SERIES IN THERMAL & FLUID PHYSICS & ENGINEERING
SERIES EDITOR: G.F. HEWITT

Practical Thermal Design
of

Air-Cooled Heat Exchangers

R. Mukherjee

Heat Transfer Consultant
New Delhi, India

® ‘ begell house, inc
New York ¢ Connecticut « Wallingford (U.K.)



SERIES IN THERMAL AND FLUID PHYSICS AND ENGINEERING
SERIES EDITOR: G. F. HEWITT

PRACTICAL THERMAL DESIGN OF AIR-COOLED HEAT EXCHANGERS
By R. MUKHERIJEE

Copyright ©2007 by Begell House, Inc. All rights reserved. This book, or any parts thereof, may not be
reproduced or distributed in any form or by any means, or stored in a data base retrieval system, without
prior written consent from the publisher.

This book represents information obtained from authentic and highly regarded sources. Reprinted mate-
rial is quoted with permission, and sources are indicated. A wide variety of references are listed. Every
reasonable effort has been made to give reliable data and information, but the author and the publisher
cannot assume responsibility for the validity of all materials for the consequences of their use.

ISBN: 978-1-56700-245-4

PRINTED IN THE UNITED STATES OF AMERICA1234567890

Library of Congress Cataloging-in-Publication Data
Mukherjee, Rajiv.

Practical thermal design of air-cooled heat exchangers / R. Mukherjee.

p. cm. -- (Series in thermal & fluid physics & engineering)

Includes bibliographical references and index.

ISBN 978-1-56700-245-4 (hardcover : alk. paper) 1. Heat exchangers--Design and construction. I.
Title.

TJ263.M84 2008

621.402'5--dc22

2007033872

Direct inquires to Begell House, Inc., 50 Cross Highway, Redding, CT 06896.



Dedication

This book is dedicated to my parents, who would have been proud to see
this work. And that is an understatement. To my dear wife, Kalpana, who
has been supporting and inspiring me for over three decades now; to our
daughter, Shilpi, our son (-in-law), Bappa, and their sons Sohum and
Shivum; but most importantly, it is dedicated to the reader, whose ap-
probation and appreciation would make all the toil worthwhile.



Acknowledgments

I am indebted to Almighty God for having given me the education, intelligence, opportunity,
strength, and fervor to write this book.

I am also indebted to all those from whom I learned the design of air-cooled heat
exchangers over the years, especially to Wim Bos and Peter van der Broek of Lummus
Nederland B.V., who in 1971, initiated me on the path of air cooler design.

I will always be grateful to Cindy Mascone, ex-technical editor at Chemical Engineering
Progress, and her one-time compatriot, Gail Nalven, who led me to believe that I could write
a book. I will never forget Gail’s words, “You do not know how prolific you are!” As for
Cindy, she is the finest editor I have ever worked with.

This book might not have been possible without the wonderful exposition of air-cooled
heat exchanger technology by Heat Transfer Research, Inc. (HTRI). My long experience in
the field of air-cooled heat exchangers has been very largely honed on the platform of HTRI,
whose software I have been using since 1974.

I am grateful to HTRI, Begell House, Hudson Products Corp., Moore Fans Ltd., TEMA
(Tubular Heat Exchanger Manufacturers Association), and Cal Gavin Ltd. for permission to
use some of their diagrams and photographs in this book. These have been duly
acknowledged where they appear.

I am indebted to Bill Begell who decided to publish this book, and to all the people at
Begell House who were responsible for its production. Special thanks go to Donna
Thompson who did a splendid job of copyediting this book, as she did with the previous one
on shell-and-tube heat exchangers. Donna, I have enjoyed working with you again.

How can I forget my good friend Graham Polley in the UK? It was he who led me to
Bill in the first place.

I am thankful to Geoff Hewitt, who is the editor of the present series of books, for
having readily accepted this book into his fold.

Thanks are also due to my wonderful friend Sam Chapple of Edmonton, Canada, who
guided me on some important issues in the text.

I must also express my gratitude to another good friend, Lalit Shingal, who helped me
with the reproduction of many diagrams that appear in the book.

What we are able to accomplish in our lives, whether professionally or otherwise, is the
result of the Lord’s grace and the encouragement and support we receive from myriad
sources. This book is therefore truly a collaborative effort, and the credit belongs to the
human fraternity at large, rather than to any individual.



About the Author

Rajiv Mukherjee is a consultant in unfired heat transfer based in New Delhi, India. He
has 36 years of experience in the thermal design, revamping, and troubleshooting of air-
cooled and shell-and-tube heat exchangers, and considerable experience in the design of
heat exchanger networks. He has written several articles in reputed journals and pre-
sented many papers at technical symposia. Rajiv has also served as faculty for numerous
courses on heat exchanger design and operation, energy conservation, and heat exchanger
networks, and presently teaches an intensive in-house refresher course on the design and
operation of heat exchangers that can be offered at any plant site or office location around
the world. He is an honors graduate in chemical engineering from Jadavpur University,
Kolkata, India.

In his spare time, Rajiv enjoys reading (Swami Vivekananda and Kahlil Gibran are big
favorites), writing, and listening to music. He lives in New Delhi with his wife, Kalpana.
Their daughter, Shilpi, and her husband, Bappa, presently live with their sons, Sohum and
Shivum, in Tokyo, Japan.

Rajiv may be contacted by e-mail at rajiv.mukherjee@vsnl.com or by telephone at
0091-11-2551 8281 or 0091-98711-20126.




Preface ......
Chapter 1:
Chapter 2:
2.1:
2.2:
Chapter 3:

Chapter 4
4.1
4.2

43

44
45
46

Chapter 5
5.1
52
5.3
5.4

TABLE OF CONTENTS

....................................................................................................................................... xi
INEFOTUCTION ...ttt et ettt eteeeae e ereenseeneens 1
Advantages and Disadvantages of Air Cooling..........cccecvevveriieciiniienieniieieeie e 3
Advantages Of Air COOLINEZ.....cc.vviueiieiieieii ettt eas 3
CASE STUDY 2.1: EFFECT OF REDUCTION OF AIR FLOW RATE.......ccccovvvvieiiieeirnnee. 4
Disadvantages of Air COOING ......ocviruiiiieiieieeiee e 5
Optimization of Air and Water COOlING ........ccceoueriiiierieiieeeeree et 8
CASE STUDY 3.1: SELECTION OF DESIGN AMBIENT TEMPERATURE
FOR AIR AND WATER COOLING .....cuvviiiiiiieietiieeeeieeeeeteeeeeeiteeeeeaeeeeetaeeeeeaveeeeeanneeeenneas 9
Construction Features of Air-cooled Heat EXChangers...........cccooevevveeeevieeiecneennens 13
J T80 a 18 o1 5o o NSRRI 13
TUDE BUNALE ...ttt e e s enaeeeen 14
421 FINNEA TUDE ...ttt e e s eaaeeeen 14
422 HEAUCTS ... e 17
4.2.3 TUDE SUPPOTLS ..eeveereireiienereieeteetesteesseeseeeesnsesnsesseesseenseensesssesssesseesseenseensennns 19
4.2.4 S1AE TAMES ..o 19
4.2.5 Tube-to-tubeSheet JOINL........cceeiiieiieieeie ettt 19
Fans and DITVES ....ccooiiiiiiiiiiee ettt ettt e et e e s e aaaae e e e e s e e snnaaaeeas 19
T U -1 4 OSSR 19
A 3.2 FAN ATIVES .eoiiieeiie ettt et e s et e s e eaae e e e eaae e e senaaeeeas 23
4.3.3 Plenum ChHAMDET ........cooouiiiiiiiie et 24
Configuration Of ACHES .........coiiiiiiiiiee e 24
Natural Draft versus Mechanical Draft.............ccoooviivviiiiiiiiiiiie e 25
Forced Draft versus Induced Draft............ccooovviiiiiiiiieiieeeee e 26
Thermal Design of Single-Phase Air-cooled Heat Exchangers..........ccocovvvvvvivinnnas 29
J T A 06 18 o1 5 o o WU 29
Broad Objectives of Thermal DESIN ......cc.cevvververcieiierierieie et 30
Data to Be Furnished for Thermal Design.........ccccvevvveriieienienieieeiesieeeie e 31
Tubeside CalCULAtIONS .......eeviiiiiiieiieiee ettt e e e e e e e eeaar e e e e e e sennaaees 35
5.4.1 Effects of tubeside VELOCILY ....cc.eevieiiriiriieiieieeieee e 35
5.4.2 Tubeside heat transfer COEfTICIENt...........oovvoviiiiiiiee e 35
CASE STUDY 5.1: HIGH-PRESSURE GAS COOLER ......cccovviiiitiieeeiiieeeeiiee e e eeieee e 37
CASE STUDY 5.2: LOW-PRESSURE GAS COOLER .......ccoovviieiiiieeeiiieeeecieeeeeereeeeeieea e 39
5.4.3 Tubeside PreSSUIE ArOP .......cccveieeereerieriieiieeeeeieeeesreesreeseesessnesseesseeseesseessenens 40
5.4.4 Increased tubeside pressure drop ........oceeeeeeeeeeenieneeniecieeeeeee e esre e 42
CASE STUDY 5.3: EFFECT OF ALLOWABLE TUBESIDE PRESSURE DROP—

FIRST STUDY ...ttt ettt e et e e e et e e e e ntbeeeessaeeessssaeeansseaeanes 42



5.5
5.6
5.7

5.8

Chapter 6
6.1
6.2

6.3

6.4

6.5

6.6
6.7

Chapter 7
7.1
7.2

7.3

7.4
7.5
7.6

7.7

7.8

Chapter 8
8.1
8.2
8.3

CASE STUDY 5.4: EFFECT OF ALLOWABLE TUBESIDE PRESSURE DROP—

SECOND STUDY ...uutttriieeeeeeeiiereeeeeeeeeeitreeeeeeeeestaeeeeeeeeesetaereeeeeeeesssareeeseeeensarreeeeeeean
Airside CalCulationS ...........cc.viiieeuiiie e e e eeaaeeas
Mean Temperature DIifference .........cocveviireiirieriieieieeeeeeseee e
Design Ambient TeMPETature ...........cceeeverierieriieiieieeiesiieseesieeeeseeseesseesseeseenneens
CASE STUDY 5.5: EFFECT OF DESIGN AMBIENT TEMPERATURE .......cccovuvvveeeeeeeiinnnnnns

Thermal Design of Condensing Air-Cooled Heat Exchangers..........ccccoceeeevivivieanne
TNEOAUCTION ...ttt ettt et e e st e e s e e s ebeessbeessbeesnseensseensneenses
Classification of Air-Cooled COndensers..........ccevverreerreereeieeieenieeieeee e sreesreenens
6.2.1 ACCOTAING t0 SETVICE. ...cutetieutieuieriieriienteente ettt sttt ettt et e st et et aeseeesaeeaes
6.2.2 According to CONAENSING FANZE ......ccveervereverrerrerreerreeteeeeereesseesseesseessesssesseenses
6.2.3 According to OPErating PIESSUIC.........erueerreerreeeerrrerreerseeseeeesseesseessesssesseesseesses
Mechanisms 0f CONAENSING ......ccvevieriieriieiieieeies e eteeee et e e saeeseeeeeenne e
6.3.1 Vertical in-tube coNdenSation...........cceecverierierieeiienieniieieeie e seeseeeee e sene s
6.3.2 Horizontal in-tube condensation ..............cceeuveeverierieniienieeieeeeseesieesseeeesne e
6.3.3 Condensation of mixed vapors and mixtures of vapors

and NONCONAENSADIES........cccviiiuiieiiieciiecie et e e et eebeeebeeebeesbeeeseeenns
SOME CASE STUAIES ...veevviieiieeiii ettt e et e et eebeeebeessbeesabeessseessseesssaennnas
CASE STUDY 6.1: ISOTHERMAL CONDENSER.......cccterttetieitentienieenieenieeieeneeseeeseeeneeenee
CASE STUDY 6.2: NARROW-RANGE CONDENSER .....c..eoittiiiaiiniieniieniienieenieeneeeeesieenae
CASE STUDY 6.3: WIDE-RANGE CONDENSER.......ccceitertietiaienieniienieenieenieeneeeeesieeene
CASE STUDY 6.4: THE EFFECT OF PRESSURE ON AIR-COOLED CONDENSERS.............
Condensation with Desuperheating and/or Subcooling............cccccveeveveierieneernennnne.
6.5.1 DeSUPErNEAtINg........cccvevvieriieiieiieie ettt ebe e sra e beenne e
CASE STUDY 6.5: CONDENSATION WITH DESUPERHEATING ......oevuveniienieeieenenrennenne
6.5.2 SUDCOOLING ..c.eveiieiieiieie ettt ettt ettt e te et e enbeensessaesseesseenseenseenns
JA[03474 (S5 72 1 1 VUSSP
Condensing Profiles and MTD.........coociiiiiiiiiiieeeee et

Optimization of Thermal Design of Air-Cooled Heat Exchangers...........c..ccccecvvunee.
TUDE LeNGN ..o e e
TUDE OD ...t e et e e e e e e e et eeeeeseeeeareeeeeesaeeseneaeeeeesenaaanes
CASE STUDY 7.1: OPTIMIZATION OF TUBE OD ......ouvviiiiiiiiiiiiieieee e
Fin HEIRt ..ottt e ne
CASE STUDY 7.2: OPTIMIZATION OF FIN HEIGHT: AIRSIDE HEAT TRANSFER
COEFFICIENT CONTROLLING ......uutttiriieeeeeiiiiereeeeeeeieitaeeeeeeeeeessaaneeeeeeseessnsseeseessensnnees
CASE STUDY 7.3: OPTIMIZATION OF FIN HEIGHT: TUBESIDE HEAT TRANSFER
COEFFICIENT CONTROLLING ......uuutttiiieeeeeiiitireeeeeeeeeeiurreeeeeeeeeesnseeeseeesesisssseeeeeesensinnees
FIN SPACING ..ottt ettt et s sreeseeaeenneenne e
CASE STUDY 7.4: VARIATION OF AIRSIDE HEAT TRANSFER COEFFICIENT

AND PRESSURE DROP WITH FIN DENSITY ..uuutieieieceeeeeeeeeeeeeeeee e
NUMDET OF TUDE ROWS ..o e e e e e e e e e e e e e e e e e e eeeeeeeeeenenenens
Fan Power CONSUMPLION ......cccuvieiieeiiieiieeiteeiee et eeieeeteeeteesbeeeaeessbeeseaeessseeneneenens
CASE STUDY 7.5: OPTIMIZATION OF FAN POWER CONSUMPTION.......cccvvvveveeeeeinnnnnns
TUDE PIECR .o e et e e e e e ee et e e e e e eeseeaareeesesaanans
CASE STUDY 7.6: EFFECT OF TUBE PITCH AND FIN DENSITY ON AIRSIDE

HEAT TRANSFER COEFFICIENT AND PRESSURE DROP .......ccevvviviiiiiiiiiieieiieieieeeeeeseeenens
NUMDET OF TUDE PASSES.....eiieiiieieeieee ettt e et eeeeeseseaeeeeeeeseseranees
CASE STUDY 7.7: OPTIMIZATION OF TUBE PASS DISTRIBUTION.........ccccvvvereeeeenennnnnns

Physical Properties and Heat Release Profiles..........cccoviiiiiiniiiice e
PhySical PrOPEIties .....ccvieveriieeiieiieieeiesie ettt et et et beete e seeesseesseeseenneennenns
Physical Property Profiles .........ocooiioiiiiiiieeeeee e
Heat Release Profiles ........ooooiiiiiiiiiieieeee e



8.4

Chapter 9
9.1
9.2
9.3

9.4
9.5

9.6

Chapter 10
10.1

10.2

Chapter 11
11.1
11.2

Chapter 12
12.1
12.2

12.3

12.4

Chapter 13
13.1

13.2
133
13.4

How to Feed Heat Release Profiles ......cc..ooiivvviiiiiiiiieiiiiieeeeeeeeee e 94

OVEIUBSIGN. ...ttt b ekt b bbbttt bbbt e s 97
INEEOAUCLION ...ttt sttt ettt et et e esbeesaessaesseennas 97
Mechanics 0f OVEIrdESIZN ......c.uervierieriieiieieeierieie ettt ese e seesneesneeeeenes 97
Overdesign in Single-Phase Heat Exchangers..........cccoccovveriieiiieciieienieccieee e 97
CASE STUDY 9.1: EFFECTS OF OVERDESIGN—HIGH OVERDESIGN CASE .........cocu.e. 98
Overdesign in CONAENSEIS .......couviiuieriieieeie e eieeste ettt et eae s ee e seeeeeeeeens 100
CASE STUDY 9.2: EFFECTS OF OVERDESIGN—LOW OVERDESIGN CASE .................. 100
The Overdesign FacCtor .........ooiiiiiiiiiieieie et 100
TUDE PIUZZING ..ottt ettt ae e enes 102
Fouling—Its Causes, Consequences, and Mitigation...........ccccceeveverevienicvnninnnnnnns 103
TUDESIAE FOUINEZ...c.viiiiiiiiiieciieic ettt sae e esbeesseenaens 104
10.1.1 Categories Of fOUlING .........ccueeviiriirieiieieeie ettt 104
10.1.2 Progress of fOUlING ........cccoevieiiieciieieeiecee e 104
10.1.3 Parameters that affect fouling..........ccccevvverienieieicirereee e 105
10.1.4 How to provide a fouling allowance............cecceeeeeveerienienieieeieceeeeie e 107
10.1.5 Selection of fouling resiStancCe..........eeverveerieriereeie e 108
10.1.6 Design guidelines to minimize tubeside fouling...............ccooeeviiiieiiniennnns 109
CASE STUDY 10.1: MAINTAINING HIGH TUBESIDE VELOCITY .......covieiieiiaieeieennenns 110
CASE STUDY 10.2: USING A FOULING LAYER THICKNESS ON THE TUBESIDE ........... 113
ATLSIAE FOULINE c..veiiiiiiiieee et s 115
CASE STUDY 10.3: USING A FOULING LAYER THICKNESS ON THE AIRSIDE.............. 116
Control of Air-Cooled Heat EXChaNQErS .........ccoiiiiiiiieiieiee s 119
INEEOAUCTION ...ttt ettt ae e beesbeeseeeaeesseesseenseensens 119
Methods OF CONLIOL ......ieiiiiiiieciicie ettt re e aeenseenseas 119
11.2.1 Bypassing of process fluid..........ccoccverierieiiniiiiie e 119
11.2.2 Switching fans on/off ............ccoeiiriirieieeee e 120
11.2.3 Use Of tWo-Speed MOLOTS ......eecvveiieieeeieeieniieieeeeeee e seeenee e ese e seeeseeenneas 120
11.2.4 USE OF LJOUVETS ... .eeiiieeiiecieeeiiie et et e st ettt eseveestteeseaeeteeeaeeestaeesaeeasaesseeenne 120
11.2.5 Use of autovariable fans ...........cccueerieeiiiieiieeie et vee v 121
11.2.6 Use of variable frequency drives .........cccceeoueieeriereeieie e 122
Operating Problems in Air-Cooled Heat Exchangers...........ccoovevvvveeeerevcnenesennn, 123
TNETOAUCTION ..ttt ettt e e et e e ae e et e e ssbeesabe e saeensseesssaesneens 123
Problems on the tUDESIAC.........cccviiiiiiieieciieieeeete e 123
12.2.1 Flow maldiStribUtiOn .........cceeevieiieiiiieniienieeie e see st seeesee e 123
12.2.2 Inadequate process COOINE.......cccuieiirieiierieriiete et seeere et eeee e eeeenneas 125
12.2.3 EXCeSSIVE FOULINE...ccueiieiiiieiieiieieee et 126
Operating Problems on the AirSide ..........ccoeceeriieriieiiiniieniesiereee e 126
12.3.1 High air inlet temMpPerature...........cceccvereereerierieesiesiesie e e eeeeseeee e eaesenens 126
12.3.2 Hot air 1€CITCUIAtION. ... .eiiviieiieeiieeiie et ettt et ve et e e eeteeeseeeeareeebeeenne 126
12.3.3 Inadequate air flOW .......cocieiiieiieiieiee e 128
12.3.4 Incorrect selection of design ambient temperature ............cceeeeceeeereeeneennen. 128
12.3.5 High n0iSe [eVel.....coeiiiiiiiiiiiiieeee e 129
12.3.6 Airside fOUlING.....cc.ooiiiiiiiee e s 129
Performance Evaluation of Air-Cooled Heat Exchangers..........c.ccccoooeiiiiiincencne. 129
Special APPHCALIONS ......cveiiiiiciiie e 131
COMDINEA SEIVICES ...cuvieiieiiieieiieriierte et ete et esteeteesbeeseesteesseebeessesssesaaesseesseessessnenns 131
CASE STUDY 13.1: COMBINED SURFACES .......cocttriteniienieenienienitenieenieenieeneeeneneneninens 131
Recirculation Air-Cooled Heat EXChangers ..........ccoccveveeviieiinienieieieeeeeeen 133
Humidified Air-Cooled Heat EXChangers ...........ccceceveieiienienieieceieeeeeeeeene 134
USE Of TUDE INSEITS....uveiieieieiieiieie ettt sae e s e s e e st e s e eneesneenneens 135
CASE STUDY 13.2: USE OF WIRE-FIN TUBE INSERTS ......eeiiiiiiiieiieeiierieeie e 136

viii



INDEX

13.5

13.6

13.7

Use of Variable FInning Density.......c..ccceevuerieriiecieiiieiienieenie e eveesieeveeveeevesenens 137

CASE STUDY 13.3: USE OF VARIABLE FINNING DENSITY .....ovvtiiiiiieieiiee e 138
Use of Natural DIaft.........c..oooooiiiiiiiieeeee e 138
CASE STUDY 13.4: USE OF NATURAL DRAFT ...cccoiiiiieiiiieeeieeeeiieee et eevee e e 138
Air-Cooled Vacuum Steam CONAENSETS.........c..oeeeeveeeeereeeeeeieeeeeeeeeeeeeeeereeeeeneeens 140

143






PREFACE

My desire to write this book was precipitated by the absence of such a “practical” book.
Recent heat exchanger design literature has been predominantly occupied by proceedings
of conferences. There is no book in the market that explains the logic of heat exchanger
thermal design and gives practical suggestions and recommendations for actually design-
ing industrial heat exchangers. So, having written my earlier book, Practical Thermal
Design of Shell-and-Tube Heat Exchangers, which received a fairly good response, I de-
cided to write a sequel—one on air-cooled heat exchangers.

The theoretical aspects of single-phase heat transfer and condensation have been very
well presented in several books. So, what was really required was a practical “how-to-
design” book with numerous worked-out examples or case studies to embellish or illustrate a
particular technique, facet, or style of design. The thousands of air-cooled heat exchanger
designs that I have been associated with over the last three decades have provided numerous
examples. They say that one picture is more eloquent than a thousand words. If you extend
this logic, one appropriate illustration by a case study is eminently more didactic than a long
dissertation on a particular subject.

This book has been written in the same style, language, and format as the one on shell-
and-tube heat exchangers. For the sake of convenience, both English and metric units have
been used throughout the book. There are 26 case studies, all aimed at embellishing,
illustrating, reinforcing, or demonstrating a feature, rationale, or methodology of design
elaborated or advocated in the text. Not only are the case studies based on the HTRI
software, the entire book is founded on the platform of HTRI know-how, which has become
a way of life for me for almost three decades.

Being a “practical” book, theory is limited to a bare minimum, and the accent is on
fundamentals, on design logic, on the interplay of parameters, on cause and effect, on
understanding why things happen the way they do. For example, why does a light
hydrocarbon condenser tend to have only four rows of tubes, whereas a heavy hydrocarbon
liquid cooler tends to have more rows of tubes? Or why do we choose 1/2 in. (12.7 mm)
high fins in certain situations but 5/8 in. (15.875 mm) high fins in others? Or why is the
process fluid “break point” between an air-cooled heat exchanger and its downstream trim
cooler related to the design ambient temperature? And many, many others.

This book has been written primarily for the heat exchanger thermal designer. However,
I think it will also be useful to process engineers, a significant part of whose routine job is to
specify heat exchangers. This book has not been written in an esoteric style for this very
reason. Since operating aspects are also often discussed, I trust it will be of interest to plant
operation specialists as well.

It is my fond hope that even B.S. and M.S. chemical and mechanical engineering
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students will find the book interesting, informative, and useful. I still remember when [ was
an undergraduate student—I used to long for more practical, real-life information about
industrial practice. If one considers that many engineering graduates end up working in the
chemical process industries, there may be a lot of merit in adding such a flavor to heat
transfer in the university curriculum, as indeed it is to all other fields of human learning. The
juxtaposition of industrial equipment design practice with basic theory will go a long way in
making the subject more interesting and meaningful.

The thermal design of air-cooled heat exchangers is a fascinating activity—sometimes
even more so than that of shell-and-tube heat exchangers—for the simple reason that there
are more variables: even the coolant (air) flow rate is a variable! This book will have served
its purpose if it can inspire the reader to consider the thermal design of air-cooled heat
exchangers as a joyous activity rather than a mundane chore.

I will be grateful for any feedback regarding any aspect of this book, and the same may
be sent to rajiv.mukherjee@yvsnl.com or rajivmuk2003@yahoo.com.

R. Mukherjee
Heat Transfer Consultant
New Delhi, India
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CHAPTER 1

Introduction

Although air is much more freely available than water and costs nothing, process cooling
has historically been accomplished by cooling water. This is attributable to the much
lower cost of cooling by water, thanks to its substantially higher thermal conductivity and
lower temperature. However, with increasing shortages of cooling water and a conse-
quent increase in its cost, air cooling has become more and more popular. Today, air-
cooled heat exchangers (ACHESs) are a common sight in the chemical process industries
(CPIs).

The first cost of an ACHE is much greater than that of a water-cooled heat exchanger
for the same heat duty, but its operating cost is usually much less. The operating cost with
water cooling comprises the cost of the initial raw water itself, makeup water, treatment
chemicals, apportioned cost of the cooling tower, and of course the pumping cost. For air-
cooled heat exchangers, the operating cost is only the cost of the power required to make the
air flow across the tube bundles. Thus, on an overall cost basis, ACHEs often compare quite
favorably with water-cooled heat exchangers.

The design of ACHEs comprises two distinct activities, namely, thermal design and
mechanical design. In thermal design the basic sizing of the heat exchanger is accomplished,
whereas in mechanical design the thicknesses and precise dimensions of the various
components are determined and a bill of materials is produced. Detailed engineering
drawings are then prepared based on which actual fabrication drawings are made. In this
book, as the title suggests, we shall talk principally about thermal design.

With the availability of sophisticated software, there has been an undue dependence on
them as “black boxes,” without the designer being truly in control of the design process and
understanding the nuances of design. A proper and sound understanding of the fundamental
principles and interplay of parameters is essential in order to produce an optimum design.
The principal purpose of writing this book is to help the heat exchanger thermal designer
attain such an understanding.

Presently, there is no book available on “practical” ACHE thermal design. This book is
based on the author’s experience of over 36 years in the thermal design of ACHEs for the
chemical process industry, and reflects many real-life situations that were far from
straightforward. This book has been written in a structured, logical, and didactic manner, and
special effort has been made at bringing out the interplay of parameters for a thorough
understanding of basic issues.

As “Example is better than precept,” several case studies are presented in this book in
order to vividly bring out a particular methodology, principle, or practice that has been
advocated. The reader is invited to run these examples with further variations in the
parameters being examined, in order to develop a comprehensive understanding.
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It is well known that the thermal design of ACHEs is still largely an enigma, with far
fewer engineering and fabricating companies practicing the trade than the thermal design
shell-and-tube heat exchangers. This is really quite surprising, considering that thermal
design of ACHEs is simpler and more straightforward than that of shell-and-tube heat
exchangers! This book will have served its purpose if it encourages more companies to
overcome this diffidence and take up the thermal design of ACHEs.

Now, coming to the individual chapters themselves, Chapter 2 dwells on the advantages
and disadvantages of air cooling, while Chapter 3 discusses the optimization of air and water
cooling. In some instances, only cooling by air need be employed, whereas in others only
cooling by water is adequate. However, in the vast majority of cases that fall between these
two extremes, cooling by both air and water is favorable.

Chapter 4 gives a detailed rundown of the various components and constructional
features of ACHES, since a good understanding of the same is vital to the thermal design of
this equipment. This chapter will also be of considerable interest to mechanical designers of
ACHEs, since it explains the implications of several constructional features on thermal
design.

Chapter 5 discusses various basic concepts that form much of the foundation of
knowledge for ACHE design. The simultaneous optimization of airside and tubeside
calculations is certainly not an easy task. However, with the help of logical explanations,
arguments, and case studies, the design methodology is made easy to understand and apply.

Chapter 6 is on the thermal design of condensing ACHEs. After a brief classification of
condensers and a brief account of the mechanisms of condensation, practical guidelines for
thermal design are discussed. These include isothermal, narrow-range and wide-range
condensation, the effect of pressure, the handling of desuperheating and subcooling, nozzle
sizing, and the handling of condensing profiles and physical property profiles.

In Chapter 7, with the help of numerous case studies, optimization of ACHEs is
demonstrated vis-a-vis tube OD, fin height, fin spacing, number of tube rows, fan power
consumption, tube pitch, and the number of tube passes.

In Chapter 8, physical properties and heat release profiles are discusses at length. The
reader is offered guidance on how to feed heat release profiles, a matter that is not as simple
as it may appear.

Chapter 9 explains why overdesign is provided, and elaborates on the modalities of
overdesign for single-phase and condensing services.

After reviewing the various categories of fouling and the parameters that affect it,
suggestions are offered in Chapter 10 on how to specify fouling resistance. Comprehensive
guidelines are then suggested and analyzed in order to minimize fouling.

Chapter 11 is on the control of ACHEs, where various methods of control are discussed
in detail. Unlike water-cooled shell-and-tube heat exchangers, ACHEs offer very good
control on the process.

Chapter 12 deals with operating problems in air-cooled heat exchangers. Various
potential problems and ways to avoid them are discussed for both the tubeside and the
airside cases.

In Chapter 13, many special applications are elaborated on, including combined
services, recirculation ACHEs, humidified ACHEs, tube inserts, variable finning density,
natural convection, and vacuum steam condensers.



CHAPTER 2

Advantages and Disadvantages
of Air Cooling

Let us take a look at the advantages and disadvantages of air cooling as compared to water
cooling

2.1 Advantages of Air Cooling

Air cooling offers many advantages over water cooling. We have already discussed the
cost advantage of air cooling over water cooling. Besides this advantage, the use of air as
a cooling medium eliminates certain inherent disadvantages associated with water cool-
ing:

a) The location of the cooler and thereby a plant is independent of a source of water
supply such as a river or a lake, or even a sea; hence, the plant can be located in
any geographic area. To use water as a cooling medium, however, the plant has
to be located at a site close to a large natural body of water such as a lake, river,
or sea. This could very easily entail a penalty in terms of transportation of raw
materials or finished products.

b) Air coolers are far more environment friendly since thermal and chemical pollu-
tion of the source of water are eliminated. In once-through cooling water, such as
with sea water, warmer water is returned to the body from which the water is
drawn, thereby leading to a rise in temperature of that body of water. This has a
direct adverse effect on the life and longevity of the aquatic plant and animal
species inhabiting the body of water. In recirculating cooling water systems
(which are the norm), the outlet warm water is cooled by a cooling tower so as to
eliminate this increase in temperature of the discharge water with its associated
adverse effect on aquatic life.

€) Maintenance costs are lowered considerably since frequent cleaning of the water
side of coolers (necessitated by fouling such as scaling, biofouling, sedimenta-
tion, etc.) is eliminated.

d) The installation is simpler since water piping and water pumps are eliminated.

Another advantage with air coolers is that they continue to operate (although at a reduced
capacity) by natural convection even when there is a power failure. In some cases, this
can be as much as 60—70% of the design duty. In the case of water cooling, however, a
power outage usually means a plant shutdown, which results in direct loss in production.
Yet another advantage with air cooling is that air-cooled heat exchangers offer very
effective control of the process fluid outlet temperature (and thereby the heat duty) through
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the following various means:
a) switching fans on/off

b) use of two-speed motors

c) use of autovariable fans

d) use of louvers

e) use of variable-speed drives

These will be discussed in detail in Chapter 11.

On the other hand, water cooling does not render an effective means of control of the
process fluid outlet temperature (and thereby the heat duty). This is because of two reasons:
(a) the MTD is predominantly controlled by the cold end temperature difference which does
not change with a reduction in the cooling water flow rate and (b) the cooling water film
resistance is a very small percentage of the overall resistance to heat transfer. Consequently,
a reduction in the cooling water flow rate has a negligible effect on the performance of a
water-cooled cooler.

In an air-cooled heat exchanger, however, a reduction in the air flow rate has a much
more pronounced effect on the performance of the cooler because both the MTD and the
overall heat transfer coefficient change significantly. This is because the airside heat transfer
coefficient controls the overall heat transfer resistance quite strongly, and the MTD also
varies significantly with a change in the air flow rate, and thereby the outlet air temperature.
This is illustrated in the following case study.

CASE STuDY 2.1: EFFECT OF REDUCTION OF AIR FLOW RATE

A quantity of 1,700,000 Ib/h (771,115 kg/h) of hot water is to be cooled from 174°F
(78.9°C) to 140°F (60°C), representing a heat duty of 57.665 M Btu/h (14.53 M kcal/h).
The allowable pressure drop of hot water is 10 psi (0.7 kg/cm?) and its fouling resistance
is 0.001 h ft*°F/Btu. For cooling by air, the design air temperature is 107°F (41.7°C). For
cooling by water, the cooling water inlet temperature is 93°F (33.9°C), its allowable pres-
sure drop is 10 psi (0.7 kg/cm?), and its fouling resistance is 0.002 h f*°F/Btu (0.0004 h
m*°C/kcal).

The air-cooled heat exchanger design was prepared first and its principal construction
parameters are indicated in Table 2.1a. The total air flow rate was 7,700,000 Ib/h (3,493,700
kg/h). To demonstrate the effect of a reduction in the total air flow rate, the same was
changed to 6,900,000 1b/h (3,130,000 kg/h) and then to 6,100,000 1b/h (2,767,000 kg/h). The
principal performance parameters for all three total air flow rates are shown in Table 2.1b. It
will be seen that there is a significant reduction in the overdesign with a lowering in the air
flow rate, from 6.2% in the first case to —2.9% in the second case, and finally to —13.7% in
the third case. This is due to an appreciable reduction in both the MTD [from 33.2°F
(18.4°C) to 28.6°F (15.9°C)] and the airside heat transfer coefficient [from 178.8 Btu/h ft*°F
(873 keal/h m*°C) to 163.2 Btu/h f*°F (797 kcal/h m*°C)].

Next, the water-cooled hot water cooler design was then prepared, the principal
construction parameters of which are shown in Table 2.1c. The cooling water flow rate is
3,400,000 1b/h (1,542,200 kg/h). In order to demonstrate the effect of a reduction in the
coolant flow rate, the same was reduced by the same amount as the air flow rate in the case
of the air-cooled heat exchanger design. The principal performance parameters of all three
designs are shown in Table 2.1d. It will be seen that the reduction in overdesign is far less
than that of the air-cooled heat exchanger, from 7.3% in the first case to 3.5% in the second
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Table 2.1a: Principal construction parameters of air-cooled hot water cooler

No. of bays in parallel 4
No. of bundles per bay 2
No. of tubes per row 46
No. of tube rows x no. of tube passes 5x2
Tube/fin material CS/Aluminum
Tube OD x thickness 1 in (25.4 mm) x 12 BWG (2.77 mm)
Tube length, ft (m) 34 (10.36)
Fin height x fin thickness 5/8 in (15.875 mm) x 0.016 in (0.4 mm)
Fin density 11 per in (433 per meter)
Transverse pitch, in (mm) 2.625 (67)
Bundle width, ft (m) 10.2 (3.11)
Total bare tube area, ft* (m?) 16,047 (1491)
Total extended area, ft* (m?) 381,080 (35,416)
No. of fans per section x fan dia., ft (m) 2 x 14 (4.27)
Motor power, HP (kW) 30 (22.4)
Table 2.1b: Effect of variation in air flow rate on performance of air-cooled hot water cooler
. 1
Air outlet temperature, °F (°C) 138.1 (58.9) 141.7 (60.9) 146.3 (63.5)
Static pressure, in. WC (mm WC) 0.43 (10.9) 0.35(8.9) 0.3 (7.6)
Tubeside pressure drop, psi (kg/cm?) 2.1(0.15) 2.1(0.15) 2.1(0.15)
Heat transfer coefficient, Tubeside 838 (4092) 838 (4092) 838 (4092)
Btwh ft*°F (kcal/h m*°C) Airside (bare tube) 178.8 (873) 171.1 (835) 163.2 (797)
Overall 114.9 (561) 111.7 (545) 108.3 (529)
MTD, °F (°C) 33.2(184) 312(17.3) 28.6 (15.9)
Overdesign, % 6.2 29 -13.7
Absorbed power, HP (kW) 26.5 (19.7) 19.7 (14.7) 14.2 (10.6)
Table 2.1c: Principal construction parameters of water-cooled hot water cooler
TEMA Type AEL (Fixed tubesheet)
No. of shells 1
Shell ID, in. (mm) 45 (1143)
No. of tubes x no. of tube passes 1578 x 1
Tube OD x thickness, in. (mm) 0.75 (19.05) x 14 BWG (2.108 mm)
Tube length, ft (m) 20 (6.1)
Tube pitch, in. (mm) 1.0 (25.4) triangular
Type of baffles x baffle cut orientation Double segmental x horizontal
Baffle spacing, in (mm) x no. of tube rows overlap 19 (483) x 6
Connections: shellside/tubeside, nominal, in (mm) 16 (400)/20 (500)
Heat transfer area, ft* (m?) 6083 (565)

case, and finally to 0.1% in the third case. This is because although there is a similar
reduction in the overall heat transfer coefficient as in the case of the air-cooled heat
exchanger, the drop in the MTD is far less.

2.2 Disadvantages of Air Cooling

Let us now consider the limitations of air-cooled heat exchangers as compared to water-
cooled heat exchangers. This is a comprehensive list and only some of them will be pre-
sented for a particular situation or application.
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