in vir-
tually any material that may be required for corrosion resistance, for example, from nonmetals like glass,
Teflon, and graphite to exotic metals like titanium, zirconium, tantalum, etc. Compact heat exchangers
with extended surfaces are mostly manufactured from any metal that has drawability, formability, and
malleability. Heat exchanger types like PHEs normally require a material that can be pressed or welded.

1.4.2.2 Operating Pressure and Temperature
1.4.2.2.1 Pressure

The design pressure is important to determine the thickness of the pressure-retaining components.
The higher the pressure, the greater will be the required thickness of the pressure-retaining mem-
branes and the more advantage there is to placing the high-pressure fluid on the tubeside. The pres-
sure level of the fluids has a significant effect on the type of unit selected [22].

At low pressures, the vapor-phase volumetric flow rate is high and the low-allowable pressure
drops may require a design that maximizes the area available for flow, such as crossflow or
split flow with multiple nozzles.

At high pressures, the vapor-phase volumetric flow rates are lower and allowable pressure
drops are greater. These lead to more compact units.

In general, higher heat transfer rates are obtained by placing the low-pressure gas on the out-
side of tubular surfaces.

Operating pressures of the gasketed PHEs and SPHES are limited because of the difficulty in pressing
the required plate thickness, and by the gasket materials in the case of PHEs. The floating nature of
floating-head shell and tube heat exchangers and lamella heat exchangers limits the operating pressure.

1.4.2.2.2 Temperature
Design temperature: This parameter is important as it indicates whether a material at the design
temperature can withstand the operating pressure and various loads imposed on the component.
For low-temperature and cryogenic applications, toughness is a prime requirement, and for high-
temperature applications the material has to exhibit creep resistance.

Temperature program: Temperature program in both a single-pass and multipass STHE decides
(1) the mean metal temperatures of various components like shell, tube bundle, and tubesheet, and
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(2) the possibility of temperature cross. The mean metal temperatures affect the integrity and capa-
bility of heat exchangers and thermal stresses induced in various components.

Temperature driving force: The effective temperature driving force is a measure of the actual
potential for heat transfer that exists at the design conditions. With a counterflow arrangement, the
effective temperature difference is defined by the log mean temperature difference (LMTD). For
flow arrangements other than counterflow arrangement, LMTD must be corrected by a correction
factor, F. The F factor can be determined analytically for each flow arrangement but is usually
presented graphically in terms of the thermal effectiveness P and the heat capacity ratio R for each
flow arrangement.

Influence of operating pressure and temperature on selection of some types of heat exchangers:
The influence of operating pressure and temperature on selection of STHE, compact heat exchanger,
gasketed PHE, and spiral exchanger is discussed next.

Shell and tube heat exchanger: STHE units can be designed for almost any combination of
pressure and temperature. In extreme cases, high pressure may impose limitations by fabrication
problems associated with material thickness, and by the weight of the finished unit. Differential
thermal expansion under steady conditions can induce severe thermal stresses either in the tube
bundle or in the shell. Damage due to flow-induced vibration on the shellside is well known. In
heat-exchanger applications where high heat transfer effectiveness (close approach temperature) is
required, the standard shell and tube design may require a very large amount of heat transfer sur-
face [23]. Depending on the fluids and operating conditions, other types of heat-exchanger design
should be investigated.

Compact heat exchanger: Compact heat exchangers are constructed from thinner materials; they
are manufactured by mechanical bonding, soldering, brazing, welding, etc. Therefore, they are lim-
ited in operating pressures and temperatures.

Gasketed plate heat exchangers and spiral exchangers: Gasketed PHEs and spiral exchangers
are limited by pressure and temperature, wherein the limitations are imposed by the capability of the
gaskets.

1.4.2.3 Flow Rate

Flow rate determines the flow area: the higher the flow rate, the higher will be the crossflow
area. Higher flow area is required to limit the flow velocity through the conduits and flow
passages, and the higher velocity is limited by pressure drop, impingement, erosion, and, in
the case of shell and tube exchanger, by shellside flow-induced vibration. Sometimes, a mini-
mum flow velocity is necessary to improve heat transfer to eliminate stagnant areas and to
minimize fouling.

1.4.2.4 Flow Arrangement

As defined earlier, the choice of a particular flow arrangement is dependent upon the required
exchanger effectiveness, exchanger construction type, upstream and downstream ducting, packag-
ing envelope, and other design criteria.

1.4.2.5 Performance Parameters: Thermal Effectiveness and Pressure Drops

Thermal effectiveness: For high-performance service requiring high thermal effectiveness, use
brazed plate-fin exchangers (e.g., cryogenic service) and regenerators (e.g., gas turbine applica-
tions), use tube-fin exchangers for slightly less thermal effectiveness in applications, and use
shell and tube units for low-thermal effectiveness service.

Pressure drop: Pressure drop is an important parameter in heat exchanger design. Limitations
may be imposed either by pumping cost or by process limitations or both. The heat exchanger
should be designed in such a way that unproductive pressure drop is avoided to the maximum extent
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in areas like inlet and outlet bends, nozzles, and manifolds. At the same time, any pressure-drop
limitation that is imposed must be utilized as nearly as possible for an economic design.

1.4.2.6 Fouling Tendencies

Fouling is defined as the formation on heat exchanger surfaces of undesirable deposits that impede the
heat transfer and increase the resistance to fluid flow, resulting in higher pressure drop. The growth of
these deposits causes the thermohydraulic performance of heat exchanger to decline with time. Fouling
affects the energy consumption of industrial processes, and it also decides the amount of extra mate-
rial required to provide extra heat transfer surface to compensate for the effects of fouling. Compact
heat exchangers are generally preferred for nonfouling applications. In a shell and tube unit, the fluid
with more fouling tendencies should be put on the tubeside for ease of cleaning. On the shellside with
cross baffles, it is sometimes difficult to achieve a good flow distribution if the baffle cut is either too
high or too low. Stagnation in any regions of low velocity behind the baffles is difficult to avoid if the
baffles are cut more than about 20%—-25%. PHEs and spiral plate exchangers are better chosen for
fouling services. The flow pattern in PHE induces turbulence even at comparable low velocities; in the
spiral units, the scrubbing action of the fluids on the curved surfaces minimizes fouling. Also consider
Philips RODbaffle heat exchanger, TWISTED TUBE® heat exchanger, Helixchanger® heat exchanger
or EMbaffle® heat exchanger to improve flow velocity on shellside, enhance heat transfer performance
and reduce fouling tendencies on shellside.

1.4.2.7 Types and Phases of Fluids

The phase of the fluids within a unit is an important consideration in the selection of the heat
exchanger type. Various combinations of fluid phases dealt in heat exchangers are liquid-liquid,
liquid—gas, and gas—gas. Liquid-phase fluids are generally the simplest to deal with. The high den-
sity and the favorable values of many transport properties allow high heat transfer coefficients to be
obtained at relatively low-pressure drops [4].

1.4.2.8 Maintenance, Inspection, Cleaning, Repair, and Extension Aspects

Consider the suitability of various heat exchangers as regards maintenance, inspection, cleaning, repair,
and extension. For example, the pharmaceutical, dairy, and food industries require quick access to internal
components for frequent cleaning. Since some of the heat exchanger types offer great variations in design,
this must be kept in mind when designing for a certain application. For instance, consider inspection and
manual cleaning. Spiral plate exchangers can be made with both sides open at one edge, or with one side
open and one closed. They can be made with channels between 5 and 25 mm wide, with or without studs.
STHE can be made with fixed tubesheets or with a removable tube bundle, with small- or large-diameter
tubes, or small or wide pitch. A lamella heat exchanger bundle is removable and thus fairly easy to clean on
the shellside. Inside, the lamella, however, cannot be drilled to remove the hard fouling deposits. Gasketed
PHEs are easy to open, especially when all nozzles are located on the stationary end-plate side. The plate
arrangement can be changed for other duties within the frame and nozzle capacity.

Repair of some of the shell and tube exchanger components is possible, but the repair of expansion
joint is very difficult. Tubes can be renewed or plugged. Repair of compact heat exchangers of tube-
fin type is very difficult except by plugging of the tube. Repair of the plate-fin exchanger is generally
very difficult. For these two types of heat exchangers, extension of units for higher thermal duties is
generally not possible. All these drawbacks are easily overcome in a PHE. It can be easily repaired,
and plates and other parts can be easily replaced. Due to modular construction, PHEs possess the
flexibility of enhancing or reducing the heat transfer surface area, modifying the pass arrangement,
and addition of more than one duty according to the heat transfer requirements at a future date.

1.4.2.9 Overall Economy

There are two major costs to consider in designing a heat exchanger: the manufacturing cost and the
operating costs, including maintenance costs. In general, the less the heat transfer surface area and less
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the complexity of the design, the lower is the manufacturing cost. The operating cost is the pumping cost
due to pumping devices such as fans, blowers, and pumps. The maintenance costs include costs of spares
that require frequent renewal due to corrosion, and costs due to corrosion/fouling prevention and control.
Therefore, the heat exchanger design requires a proper balance between thermal sizing and pressure drop.

1.4.2.10 Fabrication Techniques

Fabrication techniques are likely to be the determining factor in the selection of a heat transfer
surface matrix or core. They are the major factors in the initial cost and to a large extent influence
the integrity, service life, and ease of maintenance of the finished heat exchanger [24]. For example,
shell and tube units are mostly fabricated by welding, plate-fin heat exchangers and automobile
aluminum radiators by brazing, copper—brass radiators by soldering, most of the circular tube-fin
exchangers by mechanical assembling, etc.

1.4.2.11 Choice of Unit Type for Intended Applications
According to the intended applications, the selection of heat exchangers will follow the guidelines

given in Table 1.2.

TABLE 1.2

Choice of Heat Exchanger Type for Intended Applications

Application

Low-viscosity fluids

Low-viscosity liquid to steam
Medium-viscosity fluids
High-viscosity fluids

Fouling liquids

Slurries, suspensions, and pulps

Heat-sensitive liquids
Cooling with air

Gas or air under pressure

Cryogenic applications
Vapor condensation

Vapor/gas partial condensation

Refrigeration and air conditioning
applications

Air—air or gas—gas applications

Remarks

For high temperature/pressures, use STHE or double-pipe heat exchanger. Use
PHE or LHE for low temperature/pressure applications.

Use STHE in carbon steel.

Use PHE or with high solids content, use SPHE.

PHE offers the advantages of good flow distribution. For extreme viscosities,
the SPHE is preferred.

Use STHE with removable tube bundle. SPHE or PHE is preferred due to
good flow distribution. Use PHE if easy access is of importance. Also
consider Philips RODbaffle heat exchanger, TWISTED TUBE® heat
exchanger and Helixchanger® heat exchanger, and EMbaffle® heat exchanger
to improve flow velocity on the shellside, enhance heat transfer performance,
and reduce fouling tendencies on shellside.

SPHE offers the best characteristics. Also consider free flow PHE or wide gap
PHE, or scraped surface heat exchanger.

PHE fulfills the requirements best. Also consider SPHE.

Extended surface types like tube-fin heat exchanger or PFHE.

Use STHE with extended surface on the gas side or brazed plate-fin exchanger
made of stainless steel or nickel alloys.

Brazed aluminum plate-fin exchanger, coiled tube heat exchangers, or PCHE.

Surface condensers of STHE in carbon steel are preferred. Also consider
SPHE or brazed plate heat exchanger.

Choose SPHE.

Finned tube heat exchangers, special types of PHEs, brazed PHE up to 200°C.

Regenerators and plate-fin heat exchangers. Also consider STHE.

Viscous products, aseptic products, jam, Scraped surface heat exchanger.
food and meat processing, heat sensitive
products and particulate laden products

Note: STHE, shell and tube heat exchanger; PHE, gasketed plate heat exchanger; SPHE, spiral plate heat exchanger; LHE, lamella
heat exchanger; PCHE, printed circuit heat exchangers; CTHE, coiled tube heat exchanger; PFHE, plate-fin heat exchanger.
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REQUIREMENTS OF HEAT EXCHANGERS

Heat exchangers have to fulfill the following requirements:

High thermal effectiveness

Pressure drop as low as possible

Reliability and life expectancy

High-quality product and safe operation

Material compatibility with process fluids

Convenient size, easy for installation, reliable in use
Easy for maintenance and servicing

Light in weight but strong in construction to withstand the operational pressures and vibra-
tions especially heat exchangers for military applications
Simplicity of manufacture

Low cost

Possibility of effecting repair to maintenance problems

The heat exchanger must meet normal process requirements specified through problem specification
and service conditions for combinations of the clean and fouled conditions, and uncorroded and cor-
roded conditions. The exchanger must be maintainable, which usually means choosing a configura-
tion that permits cleaning as required and replacement of tubes, gaskets, and any other components
that are damaged by corrosion, erosion, vibration, or aging. This requirement may also place limita-
tions on space for tube bundle pulling, to carry out maintenance around it, lifting requirements for
heat exchanger components, and adaptability for in-service inspection and monitoring.
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2 Heat Exchanger
Thermohydraulic
Fundamentals

2.1 HEAT EXCHANGER THERMAL CIRCUIT AND OVERALL
CONDUCTANCE EQUATION

In order to develop relationships between the heat transfer rate g, surface area A, fluid terminal
temperatures, and flow rates in a heat exchanger, the basic equations used for analysis are the energy
conservation and heat transfer rate equations [1]. The energy conservation equation for an exchanger
having an arbitrary flow arrangement is

q = Ch(th,i - th,o) = Cc(tc,o - tc,i) (21)

and the heat transfer rate equation is

q=UAA, == " 2.2)

where
At is the true mean temperature difference (MTD), which depends upon the exchanger flow
arrangement and the degree of fluid mixing within each fluid stream
C. is the capacity rate of the cold fluid, (Mc,),
C,, is the capacity rate of the hot fluid, (Mc,),
t.;and 1, are cold fluid terminal temperatures (inlet and outlet)
t,; and 1, , are hot fluid terminal temperatures (inlet and outlet)

The heat exchanger thermal circuit variables and overall conduction described here are based on
Refs. [1,2].

The inverse of the overall thermal conductance UA is referred to as the overall thermal resistance
R, and it is made up of component resistances in series as shown in Figure 2.1:

R,=R,+R +R,+R,+ R, 2.3)

where the parameters of the right-hand side of Equation 2.3 are R,, hot side film convection resis-
tance, 1/(n,hA),; R,, thermal resistance due to fouling on the hot side given in terms of fouling
resistance Ry, (i.e., values tabulated in standards or textbooks), R;,/(n,A),; R,,, thermal resistance of
the separating wall, expressed for a flat wall by

R,=—— (2.4a)
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FIGURE 2.1 Elements of thermal resistance of a heat exchanger.

and for a circular wall by

R = In(d/d;)

= (2.4b)
27k, LN,
where
0 is the wall thickness
A, is the total wall area for heat conduction
k,, is the thermal conductivity of the wall material
d is the tube outside diameter
d; is the tube inside diameter
L is the tube length
N, is the number of tubes, and total wall area for heat conduction is given by
A, =LL,L, (2.5)

where
Ly, L,, and N, are the length, width, and total number of separating plates, respectively
R, is the thermal resistance due to fouling on the cold side, given in terms of cold side fouling
resistance R; . by R; /(n,A),
R, is the cold side film convection resistance, 1/(n hA),

In these definitions, / is the heat transfer coefficient on the side under consideration, A represents
the total of the primary surface area, A, and the secondary (finned) surface area, A,, on the fluid side
under consideration, 1, is the overall surface effectiveness of an extended surface, and the subscripts
h and c refer to the hot and cold fluid sides, respectively. The overall surface effectiveness 1, is related
to the fin efficiency 1, and the ratio of fin surface area A; to total surface area A as follows:

A
Mo = l—j(l—nf) (2.6)

Note that 1, is the unity for an all prime surface exchanger without fins. Equation 2.3 can be alternately
expressed as

1 1 Ry 1 R:.
—= +—"—+R,+ +—=
vuA (nohA)h (noA)h (nohA)c (noA)c

2.7)
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Since UA = U,A, = U A, the overall heat transfer coefficient U as per Equation 2.7 may be defined
optionally in terms of either hot fluid surface area or cold fluid surface area. Thus, the option of A, or
A_ must be specified in evaluating U from the product, UA. For plain tubular exchangers, U, based
on tube outside surface is given by

1_1, R, + din(d/d)  Ryd  d (2.8)
U hy 2k, d " hd,

The knowledge of wall temperature in a heat exchanger is essential to determine the localized hot
spots, freeze points, thermal stresses, local fouling characteristics, or boiling and condensing coef-
ficients. Based on the thermal circuit of Figure 2.1, when R, is negligible, T, = T,, . = T, is computed
from [1,2] as

T, +T.[(Ry+R)/(R.+R,)]

w 29
1+[(R, +R)/(R. + R,)]
When R, = R, = 0, Equation 2.9 further simplifies to
— Th /Rh + TC/RC — (nohA)hTh + (nohA)cTc (2 10)

1/R, +1/R, (MhA)y, + (MhA),

2.2 HEAT EXCHANGER HEAT TRANSFER ANALYSIS METHODS

2.2.1 ENErGY BALANCE EQUATION

The first law of thermodynamics must be satisfied in any heat exchanger design procedure at
both the macro and microlevels. The overall energy balance for any two-fluid heat exchanger
is given by

MyCon (thi = tho) = McCpe(teo —1c;) (2.11)

Equation 2.11 satisfies the “macro” energy balance under the usual idealizations made for the basic
design theory of heat exchangers [3].

2.2.2  HeAT TRANSFER

For any flow arrangement, heat transfer for two fluid streams is given by
q = Cn(th —tho) = Celteo = 1) 2.12)
and the expression for maximum possible heat transfer rate g, is
Grmax = Crnin (thi — Lci) (2.13)

The maximum possible heat transfer rate would be obtained in a counterflow heat exchanger with
very large surface area and zero longitudinal wall heat conduction, and the actual operating condi-
tions are the same as the theoretical conditions.
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2.2.3 Basic MeTHODS TO CALCULATE THERMAL EFFECTIVENESS

There are four design methods to calculate the thermal effectiveness of heat exchangers:

1. e-NTU method
2. P-NTU, method
3. LMTD method
4. y-P method

The basics of these methods are discussed next. For more details on these methods, refer to
Refs. [1,2].

2.2.3.1 &-NTU Method

The formal introduction of the e-NTU method for the heat exchanger analysis was in 1942 by
London and Seban [4]. In this method, the total heat transfer rate from the hot fluid to the cold fluid
in the exchanger is expressed as

q = €Cin (tn — 1) (2.14)

where ¢ is the heat exchanger effectiveness. It is nondimensional and for a direct transfer type heat
exchanger, in general, it is dependent on NTU, C*, and the flow arrangement:

£ =¢ (NTU,C*,flow arrangement) 2.15)

These three nondimensional parameters, C*, NTU, and ¢, are defined next.
Heat capacity rate ratio, C*: This is simply the ratio of the smaller to larger heat capacity rate
for the two fluid streams so that C* < 1.

Cmin _ (mcp)min

Cmax (mcp )max

C*= 2.16)

where

C refers to the product of mass and specific heat of the fluid

the subscripts min and max refer to the C,,;, and C,,,, sides, respectively
In a two-fluid heat exchanger, one of the streams will usually undergo a greater temperature change
than the other. The first stream is said to be the “weak” stream, having a lower thermal capacity rate
(Cpin)» and the other with higher thermal capacity rate (C,,,,) is the “strong” stream.

Number of transfer units, NTU: NTU designates the nondimensional “heat transfer size” or
“thermal size” of the exchanger. It is defined as a ratio of the overall conductance to the smaller
heat capacity rate:

UA 1
A

min

If U is not a constant, the definition of the second equality applies. For constant U, substitution of
the expression for UA results in [1,2]

NTU = ! ! 2.18)
Coin | 1/(MAA), + R, + Ry, + Ry + 1/(M,hA).
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where R, and R, are the thermal resistances due to fouling on the hot side and the cold side, respec-
tively, as defined in Equation 2.7. In the absence of the fouling resistances, NTU can be given by
the expression

! = ! + owin +;
NTU NTU,(C,/Cypi) NTU,(C./Cyiy)

(2.19)

and the number of heat transfer units on the hot and cold sides of the exchanger may be defined as
follows:

NTU, = (WA 020

h c

Heat exchanger effectiveness, €: Heat exchanger effectiveness, €, is defined as the ratio of the actual
heat transfer rate, g, to the thermodynamically possible maximum heat transfer rate (g,,,,) by the
second law of thermodynamics:

e= 4 2.21)
qmax

The value of € ranges between 0 and 1. Using the value of actual heat transfer rate g from Equation
2.12 and ¢q,,,, from Equation 2.13, the exchanger effectiveness € of Equation 2.21 is given by

e = Ch(thi — o) _ Colteo —tei)
Crin(fni —Iei)  Ciin(tn; —Ic)

For C*=1, ¢, =¢,

2.22)

Dependence of e on NTU: At low NTU, the exchanger effectiveness is generally low. With increas-
ing values of NTU, the exchanger effectiveness generally increases, and in the limit it approaches
the maximum asymptotic value. However, there are exceptions such that after reaching a maximum
value, the effectiveness decreases with increasing NTU.

2.2.3.2 P-NTU, Method

This method represents a variant of the e-NTU method. The origin of this method is related to shell
and tube exchangers. In the e-NTU method, one has to keep track of the C,;, fluid. In order to avoid
possible errors, an alternative is to present the temperature effectiveness, P, of the fluid side under
consideration as a function of NTU and heat capacity rate of that side to that of the other side, R.
Somewhat arbitrarily, the side chosen is the tubeside regardless of whether it is the hot side or the
cold side.

General P-NUT, functional relationship: Similar to the exchanger effectiveness €, the thermal

effectiveness P is a function of NTU,, R, and flow arrangement:
P =¢ (NTU,,R,flow arrangement) (2.23)

where P, NTU,, and R are defined consistently based on the tubeside fluid variables. In this method,
the total heat transfer rate from the hot fluid to the cold fluid is expressed by

q=PC(Ti—1) (2.24)
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Thermal effectiveness, P: For a shell and tube heat exchanger, the temperature effectiveness of
the tubeside fluid, P, is referred to as the “thermal effectiveness.” It is defined as the ratio of the
temperature rise (drop) of the tubeside fluid (regardless of whether it is hot or cold fluid) to the dif-
ference of inlet temperature of the two fluids. According to this definition, P is given by

P= % (P is referred to tubeside) (2.25)
174

where
t, and t, refer to tubeside inlet and outlet temperatures, respectively
T, and T, refer to shellside inlet and outlet temperatures, respectively

Comparing Equations 2.25 and 2.22, it is found that the thermal effectiveness P and the exchanger
effectiveness € are related as

p=Cmne_e  for C.=Cpnin

t

=eC* for C,=Cyy (2.26)

Note that P is always less than or equal to . The thermal effectiveness of the shellside fluid can be
determined from the tubeside values by the relationship given by
P = P9 = PR
G (2.27)

For R* =1, P, =P (tubeside)

(For TEMA shell types, the thermal effectiveness charts given in this chapter 2, depicts thermal
effectiveness referred to tubeside only)

Heat capacity ratio, R: For a shell and tube exchanger, R is the ratio of the capacity rate of the tube
fluid to the shell fluid. This definition gives rise to the following relation in terms of temperature
drop (rise) of the shell fluid to the temperature rise (drop) of the tube fluid:

r=C_L-D (2.28)

C, -t

where the right-hand-side expressions come from an energy balance and indicate the temperature drop/
rise ratios. The value of R ranges from zero to infinity, zero being for pure vapor condensation and infin-
ity being for pure liquid evaporation. Comparing Equations 2.28 and 2.16, R and C* are related by

R=Q=C”< for C, = Cpin
1
= s for G=Couy (2.29)

Thus R is always greater than or equal to C*.
Number of transfer units, NTU;: For a shell and tube exchanger, the number of transfer units
NTU, is defined as a ratio of the overall conductance to the tubeside fluid heat capacity rate:

NTU, = % (2.30)

t
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Thus, NTU, is related to NTU based on C,,;, by

NTU, = NTU% =NTU for C, = Cyn

t

=NTUC* for C,=Cx (2.31)
Thus NTU, is always less than or equal to NTU.

2.2.3.3 Log Mean Temperature Difference Correction Factor Method

The maximum driving force for heat transfer is always the log mean temperature difference
(LMTD) when two fluid streams are in countercurrent flow. However, the overriding importance
of other design factors causes most heat exchangers to be designed in flow patterns different
from true countercurrent flow. The true MTD of such flow arrangements will differ from the
logarithmic MTD by a certain factor dependent on the flow pattern and the terminal tempera-
tures. This factor is usually designated as the log MTD correction factor, F. The factor F may
be defined as the ratio of the true MTD to the logarithmic MTD. The heat transfer rate equation
incorporating F is given by

q = UAAL,, = UAFAt, (2.32)

where
At,, is the true MTD
At is the LMTD

The expression for LMTD for a counterflow exchanger is given by

Atl _Atz

LMTD = At,,, = —+ —2
In(At,/Aty)

(2.33a)

where At =t,;—t.,=T —t,and At, =1, —t.; =T, - t, for all flow arrangements except for paral-
lelflow; for parallelflow At =¢,; —t. (=T, — t)) and At, =t , — t. (=T, — t,). Therefore, LMTD can be
represented in terms of the terminal temperatures, that is, greater terminal temperature difference
(GTTD or GTD) and smaller terminal temperature difference (STTD or STD) for both pure paral-

lel- and counterflow arrangements. Accordingly, LMTD is given by

LMTD = Ar,, = O1ID=STTD (2.33b)
In(GTTD/STTD)

The terminal temperature distribution to calculate LMTD is shown in Figure 2.2a.

2.2.3.3.1 LMTD Correction Factor, F

Charts to determine LMTD from the terminal temperature differences are shown in Figure 2.2b.
(Note: While referring the nomogram of Figure 2.2b, use GTD in place of GTTD and STD in place
of STTD.)

From its definition, F is expressed by

_ A,
Atyy,

(2.34)
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FIGURE 2.2 (a) Terminal temperature to calculate LMTD; (b) nomogram to find LMTD. (Courtesy of
Paul-Muller Company, Springfield, MO.)
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In situations where the heat release curves are nonlinear, the approach just described is not appli-
cable and a “weighted” temperature difference must be determined.

It can be shown that, in general, F is dependent upon the thermal effectiveness P, the heat capac-
ity rate ratio R, and the flow arrangement. Therefore, F is represented by

F=¢ (P,R,NTU,, flow arrangement) (2.35)

and the expression for F in terms of P, R, and NTU is given by

F = ! In 1-P for R#1
(R-1NTU

1- PR
P
=——— forR=1 2.
(1- PYNTU (2.362)
— *
F = ! In 1-eC for C* #1
(I—C*HNTU | l1-¢
€
- % forcx=1 (2.36b)
(1—&)NTU

The factor F is dimensionless.

The value of F is unity for a true counterflow exchanger, and thus independent of P and R.
For other arrangements, F is generally less than unity, and can be explicitly presented as a func-
tion of P, R, and NTU, by Equation 2.36. The value of F close to unity does not mean a highly
efficient heat exchanger, but it means a close approach to the counterflow behavior for the com-
parable operating conditions of flow rates and inlet fluid temperatures. Because of a large capital
cost involved with a shell and tube exchanger, generally it is designed in the steep region of the
P-NTU, curve (e-NTU relation for the compact heat exchanger) (e or P < 60%), and as a rule of
thumb, the F value selected is 0.80 and higher. However, a better guideline for F;, is provided
in the next section. For more details on heat exchanger thermal design methods, refer to Shah
and Sekulic [5] and Ref. [6].

2.2.3.3.2  Approximate F Value for Heat Exchanger Sizing Purpose

This correction factor accounts for the two streams not in counterflow. At the estimation stage, we do
not know the detailed flow and pass arrangement so we can assume the following for preliminary sizing:

e F = 1.0 for true counterflow, e.g., double-pipe heat exchanger in counterflow arrangement,
F shell type of shell and tube heat exchanger

e F =0.7 for crossflow heat exchanger

e F=0.7 for TEMA FE shell with single pass on both shellside and tubeside

e F=0.80for E,_, shell and tube heat exchanger (refer Figure 2.28)

e F=0.95 for G, (refer Figure 2.34), H,_, shell and tube heat exchanger (refer Figure 2.36)

e F=0.79 for J,_, shell and tube heat exchanger (refer Figure 2.38)

e F = 0.9 for multi-pass compact heat exchanger and multiple passes on both shellside and
tubeside of TEMA E shell

* F=1.0if one stream is isothermal, C* = 0, R = 0 or o (typically boiling or condensation)

Applicability of e-NTU and LMTD methods: Generally, the e-NTU method is used for the design
of compact heat exchangers. The LMTD method is used for the design of shell and tube heat
exchangers. It should be emphasized that either method will yield the identical results within the
convergence tolerances specified.
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2.2.3.4 y-P Method

The y-P method was originally proposed by Smith [7] and modified by Mueller [8]. In this method,
anew term y is introduced, which is expressed as the ratio of the true MTD to the inlet temperature
difference of the two fluids:

v= = 2.37)

and v is related to € and NTU and P and NTU, as

VN N'I{)Ut (239

and the heat transfer rate is given by
q=UAY(th; —1.i) (2.39a)
=UAy(T, - 1)) (2.39b)

Since y represents the nondimensional At there is no need to compute Af,,, in this method.
Functional relationship between the various thermal design methods: The general functional
relationship for the e-NTU, P-NTU,, LMTD, and y-P methods is shown in Table 2.1, which has
been adapted and modified from Ref. [1], and the relationship between the dimensionless groups of
these methods is given in Table 2.2.
Thermal design methods for the design of shell and tube heat exchangers: Any of the four meth-
ods (e-NTU, P-NTU,, LMTD, and y-P) can be used for shell and tube exchangers.

TABLE 2.1
General Functional Relationship between Dimensionless Groups of the e-NTU, P-NTU,,
and LMTD

Heat Transfer
Parameters e-NTU Method P-NTU, Method LMTD Method

Chin MCp )in - At; — At
Heat capacity rate ~ C*= o= E p; R= % _himth LMTD = —-——=2
ratio max MCp )max s h—1 In ﬁ
At
NTU NTU = CUA = cl J.UdA NTU, = A LMTD = Az,
min min % G F=¢ (P, R, NTU, flow arrangement)
Thermal £ = G(NTU, C*, flow P=(NTU, R, flow  F=2m
. Aty
effectiveness arrangement) arrangement)
. Ch(th; —tho) _ C.(teo —tei) P:tz_t' F= 1 ln|: 1-P :| forR#1
Coin(fhi = Tei)  Crin(fnj — 1) -1 (R=DNTU 1-PR
p=pS_pr P
C, =——— forR=1
(1-P)NTU

q=UAAt,, = UAFAt,

Heat transfer q= Ch (th,l - th,o) = Cc (tc,o - tc.i) q= PCL(Ti - tl)
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TABLE 2.2

Relationship between Dimensionless Groups

of the e-NTU, P-NTU,, and LMTD Methods

—=C* for C,=Cy,
1
=— for C,=Cphu
C*

NTU, = NTU% =NTU for C; = Cpin

t

=NTUC* for C; = Cx

! ln|: I_P] for R#1

“(R-DNTU | 1-PR
S R
(1- P)NTU
& P
NTU ~ NTU,

2.2.4 SoME FUNDAMENTAL RELATIONSHIPS TO CHARACTERIZE
THE EXCHANGER FOR “SUBDESIGN” CONDITION

49

The partial derivatives of the temperature efficiency P with respect to NTU and R enable complete
characterization of the exchanger performance around an operating point. Thus, the exchanger per-
formance can be readily predicted for the “subdesign” conditions [9]. Singh [9] developed deriva-

tives of P, F, and NTU. Derivatives for P and F are discussed next.

Dependence of thermal effectiveness: Thermal performance P and thermal effectiveness € can

be represented through R by [9]

e=P R<I1
=PR R>1

P = f(NTU,R)

e = O(NTU,R*)

Thus,

de=do=—20 anTU+ 2% 4R

ONTU oR
de =dP = a7PdNTU—+-a—dR for R<1
ONTU oR
de = PdR + RdP
=PdR+R i dNTU+a—PdR
ONTU oR

(2.40)

2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)
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or

oP
ONTU

dsz(P+RaP)dR+R

R dNTU for R>1 Q.47)

Dependence of LMTD correction factor, F: The derivatives of F with respect to €, P, and R are
given by [9]

OF _ 21 ln[ 1-P ]: -F (2.48)
ONTU  NTU?*(R-1) |1-PR| NTU

oF _ 1 (2.49)
oP NTU(-P)(1-PR)

oF _ -F + ! (2.50)

OR (R-1) NTU(R-1)(1-PR)

and

oF oF oF

F=——dP TU + —dR 2.51

d an +aNTUdN U+aRd (2.51)

2.3 THERMAL EFFECTIVENESS CHARTS

Broadly speaking, there are two types of heat exchanger problems: rating and sizing. To solve either
type of problem from first principles is laborious and time-consuming. However, sizing and rating
of heat exchangers are solved with the use of performance charts easily. The graphical charts were
introduced many years ago and have gained wide acceptance throughout the industry. Five types of
heat exchanger design charts are found in the literature, and the salient features of these charts are
discussed by Turton et al. [10]. These charts are shown schematically in Figure 2.3a—f. The dimen-
sionless variables used in these charts (e, P, R, C*, F, NTU, NTU,) have been defined in Section 2.2.
Figure 2.3a is the most widely used of these charts and was introduced by Bowman et al. [11] in
1940. In this chart, the LMTD correction factor, F, is presented as a function of the effectiveness, P,
and the heat capacity rate ratio, R. Using this chart, the design problem where terminal temperatures
and flow rates are usually specified but overall U and/or A are unknown can be solved; however,
the rating problem can be solved by a trial-and-error solution. Since F compares the true MTD of a
given flow arrangement with that of the counterflow arrangement, these charts provide a well-suited
means of finding out the best of several possible flow arrangements. The one with the higher F will
require the lower NTU, that is, the lower area if U remains constant, operating with the same R and
P. Underwood [12] first derived the expression for true MTD for E, ,, E,_,, and E,_, shell and tube
exchangers in 1934. Bowman et al. [11] published a summary of correction factors for exchangers of
different flow arrangements. Ten Broeck [13] further constructed charts using dimensionless groups,
UAl(mc,), P = (t, — t )T, — 1,), and R = (T, — T,))/(t, — 1,) for direct calculation of terminal temperatures
with known surface area of a heat exchanger. At present, F' charts are available for all TEMA shells.
Figure 2.3b and c are due to Kays and London [14] and TEMA [15], respectively. Figure 2.3c
is plotted on a semilog paper, since the most useful NTU and NTU, design range for compact
heat exchangers and shell and tube exchangers, respectively, is 0.2-3.0. A careful look at the lin-
ear graphical presentation of the e-NTU results of Figure 2.3b indicates that the NTU scale in
this range is short and hence one cannot obtain the accurate values of € or NTU from graphs.
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FIGURE 2.3 Thermal effectiveness charts. (a) Bowman chart; (b) Kays and London chart; (c) TEMA chart;
(d) F—P—R-chart; (e) y chart; (f) F-P-R-NTU chart (From Turton, R. et al., Trans. ASME J. Heat Transfer, 106,
893, 1984); (g) e-NTU chart for unmixed—unmixed crossflow, as per Eq. T4 of Table 2.4.

For better appreciation, this is illustrated through the thermal relation chart (e-NTU) for crossflow
heat exchanger in Figure 2.3. An alternative is to stretch the NTU scale in the range 0.2-3.0 by using
a logarithmic scale. Thus, the P-NTU, results are generally presented on a semilog paper, as shown
for example in Figure 2.3c, in order to obtain more accurate graphical values of P or NTU,. Using
these charts, both the sizing and rating problem can be solved. However, the LMTD correction fac-
tor F is not shown in these charts. Hence, it is to be calculated additionally.

Muller [8] proposed the charts of Figure 2.3d with its triple family of curves. This chart can be
used to solve both the sizing and rating problems and in addition gives the F values. However, Figure
2.3d is somewhat cramped and difficult to read accurately and introduces yet another parameter,
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P/NTU,. The Muller charts have been redrawn recently by Taborek and included in HEDH [16]. The
present form of this chart is shown in Figure 2.3e. The main difference between Figure 2.3d and e
is that the F parameter curves have been omitted in the latter, and thus the problem of having to
separately calculate the F values has been retained.

In a system with four variables, F, P, R, and NTU or NTU,, any chart displays just one family
of curves, such as Figure 2.3a—c, and does not give all the interrelationships directly. On the other
hand, a chart with three families of curves, as in Figure 2.3d, has one set that is redundant. To show
all the interrelationships between these four variables requires a chart with two families of curves.
This is satisfied by Figure 2.3e.

In the graphical presentation, y is plotted against P and R as a parameter as shown in Figure 2.3e. The
lines of constant R originate at y = 1 and terminate at \ = 0 so that the asymptotic values of P for NTU
tend to infinity. Thus the curves of constant R are similar to those for the F-P charts. In order to tie in
with the P-NTU, and LMTD methods, the lines of constant NTU, and constant F' are also superimposed
on this chart. Figure 2.3e also has one limitation: It does not show directly the four parameters of interest.

Constraints due to the charts in Figure 2.3a—e are overcome by a chart, shown in Figure 2.3f, proposed
by Turton et al. [10]. The chart in Figure 2.3f extends the easy-to-read Bowman charts of Figure 2.3a to
include a second family of curves representing the variable NTU. Both the sizing and rating problems
can be solved using this form of chart, and F values can be found directly for both types of problems.
Thus to find exchanger surface area, use P and R to evaluate ' and NTU. To find terminal temperature,
use NTU and R to evaluate P and F. Most of the charts included in this book are of the type of Figure 2.3f.

2.4 SYMMETRY PROPERTY AND FLOW REVERSIBILITY AND RELATION
BETWEEN THE THERMAL EFFECTIVENESS OF OVERALL PARALLEL
AND COUNTERFLOW HEAT EXCHANGER GEOMETRIES

2.4.1 SYMMETRY PROPERTY

The symmetry property relates the thermal behavior of a heat exchange process to that of the reverse
process, in which the directions of flow of both fluids are reversed [17]. Figure 2.4 shows four dif-
ferent flow arrangements for the TEMA E| , shell and tube heat exchanger that are equivalent if
complete transverse mixing of the shell fluid is satisfied.

2.4.2 Frow REVERSIBILITY

Flow reversibility establishes a relation between the thermal effectiveness of two heat exchanger
configurations that differ from each other in the inversion of either one of the two fluids [18].

X i
< = e o
(@ Il T, (b) Il T,

TITZ TuTz
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(© ITTl @ ITTl

FIGURE 2.4 Flow reversibility principle. (a) Basic E, , case, (b) basic case with tube fluid reversed, (c) basic
case with shell fluid reversed, and (d) basic case with both shell and tube fluids reversed. (Symmetry opera-
tions performed on the TEMA E| _, shell.) (From Pignotti, A., Trans. ASME, J. Heat Transfer, 106, 361, 1984.)
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Although the inversion of both fluids often does not alter the configuration, the inversion of only
one of them usually leads from one configuration to an entirely different one, as is the case in going
from a pure parallelflow to a pure counterflow arrangement or vice versa. Using this relation, if the
expression for the effectiveness, P, of a configuration as a function of the heat capacity rate ratio, R
(or C*), and the number of heat transfer units NTU is known, the corresponding expression for the
“inverse” configuration is immediately obtained from the simple relation [18]:

P(-R,NTU)

_AERNY) (2.52)
1+ RP(~R,NTU)

F(R,NTU) =

where P denotes the effectiveness of a given arrangement, and P;, that of the same one with fluid
direction reversed. The relation is valid under the assumptions of temperature independence of
the heat transfer coefficient and heat capacity rates, when one of the fluids proceeds through the
exchanger in a single, mixed stream. In some cases with special symmetry, the inversion of both
fluids does not alter the geometry, and therefore this property is trivially satisfied. Pignotti [18]
illustrates the property of flow reversibility with several examples from the available literature. An
example to clarify the meaning of Equation 2.52 is given next. Consider the well-known expression
for the effectiveness of a parallelflow configuration:

[1-exp[-NTU(I+R) ]

P(R,NTU) = (1+R)

(2.53)

Let us derive from it the expression for the effectiveness of a pure counterflow configuration,
which we denote P (R, NTU). Equation 2.52 is applicable, because the counterflow geometry
is obtained from parallelflow by inverting the direction of flow of one of the fluids, and the
condition that at least one of the fluids should be mixed throughout the exchanger is satisfied.
After replacing R by —R in Equation 2.53 and performing the elementary algebraic operations
indicated in Equation 2.52, we obtain the expression for the effectiveness of the counterflow
configuration:

{1-exp[-NTU(-R)]}
{1- Rexp[-NTU(1- R)]}

P.(R,NTU) = (2.54)

Observe also that the inversion of one fluid leads from a parallelflow connection to a counterflow
one, and likewise, from the latter to the former; therefore, Equation 2.52 can be used to go from
parallelflow to counterflow and vice versa.

The transformation property of Equation 2.52 can also be expressed in terms of the variables
referred to the mixed fluid. For example, if the thermal relation on the shellside or tubeside is
known in terms of P,, R,, and NTU,, the thermal relation for the other side P, R,, and NTU, may
be obtained from the relation

P,=RP, R = 1%’ NTU, = R.NTU, (2.55)

For example, let the tubeside values of an H,_, exchanger be P =0.752, R=0.7, and NTU = 2.5. Then
the shellside values will be P = 0.7 x 0.752, R = 1/0.7, and NTU = 0.7 x 2.5. For R = 1.0, both the
tubeside and shellside values are the same.

When the thermal effectiveness is the same for the original case and the inverted case, it is
referred to as stream symmetric. Typical examples for stream symmetric are parallelflow, counter-
flow, and crossflow unmixed—unmixed and mixed—mixed cases.
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2.5 TEMPERATURE APPROACH, TEMPERATURE
MEET, AND TEMPERATURE CROSS

The meanings of temperature approach, temperature meet, and temperature cross are as follows.
Temperature approach is the difference of the hotside and coldside fluid temperature at any point
of a given exchanger. In a counterflow exchanger or a multipass exchanger, (1) if the cold fluid out-
let temperature 7_, is less than the hot fluid outlet temperature ¢, ,, then this condition is referred
to as temperature approach; (2) if 7., = t, ,, this condition is referred to as temperature meet; and
(3) if ¢, is greater than ¢, ,, the difference (¢, — ¢, ) is referred to as the temperature cross or tem-
perature pinch. In this case, the temperature approach (¢, , — 7. ,) is negative and loses its meaning.
Temperature cross indicates a negative driving force for heat transfer between the fluids. It requires
either a large area for heat transfer or the fluid velocity to increase overall heat transfer coefficient.
The underlying meanings of these three cases are brought out in Table 2.3 and the same are shown
in Figure 2.5a.

The temperature cross is undesirable, particularly for shell and tube exchangers, because the
tube surface area is not utilized effectively and hence there is wastage of capital cost. If outlet

TABLE 2.3
Temperature Approach, Temperature Meet,
and Temperature Cross

Temperature Approach  Temperature Meet  Temperature Cross

i = Ih Iy = o Iy = o

t

c,0 A tc,i txo - tc.i txo - tc.i

c, c,

tc.o < th,o Ic.o = thn Ic.o > thn

\ K \ .
. \
po————— == e . r,
2
t
\ , h Thermodynamic !
1

violation!

(a) Normal temperature distribution (b) Temperature meet (c) Temperature cross

Ty

a-b—Temperature normal ) T,
a'—b—Temperature meet 2 -§
a’-b—Temperature cross ¢, 59 T
x—Temperature cross point RS 2
£ o
ﬁ [

S)
~+
iy

(d) (e)

FIGURE 2.5 Principle of temperature approach, temperature meet, and temperature cross. (a) Normal
temperature distribution; (b) temperature meet; (c) temperature cross; (d) temperature approach, meet,
and cross superimposed; (e) temperature distribution in an E,_, exchanger without temperature cross;
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FIGURE 2.5 (continued) Principle of temperature approach, temperature meet, and temperature cross.
(f) with temperature cross.

temperatures form a temperature cross in a multiple tube pass heat exchanger, a lower than desirable
LMTD correction factor will occur. A simple way to avoid this is to use more exchanger shells in
series. Other engineers suggest that a small temperature cross may be acceptable and may provide a
less expensive design than the more complex alternatives. For a E|_, heat exchanger, the temperature
cross occurs around a relatively narrow range of F value about 0.78—0.82. Lower values of F' may be
taken as an indication that temperature cross will occur.

The concept of the temperature cross or meet at the exchanger outlet can be utilized to determine
the number of shells in series required to meet the heat duty without having a temperature cross in
any individual shell. Temperature cross is undesirable for shell and tube heat exchanger because the
tube surface area is not utilized cost-effectively. An optimum design would mean that the tempera-
ture cross or meet point lies just at the end of the second tube pass. This phenomenon is explained
in detail by Shah [2] and is briefly dealt with here with reference to an E|_, exchanger.

For E| , two possible shell fluid directions with respect to the tube fluid direction are shown in
Figure 2.5b. The temperature distributions of Figure 2.5b reveal that there is a temperature cross.
In region X, the second tube pass transfers heat to the shell fluid. This is contrary to the design
objective, in which ideally the heat transfer should have taken place only in one direction (from the
shell fluid to the tube fluid, as shown in Figure 2.5a) throughout the two passes. The reason for this
temperature cross is as follows: Although an addition of surface area (a high value of NTU,, or a
low value of LMTD correction factor F) is effective in raising the temperature of the tube fluid and
rises in the second pass up to point X, beyond this point the temperature of the shell fluid is lower
than that of the tube fluid, since we have considered the shell fluid mixed at a cross section and it is
cooled rapidly by the first pass. Thus, the addition of the surface area in the second tube pass left of
point X is useless from the thermal design point of view. A “good” design avoids the temperature
cross in a shell and tube exchanger. Theoretically, the optimum design would have the temperature
cross point just at the end of the second tube pass, which will satisfy the following condition:

to=1lyo OF lo—t,=0 (2.56)
This condition leads to the following formula:

1

P=—— 2.57
1+R ( )
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Thus for a given R, Equation 2.57 provides the limiting (maximum) value of P. Corresponding to P
and R, the limiting (maximum) value of NTU, beyond which there will be a temperature cross can
be determined from its thermal relation formula. Therefore, from P, R, and NTU, F can be calcu-
lated. This F value is known as the F,;, value beyond which there will be a temperature cross. This
is illustrated for an E,_, exchanger here. For a known value of R, determine the limiting value of P
from Equation 2.57 and NTU from the following equation:

- 2—P[R+1—(1+R2)°'5]
L+ RD™ 72— P[R+1+(1+ R

NTU,, , = (2.58)

For known values of P, R, and NTU, determine F from Equation 2.36.

2.5.1 TemMPERATURE CrOSS FOR OTHER TEMA SHELLS

Temperature cross for other TEMA shells such as G, ,, H, ,, and J,_, can be evaluated from Equation
2.57 [19]. The F,,, curves for G, ,, H, ,, and J,_, cases are given in the next section.

min

2.6 THERMAL RELATION FORMULAS FOR VARIOUS FLOW
ARRANGEMENTS AND PASS ARRANGEMENTS

The heat exchanger effectiveness is defined as the ratio of the overall temperature drop of the weaker
stream to the maximum possible temperature difference between the fluid inlet temperatures. The
following assumptions are commonly made in deriving thermal effectiveness:

1. The overall heat transfer coefficient is constant throughout the exchanger.

2. Each pass has the same heat transfer area; that is, unsymmetrical pass arrangements are
not considered.

. There is no phase change.

. The specific heat of each fluid is constant and independent of temperature.

. The flow rates of both streams are steady.

. The flow of both fluids is evenly distributed over both the local and the total transfer area.

. Heat losses from the system are negligible.

N N AW

In this section, thermal relation formulas for (1) various flow arrangements—parallelflow, coun-
terflow, and crossflow—(2) various types of heat exchangers—compact and shell and tube—and (3)
multipass arrangements or multiple units of both compact and shell and tube heat exchangers are
presented. Most of the formulas are tabulated and the thermal effectiveness charts are given. Mostly
counterflow arrangements are considered. For shell and tube exchangers, formulas are given for both
parallelflow and counterflow, but thermal effectiveness charts are given only for counterflow arrange-
ments referred to tubeside (similar to TEMA Standards [15]). For stream symmetric cases, thermal
effectiveness relations referred to the shellside can be derived from the “flow reversibility” principle.
From counterflow thermal effectiveness relations, thermal effectiveness relations for parallelflow
arrangements can be easily derived (for stream symmetric cases only) from the “flow reversibility”
principle. Customarily, the e-NTU method is employed for compact heat exchangers. In this method,
the capacity ratio C* is always <I. Hence, thermal effectiveness charts are given in terms of e—C*—
NTU, and wherever possible, the thermal effectiveness charts are also given in terms of P-R—F-NTU,
instead of e-C*-NTU.
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2.6.1 PARALLELFLOW

For a given set of values of C* or R, and NTU, (1) the thermal effectiveness is much lower for paral-
lelflow than for counterflow arrangement, except in the limiting case C* = R = 0, where it is the same
for both cases and approaches unity as NTU increases to infinity, and (2) at a given value of NTU, the
effectiveness increases with decreasing capacity ratio, C* or R. The formula for thermal effectiveness
is given by Equation T1 in Table 2.4, and the thermal effectiveness chart is given in Figure 2.6.

2.6.2 COUNTERFLOW

Among the various flow arrangements, counterflow has the highest thermal effectiveness. For coun-
terflow exchangers, at a given value of NTU, the effectiveness increases with decreasing capacity
ratio, C* or R. The formula for thermal effectiveness is given by Equation T2, and the thermal
effectiveness chart is given in Figure 2.7.

2.6.3 CROSSFLOW ARRANGEMENT

2.6.3.1 Unmixed—-Unmixed Crossflow

This is an industrially important arrangement representing the case of a large number of unmixed
channels in both sides. The original solution was due to Nusselt [20] and was later reformulated
into a more manageable equation by Mason [21]. Mason’s formula is given by Equation T3, and this
equation can be used for P-NTU-R relation. Baclic [22] presents Nusselt’s equation in terms of a
modified Bessel function of the first kind as given in Equation T4; Eckert [23] provides a simplified
formula without involving Bessel function as given by Equation T5, and this equation predicts €
within +1% of € from Equation T4 for 1 < NTU < 7; Equations T4 and T5 can be used for formulas
involving C* < 1 only. The thermal effectiveness chart as per Equation T3 is given in Figure 2.8 and
as per Equation T4 is given in Figure 2.9.

2.6.3.2 Unmixed-—Mixed Crossflow

In this arrangement, one fluid is mixed and the other is unmixed. A typical example is a bare
tube compact heat exchanger in which the fluid outside the tube is mixed, whereas the tubeside
fluid is unmixed. There are two possible cases: (1) weaker fluid (C,,;,) is mixed and (2) stronger
fluid (C,,,,) is mixed. Formulas for thermal effectiveness for the weaker fluid mixed are given by
Equation T6 and for the stronger fluid mixed by Equation T7. The thermal effectiveness charts
are given in Figure 2.10 for the weaker fluid mixed and Figure 2.11 for the stronger fluid mixed.

For R =1 or C* = 1, the thermal effectiveness is the same for both cases.

2.6.3.3 Mixed-Mixed Crossflow

This case has no industrial application and is shown here only as an extreme of the crossflow
arrangement. The solution is identical to the TEMA J shell with infinite tubeside passes. The for-
mula for thermal effectiveness is given by Equation T8.

2.6.3.4 Single or Multiple Rows in Crossflow

Many process heat exchangers provide a crossflow arrangement between the hot (or cold) process
fluid that flows through the tubes and the external coolant (or hot air such as supercharged engine
intake air), usually air. Because this flow arrangement is not strictly countercurrent, the MTD must be
corrected by applying a correction factor, F. The factor F' depends on the terminal temperatures, the
number of tube rows per pass, and the number of passes. The basic unmixed—unmixed case shown in
Figure 2.12 assumes a large number of flow channels in both streams. For a single tubeside pass with
one or more tube rows, the thermal effectiveness formula is different from that of the basic unmixed—
unmixed case. Thermal relations for single-pass tube rows arrangements are discussed next.
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TABLE 2.4
Thermal Effectiveness Relations for Basic Cases
Equation
No./

Flow Arrangement Reference General Formula Value for R = 1 and Special Cases

[ — ¢ NTUG+R) 1
- T1 p=—"° P=—[1-¢"""] forR=1

1+R 2
2
=1-¢™° forR=0
Parallelflow; stream symmetric
P.x=50% forR=1

[— e NTUO-R) NTU

-— T2 P=——(—— P=—— forR=1
! 1— Re™NTUIR) 1+NTU

2

=1-¢NY forR=0
Counterflow; stream symmetric

oo k k
1 o NTU™ _mu O (RNTU)”
T3 21 P= 1- M- RN
1 (211 RNTUZ [ € Z ! ¢ ;; m!

. k=0 m=0

For R =1, this equation holds.

2 T4[22]  e=1-e N[ L, ONTUVCH)+CHL(NTUVC)
1-C*
_ %n/2 sk
o Z;c 1,2 NTUJC )]
Crossflow; both the fluids unmixed; For C* =1.
stream symmetric e=1-¢""[[,(2NTU)+ [, (2NTU) |
NTUO.ZZ
T5 [23] e=1-exp {T [exp(~C*NTU"®) 1]
Crossflow; one fluid mixed T6 -NTU
’ Weaker (C,;,) fluid mixed P=1-e")
and the other fluid unmixed (1) eaker (Cly) fluid mixe ! ¢
weaker (C,;,) fluid mixed; P, =1 - exp(-K/R)]
(2) stronger (C,,,,,) fluid mixed K =1 - exp(-RNTU)
f T7 Stronger (C,,,,) fluid mixed
1 — F—» 1 > Pi= [1-exp(—KR)] p= l_e_“_e—NTU)
R
[ K=1-exp(-NTU)
2 2
1 1
P= P=
! 1 R 1 2 1
K, K, NTU K, NTU
1—— -—
T8 Ky=1- et
| K, =1 — ¢-RNTU)
2

Crossflow; mixed—mixed flow;
stream symmetric same as J,_,
Note: P, can be found using Equation 2.55;
I, 1, and I, are modified Bessel functions of the first kind.
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FIGURE 2.6 (a) Thermal effectiveness chart—parallelflow; stream symmetric, R—P-NTU chart (as per
Equation T1, Table 2.4); (b) parallelflow; stream symmetric, F—~R—P-NTU chart; F as a function of P for
constant R (solid lines) and constant NTU (dashed lines) (Equation T1, Table 2.4).
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FIGURE 2.8 Thermal effectiveness chart—crossflow; both the fluids unmixed; stream symmetric; F—R—P—
NTU chart; F as a function of P for constant R (solid lines) and constant NTU (dashed lines) (as per Equation T3,

Table 2.4).
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FIGURE 2.9 Thermal effectiveness chart—crossflow; both the fluids unmixed; stream symmetric; R—P—
NTU chart (as per Equation T4, Table 2.4).

2.6.3.4.1 Single Tubeside Pass, N Rows per Pass, Both Fluids Unmixed

A common header at one end of the tubes distributes the tubeside fluid into a single pass hav-
ing N rows in parallel. A similar header at the other end collects tubeside fluid. For given ter-
minal temperatures, F increases with the number of rows per pass and the number of passes
being increased and is more sensitive to the latter. Taborek [24], Pignotti and Cordero [25], and
Pignotti [26] present values of F for a variety of crossflow configurations, applicable to air-
cooled heat exchangers.

Schedwill’s formula for the thermal effectiveness of N rows is given by [27]

1 NeNKR

1—
N-Ingmi (0, . . i (NKR)
Jj —(i—j)NTU/N
1+Zi:1 Zjo(j)K ¢ Zk:o k!

2.59)
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FIGURE 2.10 (a) Thermal effectiveness chart—crossflow: unmixed—mixed—the weaker (C,;,) fluid mixed,
R—P-NTU chart (as per Equation T6, Table 2.4); (b) F~R—P-NTU chart; F as a function of P for constant R
(solid lines) and constant NTU (dashed lines) (as per Equation T6, Table 2.4).
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FIGURE 2.11 (a) Thermal effectiveness chart—crossflow: unmixed—mixed—the stronger (C,,,,) fluid mixed,
e-C*-NTU chart (as per Equation T7, Table 2.4); (b) Thermal effectiveness chart: F~R—P-NTU chart; F as a
function of P for constant R (solid lines) and constant NTU (dashed lines) (as per Equation T7, Table 2.4).
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I

2
FIGURE 2.12 Unmixed—unmixed crossflow arrangement.

where

i— it (2.60)
i) a=ptit '

that is, the number of combinations of i and j taken j at a time, and

NTUJ 2.61)

K= l—exp(—

By substituting N = 1, 2, 3, ... in Equations 2.59 and 2.61, equations for thermal relations are
obtained for the specific arrangements by Nicole [28], and this is given in Table 2.5 (Equations T9
through T12) for one row, two rows, three rows, and four rows. For a larger number of tube rows
(for all practical purposes, when N exceeds 5), the solution approaches that of unmixed—unmixed
crossflow arrangement. Values of F for N =1, 2, 3, 4 are shown in Figures 2.13 through 2.16 and are
always less than the basic case of unmixed—unmixed crossflow (Figure 2.8).

2.6.3.4.2  Multipass Tube Rows Cross-Counterflow Arrangements, Both Fluids Unmixed,
and Multiple Tube Rows in Multipass Tube Rows, Cross-Counterflow
Arrangements

This would apply to a manifold-type air cooler in which the tubes in one row are connected to the

next by U-bends. The solutions are based on Ref. [28]. Solutions for the 2 rows-2 pass and 3 rows-3

pass cases are based on Stevens et al. [29]. The general formula for thermal effectiveness referred to

the air side (fin side) is given by [28]

1, 1
P = R(l _C) (2.62)

The expressions for { for various cases are as follows:

1. Two-tube rows, two passes, as shown in Figure 2.17a [29]

(= §+ (1 —12() oKk (2.63a)
K= l—exp(—NzU) (2.63b)
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TABLE 2.5
Thermal Effectiveness Relations for Tube Rows with Single Pass Arrangement
Equation
No./ General Formula, Ref. [28]. Note: These Formulas
Flow Arrangement Reference Are Valid for R = 1
One-tube row T9 [28] P = %(1 —e
T K =1-exp(-NTU)

.

1
Two-tube rows TIO[28] A= E[l — e R 4 RKZ)]

K:]—exp(— NF;U)

o
T

1 KR -
Three-tube rows TI11[28] P =—11 —[ ]

R 1+ RK*(3-K)+(3/2)R*K*

2
1 KR !
Four-tube rows T12 [28] P=—11- 5 5 S a s
A R [1+RK*(6-4K+K*)+4R°K*'(2—-K)+(8/3)R’K
I I

K =1-exp(—-NTU/4)

| | |
I

Note: To find P,, use Equation 2.55.
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FIGURE 2.13 Thermal effectiveness chart—one-tube row; F as a function of P for constant R (solid lines)
and constant NTU (dashed lines) (as per Equation T9, Table 2.5).
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FIGURE 2.14 Thermal effectiveness chart—two-tube rows; F as a function of P for constant R (solid lines)
and constant NTU (dashed lines) (as per Equation T10, Table 2.5).
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FIGURE 2.15 Thermal effectiveness chart—three-tube rows; F as a function of P for constant R (solid lines)
and constant NTU (dashed lines) (as per Equation T11, Table 2.5).
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FIGURE 2.16 Thermal effectiveness chart—four-tube rows; F as a function of P for constant R (solid lines)
and constant NTU (dashed lines) (as per Equation T12, Table 2.5).



