=N

RULES OF THUMB
FOR MECHANICAL ENGINEERS

A manual of quick, accurate solutions

to everyday mechanical engineering problems

J. Edward Pope, Editor



RULES OF THUMB

FOR

MECHANICAL

https://boilersinfo.com/



Gulf Publishing Company
Houston, Texas

https://boilersinfo.com/



i

RULES OF THUMB
FOR MECHANICAL ENGINEERS

A manual of quick, accurate solutions

to everyday mechanical engineering problems

RN

J. Edward Pope, Editor




RULES OF THUMB FOR
MECHANICAL ENGINEERS

Copyright © 1997 by Gulf Publishing Company,
Houston, Texas. All rights reserved. Printed in the
United States of America. This book, or parts thereof,
may not be reproduced in any form without permission
of the publisher.

10 9 87 65 4 3

Gulf Publishing Company
Book Division
P.O. Box 2608 [ Houston, Texas 77252-2608

Library of Congress Cataloging-in-Publication Data

Rules of thumb for mechanical engineers : a manual of
quick, accurate solutions to everyday mechanical
engineering problems / J. Edward Pope, editor ; in
collaboration with Andrew Brewington . . . [et al.].

p. cm.

Includes bibliographical references and index.

ISBN 0-88415-790-3 (acid-free paper)

1. Mechanical engineering-—Handbooks, manuals,
etc. I Pope,]J. Edward, 1956~ . II. Brewington,
Andrew.

TJ151.R84 1996
621—dc20 96-35973
CIpP

Printed on acid-free paper ().

iv

https://boilersinfo.com/



Contents

1: Fluids, 1

Fluid Properties
Density, Specific Volume, Specific Weight,

Specific Gravity, and Pressure............cocovvirernesesanennns
Surface TEeNSIoN .........cccovveeererererermrersesenssssnsnssssnsnssncones
Vapor PrESSULE ...........ccciverceennerennrsencerssnsesssmsmsssnenenensansnss
Gas and Liquid ViSCOSItY .......ecveeuremrrencscrssmssmsisnianssensncnnne
Bulk Modulus ........covrrereeresrcnininnnseasiesessesnsisssensnssesens
Compressibility ......ocvverreenrenssrenriecesemenrins s
Units and Dimensions...........ccceeevreecneerseasmsmesinnsnsseseenes

Fluid Statics
Manometers and Pressure Measurements..........oseeeruneneee
Hydraulic Pressure on Surfaces........cocoouenceinieninennncanas
BUOYANCY ...coociiieciirirecsiresereseseneraresseeseesonsssnessnssenssnsssenncs

Basic Equations
Continuity EQUAtiON.........ccccveeerrerinvemsenersemmssssssncnnennnacnas
Euler’s EQUAtION ........ccccveerrereererececenerennmssmsnsmssnemsncenes
Bernoulli’s EQUAtION ........ccccveermereesveecensenssesmsnesencnonannenes
Energy EQUAtiON ..........c.cceoevnenerereeneenrrensensessassensacsansanenss
Momentum EqUation ...........cceeveerveeevcninnneniinsnennenneae.
Moment-of-Momentum Equation...........ccocvvinisirnencnannes

Advanced Fluid Flow Concepts
Dimensional Analysis and Similitude ..........ccccucueeneen.
Nondimensional Parameters...........ccceccemsmrsniniscssnenenan.
Equivalent Diameter and Hydraulic Radius .........c.........

Pipe Flow

v

Friction Factor and Darcy Equation ..........c...covcceernncnae 9
Losses in Pipe Fittings and Valves..........cccocvuvnnrirecsennnce 10
PipES il SELIES...overurerrrerecerrrssesererssenssessssesisnssssestonsenans 10
Pipes in Parallel ............oocvermrercnenmmseesessninncsscscennena 10
Open-Channel Flow 1
Frictionless Open-Channel Flow ........ccocooeocveeenniinrcnnenna, 11
Laminar Open-Channel Flow ............coceeeimrinneninnisenreens 12
Turbulent Open-Channel Flow ..........cococooiiniincinnnccnneans 12
Hydraulic Jump.........covceeercecrniecrsenscscnnsncseninssoseseenes 12
Fluid Measurements 13
Pressure and Velocity Measurements ........c.coceeeeninnincas 13
Flow Rate Measurement ............oovrimermnsrnirenssnenssensnnnsenas 14
Hot-Wire and Thin-Film Anemometry.........ccoesisirsencns 14
Open-Channel Flow Measurements ..........ccouuseeesesoneens 15
Viscosity MEasurements ..........covrersesssssesesassesnsnsnssnsecns 15
Other Topics 16
Unsteady Flow, Surge, and Water Hammer.................... 16
Boundary Layer CONCEPLS ....cc.cocruremrereresersessrecsesnssernsnnas 16
Lift and Drag.........coevvererrecrerenseresmsssosssnsssimsnsssssmssasieces 16
Oceanographic Flows ..........ccecciinnvriiniinininisinnne, 17

: Heat Transfer, 18

Introduction 19
Conduction 19
Single Wall Conduction.........cccoreseseerensesssssnesessnesnsrenseens 19
Composite Wall Conduction..........c.cceseeveriinrnevennissanccs 21

https://boilersinfo.com/



The Combined Heat Transfer Coefficient.........c.cccccuneene 22
Critical Radius of Insulation..........c.ccocvceercrerniescncnnnnes 22
Convection 23
Dimensionless NUMDETS ........ovvcrmierninnnesessnsineeenenns 23
Correlations........ccccovenircerrnnennnniece e e 24
Typical Convection Coefficient Values............cocceruerneas 26
Radiation 26
EMISSIVILY .eovcririnircnsccetnneteisint e e esecesesnes 27
VIEW FACLOLS ....oovvveceiieiiecirere ettt ssse st 27
Radiation Shields.......ccovevivcnevievinncceverincinsectrvenesnrnnas 29
Finite Element Analysis 29
Boundary Conditions.........c.cccvcecrtirecnserentsiiroiernssses 29
2D ANALYSIS «uevvrerrereesieeee ettt e e reassies 30
Transient Analysis ......coveevverereencrnrorienennenniiesreseseneas 30
Evaluating Results .......ccooveerivircininninnicennees 31
Heat Exchanger Classification 33
Types of Heat EXChangers .......occcveieveienicinnnninnens 33
Shell-and-Tube Exchangers..........ccccnievnccnnieinenircnnens 36
Tube Arrangements and Baffles .........ccceceevinnicccnene 38
Shell Configurations ...........ccvoerrrersreesiinnnesssenseccerssesses 40
Miscellaneous Data.........cccveeeriecmneniennnsessentinnnnsenees 42
Flow Regimes and Pressure Drop in Two-Phase
Heat Transfer 42
Flow RegIMES .......cccivicreericrniiniincncsninsssesisese s 42
FIOW Maps ....ooovereicnrrieiercinicn s saeens 46
Estimating Pressure DIop ......coeeeevinicccnnnnicnninnan 48
3: Thermodynamics, 51
Thermodynamic Essentials 52
Phases of a Pure Substance...........cccvvccreenininccnonsenens 52
Thermodynamic Properties.........ccoeevmiiiiinvcnnvcrnsncsuenans 53
Determining Properties..........cocvcuvuvmnmecerevenenencsrnsneresssnnns 55
Types Of SYSEMS .covrviiviciieerire e saeas 56
Types Of PrOCESSES ..viccmrcrviimrininnisirnnissinse st 56
The Zeroth Law of Thermodynamics ..........ccccouevurenenennns 57
First Law of Thermodynamics 58
WOIK. .ottt 58
HEAL ...t rreine s re e et s srne e e e rasanasneerns 58
First Law of Thermodynamics for Closed Systems ....... 58
First Law of Thermodynamics for Open Systems.......... 58
Second Law of Thermodynamics 59
Reversible Processes and Cycles........ooocevvmeeivccccinneens 59
Thermodynamic Temperature Scale ........ccccoovereeevcrnennenns 59
Useful EXPressions .......co.viccereevcnienninscrsvineesenseenerenenane 59
Thermodynamic Cycles 60
Basic Systems and Systems Integration .........cceccovereene 60
Camnot CYCle ..ottt 60
Rankine Cycle: A Vapor Power Cycle.........ccouecervevnenens 61
Reversed Rankine Cycle: A Vapor Refrigeration Cycle. 61
Brayton Cycle: A Gas Turbine Cycle.......cccceevvevreerreenne 62
Otto Cycle: A Power Cycle ..ccovceeuvnnerccenrenneenrrnvneneerinens 63

vi

Diesel Cycle: Another Power Cycle......ccocoveecvivveennnnen, 63
Gas Power Cycles with Regeneration..........c....cccevvennn, 64
4: Mechanical Seals, 66
Basic Mechanical Seal Components .........covsesesnnss 67
Sealing Points 67
Mechanical Seal Classifications 68
Basic Seal Designs 68
Basic Seal Arrangements 72
Basic Design Principles 74
Materials of Construction 77
Desirable Design Features 79
Equipment Considerations 80
Calculating Seal Chamber Pressure .......ceessosnneee 81
Seal Flush Plans 82
Integral Pumping Features 85
Seal System Heat Balance 87
Flow Rate Calculation 89
References 91
5: Pumps and Compressors, 92
Pump Fundamentals and Design 93
Pump and Head Terminology ........cc.ccccovvevevennvercrccnnnnne 93
Pump Design Parameters and Formulas........cc.cccovenencn. 93
TYPES Of PUIIPS......coveverererieeieecesereseeerenstensesesneseeseennenens 94
Centrifugal Pumps ......ccoeceniiniiine st 95
Net Positive Suction Head (NPSH) and Cavitation........ 96
Pumping Hydrocarbons and Other Fluids ...................... 96
Recirculation..........ccccecenrriirieereceesecnrrsineerenesinssesesanannes 97
Pumping Power and Efficiency ......ccocvreereccrinecrnnnene. 97
Specific Speed of PUumps ........coeceveericreeenneniencnvnenennn, 97
Pump Similitude .......c.cccovvvemnncrercnnrnrceeneneeeesienenanas 98
Performance Curves..........coceeveiccenennnie s evenenesiecscnnnannns 98
Series and Parallel Pumping .........cococovevivnmnnineninnennnnns 99
Design GUidelines.......oooveueerrecrinierneccrniniecenne st 100
Reciprocating PUmPS ........cccceeriirennmneneennnicssennennea 103
Compressors 110
DEfinitions ...ve.cveeeeereereriiiiieienineiiee et naeesseeesnnnas 110
Performance Calculations for Reciprocating
COMPIESSOLS ..cvveneriiririrercnesssresssirecresessenessstnssecsacons 111
Estimating Suction and Discharge Volume Bottle
Sizes for Pulsation Control for Reciprocating
COMPIESSOLS ...ccovrmeremrnnirercisireminsessesessassse s sesnesenas 114
Compression Horsepower Determination.............ccouuu... 117
Generalized Compressibility Factor ..........ccoeevecrireenenes 119
Centrifugal Compressor Performance Calculations ....... 120
Estimate HP Required to Compress Natural Gas ........... 123
Estimate Engine Cooling Water Requirements .............. 124



Estimate Fuel Requirements for Internal Combustion

ENZINES .ccvvvvrcrerirniniisn e sessesssinsososcsnesnssnnsesssnas 124
References 124
6: Drivers, 125
Motors: Efficiency 126
Motors: Starter Sizes 127
Motors: Service Factor 127
Motors: Useful Equations 128
Motors: Relative Costs 128
Motors: Overloading 129
Steam Turbines: Steam Rate 129
Steam Turbines: Efficiency 129
Gas Turbines: Fuel Rates 130
Gas Engines: Fuel Rates 132
Gas Expanders: Available ENergy .....ccccecessesessccases 132
7: Gears, 133
Ratios and Nomenclature 134
Spur and Helical Gear Design 134
Bevel Gear Design 139
Cylindrical Worm Gear Design 141
Materials 142
Summary of Gear Types 143
Buying Gears and Gear Drives 14
References 144
8: Bearings, 145
Types of Bearings 146

Ball BEArings ....c.cccovvemimticmemrserensissssssmssisessssesssenssesssnasans 146
Roller Bearings .........cc.cvuvevercrenerernscssissssssnssnsarsssssenssenes 147
Standardization ............cccvoveeveececrerereereeseemsennaeseressesseannnes 149
MatErials .......coverrrreeeeinterrerccesarsenesesnesesrn s ensssssosesnvaen 151
Rating and Life 152
ABMA Definitions ........cceceereererrerrseesssersrressssesssnessneasenns 152
Fatigue Life........ccoceromeinvinreerenecnscssnsesensssnsssasssnssssescnanens 153
Life Adjustment Factors ........c.ccovececssssesccsrencnsisensnsrenanaes 154
Load and Speed Analysis 156
Equivalent Loads ..........ccooemiimeemvcsininscsmnssseceneeeecenas 156
CONtACE SIIESSES ....eecreerrerurrrnresrecrrssesresssensressaronessonocnnnnne 157
Preloading........cccovniiiveieccnenecsn e 157
Special Loads ... imierseeeneerinsninninisee s 158
EfeCtS OF SPEEQ.......oouomreeeesssssnssssoeesssssssasmsseesessecseens 159
Lubrication 160
(€511 | F U OO 160
L | 161
GIBASES...cccuveriermcraresesnestnsessesesssssssssssnsmsnsssasmsnsnesssssassans 161

vil

Lubricant Selection.........cvvveeermrriererserrerersessisseesessssnesess 162
Lubricating Methods...........ocecvevereeinseserssessessnrssssesensanes 163
RelubriCaLtion........ o cocecncierinnerecncsisnensssnssesasasanasmanessnes 164
Cleaning, Preservation, and Storage.........ccceeerercsencensunn 165
Mounting 166
Shafting .o...ecrirerere e ccesesnrere s seemssssseenesesaressnensssansanens 166
HOUSINES 1o recernemrereeeemensae e snasossssseseesneane . 169
Bearing Clearance..........oceureeerrrmseresieseneesessssmmsasesnsaessanns 172
SEALS...ocreemrrecriec et s s e s e sns e ne 174
Sleeve Bearings 175
References 177
9: Piping and Pressure Vessels, 178
Process Plant Pipe 179
Definitions and Sizing . verresenererane 179
Pipe Specifications..........ccovesecrmneresnsrnrrcscsssrerscrenennnas 187
SOTNG PIPE ...coeevrrrrerrermcrre et cssssenans 188
Calculations 10 USe......ccccevvrerecerrncisninessrsrenssssnsersssseannas 189
Transportation Pipe Lines 190
Steel Pipe DeSigN......ccccvenrimeerermsernansesemsssassssesscssessanaes 190
Gas PIPE LINES.........cccouvneverrerernreosnnnrensererenesssssssensees 190
Liquid Pipe Lines.......ccocovrerereememermnirersserenscsessressnnans 192
Pipe Line Condition Monitoring 195
Pig-based Moniforing SYStemS ..........cceeerererssesasssersserans 195
COUPONS .ttt cssss st essss s srabs e 196
Manual Investigation ........ 196
Cathodic ProteCtion .............eeeeeerieeronveesseseeseeseesmacsanencsons 197
Pressure Vessels 206
Stress ANalySis........coverversnserccerrerenvessnenssesnesesansssnsessnns 206
Failures in Pressure Vessels........ceevueeeerrersrmenssssesrannans 207
Loadings .......ccccevrermnrcsnerisinesersissnrennsessssssssesessssinsssnns 208
SITESS .uvtteenrnerreensesnssneereraresssnsmssesaeanasnsesarsrssesassastasnsasses 209
Procedure 1: General Vessel Formulas..........coeeevvnnane. 213
Procedure 2: Stresses in Heads Due to Internal
PIESSUTE......ooconeeeereireecresaasirstsrsentasnsssssessesssesnaseasessansens 215
Joint Efficiencies (ASME Code) ........cccocverurieeseneeresnnaens 217
Properties of Heads..........cccovenane. 218
Volumes and Surface Areas of Vessel Sections............... 220
Maximum Length of Unstiffened Shells ........................ 221
Useful Formulas for VESSElS ........ccuuurrcrseseraesnseosssscsannns 222
Material Selection Guide........cccvvveeerecmrcereerrcrrscsseennnne 224
REfEreNCES.......ccoeecerrerreecrernreseanstseasssensessssraassarsntsssnnen 225
10: Tribology, 226
Introduction 227
Contact Mechanics 227
Two-dimensional (Line) Hertz Contact of Cylinders..... 227
Three-dimensional (Point) Hertz Contact..........cccoeseene. 229
Effect of Friction on Contact Stress........ccccvvreracersoreannnns 232



Yield and Shakedown Criteria for Contacts ................... 232
Topography of Engineering Surfaces ......ceseecssences 233

Definition of Surface Roughness........ccocviniiirvinniecenan 233

Contact of Rough Surfaces .........ccovmvrninneerciccnnvnsennenens 234

Life FACIOTS.....ccoreererereremrseneasscssresnnsssssssssencesnsasasesansonassen 234
Friction 235
Wear 235
Lubrication 236
References 237
11: Vibration, 238
Vibration Definitions, Terminology, and

Symbols 239
Solving the One Degree of Freedom System.......... 243
Solving Multiple Degree of Freedom Systems ....... 245
Vibration Measurements and Instrumentation..... 246
Table A: Spring Stiffness 250

Table B: Natural Frequencies of Simple Systems.. 251
Table C: Longitudinal and Torsional Vibration ef

Uniform Beams 252
Table D: Bending (Transverse) Vibration of
Uniform Beams 253
Table E: Natural Frequencies of Multiple DOF
Systems 254
Table F: Planetary Gear Mesh Frequencies .......... 255
Table G: Rolling Element Bearing Frequencies
and Bearing Defect Frequencies ............. S— 256
Table H: General Vibration Diagnostic
Frequencies 257
References 258
12: Materials, 259
Classes of Materials 260
Definitions 260
Metals 262
StEelS.... i rcre e e e sae e enee 262
TOOL SEEEILS .....crerenrsrearerrnerersaaresrersessessesssessesseseessasansersneses 264
CaSt ITON......eerereerecrererseneesenesrenessnesssscresssnesssesenesnnensassras 265
Stainless Steels......uirnveereneririrercrreeesrreree s aeeeennes 266
SUPETALIOYS ..ccoeeneiieamrmeieininrererte sttt sesaes 268
Aluminum AJIOYS .....cccovercmrvareseessnennsssesessssmessesaseassesssnses 269
JOINIDE...ccmrrerrerrirerrre st assenssase st s s n e s snennrone 270
COALIES ...eveveeemscrerrraneretrnrerstescrescssstsssssasrsasssssssssnsnersnens 273
COITOSION ....oveevrerernerererescmrenanscssansnesssassonsnesersssnenssnsesaneas 276
Powder Metallurgy ........ccccocervemincnensensscsnnssinininnasceccens 279
Polymers 281
Ceramics 284

viii

Mechanical Testing 284
Tensile TEStNE ...cvverremrsirstsrecneeeeernrrcreserseenssseenssnesaarsenn 284
Fatigue TeStiNg.....cccvivemrversiercneeeacannarsersneseserseseenssnesssansnas 285
Hardness TeStNE.......ccceovciiriinceiinarcsnrenssenenssesssesseenss 286
Creep and Stress Rupture Testing..........cooorveererneecerenns 287

Forming 288

Casting 289

Case Studies 290
Failure Apalysis.....ccocoveremisnrccmnnrnrnssscerereneesescrerenansannes 290
COITOSION wecevirincnrreenisstssesesmsscsencamntrseseesssessassssnsssrasssssss 291

References 292

13: Stress and Strain, 294

Fundamentals of Stress and Strain......ce.csssecerssscsee 295
INETOAUCHON........cereeerrerirtrnsneneccrreresesereressessssevesvessaseene 295
Definitions—Stress and Strain ...........ococvveeveerrereerercnenn. 295
EqUIilIDIIUM ...c.coeecrerrerec e ese s esens 297
Compatibility .....c.cvesivereesereiernnerrenineniesesse e sesessesenessees 297
Saint-Venant’s PrinCiple.......cccoecvvirreererrsnerensssuseensseenens 297
SUPETPOSILION ...ccoururreecemrerrisenerererrerresrsesesmsnsassssssssesssssans 298
Plane Stress/Plane Strain ............cocovveeeesinivineseeresennsacenes 298
Thermal STrESSES....ccccevvereriereirrnerrerisrresesssssasonsesssnsassenss 298

Stress Concentrations 299
Determination of Stress Concentration Factors............... 300

Design Criteria for Structural Analysis ......ccccrsseeee 305
General Guidelines for Effective Criteria........c.vcevenene. 305
Strength Design Factors....c.eeecevuvveereeennrcrnnsssenseenessnnns 305

Beam Analysis 306
Limitations of General Beam Bending Equations.......... 307
Short Beams........coocieinriiieeccnrrreesessensesseesssnessnessrenens 307
Plastic Bending ........ccccooeereeveninirvinissserersessesssesesssessesssses 307
TOTSION «...ovrurevrnenerersrensneerasenn e s sassssresessasssnsseseasessnsens 308

Pressure Vessels 309
Thin-walled CYLINAETS .......ccoeueerevreccrvrmrersercnsrsnssrssssenes 309
Thick-walled Cylinders .........ccccoevueeeireevrerrsnsvecseennennes 309

Press Fits Between Cylinders 310

Rotating Equipment 310
ROtating DISKS ......ccenurereececnirnerrmmnessncssseasasnssssssssssssesssees 310
Rotating Shafis.........ccceererrrnrerinrirrrescreneerersssssesarsesesens 313

Flange Analysis 315
Flush FIanges......c.cceeceeecreermiiiietecrecesssnessneseesseessesnens 315
Undercut FIanges .........cccccceeemercesvirerunsnerenseeseresescesensassens 316

Mechanical Fasteners 316
Threaded Fasteners .........cc.coveviecevnvinnencesinessrssevaesenesnas 317
PIDS oottt et s s ennns 318
RIVELS c...oricniiiiicrieriiinsseesctni et evsesesseseesness s enns 318

Welded and Brazed Joints 319

Creep Rupture 320

Finite Element Analysis 320



OVEIVIBW ..o rereceetrecseeesteessnensresnsenssesersmssasmesssenesassnnsss 321
The EIements .......c.coveeimiiienicnctecercncnnesereenenens 321
Modeling Techniques..........ocvreeerecrceseresrnrmnmrsesssessraracesss 322
Advantages and Limitations of FEM..........c.ccececevveeenaans 323
Centroids and Moments of Inertia for Common
Shapes 324
Beams: Shear, Moment, and Deflection Formulas
for Common End Conditions 325
References 328
14: Fatigue, 329
Introduction 330
Stages of Fatigue 330
Design Approaches to Fatigue 331
Crack Initiation Analysis 331
Residual SIresSSes ......covvvirvverernreranerierssiseseassmstrsnsassesnons 332
NOTCRES ..o vermtirreremrenrnemssereest s s ecne st e e erenes 332
Real World Loadings .........ccceereniersenmecnsasnnesincsansnnans 335
Temperature INferpolation ...........c.cvvemvrcseanninnennnn 337
Material SCaALLEr........c.cccvrermsirsecrrnresintssnsresessrersseseaessssssse 338
Estimating Fatigue Properties..........ouervueccsemisescnnncisinns 338
Crack Propagation Analysis 338
K—The Stress Intensity Factor .........cccoecvicernimncnininnnas 339
Crack Propagation Calculations .........cuuveeveceiserecensnraees 342
Creep Crack GroWth .....vvosceeeresneesssissnenseesssnesnsesncssens 344
Inspection Techniques 345
Fluorescent Penetrant Inspection (FPI) ........c.occcveeveeenne 345
Magnetic Particle Inspection (MPI)..........c...ccouirenmraensene 345
Radiography ........ccvcveerrriicstrnnnnisisinsennsersssessescssasesns 345
Ultrasonic InSpection......cccceevvverumsesisnenmnnnssssmssnesscccssensens 346
Eddy-current INSPeCtion........cc.cceuvrermsssserseerensrssesenscranans 347
Evaluation of Failed Parts........c.occoeeceevnnnincnnvrcinnenens 347
Nonmetallic Materials 348
Fatigue Testing 349
Liability Issues 350
References 350
15: Instrumentation, 352
Introduction 353
Temperature Measurement 354
Fluid Temperature Measurement.........cceeerueeevvecasscscseraes 354
Surface Temperature Measurement ..........ccoeceeseresacscenens 358
Common Temperature SENSOrS........cocvrveerrrrecsserssnessncsse 358
Pressure Measurement 359
Total Pressure Measurement.............coercevresrecsanncsnssseses 360
Static/Cavity Pressure Measurement ..........c.coeecreseccsunnns 361

Strain Measurement 362
The Electrical Resistance Strain Gauge............ocoveceerunne 363
Electrical Resistance Strain Gauge Data Acquisition..... 364

Liquid Level and Fluid Flow Measurement .......... 366
Liquid Level Measurement.............cceeerrrcrseereencsessinnaes 366
Fluid Flow Measurement............cceeveeereresmrmssenssesessnsnsene 368

References 370

16: Engineering Economics, 372

Time Value of Money: Concepts and Formulas .... 373

Simple Interest vs. Compound Interest.........ovvrrerereeneeene 373
Nominal Interest Rate vs. Effective Annual
Interest Rate.........cocveeeeiecercereccraeecs e rensseeceesenenenns 374
Present Value of a Single Cash Flow To Be Received
inthe FUMTe........coconie e esee e seeesesesannns 374
Future Value of a Single Investment..........ceeeceverereerene. 375
The Importance of Cash Flow Diagrams............ccccounn.... 375
Analyzing and Valuing Investments/Projects with
Multiple or Irregular Cash FIows .....ccoovvvvueererereennnns 375
PEIPELUILIES ouvveeveeriiniscecseneceseierecsesesionessense s sssnseens 376
Future Value of a Periodic Series of Investments........... 377
Annuities, Loans, and Leases ......cccoceevivveenreeersmrsnnenne 377
Gradients (Payouts/Payments with Constant
Growth Rates)....c.cccoeeeecemirccnenienee e rcnssssesesenesenons 378
Analyzing Complex Investments and
Cash Flow Problems.........ccoouevveveveeccricnnecssenana. 379
Decision and Evaluation Criteria for Investments
and Financial Projects 380
Payback Method ..........covterermmerencccrcriniesereseecssnenes 380
Accounting Rate of Return (ROR) Method.................... 381
Internal Rate of Return (IRR) Method..............cocveeennee. 382
Net Present Value (NPV) Method..........cocvvemeeeenrierrnn. 383
Sensitivity Analysis 384
Decision Tree Analysis of Investments and
Financial Projects 385
Accounting Fundamentals 389
References and Recommended Reading .......eevsseeee 393
Appendix, 394
Conversion Factors 395
Systems of Basic Units 399
Decimal Multiples and Fractions of SI units ......... 399
Temperature Conversion Equations........ccccceeseennee. 399
Index, 400







Bhabani P. Mohanty, Ph.D., Development Engineer, Allison Engine Company

Fluid Properties
Density, Specific Volume, Specific Weight,

Specific Gravity, and Pressure...........ccvuveeicresenseacnnens
Surface TenSION ......covvrvrieireseeressecnrsneen s ssssesessens
Vapor Pressure...........
Gas and Liquid ViSCOSILY .....cccvvrmeererserisnsurassecsnsasnsnenssnanas
Bulk Modulus.........coonereeeeccememnmertesssseeeseseseseseansans
CompresSibility .....cc.coceeemrrereeememeseneiinieesssensenssssosesns
Units and Dimensions ........ccccecveresmmsnsecsssnssssesmsnssiens

Fluid Statics
Manometers and Pressure Measurements ........c..oceeeeerenens

Hydraulic Pressure on Surfaces.......c.uvovesiensnsecsnsenansesns
BUOYANCY ...ecvoncerranrsnerissnessscsssissescsnsessssessssssnsmsssssssansnsesss

Basic Equations
Continuity BQUAation .........c.cccevveeveniseicssnsesnenisisosisssssanas
Euler’s EQUAtiON .........ccvoveeerercenenimsentossersnesmsnssenessssssssescas
Bernoulli’s EQUAtion........c.covovicsiemsesscennensssseosssnonesessssens
Energy BEQUation ..........cvcemenersernesnsscsesnsssssmesssmnsnenss
Momentum EQUation..........ccoeecurisnnsererescensamssssissenessees
Moment-of-Momentum Equation .............coccevrecverererunnen.

Advanced Fluid Flow Concepts
Dimensional Analysis and Similitude............ccoeeverreerannnes

Nondimensional Parameters..............ccecoeeereneerersesenssensseees
Equivalent Diameter and Hydraulic Radius.....................
Pipe Flow
Friction Factor and Darcy Equation.........cco.evveeecrseeseane
Losses in Pipe Fittings and Valves..........ccccuvinuieecvcennnes
Pipes iN SEIES ..cvcceremrcemrrereirrvereressersnensserassssansnssessessesnas
Pipes in Parallel............cooeicoirrssresecnrrececnsannnnsssesessesnes
Open-Channel Flow
Frictionless Open-Channel Flow............cccoueeerisernsnsernnnne
Laminar Open-Channel Flow..........ccocvnieroiernrenverrecenens
Turbulent Open-Channel Flow...........c.cececeutntieenenreensrensee
Hydraulic JUmp .....ccocoiiiceccciireceeneserececasesnsenesesnessss s
Fluid Measurements
Pressure and Velocity Measurements............ccoeseeerererenene
Flow Rate Measurement.............c.ceerererrererunene
Hot-Wire and Thin-Film Anemometry ............cocveeevererenee
Open-Channel Flow Measurements..........oooevererenerersnene
Viscosity MEasurements.............cccoeeresseerseresereserensaseesss
Other Topics
Unsteady Flow, Surge, and Water Hammer .....................
Boundary Layer COnCEPIS.........coverssisreassirmnesmnsmsscessseanss
Lift and Drag........oovcrereemmmccirninenenns
Oceanographic FIOWS..........cccoveveenrernresenrnnsesssessssnnnenss




2 Rules of Thumb for Mechanical Engineers

FLUID PROPERTIES

A fluid is defined as a “substance that deforms contin-
uously when subjected to a shear stress” and is divided into
two categories: ideal and real. A fluid that has zero vis-
cosity, is incompressible, and has uniform velocity distri-
bution is called an ideal fluid. Real fluids are called either
Newtonian or non-Newtonian. A Newtonian fluid has a lin-

ear relationship between the applied shear stress and the
resulting rate of deformation; but in a non-Newtonian
fluid, the relationship is nonlinear. Gases and thin liquids
are Newtonian, whereas thick, long-chained hydrocar-
bons are non-Newtonian.

Density, Specific Volume, Specific Weight, Specific Gravity, and Pressure

The density p is defined as mass per unit volume. In in-
consistent systems it is defined as lbm/cft, and in consis-
tent systems it is defined as slugs/cft. The density of a gas
can be found from the ideal gas law:

p=p/RT (1)
where p is the absolute pressure, R is the gas constant, and
T is the absolute temperature.

The density of a liquid is usually given as follows:
¢ The specific volume vy is the reciprocal of density:
v=1/p
» The specific weight 7y is the weight per unit volume:
Y=pg

* The specific gravity s of a liquid is the ratio of its
weight to the weight of an equal volume of water at stan-
dard temperature and pressure. The s of petroleum
products can be found from hydrometer readings using
API (American Petroleum Institute) scale.

* The fluid pressure p at a point is the ratio of normal
force to area as the area approaches a small value. Its
unit is usually Ibs/sq. in. (psi). It is also often measured
as the equivalent height h of a fluid column, through
the relation:

p=1h

Surface Tension

Near the free surface of a liquid, because the cohesive
force between the liquid molecules is much greater than that
between an air molecule and a liquid molecule, there is a
resultant force acting towards the interior of the liquid.
This force, called the surface tension, is proportional to the

product of a surface tension coefficient and the length of
the free surface. This is what forms a water droplet or a mer-
cury globule. It decreases with increase in temperature, and
depends on the contacting gas at the free surface.

Vapor Pressure

Molecules that escape a liquid surface cause the evapo-
ration process. The pressure exerted at the surface by these
free molecules is called the vapor pressure. Because this is
caused by the molecular activity which is a function of the
temperature, the vapor pressure of a liquid also is a function

of the temperature and increases with it. Boiling occurs
when the pressure above the liquid surface equals (or is less
than) the vapor pressure of the liquid. This phenomenon,
which may sometimes occur in a fluid system network,
causing the fluid to locally vaporize, is called cavitation.
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Gas and Liquid Viscosity

Viscosity is the property of a fluid that measures its re-
sistance to flow. Cohesion is the main cause of this resis-
tance. Because cohesion drops with temperature, so does
viscosity. The coefficient of viscosity is the proportional-
ity constant in Newton’s law of viscosity that states that the
shear stress 7 in the fluid is directly proportional to the ve-
locity gradient, as represented below:

du
=1 — 2
T=U 2

The p above is often called the absolute or dynamic
viscosity. There is another form of the viscosity coefficient
called the kinematic viscosity v, that is, the ratio of viscosity
to mass density:

v=Wp

Remember that in U.S. customary units, unit of mass den-
sity p is slugs per cubic foot.

A liquid’s compressibility is measured in terms of its bulk
modulus of elasticity. Compressibility is the percentage
change in unit volume per unit change in pressure:

The bulk modulus of elasticity K is its reciprocal:

K=1/C

C dvlv K is expressed in units of pressure.
dp
Compressibility

Compressibility of liquids is defined above. However, for
a gas, the application of pressure can have a much greater
effect on the gas volume. The general relationship is gov-
erned by the perfect gas law:

pvs=RT

where p is the absolute pressure, v, is the specific volume,
R is the gas constant, and T is the absolute temperature.

Units and Dimensions

One must always use a consistent set of units. Primary
units are mass, length, time, and temperature. A unit system
is called consistent when unit force causes a unit mass to
achieve unit acceleration. In the U.S. system, this system is
represented by the (pound) force, the (slug) mass, the (foot)
length, and the (second) time. The slug mass is defined as
the mass that accelerates to one ft/sec? when subjected to one
pound force (Ibf). Newton’s second law, F = ma, establish-
es this consistency between force and mass units. If the

mass is ever referred to as being in Ibm (inconsistent sys-
tem), one must first convert it to slugs by dividing it by
32.174 before using it in any consistent equation.

Because of the confusion between weight (Ibf) and mass
(Ibm) units in the U.S. inconsistent system, there is also a
similar confusion between density and specific weight
units. It is, therefore, always befter to resort to a consistent
system for engineering calculations.
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FLUID STATICS

Fluid statics is the branch of fluid mechanics that deals
with cases in which there is no relative motion between fluid
elements. In other words, the fluid may either be in rest or
at constant velocity, but certainly not accelerating. Since

there is no relative motion between fluid layers, there are
no shear stresses in the fluid under static equilibrium.
Hence, all free bodies in fluid statics have only normal forces
on their surfaces.

Manometers and Pressure Measurements

Pressure is the same in all directions at a point in a sta-
tic fluid. However, if the fluid is in motion, pressure is de-
fined as the average of three mutually perpendicular nor-
mal compressive stresses at a point:

p= (px+py+Pz)/3

Pressure is measured either from the zero absolute pres-
sure or from standard atmospheric pressure. If the reference
point is absolute pressure, the pressure is called the absolute
pressure, whereas if the reference point is standard atmos-
pheric (14.7 psi), it is called the gage pressure. A barom-
eter is used to get the absolute pressure. One can make a
simple barometer by filling a tube with mercury and in-
verting it into an open container filled with mercury. The
mercury column in the tube will now be supported only by
the atmospheric pressure applied to the exposed mercury
surface in the container. The equilibrium equation may be
written as:

p, = 0.491(144)h

where h is the height of mercury column in inches, and 0.491
is the density of mercury in pounds per cubic inch. In the

above expression, we neglected the vapor pressure for
mercury. But if we use any other fluid instead of mercury,
the vapor pressure may be significant. The equilibrium
equation may then be:

Pa = [(0.0361)(s)(h) + pyJ(144)

where 0.0361 is the water density in pounds per cubic
inch, and s is the specific gravity of the fluid. The consis-
tent equation for variation of pressure is

p=1h

where p is in Ib/fi?, v is the specific weight of the fluid in
1b/fi3, and h is in feet. The above equation is the same as p
= Y,sh, where 7, is the specific weight of water (62.4
1b/ft3) and s is the specific gravity of the fluid.

Manometers are devices used to determine differential
pressure. A simple U-tube manometer (with fluid of spe-
cific weight y) connected to two pressure points will have
a differential column of height h. The differential pressure
will then be Ap = (p; — p;) = Yh. Corrections must be
made if high-density fluids are present above the manome-
ter fluid.

Hydraulic Pressure on Surfaces

For a horizontal area subjected to static fluid pressure,
the resultant force passes through the centroid of the area.
If the plane is inclined at an angle 6, then the local pressure
will vary linearly with the depth. The average pressure
occurs at the average depth:

1 .
pavg =§(hl +h2)sm9 (3)

However, the center of pressure will not be at average depth
but at the centroid of the triangular or trapezoidal pressure
distribution, which is also known as the pressure prism.
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Buoyancy

The resultant force on a submerged body by the fluid
around it is called the buoyant force, and it always acts up-
wards. If v is the volume of the fluid displaced by the sub-
merged (wholly or partially) body, 7 is the fluid specific
weight, and Fyoyaq is the buoyant force, then the relation
between them may be written as:

Fbuoyant =vVXYy C))

The principles of buoyancy make it possible to determine
the volume, specific gravity, and specific weight of an un-
known odd-shaped object by just weighing it in two different
fluids of known specific weights 7y, and ¥,. This is possi-
ble by writing the two equilibrium equations:

W=F +vy=F+w, &)

BASIC EQUATIONS

In derivations of any of the basic equations in fluids, the
concept of control volume is used. A control volume is an
arbitrary space that is defined to facilitate analysis of a flow
region. It should be remembered that all fluid flow situa-
tions obey the following rules:

1. Newton’s Laws of Motion
2. The Law of Mass Conservation (Continuity Equation)

3. 1st and 2nd Laws of Thermodynamics
4. Proper boundary conditions

Apart from the above relations, other equations such as
Newton’s law of viscosity may enter into the derivation
process, based on the particular situation. For detailed pro-
cedures, one should refer to a textbook on fluid mechanics.

Continulty Equation

For a continuous flow system, the mass within the fluid
remains constant with time: dm/dt =0. If the flow discharge

Q is defined as Q = A.V, the continuity equation takes the
following useful form:

m=p;A;V=pA;V; ©

Euler’s Equation

Under the assumptions of: (a) frictionless, (b) flow
along a streamline, and (c) steady flow; Euler's equation
takes the form:

% +gdz+vdv=0 (7

When p is either a function of pressure p or is constant, the
Euler’s equation can be integrated. The most useful rela-
tionship, called Bernoulli’s equation, is obtained by inte-
grating Euler’s equation at constant density p.
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Bernoulli’s Equation

Bernoulli’s equation can be thought of as a special form
of energy balance equation, and it is obtained by integrat-
ing Euler’s equation defined above.

2
2+~ +-E = constant ®)
2g pg

The constant of integration above remains the same along
a streamline in steady, frictionless, incompressible flow. The
term z is called the potential head, the term v%/2g is the dy-

namic head, and the p/pg term is called the static head. All
these terms represent energy per unit weight. The equation
characterizes the specific kinetic energy at a given point
within the flow cross-section. While the above form is
convenient for liquid problems, the following form is more
convenient for gas flow problems:

2
'yz+P;—+p=constant ®

Energy Equation

The energy equation for steady flow through a control
volume is:

where gy, is heat added per unit mass and wg,,, is the shaft
work per unit mass of fluid.

2
Pi Vi Pi
+—=+gz+—Uu; =W +—+gz
Gheat o1 g > shaft 0s g
v2
+-2 4w, (10)
2
Momentum Equation

The linear momentum equation states that the resultant
force F acting on a fluid control volume is equal to the rate
of change of linear momentum inside the control volume plus
the net exchange of linear momentum from the control
boundary. Newton’s second law is used to derive its form:

_d(mv)
F—T—LupvdV+ | pvvaa (11)

Moment-of-Momentum Equation

The moment-of-momentum equation is obtained by tak-
ing the vector cross-product of F detailed above and the po-
sition vector r of any point on the line of action, i.e., r X F.
Remember that the vector product of these two vectors is
also a vector whose magnitude is Fr sin0 and direction is

normal to the plane containing these two basis vectors and
obeying the cork-screw convention. This equation is of great
value in certain fluid flow problems, such as in turboma-
chineries. The equations outlined in this section constitute
the fundamental governing equations of flow.
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ADVANCED FLUID FLOW CONCEPTS

Often in fluid mechanics, we come across certain terms,
such as Reynolds number, Prandtl number, or Mach num-
ber, that we have come to accept as they are. But these are
extremely useful in unifying the fundamental theories in this
field, and they have been obtained through a mathematical
analysis of various forces acting on the fluids. The math-
ematical analysis is done through Buckingham’s Pi Theo-
rem. This theorem states that, in a physical system de-
scribed by n guantities in which there are m dimensions,
these n quantities can be rearranged into (n-m) nondimen-
sional parameters. Table 1 gives dimensions of some phys-
ical variables used in fluid mechanics in terms of basic mass
(M), length (L), and time (T) dimensions.

Table 1
Dimensions of Selected Physical Variables

Physlical Variable Symbol Dimension
Force F MLT-2
Discharge Q Lot
Pressure P ML T2
Acceleration a LT2
Density p ML-3
Specific weight Y ML2T-2
Dynamic viscosity n ML1T1
Kinematic viscosity v L2
Surface tension c MT-2
Bulk modulus of elasticity K ML-1T-2
Gravity g LT-2

Dimensional Analysis and Similitude

Most of these nondimensional parameters in fluid me-
chanics are basically ratios of a pair of fluid forces. These
forces can be any combination of gravity, pressure, viscous,
elastic, inertial, and surface tension forces. The flow sys-
tem variables from which these parameters are obtained are:
velocity V, the density p, pressure drop Ap, gravity g, vis-
cosity W, surface tension G, bulk modulus of elasticity K,
and a few linear dimensions of 1.

These nondimensional parameters allow us to make
studies on scaled models and yet draw conclusions on the
prototypes. This is primarily because we are dealing with
the ratio of forces rather than the forces themselves. The
model and the prototype are dynamically similar if (a)
they are geometrically similar and (b) the ratio of pertinent
forces are also the same on both.

Nondimensional Parameters

The following five nondimensional parameters are of
great value in fluid mechanics.

Reynolds Number

Reynolds number is the ratio of inertial forces to viscous
forces:

R=%1. (12)

This is particularly important in pipe flows and aircraft
model studies. The Reynolds number also characterizes dif-
ferent flow regimes (laminar, turbulent, and the transition

between the two) through a critical value. For example, for
the case of flow of fluids in a pipe, a fluid is considered tur-
bulent if R is greater than 2,000. Otherwise, it is taken to
be laminar. A turbulent flow is characterized by random
movement of fluid particles.

Froude number is the ratio of inertial force to weight:

F=—

7
This number is useful in the design of spillways, weirs, chan-
nel flows, and ship design.

(13)
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Weber number is the ratio of inertial forces to surface ten-
sion forces.

VZp
o

W= (14)

This parameter is significant in gas-liquid interfaces where
surface tension plays a major role.

Mach number is the ratio of inertial forces to elastic forces:

(15)

where c is the speed of sound in the fluid medium, k is the
ratio of specific heats, and T is the absolute temperature. This
parameter is very important in applications where velocities
are near or above the local sonic velocity. Examples are fluid
machineries, aircraft flight, and gas turbine engines.

Pressure Goefficient

Pressure coefficient is the ratio of pressure forces to in-
ertial forces:

Ap Ah
C, = = 16
P opV¥2 pVi2g (16)

This coefficient is important in most fluid flow situations.

Equivalent Diameter and Hydraulic Radius

The equivalent diameter (Deg) is defined as four times
the hydraulic radius (ry). These two quantities are widely
used in open-channel flow situations. If A is the cross-sec-
tional area of the channel and P is the wetted perimeter of
the channel, then:

If a pipe is not flowing full, carc should be taken to com-
pute the wetted perimeter. This is discussed later in the sec-
tion for open channels. The hydraulic radii for some com-
mon channel configurations are given in Table 2.

A Table 2

L= F an Hydraulic Radii for Common Channel Configurations

Note that for a circular pipe flowing full of fluid, Cross-Section ,h

D =4 4(nD?/ 4) -D Circular pipe of diameter D D/4

eq = ¥Ip = oD Annular section of inside dia d and outside dia D (O -dy4

Square duct with each side a a/4

and for a square duct of sides and flowing full, Rectangular duct with sides a and b a/4
Elliptical duct with axes aand b {ab)/K(a + b)

4a? Semicircle of diameter D D/4
D, =4n, = a2 Shallow flat layer of depth h h
PIPE FLOW

In internal flow of fluids in a pipe or a duct, considera-
tion must be given to the presence of frictional forces act-
ing on the fluid. When the fluid flows inside the duct, the

layer of fluid at the wall must have zero velocity, with pro-
gressively increasing values away from the wall, and reach-
ing maximum at the centerline. The distribution is parabolic.
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Friction Factor and Darcy Equation

The pipe flow equation most commonly used is the
Darcy-Weisbach equation that prescribes the head loss hg
to be:

2
he=f LV (18)
D 2g
where L is the pipe length, D is the internal pipe diameter,
V is the average fluid velocity, and f is the Moody friction
factor (nondimensional) which is a function of several
nondimensional quantities:

D

u
where (pV D/p) is the Reynolds number R, and € is the spe-
cific surface roughness of the pipe material. The Moody fric-

(19)

tion chart is probably the most convenient method of get-
ting the value of f (see Figure 1). For laminar pipe flows

(Reynolds number R less than 2,000), f = -6R—4, because

head loss in laminar flows is independent of wall roughness.
If the duct or pipe is not of circular cross-section, an
equivalent hydraulic diameter D,y as defined earlier is
used in these calculations.
The Swamy and Jain empirical equation may be used to
calculate a pipe design diameter directly. The relationship is:
LQ?

0.04
D=0.66 [e‘-zs ( )4.75 +vQ% (—L—)”} (20)
' h gh;

where € is in ft, Q is in cfs, L is in ft, v is in ft¥/s, g is in
ft/s2, and hg is in ft.1b/1b units.
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Losses in Pipe Fittings and Valves

In addition to losses due to friction in a piping system,
there are also losses associated with flow through valves and
fittings. These are called minor losses, but must be ac-
counted for if the system has a lot of such fittings. These
are treated as equivalent frictional losses. The minor loss
may be treated either as a pressure drop Ap = -KpV?%2 or
as a head loss Ah = —-KV?/(2g). The value of the loss co-
efficient K is obtained through experimental data. For
valves and fittings, manufacturers provide this value. It may
also be calculated from the equivalent length concept: K =
fL/D, where L. is the equivalent pipe length that has the
same frictional loss. Table 3 gives these values for some
common fittings.

For sudden enlargements in a pipe from diameter D, to
a larger diameter D,, the K value is obtained from:

K =[1 - (Dy/Dy?*P

For sudden contractions in the pipeline from a larger di-
ameter D, to a smaller diameter D,, the value of the loss
coefficient is:

Table 3
K Values for Common Fittings

Type of Fitting K L./D
45-degree elbow 0.35 17
90-degree bend 0.75 35
Diaphragm valve, open 230 115
Diaphragm valve, half open 4.30 215
Diaphragm valve, % open 21.00 1050
Gate valve, open 0.17 9
Gate valve, half open 4.50 225
Globe valve, wide open 6.40 320
Globe valve, half open 9.50 475
Tee junction 1.00 50
Union and coupling 0.04 2
Water meter 7.00 350

K =[1 - (D/DY)/2

The above relations should serve as guidelines. Correc-
tions should be made for enlargements and contractions that
are gradual. Use values of K for fittings whenever fur-
nished by the manufacturer.

Pipes connected in tandem can be solved by a method of
equivalent lengths. This procedure lets us replace a series
pipe system by a single pipeline having the same discharge
and the same total head loss. As an example, if we have two
pipes in series and if we select the first section as reference,
then the equivalent length of the second pipe is obtained by:

@1

The values of f; and f, are approximated by selecting a dis-
charge within the range intended for the two pipes.

Pipes in Parallel

A common way to increase capacity of an existing line is
to install a second one parallel to the first. The flow is divided
in a way such that the friction loss is the same in both (in se-
ries pipes, these losses are cumulative), but the discharge is
cumulative. For an illustration of three pipes in parallel:

hg =hg; =hyg, pe;try + Zegery — (% + zexit) (22)

Q=Q:+Q:+Q; (23)

where Zy and z.,; are elevations at the two points.

If discharge Q is known, then the solution procedure uses
this equal loss principle iteratively to find the solution
(flow distribution and head loss).

The pipe network system behaves in an analogous fash-
ion to a DC electrical circuit, and can be solved in an anal-
ogous manner by those familiar with the electrical circuit
analysis.
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OPEN-CHANNEL FLOW

Study of open channels is important in the study of river
flow and irrigation canals. The mechanics of flow in open
channels is more complicated than that in pipes and ducts
because of the presence of a free surface. Unlike closed con-
duit flow, the specific roughness factor € for open-channel
flows is dependent on the hydraulic state of the channel. The

flow is called uniform if the cross-section of the flow
doesn’t vary along the flow direction. Most open-channel
flow situations are of turbulent nature. Therefore, a major
part of the empirical and semi-empirical study has been done
under the full turbulence assumption (Reynolds number R
greater than 2,000 to 3,000).

Frictionless Open-Channel Flow

Flow in Venturi Flume

In the case of flow in a Venturi flume (Figure 2), where
the width of the channel is deliberately changed to measure
the flow rate, we can obtain all relations by applying
Bernoulli’s equation at the free surface, and the continuity
equation, which are:

Free Surface
vy 7
> |n >V, (Side View)
hy
IS TSI /77
Vi —> — V2 (Top View)
by ¥ ) )

Figure 2. Flow in a Venturi flume.

V2/2+gh, = VZ/2 +gh,

Q=Vjbjh, =V;b,h,

Q _ h, —h,
2g 1/ b§h§ -1/ bfhf
Flow Over a Channel Rise

In the case of flow in a constant width (b) horizontal rec-
tangular channel with a small rise on the floor (Figure 3),
the relations are:

Free Surface
Y

Figure 3. Open-channel flow over a rise.

V22 +gh, =VZ/2+g (h, +8)

Q = Vlbhl = V2bh2

Q2 N QZ
23,2 _hl 21,2
2gb”h; 2gbh;

+(h, +9)

Note that the sum of the two terms h + Q%/(2gb?h?) is
called the specific head, H. The critical specific head H, and
the critical depth h, can be found by taking the derivative
of above term and equating it to zero.

hd= 9_2_
c gb2
H,=3h/2

Note that for a given specific head and flow rate, two dif-
ferent depths of h are possible. The Froude number V/(gh)
specifies the flow characteristics of the channel flow. If it is
less than unity, it is called subcritical, or tranquil, flow. If it
is more than unity, it is called supercritical, or rapid, flow.
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Flow Through a Siuice Gate

In the case of flow generated when a sluice gate that retains

water in a reservoir is partially raised (Figure 4), by combining
Bernoulli’s equation and the continuity equation we get:

Q2
hy=—>—+h
07 2gb%n?

y_

Figure 4. Flow through a sluice gate.

The maximum flow rate is given by:

84w

Here too, the Froude number is a measure of flow rate. Max-
imum flow rate is present when the Froude number is
unity. By raising the gate from its closed position, the flow
discharge is increased until a maximum discharge is ob-
tained, and the depth downstream is two-thirds of the reser-
voir depth. If the gate is raised beyond this critical height,
the flow rate actually drops.

The above analysis and observation is also true for flow
over the crest of a dam, and the same equation for max flow
rate is valid—where hy is the water level in the reservoir
measured from the crest level, and h is the water level
above the crest.

Laminar Open-Channel Flow

Considering the effects of viscosity, the steady laminar
flow down an inclined plane (angle o), the velocity distri-
bution is given by:

u=P8 2h-y)ysina
2u

where y is the distance from the bottom surface of the
channel (in a direction perpendicular to the flow direc-
tion). The volume flow per unit width (q) is given by:

h -
q='f0udy=%h3 sin o

Turbulent Open-Channel Flow

The wall shear stress 1,, due to friction in a steady, uni-
form, one-dimensional open-channel flow is given by:

Ty = pg (sin o) A/P

where A is the cross-sectional area of the channel, P is the
wetted perimeter, and o is the downward sloping angle.

Hydraulic Jump

When a rapidly flowing fluid suddenly comes across a
slowly flowing channel of a larger cross-sectional area, there
is a sudden jump in elevation of the liquid surface. This hap-
pens because of conversion of kinetic energy to potential
energy, the transition being quite turbulent. This phenom-
enon of steady nonuniform flow is called the hydraulic jump.

By applying the continuity and momentum equations, the
increased depth y, can be expressed as:

2Vl2 Y1
g

=+

s,

Y1
=—2Ll4
Y2 2



The subscripts 1 and 2 represent flow conditions before
and after the hydraulic jump. Through the energy equation,
the losses due to this hydraulic jump as represented by hyym,
can be found:

_G -y
e 4y,y,

This phenomenon is often used at the bottom of a spillway
to diffuse most of the fluid kinetic energy, and also as an
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effective way of mixing in a mixing chamber.
The Froude numbers F; and F, for a rectangular chan-
nel section before and after the jump are related by:

P 2V2 F,

B (J1+8F12 ~1)"3)

where the dimensionless Froude number F = V/Vgy. The
Froude number before the jump is greater than 1, and is less
than 1 after the jump.

FLUID MEASUREMENTS

Total energy in a fluid flow consists of pressure head, ve-
locity head, and potential head:
2
H=L+ 1 4,
P 2g

The gravitational head is negligible; hence, if we know two
of the three remaining variables (H, p, and V), we can find
the other. In addition to the above, flow measurement also
involves flow discharge, turbulence, and viscosity.

Pressure and Velocity Measurements

Static pressure is measured by either a piezometer open-
ing or a static tube (Figure 5 [a]). The piezometer tap, a
smooth opening on the wall normal to the surface, can
measure the pressure head directly in feet of fluid: hy = p/p.
In the flow region away from the wall, the static tube probe
may be introduced, directed upstream with the end closed.
The static pressure tap must be located far enough down-
stream from the nose of the probe. The probe must also be
aligned parallel to the flow direction.

Stagnation pressure (or “total pressure”) is measured by
a pitot tube (Figure 5 [b]), an open-ended tube facing directly

e —

v
-5

(a) Static tube and piezometer

(b) Pitot tube

into the flow, where the flow is brought to rest isentropically
(no loss). At this point of zero velocity, p,= p + pV%2. Often,
both the static tube and the pitot tube are combined to make
one “pitot-static” probe (Figure 5 [c]), which will in effect
measure velocity of the flow. The two ends are connected
to a manometer whose fluid has a specific gravity Sy. By ap-
plying Bernoulli’s equation between the two points:

V=.2(p, - p)/p =+2gAh (S, —S)/S

static
ressure
L P p

(c) Pitot-static tube

total
pressure py

Figure 5. Pressure and velocity measurements.
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If the pitot probe is used in subsonic compressible flow, the
compressible form of the stagnation pressure should be used:

y-1 2)71(7—1)
=p[1+1=—M
P. P( >

By knowing the stagnation and static pressures, and
also the static temperature, the mach number at that point
can also be found:

M = V/a = V/,{RT

Rate Measurement

Flow rate in a Venturi meter (Figure 6 [a]) is given by:

Q=C A 2 (pl_pZ)/p+g(Zl_Z2)
v (1— A3/A})

Flow rate in a flow nozzle (Figure 6 [b]) is given by:

0—C A ,[Z{_(qu_)_}

T Ap L(1- A/AD)

Flow rate in an orifice meter (Figure 6 [c]) is given by:

_ 2[ (p—py)
Q_C°A°\/p{a—AélA%>]

where C,, C,,, and C; are the corresponding discharge co-
efficients for the three types of meters, and are functions
of the Reynolds number. These are obtained through ex-
perimental tests.

(a) Venturi meter

(b) Flow nozzle

(c) Orifice Meter

Figure 6. Flow measurement devices.

Hot-Wire and Thin-Film Anemometry

Air velocities may be measured by vane anemometers
where the vanes drive generators that directly indicate the air
velocity. They can be made very sensitive to extremely low
air currents. Gas velocities may be measured with hot-wire
anemometers. The principle of operation of these devices is
the fact that the resistance to flow of electricity through a thin
platinum wire is a function of cooling due to air around if.

ref [1 +a (Twm: - Tref)]
I Ryire = hA (Tyire — Thinia)

Ryire =

where h is the convective heat transfer coefficient between
wire and gas, A is wire surface area, I is the current in am-
peres, R is resistance of the wire, and T is temperature.

The same principle is applied in hot-film anemometers
to measure liquid velocities. Here the probe is coated with
a thin metallic film that provides the resistance. The film
is usually coated with a very thin layer of insulating mate-
rial to increase the durability and other problems associat-
ed with local boiling of the liquid.
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Open-Channel Flow Measurements

A weir is an obstruction in the flow path, causing flow to
back up behind it and then flow over or through it (Figure 7).
Height of the upstream fluid is a function of the flow rate.
Bernoulli’s equation establishes the weir relationship:

Q=C§L J2gH® =C LHY

where C, is the contraction coefficient (3.33 in U.S. units
and 1.84 in metric units), L is the width of weir, and h is

the head of liquid above the weir. Usually, a correction co-
efficient is multiplied to account for the velocity head. For
a V-notch weir, the equation may be written as:

8
Queorsicn = 75 28 tan (¢/2) H**
For a 90-degree V-notch weir, this equation may be ap-
proximated to Q = C,H?5, where C, is 2.5 in U.S. units and
1.38 in metric units.

{ EIW

Figure 7. Rectangular and V-notch weirs.

Viscosity Measurements

Three types of devices are used in viscosity measure-
ments: capillary tube viscometer, Saybolt viscometer, and ro-
tating viscometer. In a capillary tube arrangement (Figure 8),

_ ApnD*
128QL

The reservoir level is maintained constant, and Q is deter-
mined by measuring the volume of flow over a specific time

o

/"7 ,/,/ .

G

Figure 8. Capillary tube viscometer.

N\

period. The Saybolt viscometer operates under the same
principle.

In the rotating viscometer (Figure 9), two concentric
cylinders of which one is stationary and the other is rotat-
ing (at constant rpm) are used. The torque transmitted from
one fo the other is measured through spring deflection.

Constant d
Temperature =45 R
Bath 1

Figure 9. Rotating viscometer.
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The shear stress T is a function of this torque T. Knowing Td
shear stress, the dynamic viscosity may be calculated from 1= 27R°ho
Newton’s law of viscosity.

OTHER TOPICS

Unsteady Flow, Surge, and Water Hammer

Study of unsteady flow is essential in dealing with hy-
draulic transients that cause noise, fatigue, and wear. It deals
with calculation of pressures and velocities. In closed cir-
cuits, it involves the unsteady linear momentum equation
along with the unsteady continuity equation. If the nonlinear
friction terms are introduced, the system of equations be-
comes too complicated, and is solved using iterative, com-
puter-based algorithms.

Surge is the phenomenon caused by turbulent resistance
in pipe systems that gives rise to oscillations. A sudden re-

duction in velocity due to flow constriction (usually due to
valve closure) causes the pressure to rise. This is called water
hammer. Assuming the pipe material to be inelastic, the time
taken for the water hammer shock wave from a fitting to the
pipe-end and back is determined by: t = (2L)/c; the corre-
sponding pressure rise is given by: Ap = (pcAv)/g,.

In open-channel systems, the surge wave phenomenon
usually results from a gate or obstruction in the flow path.
The problem needs to be solved through iterative solution
of continuity and momentum equations.

Boundary Layer Goncepts

For most fluids we know (water or air) that have low vis-
cosity, the Reynolds number pU L/ is quite high. So in-
ertia forces are predominant over viscous ones. However,
near a wall, the viscosity will cause the fluid to slow down,
and have zero velocity at the wall. Thus the study of most
real fluids can be divided into two regimes: (1) near the wall,
a thin viscous layer called the boundary layer; and (2)
outside of it, a nonviscous fluid. This boundary layer may
be laminar or turbulent. For the classic case of a flow over
a flat plate, this transition takes place when the Reynolds

number reaches a value of about a million. The boundary
layer thickness d is given as a function of the distance x from
the leading edge of the plate by:

5.0x

8= A PU x/p

where U and p are the fluid velocity and viscosity, respec-
tively.

Lift and Drag

Lift and drag are forces experienced by a body moving
through a fluid. Coefficients of lift and drag (C; and Cp)
are used to determine the effectiveness of the object in
producing these two principal forces:

L= %szAC,_

D= %szACD

where A is the reference area (usually projection of the ob-
ject’s area either parallel or normal to the flow direction),
p is the density, and V is the flow velocity.
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Oceanographic Flows

The pressure change in the ocean depth is dp = pgD, the
same as in any static fluid. Neglecting salinity, compress-
ibility, and thermal variations, that is about 44.5 psi per 100
feet of depth. For accurate determination, these effects must
be considered because the temperature reduces nonlinear-
ly with depth, and density increases linearly with salinity.

The periods of an ocean wave vary from less than a
second to about 10 seconds; and the wave propagation
speeds vary from a ft/sec to about 50 ft/sec. If the wave-
length is small compared to the water depth, the wave
speed is independent of water depth and is a function only
of the wavelength:

c=4/g/2n VL

Tide is caused by the combined effects of solar and lunar
gravity. The average interval between successive high wa-
ters is about 12 hours and 25 minutes, which is exactly one
half of the lunar period of appearance on the earth. The lunar
tidal forces are more than twice that of the solar ones. The
spring tides are caused when both are in unison, and the neap
tides are caused when they are 90 degrees out of phase.
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INTRODUCTION

This chapter will cover the three basic types of heat
transfer: conduction, convection, and radiation. Addition-
al sections will cover finite element analysis, heat ex-
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Table 2

Physical Constants Important in Heat Transfer

changers, and two-phase heat transfer. Constant Name Value Units
Parameters commonly used in heat transfer analysis are =~ Avagadro’s number 6.022169*10% Kmot
. . . . . Gas constant 53.3 ft-Ib/ibm/°F
listed in Table 1 along with their symbols and units. Table  pianis constant 6.62619610-% s
2 lists relevant physical constants. Boltzmann constant 1.380622'102 JK
Speed of light in vacuum 91372300 ft/sec
Stefan-Boltzmann constant 1.712*109 Btu/hr/sq.ft/°R*
Table 1 1 atm pressure 14.7 psi
Parameters Commonly Used in Heat Transfer Analysis
Parameters Units Symbols
Length feet L
Mass pound mass m
Time hour or seconds T
Current ampers |
Temperature Fahrenheit or Rankine T
Acceleration feet/secs? a
Velocity ft/sec Vv
Density pound/cu. ft P
Area sq. feet A
Volume cubic feet v
Viscosity lbm/ft/sq. sec u
Force pound F
Kinematic viscosity feet?/sec? v
Specific heat Btu/hr/lb/°F Cp
Thermal conductivity Btu. in/ft2/hr/°F k
Heat energy Btu Q
Gonvection coefficient Btu/sq. ft/hr/°F h
Hydraulic diameter feet Dy
Gravitational constant Ibm.ft/Ibf.sec? g
GONDUCTION
Single Wall Gonduction
If two sides of a flat wall are at different temperatures, _ k (T -T,) Ar
conduction will occur (Figure 1). Heat will flow from the Q Thickness = @ > ca

hotter location to the colder point according to the equation:
For a cylindrical system, such as in pipes (Figure 2), the

equation becomes:
T, Q IT,
—_
To - Tl
Q =2n (k) (Iength) W
— X o 1

Figure 1. Conduction through a single wall.
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Figure 2. Conduction through a cylinder.

The equation for cylindrical coordinates is slightly dif-
ferent because the area changes as you move radially out-
ward. As Figure 3 shows, the temperature profile will be
a straight line for a flat wall. The profile for the pipe will
flatten as it moves radially outward. Because area increases
with radius, conduction will increase, which reduces the
thermal gradient. If the thickness of the cylinder is small,
relative to the radius, the cartesian coordinate equation
will give an adequate answer. Thermal conductivity is a ma-
terial property, with units of

Btu
(hr) (foot) (°F)
FLAT WALL CYLINDER
Temp. Temp.
X Radius

Figure 3. Temperature profile for flat wall and cylinder.

Tables 3 and 4 show conductivities for metals and com-
mon building materials. Note that the materials that are good
electrical conductors (silver, copper, and aluminum), are also
good conductors of heat. Increased conduction will tend to
equalize temperatures within a component.

Example. Consider a flat wall with:
Thickness = 1 foot

Table 3
Thermal Conductivity of Various Materials at 0°C
Thermal conductivity
k
Material W/m+°C Btu/h-ft-°F
Metals:
Silver (pure) 410 237
Copper (pure) 385 223
Aluminum (pure) 202 117
Nickel (pure) 93 54
Iron (pure) 73 42
Carbon steel, 1% C 43 25
Lead (pure) 35 20.3
Chrome-nickel steel 16.3 9.4
(18% Cr, 8% Ni)
Nonmetallic solids:
Quartz, parallel to axis 41.6 24
Magnesite 4.15 24
Marble 2.08-2.94 1.2-1.7
Sandstone 1.83 1.06
Glass, window 0,78 0.45
Maple or oak 0.17 0.096
Sawdust 0.059 0.034
Glass wool 0.038 0.022
Liquids:
Mercury 8.21 4,74
Water 0.556 0.327
Ammonia 0.540 0.312
Lubricating oil, SAE 50 0.147 0.085
Freon 12, CCL,F, 0.073 0.042
Gases:
Hydrogen 0.175 0.101
Helium 0.141 0.081
Air 0.024 0.0139
Water vapor (saturated) 0.0206 0.0119
Carbon dioxide 0.0146 0.00844

Source: Holman [1]. Reprinted with permission of McGraw-Hill.

Area = 1 foot?
Q = 1,000 Brw/hour

For aluminum, k = 132, AT = 7.58°F
For stainless steel, k=9, AT = 111.1°F

1. Holman, J. P.,, Heat Transfer. New York: McGraw-Hill,
1976.

2. Cheremisinoff, N. P., Heat Transfer Pocket Handbook.
Houston: Gulf Publishing Co., 1984.
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Thermal Conductivities of Typical Insulating
and Building Materials

Thermal
Conductivity
Material (&) (kcal/m-hr-°C)
Asbestos 0 0.13
Glass wool 0 0.03
300 0.09
Cork in slabs 0 0.03
50 0.04
Magnesia 50 0.05
Slag wool 0 0.05
200 0.07
Common brick 25 0.34
Porcelain 95 0.89
1,100 1.70
Concrete 0 1.2
Fresh earth 0 2.0
Glass 15 0.60
Wood (pine):
Perpendicular fibers 15 0.13
Parallel fibers 20 0.30
Burnt clay 15 0.80
Carborundum 600 16.0

Source: Cheremisinoff [2]

Composite Wall Gonduction

For the multiple wall system in Figure 4, the heat trans-
fer rates are:

ky
=——— (T, -T,) Area
Q-2 Thickness, (1~ T,)
Q ——kz—(T —~T,) Area
23 Thickness, 27
T T
g —> @2 >Q T,
Q,, Q,,
Thickness=5"
k=.1
Thickness=1"
k=1

Figure 4. Conduction through a composite wall.

Obviously, Q and Area are the same for both walls. The

term thermal resistance is often used:

_ thickness

R
th k

High values of thermal resistance indicate a good insula-
tion. For the entire system of walls in Figure 4, the over-
all heat transfer becomes:

1
Q= 2 thickness;
k;

A(T -T,,,)

The effective thermal resistance of the entire system is:

R« =2Ri =2t_h%e_si

1

For a cylindrical system, effective thermal resistance is:

Ry =Tk, -3 2EE

1
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Note that the temperature difference across each wall is
proportional to the thermal effectiveness of each wall.
Also note that the overall thermal effectiveness is dominated
by the component with the largest thermal effectiveness.

Wall 1
Thickness = 1. foot
k = 1. Btuw/(Hr*Foot*F)
R=1/1.=1.

Wall 2
Thickness = 5. foot
k = .1 Btu/(Hr*Foot*F)
R=5./.1=50.

The overall thermal resistance is 51.

Because only 2% of the total is contributed by wall 1,
its effect could be ignored without a significant loss in ac-
curacy.

The Combined Heat Transfer Coefficient

An overall heat transfer coefficient may be used to ac-
count for the combined effects of convection and conduc-
tion. Consider the problem shown in Figure 5. Convection
occurs between the gas (T) and the left side of the wall (T>).
Heat is then conducted to the right side of the wall (T3).
Overall heat transfer may be calculated by:

1 .T2 LT3

Figure 5. Combined convection and conduction through
a wall.

L-T

Q= T7(bA) + thickness/(KA)

The overall heat transfer coefficient is:

U= 1
(1/h) + (thickness/ k)

Heat transfer may be calculated by:
Q=UA(T,-Tj)

Although the overall heat transfer coefficient is simpler
to use, it does not allow for calculation of T,. This approach
is particularly useful when matching test data, because all
uncertainties may be rolled into one coefficient instead of
adjusting two variables.

Critical Radius of Insulation

Consider the pipe in Figure 6. Here, conduction occurs
through a layer of insulation, then convects to the envi-
ronment. Maximum heat transfer occurs when:

rOIItB! h

This is the critical radius of insulation. If the outer radius
is less than this critical value, adding insulation will cause
an increase in heat transfer. Although the increased insu-
lation reduces conduction, it adds surface area, which in-
creases convection. This is most likely to occur when con-
vection is low (high h), and the insulation is poor (high k).

Touter

Figure 6. Pipe wrapped with insulation.
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CONVECTION

While conduction calculations are straightforward, con-
vection calculations are much more difficult. Numerous cor-
relation types are available, and good judgment must be ex-
ercised in selection. Most correlations are valid only for a

specific range of Reynolds numbers. Often, different rela-
tionships are used for various ranges. The user should note
that these may yield discontinuities in the relationship be-
tween convection coefficient and Reynolds number.

Dimensionless Numbers

Many correlations are based on dimensionless numbers,
which are used to establish similitude among cases which
might seem very different. Four dimensionless numbers are
particularly significant:

Reynolds Number

The Reynolds number is the ratio of flow momentum rate
(i.e., inertia force) to viscous force.

Re= PuLDy _ GD,
u u

The Reynolds number is used to determine whether flow
is laminar or turbulent. Below a critical Reynolds number,
flow will be laminar. Above a critical Reynolds number, flow
will be turbulent. Generally, different correlations will be
used to determine the convection coefficient in the laminar
and turbulent regimes. The convection coefficients are usu-
ally significantly higher in the turbulent regime.

The Nusselt number characterizes the similarity of heat
transfer at the interface between wall and fluid in different
systems. It is basically a ratio of convection to conductance:

Prandt] Number

The Prandtl number is the ratio of momentum diffusiv-
ity to thermal diffusivity of a fluid:

_KBG
K

Pr

It is solely dependent upon the fluid properties:

¢ For gases, Pr=.7to 1.0

¢ For water, Pr=1to0 10

¢ For liquid metals, Pr=.001 to .03
¢ For oils, Pr = 50. to 2000.

In most correlations, the Prandtl number is raised to the
.333 power. Therefore, it is not a good investment to spend
a lot of time determining Prandtl number for a gas. Just using
.85 should be adequate for most analyses.

Grashof Number

The Grashof number is used to determine the heat trans-
fer coefficient under free convection conditions. It is basi-
cally a ratio between the buoyancy forces and viscous forces.

Gr = ETu =Tu)p
Tabs ”’
Heat transfer requires circulation, therefore, the Grashof

number (and heat transfer coefficient) will rise as the buoy-
ancy forces increase and the viscous forces decrease.
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Heat transfer correlations are empirical relationships.
They are available for a wide range of configurations. This
book will address only the most common types:

¢ Pipe flow

o Average flat plate

o Flat plate at a specific location
» Free convection

* Tube bank

* Cylinder in cross-flow

The last two correlations are particularly important for
heat exchangers.

Pipe Flow

This correlation is used to calculate the convection co-
efficient between a fluid flowing through a pipe and the pipe
wall [1].

_WxDy
Al

Re

For turbulent flow (Re > 10,000):
h =.023KRe*® x Pr2

n = .3 if surface is hotter than the fluid
= 4 if fluid is hotter than the surface

This correlation [1] is valid for 0.6 <P, < 160 and L/D 2> 10.
For laminar flow [2]:

N=4.36
h=NxK
Dy

Average Flat Plate

This correlation is used to calculate an average convec-
tion coefficient for a fluid flowing across a flat plate [3].

Re = pVL

1

For turbulent flow (Re > 50,000):
h=.037 KRe® x Pr33/L

For laminar flow:

h=.664KRe- x Pr3%/L

Flat Plate at a Specific Location

This correlation is used to calculate a convection coef-
ficient for a fluid flowing across a flat plate at a specified
distance (X) from the start [3].

Re:.pv_x

1}
For turbulent flow (Re > 50,000):

h =.0296KRe x Pr3%/X
For laminar flow:
h =.332KRe” x Pr¥¥/X
Static Free Convection

Free convection calculations are based on the product of
the Grashof and Prandtl numbers. Based on this product,
the Nusselt number can be read from Figure 7 (vertical
plates) or Figure 8 (horizontal cylinders) [6].

Tube Bank

The following correlation is useful for in-line banks of
tubes, such as might occur in a heat exchanger [5]:

_ Flow
PA in

max

It is valid for Reynolds numbers between 2,000 and 40,000
through tube banks more than 10 rows deep. For less than
10 rows, a correction factor must be applied (.64 for 1
row, .80 for 2 rows, .90 for 4 rows) to the convection co-
efficient.

Obtaining C and CEXP from the table (see also Figure
9, in-line tube rows):
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H = (CK/D) (Re)“EXP (Py/.7)-3%3

2.2 Sn/D
1.25 1.50 2.00 3.00
o Sp/D C CEXP C CEXP C CEXP C CEXP
1.25 .386 .592 .305 .608 111704 .0703 .752
1.5 .407 .586 278 .620 A12 702 0753 .744
1o B 2.0 .464 570 332 .602 254 632 220 .648
3.0 322 .601 396 .584 415 581 317  .608

log {Nu,)
5

s%ﬁ_@_
e
PP e

Figure 7. Free convection heat transfer correlation for ver-  Figure 9. Nomenclature for in-line tube banks [6].
tical plates [6). (Reprinted with permission of McGraw-Hill) ~ (Reprinted with permission of McGraw-Hill.)

+0.2

Cylinder in Cross-flow

The following correlation is useful for any case in which
a fluid is flowing around a cylinder [6]:

Re =pV2r/u
Re < 4 C=.989 CEXP = .330
4 <Re <40 C=.911 CEXP = .385
40 < Re < 4000 C=.683 CEXP = .466
4000 < Re < 40,000 C=.193 CEXP = .618
40,000 < Re < 400,000 C =.0266 CEXP = .805
N = C x reCEXP pr333
_ K
(2r)
Sources

log {Gry Prg)

Figure 8. Free convection heat transfer correlation for 1. Dittus, F. W. and Boelter, L. M. K., University ot Cali-
horizontal cylinders [6]. (Reprinted with permission of fornia Publications on Engineering, Vol. 2. Berkeley.
McGraw-Hill.) 1930, p. 443.
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Typical Convection Goefficient Values

After calculating convection coefficients, the analyst
should always check the values and make sure they are rea-
sonable. This table shows representative values:

Air, free convection 15
Water, free convection 520

Air or steam, forced convection 5-50

Oil or oil mist, forced convection 10-300
Water, forced convection 50-2,000
Boiling water 500-10,000
Condensing water vapor 800-100,000

RADIATION

The radiation heat transfer between two components is
calculated by:

Q=AF,_,0 (E,T{-E,T9)

G is the Stefan-Boltzmann constant and has a value of 1.714
x 1078 Btu /(hr x ft*> x °R*). A, is the area of component 1,
and F, _, is the view factor (also called a shape factor),
which represents the fraction of energy leaving component
1 that strikes component 2. By the reciprocity theorem:

AlF I 2=AF

E, and E, are the emissivities of surfaces 1 and 2, respec-
tively. These values will always be between 1 (perfect ab-
sorption) and O (perfect reflection). Some materials, such
as glass, allow transmission of radiation. In this book, we
will neglect this possibility, and assume that all radiation
is either reflected or absorbed.

Before spending much time contemplating radiation
heat transfer, the analyst should first decide whether it is sig-
nificant. Since radiation is a function of absolute temper-
ature to the fourth power, its significance increases rapid-
ly as temperature increases. The following table shows
this clearly. Assuming emissivities and view factors of 1,
the equivalent h column shows the convection coefficient
required to give the same heat transfer. In most cases, ra-
diation can be safely ignored at temperatures below 500°F.
Above 1,000°F, radiation must generally be accounted for.

Temperatures Equivalent h
200-100 1.57
500400 5.18

1,000-900 19.24
1,500-1,400 47.80
2,000-1,900 96.01
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Emissivity
Table 5 shows emissivities of various materials. Esti- ] _Tz_:l.:le 5
mation of emissivity is always difficult, but several gen- Normal Total Emissivities of Different Surfaces
eralizations can be made:
Surface t
. . . (°F) Emissivity
¢ Highly polished metallic surfaces usually have very low Metals
emissivities. Aluminum (highly polished, 98.3% pure) 440 ~ 1070  0.039 ~ 0.057
e ) . Brass (highly polished
* Emissivity increases with temperature for all metallic 75"539(5 Cu, P 7% z,), 476 ~ 674 0.028 ~ 0.031
surfaces. C82.9% Cu, 17.0% Zn 530 0.030
» Emissivity for nonmetallic surfaces are much higher ,‘;’;,‘-’,:;ed 242 0.023
than for metallic surfaces, and decrease with temperature. Plate heated @ 1110°F 390 ~ 1110 0.57
. e ... Molten-state 1970 ~ 2330  0.16 ~ 0.13
* Emissivity is very dependent upon surface conditions. Gold 440 ~ 1160 0.018 ~ 0.035
The formation of oxide layers and increased surface Iron and steel: .
. . e Polished, electrolytic iron 350 ~ 440  0.052 ~ 0.064
roughness increases emissivity. Therefore, new com- Polished iron 800 ~ 1800 0.144 ~ 0.377
ponents will generally have lower emissivities than Sheet iron 1650 ~ 1900  0.55 ~ 0.60
. . Cast iron 1620 ~ 1810  0.60 ~ 0.70
ones that have been in service. Lead (unoxidized) 260 ~ 440  0.057 ~ 0.075
Merscury 32~212 009 ~012
Source Nickel (technically pure, polished) 440 ~ 710 0.07 ~ 0.087
Platinum (pure) 440 ~ 1160 0.054 ~ 0.104
Siiver (pure) 440 ~ 1160 0.0198 ~ 0.0324
fal Refractories and miscellaneous materials
Cheremisinoff, N. P.,_He_’at Transfer Pocket Handbook. ‘Asbestos 74~ 700 0.93~0.96
Houston: Gulf Publishing Co., 1984. Brick, red 70 0.93
Carbon
Filament 1900 ~ 2560 0.526
Candle soot 206 ~ 520 0.952
Lampblack 100 ~ 700 "G5
Glass 73 0.937
Gypsum 70 0.903
Plaster 50 ~ 190 0.91
Porcelain, glazed 72 0.924
Rubber 75 0.86 ~ 0.95
Water 32 ~212  0.95 ~ 0.963
View Factors
Exact calculation of view factors is often difficult, but
they can often be estimated reasonably well.
Concentric Cylinders
Neglecting end effects, the view factor from the inner
cylinder to the outer cylinder is always 1, regardless of radii
(Figure 10). The view factor from the outer cylinder to the All radiation from inside Radiation from outside cylinder

inner one is the ratio of the radii rjpne/Touer- The radiation
which does not strike the inner cylinder 1 — (Tipper/Touter)
strikes the outer cylinder.

cylinder strikes outside cylinder

strikes inside cylinder and

outside cylinder.

Figure 10. Radiation view factors for concentric cir-
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Parallel Rectangles

Figure 11 shows the view factors for parallel rectangles.
Note that the view factor increases as the size of the rec-
tangles increase, and the distance between them decreases.

Perpendicular Rectangles

Figure 12 shows view factors for perpendicular rectan-
gles. Note that the view factor increases as A; becomes long

Ratio X/D

Figure 12. Radiation view factors for
perpendicular rectangles. (Reprinted with
permission of McGraw-Hill.)

and thin (Y/X = .1) and A, becomes large (Z/X = 10). In
this arrangement, the view factor can never exceed .5, be-
cause at least half of the radiation leaving A will go towards
the other side, away from A,.

Source

Holman, J. P., Heat Transfer. New York: McGraw-Hill,
1976.

parallel rectangles. (Reprinted with
permission of McGraw-Hill.)

Ratio Z/X
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Radiation Shields

In many designs, a radiation shield can be employed to
reduce heat transfer. This is typically a thin piece of sheet
metal which blocks the radiation path from the hot surface
to the cool surface. Of course, the shield will heat up and

begin to radiate to the cool surface. If we assume the two
surfaces and the shield all have the same emissivity, and
all view factors are 1, the overall heat transfer will be cut
in half.

FINITE ELEMENT ANALYSIS

With today’s computers and software, finite element
analysis (FEA) can be used for most heat transfer analysis.
Heat transfer generally does not require as fine a model as
is required for stress analysis (to obtain stresses, derivatives
of deflection must be calculated, which is an inherently in-

accurate process). While FEA can accurately analyze com-
plex geometries, it can also generate garbage if used im-
properly. Care should be exercised in creating the finite el-
ement model, and results should be checked thoroughly.

Boundary Gonditions

Convection coefficients must be assigned to all element
faces where convection will occur. Temperatures may be as-
signed in two ways:

» Fixed temperature
* Channels

Channels are flowing streams of fluid. As they exchange
heat with the component, their temperature will increase or
decrease. The channel temperatures will be applied to the
element faces exposed to that channel. Conduction prop-
erties for all materials must be provided. Material density
and specific heats must also be provided for a transient
analysis. Precise calculation of radiation with FEA may be
difficult, because view factors must be calculated between
every set of radiating elements. This can add up quickly,
even for a small model. Three options are available:

* Software is available to automatically calculate view
factors for finite element models.

= Instead of modeling interactive radiation between two
surfaces, it may be possible to have each radiate to an

environment with a known temperature. Each envi-
ronment temperature should be an average temperature
of the opposite surface. This may require an iteration
or two to get the environment temperature right. This
probably is not a good option for transient analysis, be-
cause the environment temperatures will be constant-
ly changing.

* For problems at low temperatures, or with high con-
vection coefficients, radiation may be eliminated from
the model with little loss in accuracy.

Some problems require modeling internal heat genera-
tion. The most common cases are bearing races, which gen-
erate heat due to friction, and internal heating due to elec-
tric currents.

Where two components contact, the conduction across
this boundary is dependant upon the contact pressures,
and the roughness of the two surfaces. For most finite el-
ement analyses, the two components may be joined so
that full conduction occurs across the boundary.
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2D Analysis

For many problems, 2D or axisymmetric analysis is used.
This may require adjusting the heat transfer coefficients. Con-
sider the bolt hole in Figure 13. The total surface area of the
bolt hole is DL, but in the finite element model, the sur-
face area is only DL. In FEA, it is important the total hA
product is correct. Therefore, the heat transfer coefficient
should be multiplied by x. Similarly, for transient analysis,
it is necessary to model the proper mass. If the wrong mass
is modeled, the component will react too quickly (too little
mass), or too slowly (too much mass) during a transient.

The user should keep in mind the limitations of 2D FEA.
Consider the turbine wheel in Figure 14. The wheel is a solid
of revolution, with 40 discontinuous blades attached to it.
These blades absorb heat from the hot gases coming out of
the combuster and conduct it down into the wheel. 2D
FEA assumes that temperature does not vary in the tan-

¥
— Multiply |_— Circumference is
oY hby 2rD
%-/ on these
----- Elements

)

Figure 13. Convection coefficients must be adjusted for
holes in 2D finite element models.

gential direction. In reality, the portions of the wheel directly
under the blades will be hotter than those portions be-
tween the blades. Therefore, Location A will be hotter
than Location B. Location A will also respond more quick-
ly during a transient. If accurate temperatures in this region
are desired, then 3D FEA is required. If the analyst is only
interested in accurate bore temperatures, then 2D analysis
should be adequate for this problem.

Blades

VRN

Blade ——

° °

A B
Wheel > Wheel Rim

Looking Forward

Figure 14. 2D finite element models cannot account for
variation in the third dimension. Point A will actually be
hotter than point B due to conduction from the blades.

Transient Analysis

Transient FEA has an added degree of difficulty, be-
cause boundary conditions vary with time. Often this can
be accomplished by scaling boundary temperatures and
convection coefficients.

Consider the problem in Figure 15. A plate is exposed
to air in a cavity. This cavity is fed by 600°F air and 100°F
air. Test data indicate that the environment temperatures
range from 500°F at the top to 400°F at the bottom. The en-
vironment temperatures at each location (1-8) may be con-
sidered to be a function of the source (maximum) and sink
(minimum) temperatures:

Fi = (T — Tain)/(Tsource — Tsink)

Here, the source temperature is 600°F and the sink tem-
perature is 100°F. The environment temperatures at loca-
tions 1, 2, 3, and 4 are 90%, 80%, 70%, and 60%, respec-
tively, of this difference. These percentages may be assumed
to be constant, and the environment temperatures through-
out the mission may be calculated by merely plugging in
the source and sink temperatures.

Ti = Tink + Fi (Tsource — Tsink)
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Air
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For greater accuracy, F; may be allowed to vary from one

condition to another (i.e., idle to max), and linearly inter-
\ polate in between.
(1)850°F @ Two approaches are available to account for the varying
convection coefficients:
* h may be scaled by changes in flow and density.

@) 500F - @ ¢ The parameters on which h is based (typically flow,
pressure, and temperature) are scaled, and the appro-
priate correlation is evaluated at each point in the

(@) 450F @ mission.

@) 400F @

100°F
Air
Figure 15. The environment temperatures (1~-4) may be
considered to be a function of the source (600°F) and the
sink (100°F) temperatures.
Evaluating Results
While FEA allows the analyst to calculate temperatures K ) A 200
for complex geometries, the resulting output may be dif-
ficult to interpret and check for errors. Some points to B 190
keep in mind are: . o
Alr J Alr C 180
* Heat always flows perpendicular to the isotherms on a
temperature plot. Figure 16 shows temperatures of a ' D 170
metal rod partially submerged in 200°F water. The H
rest of the rod is exposed to 70°F air. Heat is flowing Dhrecion & E 160
upward through the rod. If heat were flowing from :
side to side, the isotherms would be vertical. D F %0
* Channels often show errors in a finite element model 3
G 140
more clearly than the component temperatures. Tem- B
peraFures within the component are evened out by con- i ool -
duction and are therefore more difficult to detect.
» Temperatures should be viewed as a function of source -
and sink temperatures (F; = [T; = Tsiu/[Tsource — Tsink])-
Figure 17 shows a plot of these values for the problem J 110
in Figure 18. These values should always be between
0 and 1. If different conditions are analyzed (i.e., max o M a000 A K 100

and idle), F; should generally not vary greatly from one
condition to the other. If it does, the analyst should ex-
amine why, and make sure there is no error in the

Figure 16. Finite element model of a cylinder in 200°F
water and 70°F air. isotherms are perpendicular to the
direction of heat flow.
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5 A 100 model. When investigating these differences, the analyst
should keep two points in mind:
1. Radiation effects increase dramatically as tempera-
B 90 ture increases.
e H r 2. As radiation and convection effects decrease, con-
c 80 duction becomes more significant, which tends to

even out component temperatures.
* For transients, it is recommended that selected com-
F D 70 ponent and channel temperatures be plotted against
time. The analyst should examine the response rates.
Those regions with high surface area-to-volume ra-
tios and high convection coefficients should respond
quickly.
F 50 * To check a model for good connections between com-
200°F 200°F ponents, apply different temperatures to two ends of the
Water Water model. Verify that the temperatures on both sides of the
boundaries are reasonable. Figures 18a and 18b show
two cases in which 1,000 degrees has been applied on
N30 the left, and 100 degrees on the right. Figure 18a shows
a flange where contact has been modeled along the mat-
ing surfaces, and there is little discontinuity in the
o L A I 20 isotherms across the boundary. Figure 18b shows the
same model where contact has been modeled along only
the top section of the mating surfaces. Note that the tem-

peratures at the lower mating surfaces differ by over 100
Figure 17. Component temperatures should aiways be degrees.

between the sink and source temperatures.
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Figure 18a. 1,000°F temperatures
were applied to the left flange and
100°F to the right flange. Shown
here is good mating of the two
flanges with little temperature
difference across the boundary.

gatsdasgs

i wm e g n.ecr-N.q;qs<q—)mppwozzr‘h‘-"mommunub
=
S

&



Heat Transfer 33

a0  Figure 18b. 1,000°F temperatures
w0  were applied to the left flange and

w  100°F to the right flange. Shown here
w IS poor mating with a large
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O v se3 w  temperature difference across the
HEAT EXCHANGER GLASSIFICATION
Types of Heat Exchangers

Heat transfer equipment can be specified by either ser-
vice or type of construction. Only principle types are
briefly described here. Table 6 lists major types of heat ex-
changers.

The most well-known design is the shell-and-tube heat
exchanger. It has the advantages of being inexpensive and
easy to clean and available in many sizes, and it can be de-
signed for moderate to high pressure without excessive
cost. Figure 19 illustrates its design features, which in-
clude a bundle of parallel tubes enclosed in a cylindrical cas-
ing called a shell.

The basic types of shell-and-tube exchangers are the
fixed-tube sheet unit and the partially restrained tube sheet.
In the former, both tube sheets are fastened to the shell. In
this type of construction, differential expansion of the shell
and tubes due to different operating metal temperatures or
different materials of construction may require the use of

an expansion joint or a packed joint. The second type has
only one restrained tube sheet located at the channel end.
Differential expansion problems are avoided by using a
freely riding floating tube sheet or U-tubes at the other end.
Also, the tube bundle of this type is removable for main-
tenance and mechanical cleaning on the shell side.

Shell-and-tube exchangers are generally designed and
fabricated to the standards of the Tubular Exchanger Man-
ufacturers Association (TEMA) [1]. The TEMA standards
list three mechanical standards classes of exchanger con-
struction: R, C, and B.

There are large numbers of applications that do not re-
quire this type of construction. These are characterized by
low fouling and low corrosivity tendencies. Such units are
considered low-maintenance items.

Services falling in this category are water-to-water ex-
changers, air coolers, and similar nonhydrocarbon appli-
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Table 6

Summary of Types of Heat Exchangers

Type

Major Characteristics

Application

Shell and tube
Air cooled heat
exchangers

Double pipe

Extended surface

Brazed plate fin

Spiral wound

Scraped surface

Bayonet tube

Falling film coolers

‘Worm coolers

Barometric
condenser

Cascade coolers

Impervious
graphite

Bundle of tubes encased
in a cylindrical shell
Rectangular tube bundles
mounted on frame, with
air used as the cooling
medium

Pipe within a pipe; inner
pipe may be finned or
plain

Externally finned tube

Series of plates
separated by corrugated
fins

Spirally wound tube
coils within a shell

Pipe within a pipe, with
rotating blades scraping
the inside wall of the
inner pipe

Tube element consists of
an outer and inner tube

Vertical units using a
thin film of water in
tubes

Pipe coils submerged in
a box of water

Direct contact of water
and vapor

Cooling water flows
over series of tubes

Constructed of graphite
for corrosion protection

Always the first type of
exchanger to consider
Economic where cost of
cooling water is high

For small units

Services where the outside
tube resistance is
appreciably greater than
the inside resistance. Also
used in debottlenecking
existing units

Cryogenic services: all
fluids must be clean

Cryogenic services: fluids
must be clean
Crystallization cooling
applications

Useful for high
temperature difference
between shell and tube
fluids

Special cooling applications

Emergency cooling

Where mutual solubilities
of water and process fluid
permit

Special cooling applications
for very corrosive process
fluids

Used in very highly
corrosive heat exchange
services

cations, as well as some light-duty hydrocarbon services
such as light ends exchangers, offsite lube oil heaters, and
some tank suction heaters. For such services, Class C con-
struction is usually considered. Although units fabricated
to either Class R or Class C standards comply with all the
requirements of the pertinent codes (ASME or other national
codes), Class C units are designed for maximum economy
and may result in a cost saving over Class R.

Air-cooled heat exchangers are another major type com-
posed of one or more fans and one or more heat transfer bun-
dles mounted on a frame [2]. Bundles normally consist of
finned tubes. The hot fluid passes through the tubes, which
are cooled by air supplied by the fan. The choice of air cool-

SHELL 8, FLOATING HEAD FLANGE 15. TRANSVERSE BAFFLES OR
SHELL COVER 9. CHANNEL PARTITION SUPPORT PLATES
SHELL CHANNEL 10, STATIONARY TUBESHEET 16. IMPINGEMENT BAFFLE
EHELL COVER ENDFLANGE 11, CHANNEL 7. VENT CONNECTION

SHELL NOZZLE 12,
FLOATING TUBESHEET 1.
FLOATING HEAD 1,

CHANNEL COVER 18.

CHANNEL NOZZLE 19, TEST CONNECTION

TIE AODS AND EPACERS 20, SUPPORT SADDLES
21,  LIFTING RING

DRAIN CONNECTION

NeOPrON-

Figure 19. Design features of shell-and-tube exchang-
ers [3].

ers or condensers over conventional shell-and-tube equip-
ment depends on economics.

Air-cooled heat exchangers should be considered for
use in locations requiring cooling towers, where expansion
of once-through cooling water systems would be required,
or where the nature of cooling causes frequent fouling
problems. They arc frequently used to remove high-level
heat, with water cooling used for final “trim” cooling.

These designs require relatively large plot areas. They
are frequently mounted over pipe racks and process equip-
ment such as drums and exchangers, and it is therefore im-
portant to check the heat losses from surrounding equip-
ment to evaluate whether there is an effect on the air inlet
temperature.

Double-pipe exchangers are another class that consists of
one or more pipes or tubes inside a pipe shell. These ex-
changers almost always consist of two straight lengths con-
nected at one end to form a U or “hair-pin.” Although some
double-pipe sections have bare tubes, the majority have
longitudinal fins on the outside of the inner tube. These units
are readily dismantled for cleaning by removing a cover at
the return bend, disassembling both front end closures, and
withdrawing the heat transfer element out the rear.

This design provides countercurrent or true concurrent
flow, which may be of particular advantage when very
close temperature approaches or very long temperature
ranges are needed. They are well suited for high-pressure
applications, because of their relatively small diameters. De-



signs incorporate small flanges and thin wall sections,
which are advantageous over conventional shell-and-tube
equipment. Double-pipe sections have been designed for
up to 16,500 kPa gauge on the shell side and up to 103,400
kPa gauge on the tube side. Metal-to-metal ground joints,
ring joints, or confined O-rings are used in the front end clo-
sures at lower pressures. Commercially available single tube
double-pipe sections range from 50-mm through 100-mm
nominal pipe size shells, with inner tubes varying from 20-
mm to 65-mm pipe size.

Designs having multiple tube elements contain up to
64 tubes within the outer pipe shell. The inner tubes, which
may be either bare or finned, are available with outside di-
ameters of 15.875 mm to 22.225 mm. Normally only bare
tubes are used in sections containing more than 19 tubes.
Nominal shell sizes vary from 100 mm to 400 mm pipe.

Extended surface exchangers are composed of tubes
with either longitudinal or transverse helical fins. An ex-
tended surface is best employed when the heat transfer
properties of one fluid result in a high resistance to heat flow
and those of the other fluid have a low resistance. The fluid
with the high resistance to heat flow contacts the fin surface.

Spiral tube heat exchangers consist of a group of con-
centric spirally wound coils, which are connected to tube
sheets. Designs include countercurrent flow, elimination of
differential expansion problems, compactness, and provi-
sion for more than two fluids exchanging heat. These units
are generally employed in cryogenic applications.

Scraped-surface exchangers consist of a rotating element
with a spring-loaded scraper to wipe the heat transfer sur-
face. They are generally used in plants where the process
fluid crystallizes or in units where the fluid is extremely foul-
ing or highly viscous.

These units are of double-pipe construction. The inner
pipe houses the scrapers and is available in 150-, 200-, and
300-mm nominal pipe sizes. The exterior pipe forms an an-
nular passage for the coolant or refrigerant and is sized as
required. Up to ten 300 mm sections or twelve of the small-
er individual horizontal sections, connected in series or se-
ries/paralle] and stacked in two vertical banks on a suitable
structure, is the most common arrangement. Such an
arrangement is called a “stand.”

A bayonet-type exchanger consists of an outer and inner
tube. The inner tube serves to supply the fluid to the annulus
between the outer and inner tubes, with the heat transfer oc-
curring through the outer tube only. Frequently, the outer
tube is an expensive alloy material and the inner tube is car-
bon steel. These designs are useful when there is an ex-
tremely high temperature difference between shell side
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and tube side fluids, because all parts subject to differen-
tial expansion are free to move independently of each
other. They are used for change-of-phase service where two-
phase flow against gravity is undesirable. These units are
sometimes installed in process vessels for heating and
cooling purposes. Costs per unit area for these units are rel-
atively high.

Worm coolers consist of pipe coils submerged in a box
filled with water. Although worm coolers are simple in con-
struction, they are costly on a unit area basis. Thus they are
restricted to special applications, such as a case where
emergency cooling is required and there is but one water-
supply source. The box contains enough water to cool
liquid pump-out in the event of a unit upset and cooling
water failure.

A direct contact condenser is a small contacting tower
through which water and vapor pass together. The vapor is
condensed by direct contact heat exchange with water
droplets. A special type of direct contact condenser is a baro-
metric condenser that operates under a vacuum. These units
should be used only where coolant and process fluid mutual
solubilities are such that no water pollution or product con-
tamination problems are created. Evaluation of process
fluid loss in the coolant is an important consideration.

A cascade cooler is composed of a series of tubes mount-
ed horizontally, one above the other. Cooling water from
a distributing trough drips over each tube and into a drain.
Generally, the hot fluid flows countercurrent to the water.
Cascade coolers are employed only where the process fluid
is highly corrosive, such as in sulfuric acid cooling.

Impervious graphite heat exchangers are used only in
highly corrosive heat exchange service. Typical applications
are in isobutylene extraction and in dimer and acid con-
centration plants. The principal construction types are
cubic graphite, block type, and shell-and-tube graphite ex-
changers. Cubic graphite exchangers consist of a center
cubic block of impervious graphite that is cross drilled to
provide passages for the process and service fluids. Head-
ers are bolted to the sides of the cube to provide for fluid
distribution. Also, the cubes can be interconnected to ob-
tain additional surface area. Block-type graphite exchang-
ers consist of an impervious graphite block enclosed in a
cylindrical shell. The process fluid (tube side) flows through
axial passages in the block, and the service fluid (shell
side) flows through cross passages in the block. Shell-
and-tube-type graphite exchangers are like other shell-
and-tube exchangers except that the tubes, tube sheets,
and heads are constructed of impervious graphite.
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1. Standards of Tubular Exchanger Manufacturer s Associa-
tion, Tth Ed., TEMA, Tarrytown, NY, 1988.

2. API Standard 661, “Air-Cooled Heat Exchangers for
General Refinery Services.”

3. Cheremisinoff, N. P., Heat Transfer Pocket Handbook.
Houston: Gulf Publishing Co., 1984.

Sheli-and-Tube Exchangers

This section provides general information on shell-and-
tube heat exchanger layout and flow arrangements. Design
details are concerned with several issues—principal ones
being the number of required shells, the type and length of
tubes, the arrangement of heads, and the tube bundle
arrangement.

The total number of shells necessary is largely deter-
mined by how far the outlet temperature of the hot fluid
is cooled below the outlet temperature of the other fluid
(known as the “extent of the temperature cross”). The
“cross” determines the value of F,, the temperature cor-
rection factor; this factor must always be equal to or
greater than 0.800. (The value of F,, drops slowly between
1.00 and 0.800, but then quickly approaches zero. A value
of F,, less than 0.800 cannot be predicted accurately from
the usual information used in process designs.) Increasing
the number of shells permits increasing the extent of the
cross and/or the value of F,.

The total number of shells also depends on the total sur-
face area since the size of the individual exchanger is usu-
ally limited because of handling considerations.

Exchanger tubes are commonly available with either
smooth or finned outside surfaces. Selection of the type of
surface is based on applicability, availability, and cost.

The conventional shell-and-tube exchanger tubing is the
smooth surface type that is readily available in any material
used in exchanger manufacture and in a wide range of wall
thicknesses. With low-fin tubes, the fins increase the outside
area to approximately 2/ times that of a smooth tube.

Tube length is affected by availability and economics.
Tube lengths up to 7.3 m are readily obtainable. Longer
tubes (up to 12.2 m for carbon steel and 21.3 m for copper
alloys) are available in the United States.

The cost of exchanger surface depends upon the tube
length, in that the longer the tube, the smaller the bundle
diameter for the same area. The savings result from a de-
crease in the cost of shell flanges with only a nominal in-
crease in the cost of the longer shell. In the practical range
of tube lengths, there is no cost penalty for the longer
tubes since length extras are added for steel only over 7.3
m and for copper alloys over 9.1 m.

A disadvantage of longer tubes in units (e.g., condensers)
located in a structure is the increased cost of the longer plat-
forms and additional structure required. Longer tube bun-
dles also require greater tube pulling area, thereby possi-
bly increasing the plot area requirements.

Exchanger tubing is supplied on the basis of a nominal
diameter and either a minimum or average wall thickness.
For exchanger tubing, the nominal tube diameter is the
outside tube diameter. The inside diameter varies with the
nominal tube wall thickness and wall thickness tolerance.
Minimum wall tubing has only a plus tolerance on the
wall thickness, resulting in the nominal wall thickness
being the minimum thickness. Since average wall tubing
has a plus-or-minus tolerance, the actual wall thickness can
be greater or less than the nominal thickness. The allow-
able tolerances vary with the tube material, diameter, and
fabrication method.

Tube inserts are short sleeves inserted into the inlet end of
a tube. They are used to prevent erosion of the tube itself due
to the inlet turbulence when erosive fluids are handled, such
as streams containing solids. When it is suspected that the
tubes will be subject to erosion by solids in the tube side fluid,
tube inserts should be specified. Insert material, length, and
wall thickness should be given. Also, inserts are occasion-
ally used in cooling-water service to prevent oxygen attack
at the tube ends. Inserts should be cemented in place.

The recommended TEMA head types are shown in Figure
20. The stationary front head of shell-and-tube exchangers is
commonly referred to as the channel. Some common TEMA
stationary head types and their applications are as follows:

Type A—Features a removable channel with a removable
cover plate. It is used with fixed-tube sheet, U-tube,
and removable-bundle exchanger designs. This is the
most common stationary head type.

Type B—Features a removable channel with an integral
cover. It is used with fixed-tube sheet, U-tube, and re-
movable-bundle exchanger design.

Types C and N—The channel with a removable cover is in-
tegral with the tube sheet. Type C is attached to the
shell by a flanged joint and is used for U-tube and re-
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Figure 20. TEMA heat exchanger head types. (Copyright © 1988 by Tubular Exchanger Manufacturers Association.)

movable bundles. Type N is integral with the shell and
is used with fixed-tube sheet designs. The use of Type
N heads with U-tube and removable bundles is not rec-
ommended since the channel is integral with the tube bun-
dle, which complicates bundle maintenance.

Type D—This is a special high pressure head used when
the tube-side design pressure exceeds approximately
6,900 kPa gauge. The channel and tube sheet are inte-
gral forged construction. The channel cover is attached
by special high pressure bolting.

The TEMA rear head nomenclature defines the exchanger
tube bundle type and common arrangements as follows:

Type L—Similar in construction to the Type A stationary
head. It is used with fixed-tube sheet exchangers when
mechanical cleaning of the tubes is required.

Type M—Similar in construction to the Type B stationary
head. It is used with fixed-tube sheet exchangers.

Type N—Similar in construction to the Type N stationary
head. It is used with fixed-tube sheet exchangers.

Type P—Called an outside packed floating head. The de-
sign features an integral rear channel and tube sheet
with a packed joint seal (stuffing box) against the shell.
It is not normally used due to the tendency of packed
joints to leak. It should not be used with hydrocarbons
or toxic fluids on the shell side.

Type S—Constructed with a floating tube sheet contained
between a split-ring and a tube-sheet cover. The tube sheet
assembly is free to move within the shell cover. (The shell
cover must be a removable design to allow access to the
floating head assembly.)

Type T—Constructed with a floating tube sheet bolted di-
rectly to the tube sheet cover. It can be used with either
an integral or removable (common) shell cover.
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Type U—This head type designates that the tube bundle is
constructed of U-tubes.

Type W—A floating head design that utilizes a packed joint
to separate the tube-side and shell-side fluids. The pack-
ing is compressed against the tube sheet by the shell/rear
cover bolted joint. It should never be used with hydro-
carbons or toxic fluids on either side.

Tube bundles are designated by TEMA rear head nomen-
clature (see Figure 20). Principal types are briefly de-
scribed below.

Fixed-tube sheer exchangers have both tube sheets at-
tached directly to the shell and are the most economical ex-
changers for low design pressures. This type of construc-
tion should be considered when no shell-side cleaning or
inspection is required, or when in-place shell-side chemi-
cal cleaning is available or applicable. Differential thermal
expansion between tubes and shell limits applicability to
moderate temperature differences.

Welded fixed-tube sheet construction cannot be used in
some cases because of problems in welding the tube sheets
to the shells. Some material combinations that rule out
fixed-tube sheets for this reason are carbon steel with alu-
minum or any of the high copper alloys (TEMA—Rear
Head Types L, M, or N).

U-tube exchangers represent the greatest simplicity of de-
sign, requiring only one tube sheet and no expansion joint
or seals while permitting individual tube differential ther-
mal expansion. U-tube exchangers are the least expensive
units for high tube-side design pressures. The tube bundle
can be removed from the shell, but replacement of individual
tubes (except for ones on the outside of the bundle) is im-
possible.

Although the U-bend portion of the tube bundle provides
heat transfer surface, it is ineffective compared to the
straight tube length surface area. Therefore, when the ef-
fective surface area for U-tube bundles is calculated, only
the surface area of the straight portions of the tubes is in-
cluded (TEMA—Rear Head Type U).

A pull-through floating head exchanger has a fixed tube
sheet at the channel end and a floating tube sheet with a sep-
arate cover at the rear end. The bundle can be easily removed
from the shell by disassembling only the front cover. The
floating head flange and bolt design require a relatively large
clearance between the bundle and shell, particularly as the
design pressures increase. Because of this clearance, the
pull-through bundle has fewer tubes per given shell size than
other types of construction do. The bundle-to-shell clear-
ance, which decreases shell-side heat transfer capability,
should be blocked by sealing strips or dummy tubes to re-
duce shell-size fluid bypassing. Mechanical cleaning of both
the shell and tube sides is possible (TEMA—Rear Head
Type T).

A split-ring floating head exchanger has a fixed-tube
sheet at the channel end and a floating tube sheet that is
sandwiched between a split-ring and a separate cover.
The floating head assembly moves inside a shell cover of
a larger diameter than that of the shell. Mechanical clean-
ing of both the shell and tube is possible (TEMA—Rear
Head Type S).

There are two variations of outside packed floating head
designs: the lantern ring type and the stuffing box type. In
the lantern ring design, the floating head slides against a
lantern ring packing, which is compressed between the
shell flange and the shell cover. The stuffing box design is
similar to the lantern ring type, except that the seal is
against an extension of the floating tube sheet and the tube
sheet cover is attached to the tube sheet extension by means
of a split-ring. (TEMA—Rear Head Types P or W).

Sources

1. Standards of Tubular Exchanger Manufacturer’s Asso-
ciation, 7th Ed., TEMA, Tarrytown, NY, 1988.

2. Cheremisinoff, N. P., Heat Transfer Pocket Handbook.
Houston: Gulf Publishing Co., 1984.

Tube Arrangements and Baffles

The following are some general notes on tube layout and
baffle arrangements for shell-and-tube exchangers. There
are four types of tube layouts with respect to the shell-side
crossflow direction between baffle tips: square (90°), rotated
square (45°), triangular (30°), and rotated triangular (60°).
The four types are shown in Figure 21.

Use of triangular layout (30°) is preferred (except in
some reboilers). An exchanger with triangular layout costs
less per square meter and transfers more heat per square
meter than one with a square or rotated square layout. For
this reason, triangular layout is preferred where applicable.



Rotated square layouts are preferable for laminar flow,
because of a higher heat transfer coefficient caused by in-
duced turbulence. In turbulent flow, especially for pressure-
drop limited cases, square layout is preferred since the
heat transfer coefficient is equivalent to that of rotated
square layout while the pressure drop is somewhat less.

Tube layout for removable bundles may be either square
(90°), rotated square (45°), or triangular (30°). Nonre-
movable bundles (fixed-tube sheet exchangers) are always
triangular (30°) layout.

The tube pitch (PT) is defined as the center-to-center dis-
tance between adjacent tubes (see Figure 21). Common
pitches used are given in Table 7.
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Figure 21. Tube layouts [2].
Table 7
Common Tube Pitch Values
Heaviest
Triangular Square Recommended
Tube Size (mm) (mm) Wall (mm)

19.05 mm O.D. 23.81 — 2.41
19.05 mm O.D. 25.40 25.40 2.77
25.4 mm O.D. 31.75 31.75 3.40
38.1 mm O.D. 47.63 47.63 4.19
> 38.1 mm Use 1.25

times the

outside di-

ameter
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The column “Heaviest Recommended Wall” is based on
the maximum allowable tube sheet distortion resulting
from rolling the indicated tube into a tube sheet having the
minimum permissible ligament width at the listed pitch. The
ligament is that portion of the tube sheet between two ad-
jacent tube holes.

Tubes are supported by baffles that restrain tube vibra-
tion from fluid impingement and channel fluid flow on the
shell side. Two types of baffles are generally used: segmental
and double segmental. Types are illustrated in Figure 22.

" DOUBLE SEGMENTAL
IMODIFIED MI5K @ DONUT)

Figure 22. Types of shell baffles [2].

The baffle cut is the portion of the baffle “cut” away to
provide for fluid flow past the chord of the baffle. For
segmental baffles, this is the ratio of the chord height to shell
diameter in percent. Segmental baffle cuts are usually
about 25%, although the maximum practical cut for tube
support is approximately 48%.

Double segmental baffle cut is expressed as the ratio of
window area to exchanger cross sectional area in percent.
Normally the window areas for the single central baffle and
the area of the central hole in the double baffle are equal
and are 40% of the exchanger cross-sectional area. This al-
lows a baffle overlap of approximately 10% of the ex-
changer cross-sectional area on each side of the exchang-
er. However, there must be enough overlap so that at least
one row of tubes is supported by adjacent segments.

Baffle pitch is defined as the longitudinal spacing between
baffles. The maximum baffle pitch is a function of tube size
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and, for no change of phase flow, of shell diameter. If
there is no change of phase in the shell-side fluid, the baf-
fle pitch should not exceed the shell inside diameter. Other-
wise, the fluid would tend to flow parallel with the tubes,
rather than perpendicular to them, resulting in a poorer
heat transfer coefficient.

Impingement baffles are required on shell-side inlet noz-
zles to protect the bundle against impingement by the in-
coming fluid when the fluid:

1. is condensing

2. is a liquid vapor mixture
3. contains abrasive material
4, is entering at high velocity

In addition, TEMA requires bundle impingement protec-
tion when nozzle values of pu? (fluid density, kg/m?>, times
velocity squared m?%s?) exceed:

1. 2,230 kg/m-s? for noncorrosive, nonabrasive, single-
phase fluids
2. 744 kg/m-s2 for all other liquids

Also, the minimum bundle entrance area should equal or
exceed the inlet nozzle area and should not produce a value
of pu? greater than 5,950 kg/m-s2, per TEMA. Impingement
baffles can be either flat or curved. In order to maintain a
maximum tube count, the impingement plate is sometimes
located in a conical nozzle opening or in a dome cap above
the shell. The impingement plate material should be at
least as good as that of the tubes.

1. Standards of Tubular Manufacturers Association, Tth Ed.,
TEMA, Tarrytown, NY, 1988.

2. Cheremisinoff, N. P., Heat Transfer Pocket Handbook.
Houston: Gulf Publishing Co., 1984.

Shell Gonfigurations

The following notes summarize design features of shells
for shell-and-tube heat exchangers.

The single-pass shell is the most common shell con-
struction used. The shell-side inlet and outlet nozzles are
located at opposite ends of the shell. The nozzles can be
placed on opposite or adjacent sides of the shell, depend-
ing on the number and type of baffles used. A typical one-
shell pass exchanger with horizontal segmental baffles is
illustrated in Figure 23 [A] (TEMA E).

A two-pass shell uses a longitudinal baffle to direct the
shell-side flow. An exchanger with two shell passes is
shown in Figure 23 [B]. Note that both the shell inlet and
outlet nozzles are adjacent to the stationary tube sheets. A
shell-side temperature range exceeding 195°C should be
avoided, since greater temperature ranges result in exces-
sive heat leakage through the baffle, as well as thermal
stresses in the baffle, shell, and tube sheet.

The longitudinal baffle can be either welded or remov-
able. Since there are severe design and cost penalties as-
sociated with the use of welded baffles in floating head ex-
changers, this type of design should be used only with
fixed-tube sheet units that do not require expansion joints.
Removable longitudinal baffles require the use of flexible
light gauge sealing strips or a packing device between the
baffle and the shell, to reduce fluid leakage from one side
to the other (TEMA F).

A divided flow shell has a central inlet nozzle and two
outlet nozzles, or vice-versa. A divided flow exchanger is
illustrated in Figure 23 [C]. This type is generally used to
reduce pressure drop in a condensing service. In minimiz-
ing pressure drop the shell fits in as follows:

» E shell with segmental baffles
¢ E shell with double segmental baffles
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Figure 23. (A) Single-pass shell; (B) two-pass shell; (C)
divided flow shell [2].

* J shell with segmental baffles

* J shell with double segmental baffles

¢ E shells in parallel with segmental baffles

¢ E shells in parallel with double segmental baffles
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¢ J shells in parallel with segmental baffles
¢ J shells in parallel with double segmental baffles

Generally, for most designs, double segmental baffles are
used with J shells.

Double segmental baffles in a divided-flow exchanger nor-
mally have a vertical cut. This baffle arrangement also re-
quires that there be an odd number of total baffles, but there
must also be an odd number of baffles in each end of the shell.
The center baffle for this arrangement is normally similar to
the center baffle used with segmental cut. The baffles on each
side of the central baffle and the last baffle toward the ends
of the shell have solid centers with cutaway edges.

The choice of whether to stack shells depends on main-
tenance considerations, as well as on the amount of plot area
available. Stacking shells requires less area and frequent-
ly less piping. Normally, shells are not stacked more than
two high. However, stacked heat exchangers are more
costly to maintain, because of accessibility.

If sufficient plot area is available, the following guide-
lines apply:

1. If the fluids are known to be clean and noncorrosive,
the shells should usually be stacked.

2. If the fluids are moderately clean or slightly corrosive,
the shells may be stacked.

3. If the fluids are very dirty or corrosive, the shells should
not be stacked, to allow for ease of maintenance.

1. Standards of Tubular Exchanger Manufacturer’s As-
sociation, 7th Ed., TEMA, Tarrytown, N, 1988.

2. Cheremisinoff, N. P., Heat Transfer Pocket Handbook.
Houston: Gulf Publishing Co., 1984.
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Miscellaneous Data

Design-related data are given in Tables 8 through 10.
Table 8 provides typical tube dimensions and tube surface
areas per unit length. Table 9 gives thermal conductivities
of materials commonly used for exchanger construction.

Table 9

Thermal Conductivities of Materials of Construction

Thermal Conductivity, k,

: Material Composition Wt/m-°C
Table 10 gives recommended maximum number of tube  Admiralty 71 Cu-28 Zsi-1 Sn 11
asses as a function of tube size. Type 316 stainless steel 17 Cr-12 Ni-2 Mo 16
P Type 304 stainless steel 18 Cr-8 Ni 16
Brass 70 Cu-30 Zn 99
Red brass 85 Cu-15 Zn 159
Source Aluminum brass 76 Cu-22 Zn-2 Al 100
Cupro-nickel 90 Cu-10 Ni 71
. Cupro-nickel 70 Cu-30 Ni 29
Cheremisinoff, N. P., Heat Transfer Pocket Handbook. MOnell 67 Ni-30 Cu-1.4 Fe %g
Houston: Gulf Publishing Co., 1984. ‘Aluminum 200
Carbon steel 45
Carbon-moly 0.5 Mo 43
Copper 386
Lead 35
Nickel 62
Titanium 19
Chrome-moly steel 1 Cr-0.5 Mo 42
Table 8 2% Cr-0.5 Mo 38
i ; 5 Cr-0.5 Mo 35
Tube Dimensions and Surface Areas Per Unit Length 12 Cr-1 Mo 2%
d, = & = Wall d; = Internal  External Surface
O.D. of Thickness LD. of Area Per Ft
Tubing (mm) (mm) Tubing (mm)  (mm?) (sq ft/ft) Table 10
19.05 2.77 13.51 143.8 0.0598 Maximum Number of Tube Passes
19.05 2.11 14.83 1729 0.0598
19.05 1.65 15.75 194.8 0.0598 -
19.05 1.24 16.56 215.5 0.0598 Shell LD RM%M“M
25.40 3.40 18.59 271.6 0.0798 D. (mm) Number Passes
25.40 2.77 19.86 309.0 0.0798 <250 4
25.40 2.11 21.18 352.3 0.0798 250— <510 6
25.40 1.65 22,10 383.2 0.0798 510- <760 8
38.10 3.40 31.29 769.0 0.1197 760— <1,020 10
38.10 2.77 32.56 832.9 0.1197 1,020—<1,270 12
38.10 2.11 33.88 901.3 0.1197 1,270— <1,520 14
Flow Regimes

Standard practice for heat exchanger analysis is to first
identify the flow regimes and then employ the appropriate
correlations.

Vertical Upward Goncuirent Flow

Flows of this type are shown in Figure 24.

Bubbly flow. In this type, the gas or vapor phase is dis-

tributed as discrete bubbles in a continuous liquid phase.
At one extreme, the bubbles may be small and spherical,
and at the other extreme, the bubbles may be large with a
spherical cap and a flat tail.

Slug flow. The gas or vapor bubbles are approximately the
diameter of the pipe. The nose of the bubble has a charac-
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Figure 24. Flow patterns in vertical concurrent flow [1].

teristic spherical cap, and the gas in the bubble is separat-
ed from the pipe wall by a slowly descending liquid film.
The liquid flow is contained in liquid slugs that separate suc-
cessive gas bubbles. Slugs may or may not contain small-
er entrained gas bubbles carried in the wake of the large bub-
ble. The length of the main gas bubble varies.

Churn flow. Formed by the breakdown of the large vapor
bubbles in slug flow. The gas or vapor flows chaotically
through the liquid that is mainly displaced to the channel
wall. The flow has a time-varying character and hence is
called “churn flow.” This region is also sometimes re-
ferred to as semi-annular or slug-annular flow.

Wispy-annular flow. The flow takes the form of a relatively
thick liquid film on the walls of the pipe together with a con-
siderable amount of liquid entrained in a central gas or vapor
core. The liquid in the film is aerated by small gas bubbles
and the entrained liquid phase appears as large droplets
which have agglomerated into long irregular filaments or
wisps. This generally occurs at high mass velocities.

Annular flow. A liquid film forms at the pipe wall with a
continuous central gas or vapor core. Large amplitude co-
herent waves are usually present on the surface of the film,
and the continuous break up of these waves forms a source
for droplet entrainment, which occurs in varying amounts
in the central gas core.

Vertical Heated Channel Upward Flow

Heat flux through the channel wall alters the flow pat-
tern from that which would have occurred in a long unheated
channel at the same local flow conditions. These changes
occur due to:
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1. The departure from thermodynamic equilibrium cou-
pled with the presence of radial temperature profiles
in the channel.

2. The departure from local hydrodynamic equilibrium
throughout the channel.

Figure 25 shows a vertical tubular channel heated by a
uniform low heat flux and fed with liquid just below the sat-
uration temperature.

BOILING REGIME

FLOWt

Figure 25. Flow patterns in a vertical evaporator tube [2].

In the initial single-phase region, the liquid is heated to
the saturation temperature. A thermal boundary layer forms
at the wall, and a radial temperature profile forms. At some
distance from the inlet, the wall temperature and the con-
ditions for the formation of vapor (nucleation) at the wall are
satisfied. Vapor forms at preferred positions on the tube
surface. Vapor bubbles grow from these sites finally de-
taching to form a bubbly flow. With the production of more
vapor, the bubble population increases with length and co-
alescence occurs, forming slug flow, which in turn gives way
to annular flow further along the channel. Close to this
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point the formation of vapor at sites on the wall may cease
and further vapor formation will result from evaporation at
the liquid-film vapor-core interface. Increasing velocities in
the vapor core cause entrainment of liquid in the form of
droplets. The depletion of the liquid from the film by this
entrainment and by evaporation finally causes the film to dry
out completely. Droplets continue to exist and are slowly
evaporated until only single-phase vapor is present.

Figure 26 shows the flow patterns of liquid-vapor flow
in a heated pipe as a function of wall heat flux. Liquid en-
ters the pipe at a constant flow rate and at a temperature
lower than the saturation temperature. As the heat flux in-
creases, the vapor appears closer and closer to the pipe inlet.
The local boiling length is the extent of pipe where bubbles
form at the wall and condense in the liquid core where the
liquid temperature is still lower than the saturation tem-
perature. Vapor forms by:

1. Wall nucleation
2. Direct vaporization on the interfaces located in the flow
itself
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Figure 26. Convective boiling in a heated channel [3].
(With permission of Elsevier Science Ltd.)

There is progressively less liquid between the wall and
the interfaces. Consequently, the thermal resistance de-
creases along with the wall temperature, resulting in an end
to wall nucleation. In annular flow, the liquid film flow rate
decreases through evaporation and entrainment of droplets,
although some droplets are redeposited. In heat flux con-
trolled systems, when the film is completely dried out, the
wall temperature rises very quickly and can exceed the
melting temperature of the wall (called dryout). Flow pat-
terns are shown in Figure 27.

In upward bubbly tlow, bubbles are spread over the en-
tire pipe cross-section whereas in the downward flow bub-
bles gather near the pipe axis.
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Figure 27. Air-water flow patterns in a downward con-
current flow in a vertical pipe: (1) bubbly, (2) slug, (3) falling
film, (4) bubbly falling film, (5) churn, and (6) dispersed
annular flow [4].

At higher gas flow rates (but a constant liquid flow rate)
the bubbles agglomerate into large gas pockets. The tops
of these gas plugs are dome-shaped whereas the lower ex-
tremity is flat with a bubbly zone underneath. This slug flow
is generally more stable than in the upward case.

With annular flow, at small liquid and gas flow rates, a
liquid film flows down the wall (falling film flow). If the
liquid flow rate is higher, the bubbles are entrained with-
in the film (bubbly falling film). At greater liquid and gas
flow rates churn flow exists, which can evolve into dispersed
annular flow for very high gas flow rates.

Horizental Concurrent Flow

The flow patterns for this type of flow are shown in
Figure 28.

Bubbly flow (froth flow). This resembles the case in ver-
tical flow except that the vapor bubbles tend to travel in the
upper half of the pipe. At moderate gas and liquid veloci-
ties, the entire pipe cross-section contains bubbles. At
higher velocities, a flow pattern equivalent to the wispy-an-
nular pattern exists.

Plug flow. This is similar to slug flow in the vertical di-
rection. Again, the gas bubbles tend to travel in the upper
half of the pipe

Stratified flow. This pattern only occurs at very low lig-
uid and vapor velocities. The two phases flow separately
with a relatively smooth interface.

Wavy flow. As the vapor velocity is increased, the inter-
face becomes disturbed by waves traveling in the direction
of flow.

Slug flow. At higher vapor velocities the waves at the in-
terface break up to form a frothy slug which is propagat-
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Figure 28. Flow patterns in horizontal flow [1].

ed along the channel at a high velocity. The upper surface
of the tube behind the wave is wetted by a residual film,
which drains into the bulk of the liquid.

Annular flow. At higher vapor velocities a gas core forms
with a liquid film around the periphery of the pipe. The film
may or may not be continuous around the entire circum-
ference but it will be thicker at the base of the pipe.

Flow patterns formed during the generation of vapor in hor-
izontal tubular channels are influenced by departures from
thermodynamic and hydrodynamic equilibrium. Figure 29
shows a horizontal tubular channel heated by a uniform low
heat flux and fed with liquid just below the saturation tem-
perature. The sequence of flow patterns corresponds to a rel-
atively low inlet velocity (<1 m/s). Note the intermittent
drying and rewetting of the upper surfaces of the tube in wavy
flow and progressive drying out over long tube lengths of the
upper circumference of the tube wall in annular flow. At high-
er inlet liquid velocities, the influence of gravity is less ob-
vious, the phase distribution becomes more symmetrical, and
the flow patterns become closer to those in vertical flow.

Flow Normal to Tube Banks

The flow patterns in the crossflow zones are shown in
Figure 30.

Figure 29. Flow pattems in a horizontal tube evaporator [2].
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Figure 30. Shell-side two-phase flow patterns [5].
(With permission of ASME.)

Spray flow. This occurs at high mass flow qualities with
liquid carried along by the gas as a spray.

Bubbly flow. This occurs at low mass flow qualities with
the gas distributed as discrete bubbles in the liquid.

Intermittent flow. Intermittent slugs of liquid are pro-
pelled cyclically by the gas.

Stratified-spray flow. The liquid and gas tend to separate
with liquid flowing along the bottom. The gas-phase is en-
trained as bubbles in the liquid layer and liquid droplets are
carried along by the gas as a spray.

Stratified flow. The liquid and gas are completely separated.

Spray and bubbly flows occur for either vertical up-and-
down flow or horizontal side-to-side flow. Intermittent flow
only occurs with vertical up-and-down flow and stratified-
spray and stratified flow with horizontal side-to-side flow.

Sources

1. Cheremisinoff, N. P.,, Heat Transfer Pocket Handbook,
Houston: Gulf Publishing Co., 1984.

2. Collier, J. G., Convective Boiling and Condensation.
New York: McGraw-Hill, 1972.

3. Hewitt, G. F. and Hall-Taylor, N. S., Annular Two-Phase
Flow. London: Pergamon Press, 1970.

4. Oshinowo, T. and Charles, M. E., in Can. Journ. of
Chem. Engrg., 52: 25-35, 1974.

5. Grant, I. D. R. and Chisholm, D. in Trans ASME, Jour-
nal of Heat Transfer, 101 (Series C): 38-42, 1979.
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A flow pattern map is a two-dimensional representation
of the flow pattern existence domains. The respective pat-
terns may be represented as areas on a graph, the coordi-
nates of which are the actual superficial-phase velocities (j
or jg). The coordinate systems are different according to var-
ious authors, and so far there is no agreement on the best
coordinate system.

Vertical Upward Flow

Figure 31 shows a flow pattern map based on observa-
tions on low-pressure air-water and high-pressure steam-
water flow in small diameter (1-3 cm) vertical tubes [4].
The axes are the superficial momentum fluxes of the lig-
uid (pyjp) and vapor (pgjgz) phases, respectively. These su-
perficial momentum fluxes can also be expressed in terms
of mass velocity G and the vapor quality x:

2 [GA-x) ., (Gx)?
Pl = —'pl— ngé = T

0y

Figure 31 should be considered as a rough guide only.
Vertical Downward Flow

Figure 32 shows one investigator’s chart [2]. Data are
based on two-component mixtures of air and different lig-
uids flowing in a pipe 25.4 mm in diameter at a pressure
of around 1.7 bar. The abscissa and ordinate are the quan-
tities Fr/VA and VP (1 — B) (where B is the liquid holdup
fraction) which are calculated at the test section pressure
and temperature. The Froude number, Fr, is defined by:

Fr = (jg + j)¥/gd; (2

where g = acceleration due to the gravity
d; = pipe diameter
A = a coefficient that accounts for the liquid phys-
ical properties

A = (W) [(pi/pw) (010, )T €)

where W = liquid viscosity
p = liquid density
¢ = liquid surface tension

Subscript w refers to water at 20°C and 1 bar.
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Figure 31. Flow pattern map for vertical upward flow
[4]. (With permission of AEA Technology pic.)
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Figure 32. Flow pattern map for vertical downward flow:
(1) bubbly, (2) slug falling film, (3) falling film, (4) bubbly
falling film, (5) churn, and (6) dispersed annular flow [2].



Horizontal Flow

The well-known Baker plot consists of a plot of G,/A and
GA/G,, where G, and G; are the superficial mass veloc-
ities of the vapor and liquid phases, respectively [5]. The
factors A and y are:

1/72
e
pA pw
and

21/3
Oy “’l Pw
=2 B 5)

Baker’s map has been modified by many investigators.
Mandhane et al. [6] based a map upon 5,935 data points,
1,178 of which concern air-water flows. Its coordinates are
the superficial velocities j; and j, calculated at the test sec-
tion pressure and temperature. The map is shown in Figure
33 and is valid for the parameter ranges given in Table 11.
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Figure 33. Flow map proposed by Mandhane et al.
[6]. (With permission of Elsevier Science Ltd.)
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Flow Normal to Tube Banks

Flow pattern maps for both vertical and horizontal flow
normal to the tube banks are given in Figure 34. The para-
meters of these maps are those of Baker [5], modified ac-
cording to Bell, et al. {7}. It is a plot of superficial gas ve-

Table 11
Parameter Ranges for the Flow Map
Proposed by Mandhane et al.

Conditions Range of Values
Pipe inner diameter 12.7 - 165.1 mm
Liquid density 705 - 1,009 kg-m™?
Gas density 0.80 - 50.5 kg-m~?

3104 -9%x1072 Pa

Liquid viscosity 105 — 23 3 10-5 Po
-5 _ 22 % 10"

Gas viscosity

Surface tension 24 - 103 mN-m~!
Liquid superficial velocity 0.09 - 731 cm-s!
Gas superficial velocity 0.04 - 171 m-s~!
Source: Mandhane [6].
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Figure 34. Shell-side flow pattern maps [3]. (With per-
mission of ASME.)
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locity vs. superficial liquid velocity with physical property
terms attached. Superficial is used in the sense that the total
flow area and not the actual phase flow area is used to eval-
uate the phase velocity. The flow area referred to is the min-
imum cross-sectional area for flow through the tube bank.
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Estimating Pressure Drop

Two-phase drop in a shell-and-tube heat exchanger con-
sists of friction, momentum change, and gravity:

AP = AP+ AP, + AP ©6)

The entrance and exit pressure losses, usually considered
in a compact heat exchanger application, are neglected
because of

1. The lack of two-phase data for these pressure losses
2. Their small contribution to the total pressure drop for
tubular exchangers

The evaluation of AP due to momentum and gravity effects
is generally based on a homogeneous model.

Homogeneous Flow Model

This is the simplest two-phase flow model. The basic
premise is that a real two-phase flow can be replaced by a
single-phase flow with the density of the homogeneous mix-
ture defined by:

Vim = V1 (1 -Xx)+ VX (7A)

1 =l—x_‘__x_ (7B)

Phom Y] Py

where v is the specific volume. Subscripts 1 and g denote
liquid and gas phases and x is the quality (the ratio of gas
mass flow rate to total [gas + liquid] mass flow rate).

The pressure drop/rise due to an elevation change is:

AP, =+pum (f) Lsin0 @)

C

Angle 0 is measured from the horizontal. The + sign stands
for a downflow, and the — sign stands for an upflow. Grav-
ity pressure drop predictions from this theory are good for
high quality and high pressure applications. When AP is
predominant (one half to two thirds of the AP), such as for
low velocities and low pressure applications, the following
equation, which takes into account the velocity slip between
two ph