STP-PT-053

CRITERIA DOCUMENT FOR
SHELL-AND-TUBE HEAT
EXCHANGERS ACCORDING
T0 PART UHX OF ASME
SECTION VIII DIVISION 1




STP-PT-053

CRITERIA DOCUMENT FOR

SHELL-AND-TUBE HEAT
EXCHANGERS ACCORDING

TO PART UHX OF ASME
SECTION VIl DIVISION 1

OSWECONSULT

ASME STANDARDS
. TECHNOLOGY, LLC



Date of Issuance: March 22, 2013

This report was prepared as an account of work sponsored by ASME Pressure Technologies Codes and
Standards and the ASME Standards Technology, LLC (ASME ST-LLC).

Neither ASME, ASME ST-LLC, the author, nor others involved in the preparation or review of this report,
nor any of their respective employees, members or persons acting on their behalf, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents that its use would not infringe upon privately
owned rights.

Reference herein to any specific commercial product, process or service by trade name, trademark,
manufacturer or otherwise does not necessarily constitute or imply its endorsement, recommendation or
favoring by ASME ST-LLC or others involved in the preparation or review of this report, or any agency
thereof. The views and opinions of the authors, contributors and reviewers of the report expressed herein do not
necessarily reflect those of ASME ST-LLC or others involved in the preparation or review of this report, or any
agency thereof.

ASME ST-LLC does not take any position with respect to the validity of any patent rights asserted in
connection with any items mentioned in this document, and does not undertake to insure anyone utilizing a
publication against liability for infringement of any applicable Letters Patent, nor assumes any such liability.
Users of a publication are expressly advised that determination of the validity of any such patent rights, and the
risk of infringement of such rights, is entirely their own responsibility.

Participation by federal agency representative(s) or person(s) affiliated with industry is not to be interpreted
as government or industry endorsement of this publication.

ASME is the registered trademark of the American Society of Mechanical Engineers.

No part of this document may be reproduced in any form,
in an electronic retrieval system or otherwise,
without the prior written permission of the publisher.

ASME Standards Technology, LLC
Two Park Avenue, New York, NY 10016-5990

ISBN No. 978-0-7918-6876-8

Copyright © 2013 by
ASME Standards Technology, LLC
All Rights Reserved



Criteria Document for Shell-and-Tube Heat Exchangers STP-PT-053

TABLE OF CONTENTS

FOT@WOTA ...ttt sttt b e e bt et b et e st e st et e s bt e st e bt eaeetesbeenean xi
AADSEIACT ..ttt ettt et ettt b e bt e e bt e bt e a et et e e bt e bt e eh e e eateea bt e be e bt e bt e nbteeateeateenbeenbeen xii
PART 1 INTRODUCTION ..ottt ettt ettt et ste st et e st est e se e st ensesseeneenseeseensenseeneensenns 1
L USCOPE ...ttt ettt et h e e h et b et e bt et ettt enbeeae et e 2
2  HISTORICAL BACKGROUND.....ccciiiiiiiiiitietert ettt sttt s 3
3  TYPES OF HEAT EXCHANGERS COVERED ......c.cccoiiiiiiieieeeeeeee e 5
4  TYPES OF TS CONFIGURATIONS .....eiiiiiiiiiiitieete ettt st et 7
5 LOADING CASES ... ottt ettt sttt be ettt et e e s bt et e nbesbte e eneenee e 9
6 STRUCTURE OF PART UHX ...ttt ettt sttt eseese e seeneennas 10
7 STRUCTURE OF THE DOCUMENT .......coiiiiiieiieiee ettt sttt 11
8 NNOTATIONS . ettt ettt et et e s b et e bt e et et e e bt et e sbeemt e teeseeneeebeentenseeneenses 12
RETEIENCES—PaIt 1 ...cceeiiiiii ettt ettt et e bt e be e bt e e st e eate et e enbeebeas 13
PART 2 TUBESHEET CHARACTERISTICS.......oooiiieeeeeeee ettt 14
I SCOPE (UHXATT1.1) ettt ettt ettt sttt eee et e ae et e neeeneenees 15
2 NOTATIONS. ettt sttt h et e et e st et e e st et e st e em e e tesbeemte bt estenseeneentenaeeneenees 16
3  DESIGN ASSUMPTIONS (UHX-11.2) coioieiiciieiecieeiee ettt ettt st ssa e 17
4  LIGAMENT EFFICIENCIES (UHX-11.5.1) icuieieiiieieceeeie ettt 18
T I 0013 (o1 13 115 T ) APPSR PRTRRSR 18
4.2 Historical Background............cccoviiiiiiiiiiiiieeee ettt 19
4.3 LE in Part UHX (UHX=T1.5.1) cuiiiieeee ettt 20
5 EFFECTIVE ELASTIC CONSTANTS (UHX-11.5.2) ecciiieieieeeeeeeeeeeee e 25
R B 51 U3 (o TG L Te1 5 o) o USRS 25
5.2 Historical Back@round............ccccoouieiiiiiiiieeeece e e 25
5.3 The Square Pattern Problem............cccueiiiiiiiiiiiieeieiesee ettt s e e e 26
5.4 Synthesis Of RESUILS........ooiiiiiiiiiieie ettt ettt et et sbe e s sas 27
5.5 Determination of EEC for the Full Range of p* (0.1<p*<1.0) coveieiieieieeeeeeeee 28
5.6 Determination of EECS for UHX Rules (UHX-11.5.2) .c.ccccveviiniiiiieiieieeieeneesee e 28
5.7 COMNCIUSION. ...ttt ettt ettt s et bt et b e e st et ebt et e sbeestenbeebeeneene 29
RETRIENCES—PaIt 2 ...ttt ettt sttt bbbt e bttt e b e ae e 33
PART 3 ANALYTICAL TREATMENT OF FIXED TUBESHEET HEAT EXCHANGERS........... 34
I SCOPE (UHXA13.1) ettt ettt ettt et ettt e bt et e b ene et e sbeeneenees 35
2 HISTORICAL BACKGROUND.....cccuiiiiiiiitee ettt ettt s 36
3 GENERAL. ...ttt ettt ettt et et e e bt n e teent et e teenteaeeneenteeneentennes 37
3.1 TS Configurations (UHX=13.1)..cccuiiiiiiiiiiieee ettt 37
3.2 Notations (UHX=13.3) .. .icciieieiieiieiit ettt steste e beesse et e ssaessaesssessseesseessaesseesssesssennns 38

il



STP-PT-053 Criteria Document for Shell-and-Tube Heat Exchangers

3.3 Loading Cases (UHX13.4) ..ottt et eve e vaestae s avesaveeveebaensnenenas 42
3.4 Design Assumptions (UHX-13.2).....cccoiiiiiiiiiiiiiiesiie ettt sreeetaeeseveesreeeeveessseeenes 43
3.5 Basis of Analytical TIEatMENL ........ccceevveeriierieeieeiiecieereeree e e ereeeeesteesraessaesnseesseesseesseesnnas 44
35,1 GENEIAL....oiieiiiiieiieeece ettt ettt e te e s taeeabeeebeeabeeba e taeanas 44
3.5.2  Free Body Diagram........ccccccciiiiiiiiiie et ciie ettt eiee et e etve e seveeeaaeearaesnreeeneneas 46
4 AXIAL DISPLACEMENTS AND FORCES ACTING ON THE TUBES AND ON THE
N = 21 50 5 USRS 47
4.1 Axial Displacement and Force Acting on the Tubes (Figure 18) ......cccoovvvvvvveciecienieieneeen, 47
4.2 Axial Displacement and Force Acting on the Shell...........ocoviiiniinniiie, 48
5 DEFLECTION AND LOADS ACTING ON THE TUBESHEET ........cccccceviviiieieeieieeeeen, 51
5.1 Equivalent Plate Resting on an Elastic Foundation ............ccoceveiieiiniinininnienneeceeeene 51
5.2 Determination of Integration Constants A and B ..........ccccoociiiiiiiiniiiiinieeeeeeeee 55
I I B 1S3 i (<7 1o ) s FO USSR 56
5.4 Net EffeCtiVe PIESSUTIE ...c.ueevuiiiiiiiiciicieesee ettt ettt st etaestaestaessaesnseenseesseessnennnas 57
TR T o] 1o ) & PSRRI 57
5.6 SREAT FOICE ...c.vviiiiiiiieieeteecttec ettt et et be et et e e s ta e e tv e e st e e teeeteestbeesbesabeenbeenreenssenenas 57
5.7 Bending MOMENL .......cceeiiiiiiiiieieeiterieeseeseestesteebe e eesseesesesssessseessaessaessaesssessseessessseesssessees 59
TR I 07033167 L 13 T ) 4 BRI USRR 59
6 TREATMENT OF THE UNPERFORATED RIM.....ccccoociiiiiiiiiiiiiceeieeeeeeteeeee e 60
6.1 Edge Loads Applied on Shell and Channel at their Connection to the TS .........c..cccoevvennnnen. 60
6.2 Equilibrium of the Unperforated RiM...........ccceeviiiiiiiiiiiiieriie et 62
6.3 Edge Loads V, and M, Applied to the Tubesheet...........ccccevcvrreiiriienienienie e, 65
7 EQUIVALENT PRESSURE ACTING ON TUBESHEET ........cccooveiiiiirieiececieie e 69
A T D 511115 o) o U PRSPPI 69
7.2 DetermINatiON OF Pq coooovviiiiiiiiiiieieeeeeeeeeeeeeeeeeee e 70
8 STRESSES IN THE HEAT-EXCHANGER COMPONENTS ..ottt 74
8.1 TS Net EffectiVe PIESSUIE.....cccuviiiiiecii ettt ete ettt et e v e e svaeetaeesebeeensseessneeennes 74
8.2 TS Axial DiSPIaCeMENL.....cc.ecviiiiieiieiieiieierieete et eteereeseesaesaeesbeesbeeseessaesssessseasseeseesseens 74
8.3 T'S ROLALION ....eeiiiieiiieiieieesieesiteete ettt et et e st e ssbesebeesseessaessaessaesssessseassaesseesssenssesssennseensessseens 75
8.4 Stresses N the TUDESNEEL .........c.cccuieiiiiciieieececeee et snseeseeeaens 76
8.5 Axial Membrane Stress i TUDES.......coiiiiiiiiiiiciecicceeeeree ettt r e erveeveesaee s 79
8.6 Stresses N the SHEll.......c.ooiiiiiiiii et ssbessseenseesaens 80
8.7 Stresses N the CRANNE] ...........c.ooiiiiiiiiiicicecct e et ev e te e te e aeetbeesbeebeesaeens 83
8.8 HOW t0 USE the RULES ....cuviiiiiiiiciiecic ettt et etre b eve e te b e s tbeeaveeabeereens 84
9 DETERMINATION OF THE ALLOWABLE STRESS LIMITS.....ccoiiiieieeeeeeeeee e 85
0.1 General ConSIAETALIONS ......cc.uevvirieriieerieeseesteeteeteeteesseesseesesessseesseessaessaessaesssessseessessseesseessees 85
9.2 Allowable Stress Limit in the TUDEShEET ..........ceecvieciierieriiriicie e 86
9.3 Allowable Stress Limit in the TUDES.......cccveiiiiiiiiiiiieeeciececcee e 86
9.4 Allowable Membrane Stress Limit in the Shell............cccooviiiiiiiiiiinieciecec e, 86

v



Criteria Document for Shell-and-Tube Heat Exchangers STP-PT-053

9.5 Allowable Membrane+Bending Stress Limit in the Shell..........cccooviiiiiiiiiieniiiniciiccie, 87
9.6 Allowable Membrane+Bending Stress Limit in the Channel..............ccoovevvienienieiiecneennne, 87
0.7 COMNCIUSIONS ...ttt ettt b et sttt et s bt et e s bt e st et e ebt et e s bt eatenbesaeeneene 87
10 ADDITIONAL RULES ...ttt ettt ettt ettt te st et e saeeneenseeneensenees 88
10.1 Effect of Different Shell Thickness and Material Adjacent to the TS (UHX-13.6) .............. 88
10.2 Effect of Plasticity at Tubesheet-Shell-Channel Joint (UHX-13.7)...c.ccccevvevieneenienrennnnnn, 90
10.3 Effect of Radial Thermal Expansion Adjacent to the Tubesheet (UHX-13.8)...................... 92
10.4 Calculation Procedure for Simply Supported Tubesheets (UHX-13.9).......cccccoviiniininnnne 95
10.5 Tubesheet Flange Extension (UHX=9) ......ccccoiiiiiiiiiiiiiieieeee et 96
10.6 HE Set-up with a Thin-Walled Expansion Joint (UHX-13.16) .......ccceecvvrvveervereerienrennrennn, 97
10.7 HE Set-up with a Thick-Walled Expansion Joint (UHX-13.17) .....ccceevvvrvienieneenienrenrenn 97
11 CHECKING OF THE RESULTS ...ttt ettt ae st et entesneeneeneas 98
11.1 Comparison With FEA ... ...coooiiiiiiieieeese ettt ettt essaesnnesnseensaens 98
11.2 Comparison with CODAP French RUles..........cccevieriiriiiiciiiiieiieiee e 100
11.3 Comparison with TEMA RUIES ........ccccuiieiiiieiiiiiiiciee ettt 105
11.4 Comparison with Circular Plates Subject to Pressure.........occcveeviieeciieeceieciiecieeeeeeeveeee 112
11.5 CONCIUSIONS. ...ttt ettt ettt ettt b et e st e bt et e bt ese e be e bt et e sbeeneenees 114
ReferenCes——Part 3.......coooiiiiiiie ettt ettt sttt s 115
PART 4 FLOATING TUBESHEETS ...ttt e 116
I SCOPE ...ttt b et bt bbbt e a e et bt et e bt et e ntesaeenten 117
2 HISTORICAL BACKGROUND......cciiiiieititteieet ettt ettt naeseeseennens 118
I € 11\ 21 2N OSSPSR 119
3.1 TS CONFIGURATIONS (UHX=14.1) i eteiieieieeeeieie ettt 119
3.2 INOLALTIONS ..veeutieniieeiie ettt ettt ettt et et et e bt e s aeeeateea bt et e e bt e sheesatesateembeenbe e bt esatesmseenseanseenseas 120
3.3 Loading Cases (UHX-14.4)......cciiiieieieeieeieeie ettt eteesteeseesvessaessseestaessaessnesssesnsesssaensens 124
3.4 Design Assumptions (UHX-14.2) .....cccovveriiiriirciiniieiieieenee e seesveesteeseesaesenesseesseensaensens 125
3.5 Basis of Analytical Treatment.........cccoiiiiiiiieiieiieieeeerte ettt 126
351 GeNETAL ...ttt sttt e 126
3.5.2  Free body diagram for ST TS......ooi et 127
3.5.3  Free body diagram for FL TS.......cooooiiiiiiiie ettt e 128

4 AXIAL DISPLACEMENTS AND FORCES ACTING ON THE TUBES AND ON THE
SHELL ...ttt ettt et ettt a et e h et e bt et e st e eb e et e sbeentenbeest et e eae et e sbeentenben 130
4.1 Axial Displacement and Force Acting on the Tubes (Figure 42)........ccceeveevevveneeneennennen. 130
4.2 Axial Displacement and Force Acting on the Shell (Figure 43) ......cccocvvevvevvecieneeriereeeen, 131
5 DEFLECTION AND LOADS ACTING ON THE TUBESHEET.........cccccoeviiieiieieieeeeenen, 132
5.1 Equivalent Plate Resting on an Elastic Foundation (Figure 44).........cccccvvvvininieninennennen, 132
5.2 Determination of Integration Constants A and B............ccccoeeviiiiiiiiniii e 133
6 TREATMENT OF THE UNPERFORATED RIM ......ccccooiiiiiiiieieieceeie e 134
6.1 Edge Loads Applied on Shell and Channel at their Connection to the TS...........c.ccvenneneen. 134
6.2 Equilibrium of the Unperforated Rim ...........cccccvviviiiiiiiiiiiieciie e 134



STP-PT-053 Criteria Document for Shell-and-Tube Heat Exchangers

6.2.1 Due to AXIal LOAAS ....eouieiiiieieieeiee ettt 134

6.2.2  Due to APPlied MOMENLS.......cceeriieriierierieeieeieeieeteesieeseresereesseesseesseesseessnesssesssennns 140

6.2.3 Edge Loads V, and M, Applied to the Tubesheet ............ccccevvveeriierieeciiieieee, 140

7 EQUIVALENT PRESSURE ACTING ON THE TUBESHEET .......cccoeeeviiiieiiieieieeeee 141
8 STRESSES IN THE HEAT-EXCHANGER COMPONENTS .....cooiiiiieiteeeeee e 142
9 DETERMINATION OF ALLOWABLE STRESS LIMITS .....cooiiiiiiieeeeeeee e 143
10 ADDITIONAL RULES ..ottt ettt ettt ettt eee et e aeeneesesneensenees 144
11 HOW TO USE THE RULES .....oottiiiteee ettt sttt st 145
T1.1 StatioNary TS. .o eiieciieeiie ettt e ettt e sttt e e te e e ebeeebbeestbeeesseeessaeessseessseessseeesseensseeenssens 145
T1.2 FIOAING TSttt et e et e e st e et e et e e eatbeessbaeesbaeessaeessaeasssaessseeesseessseeenssens 145
11.3 Calculation PrOCEAUIE .........coiiiiiiiiiiie ettt sttt et et 145
11.4 Calculation Using a Fixed TS HE Software............ccocvvevienieriiniinieeieceeeesee e 146
RETRIENCES—Part 4 ...ttt sttt ettt b e bt ettt e bt e b 147
PART 5 ANALYTICAL TREATMENT OF U-TUBE TUBESHEET HEAT EXCHANGERS....... 148
I SCOPE..... ettt ettt h et e a et bt et e bt ettt e ne et nees 149
2 HISTORICAL BACKGROUND ......oooiiiitieieie ettt ettt ettt ettt aeenas 150
3 GENERAL ...ttt ettt et e et et a et e b e ent et e st et e teeatenseeneennens 151
3.1 TS Configurations (UHX=12.1) ..c.coiiiiiieiiiieiie ettt st 151

3.2 INOTALIOTIS 1.ttt eite et e ettt et et e e s bt et e bt es e et e eb e et e st e emt e beebeenseebeeaeebeeneenseseeensenbeeneeneenne 151

3.3 Loading Cases (UHX12.4) ....ccoviiiiieiieiieriee e steeie et eteeseesssessresnsaesaessaessaessnesnsessseenns 154

3.4 Design Assumptions (UHX-12.2).....c.ccccueriirieiiieiieiieeieeieestesee e sre e sseesseesseesenesesessseenns 155

3.5 Basis of Analytical TIeatment ...........coceeiierieiiiiieeie ettt s 155
351 GENETAL..cuiiieiiteee et sttt ae ettt ae s 155

3.5.2  Free Body DIagram.......ccccoeciieciieiieriieiie e eieeie ettt sie et sreenseesseesseesaeessnesnnessseenns 156

4 TREATMENT OF THE PERFORATED TUBESHEET ........ccceoiiiiiieeeeeeeeeee e 158
5 TREATMENT OF THE UNPERFORATED RIM.....cccccoeiiiiiiiieiiieeeeee e 159
5.1 Edge Loads Applied on Shell and Channel at their Connection to the TS...........ccoccveneenn. 159

5.2 Equilibrium of the Unperforated Solid Rim .........cccccvveiiiiiiinieiiieciccecceeeee e 159

6 STRESSES IN THE HEAT-EXCHANGER COMPONENTS .....cccooiiiiiieeeeeeeeeee e 165
6.1 Stresses in the TUDESHEET .......cc.oeiiiiiiiiiiee e 165

6.2 Stresses in the Shell and Channel ..o 165

6.3 Determination of Stresses using the Fixed TS Rules........ccccvvviiiiviiiiciii e 166

7 DETERMINATION OF THE ALLOWABLE STRESS LIMITS.....cccoiiieieieeeeeeeeeeee 167
8  ADDITIONAL RULES ..ottt ettt ettt ettt et s b et sbeetesaeeatenae s 168
8.1 Effect of Plasticity at Tubesheet-Shell-Channel Joint (UHX-12.5).....c.cccccvveviieiciieecieennens 168

9 HOW TO USE THE RULES .....ooittieieeet ettt sttt 169
10 COMPARISON WITH TEMA RULES ..ottt 170
10.1 TEMA FOIMULA ......eoiiiiiiiiiiiiee ettt ettt ettt st be e 170

vi



Criteria Document for Shell-and-Tube Heat Exchangers STP-PT-053

10.2 NUMETical COMPATISONS ....ccuveeeerieerieeireesreeesteeesseesseeessreessseeassseessseesssseessseesssesasssesssessnnns 170
RefeT@NCeS—Part S......ooiiiiie ettt et b ettt bt ae 172
PART 6 SUMMARY AND CONCLUSIONS ... .ottt ettt 173
1 SUMMARY AND CONCLUSIONS ....ootiiieieiteieie ettt ettt ettt st et ssesseeneesaeeseense e 174
LIST OF ANNEXES
Annex A —Values of Effective Elastic Constants from Various Authors...........cccccevvvevierivencneenenne, 177
Annex B —Values of Effective Elastic Constants for the Full Range of p (0.1<u*<1.0) ................. 179

BT INEOAUCTION ..ttt ettt e b e st e st et e et e b e be e bt e eaeas 179

B.2 CUrves (FIOM [13] )uvioiieoieiierieiie ettt eitesiee st ste sttt e e estaestaestaessaesstesssesssaesseesseesssensses 179

B.3 Numerical Values (FTom [13] ) ...cocveiieiieciieierierie ettt esie et sae e ssba e sseennnes 180

B4 POLYNOMIUALS .....cuviiiiiiiiiieciie ettt et et e et e e s bee e taeesabeeessseeesbeeessaeessaeessaeesssaanns 185
Annex C —Poisson’s Ratio in Tubes and Shell ...........ccccooiiiiiiiiiiiiiieeeeee 186
Annex D —Shell Pressure Acting on Expansion Joint Sidewalls ..........cccccovieiininenininnenineene 188
Annex E —Differential Pressure Acting on the Equivalent Solid Plate...........cccoccoceviniiiinincnnene. 189
Annex F —Solution of Differential EQUAtion W(X) .......ccovvieviieiieniieiie e eiecereeereesreesiresneeveeveesneens 191
Annex G —Coefficients Zq,Zy,Zy,Zn 5 Qum,Qv 5 Qu,Qp 5 Fum, Froov 193
Annex H —Radial Displacement and Rotation of the Shell at its Connection with the Ring........... 199

H.1 Radial Displacement Due to Internal Pressure P .........cccoovviiviiiiiiiiiiccieciececeereeieeieens 199

H.2 Radial Displacement and Rotation due to Edge Loads Qg and Ms.......cccceevvevvirriniienieennnnns 200

H.3 Radial Displacement due to Internal Pressure and Edge Loads.........cccccovevveiiiiiiiiieniiennenn, 200

HA Chanmel .......ouoeuiiiiiee ettt et ettt et e et e b e seeensesseens e seeneesesseensensens 201
Annex I —Shell-Ring Connection in Radial Dir€Ction ............cccuevvieiieiiiiiviienieceeciecee e eveeenens 202
Annex ] —Minimum Length of Shell and Channel when Integral with the TS..........c..cccooeviiiiennn. 204
Annex K —Formulas for a Hemispherical Channel when Integral with the TS ..........c..cccceiennnn. 206

K.1 Radial Displacement due to Internal Pressure Pe .........cooevviiiiiiiiiiiiiiccieciececeereeieeiens 206

K.2 Radial Displacement and Rotation due to Edge Loads Qs AND Ms.....cccvevvevviriinciienieeinnns 207

K.3 Radial Displacement due to Internal Pressure and Edge Loads.........cccccovevvevviiiieiienieennnnn, 207
Annex L —Equilibrium of Ring Subjected to Edge Moments............ccccevveeveeeieciieecieereecreeseesireenn. 208
Annex M —Direct Determination of the Equivalent Pressure ..........cocccocvevievienieecieeceeeeeesceee, 215
Annex N —Formulas to be used When Pe=0 .........coovommiiiiiiiiieeeee et 219

N.1 Net Effective PreSSUIE: (X) ..veeeveereerieeriieriieeiieesitesieestessessseeseesseesseesssesssesssssesssessseesssessses 219

N.2 Axial DiSplacemeEnt: W(X) ....cc.eevvieviieriieiieiieeieesteeteesieesresereeseeseesseesseessseesseesseessessseesssessns 219

N.3 ROATON: B(X) 1evvierieiiertienieiieereerieeseeseestesteebeebeesseessaesssessseesseesseesseesssesssesssesssessseesssessees 219

N4 Bending StrESS: G(X) ..couveerureririeeiiieeirieesireerteeesteeesreessseeassseessseesssseessesassseessseesssessssessssessnsns 219

INL5 SREAT SITESS: T(X) cuveevrerrrerrerrerreerseeseeseesieeaseesseesseesseesssesssessessseessessseesssesssssssesssessseesssessses 220

N.6 Axial Stress i TUDES: Gi(X) .eouviiviiiirieiieiieiieeieete ettt e sresreeveeteesteesteestsestbeeabeebeeseesssessnas 220

vil



STP-PT-053 Criteria Document for Shell-and-Tube Heat Exchangers

Annex O —Tabular and Graphical Representation of Coefficient Fi(X) ....ccoeoeevvrieiieninieiiiieieee 221
Annex P —Tabular and Graphical Representation of Coefficient F,(X) ..ccovveveieiiiciieciiiecieciienen, 238
Annex Q —Tabular and Graphical Representation of Coefficient Fo(X)......ccocceverieneniniinincnnene. 249
Annex R —Calculation Sheet of a Fixed TS HE (EXAMPLE UHX-20.2.3) ....cccccvevvirierierreenennn, 261
Annex S —Determination of the Allowable Buckling Stress LimitS............cccoccveviienieniieniieniieenenn, 262
Annex T —Common Intersection 0f CUrVeS Gi(X) .....coveeueveieiririeiniinieieieeeeee et 267
T1 GOIETAL. ..ttt ettt e b et bt et e bbb st ea et bt et e b et e e e 267
T.2 Determination of Common Intersection X, fOr Gi(X) .....ceveveeirieeiiieeiie e 267
T.3 Generalization t0 Other SIEESSES ......vervieuieriereieierieeieeieeteetete et e ettt e ee st eteste st esesseeneense e 268
Annex U —Determination of Stresses Using the Fixed TS RUles ........ccccoeevieviiiiieiieiieciecieeieeien, 269
Annex V —Calculation Using a Floating or Fixed TS HE Software...........cccocceviniinininnineneene 273
Annex W —UHX14 Example 1 (2010 Edition) Stationary............cceceeeeeereneenenenieneneeeene e 274
Annex X —UHX14 — Example 1 (2010 Edition) Floating..........c.cccoeevvrvieriienienienieeieeieeieeieeniene 275
Annex Y —UHX13 — Example 3 (2010 Edition) with General Equations ..........c.ccccceeeevvverveeeneenne. 276
Annex Z —UHX12 — Example 4 (2010 EItion) .......ccceovverierieiiieiieeieeieeeeseesee e sreereeseesseesenens 277
ACKNOWICAZEMENLS ... ceveiiiieieieeie ettt st et e bt et e e teesteestaessaesssessseesseessaesssesssesssenssesnsenseesseens 278
ADbDreviations and ACTOIYINS .....eeitierierieiiteittesttestte st teette et eteesbeesteesttesatesateebeesbeesseesseesneeenseeseenseens 279
LIST OF TABLES
Table 1—Values for E*/E and v* for triangular pattern from Meijers [12]....c.cccceevvevieevienieneennnennn. 26
Table 2—Values of E*/E and v* for square pattern in pitch and diagonal directions from Slot and
O DONNECIL [7] vttt ettt et ettt et e et e e etae e e be e etaeesabeeenteeeesaeeenreeennns 27
Table 3—Comparison of TEMA and ASME TS thicknesses for 4 U-tube HEs ..........ccccocenininnnne. 171
Table 4—Comparison of Effective Elastic Constants E* and v* values by various theoretical
methods for plane Stress ProbIEML..........cviciiiciieiiieiieciecie et e 177
Table 5—Values of Curves v* as a function of p* for ratios h/p=0.1, 0.15, 0.25, 0.5, 1.0 and 2.0
fOr TRIANGULAR PAtIIT...ccccuviiiiiieiiieciie et esteeeeiteeseteeeteeetveessreeesaeessseessseeesssessnseeans 181
Table 6—Values of Curves v* as a function of u* for ratios h/p=0.1, 0.15, 0.25, 0.5, 1.0 and 2.0
fOr SQUARE PAtIEIN...cc.uviiiiiieiiieciie ettt ettt ettt et eetee e sveeetaeessaeesseeessseeenneeans 182

LIST OF FIGURES

Figure 1—Three types of tubesheet heat €XChangers ............ccvevvieviiiiieiieciie e 6
Figure 2—Tubesheet CONTIGUIAtIONS.......cccuiiiciiiiiieeiieeiee ettt et e et e e sebeeebeeeeaeesssaeessaeessseaens 8
Figure 3—Ligament area in the actual tubesheet............ccooveriiriiicieieee e 18
Figure 4—Ligament orientation in the actual tubesheet..............ccocceeiiiiiiiiiniiiiiee, 19
Figure 5—Ligament efficiency used in TEMA .......cccoiiiiiiiii ettt 20
Figure 6—TS equivalent diameter Dy......cccuevveeeiiiiiieiiieiierieriese sttt esieesee e saesre e esa e seessnesnnas 20

viii



Criteria Document for Shell-and-Tube Heat Exchangers STP-PT-053

Figure 7—TS with unperforated [anes ...........cccoeeieiiiiiiiiiiieeeeceesee ettt r e v b saee s 22
Figure 8—Tube expansion depth ratio p=1t,X/h .........cccceveiiiriiiriiirieiie et 22
Figure 9—Pass partition groove on tube side of the TS.......c.cccceviiviiiiiiiiiier e 24
Figure 10—Pitch and diagonal directions for Square pattern............ccceevvveeecieeerieesciieerieeeiee e e 27
Figure 11—Curves for the determination of E*/E and v* (triangular pattern) ..........cccccceeevvreveerveennnnns 30
Figure 12—Curves for the determination of E*/E and v* (square pattern) ...........cceceevevererencieenreennnns 31
Figure 13—Curves E*/E for square pattern obtained from polynomial approximation given in

FAGUIE 121ttt et ettt b e sttt e et e bt e sbeesaeeeaee e 32
Figure 14 — Fixed tubesheet heat XChanger ............c.ovcvviiiiiiieniieriesee et eee s 35
Figure 15—Tubesheet CONTIGUIAtIONS .........c.eeiuieiiieiiiiiiee ettt sttt 38
Figure 16—Analytical model used in design method ............cccooiiiiiiiiiiiiiiiee e 45
Figure 17—Free body diagram of the analytical model...........c.ccccveviiiiinciieciieieeeee e 46
Figure 18—Axial displacement Of tUDES ........cc.verieriiiiiiieiiteieerieesteeeee e ere et eeessaessressseesseessaens 47
Figure 19—Axial displacement of the Shell..........ccccooiiiiiiiiiiii e 48
Figure 20—Loads acting 0N TS .......ccooiiiiiiiieieceetereeste ettt et ste e s teeseaessaessbeesseesaessaesssesssessseessaens 51
Figure 21—TS diSPlacement ........cccveiieriieiieieesieeeerte st ere et eteesteestaeseaessseasseesseessaesssesssesssessseessanns 52
FAGUIE 22 . et ettt a e a e et e e e bt e bt e e bt e sateea b e e bt e be e bt eebteenteenteenteeteen 56
Figure 23—Ring equilibrium of the TS ........oooiiiii e 62
FIGUIE 24 . oottt ettt e ettt e bt e et e et e s tbeesbeass e e s s e e s e e ssaessbeasbeasbeesseesseensaeasbeenseenreerraens 69
Figure 25—Bending stress distribution throughout the TS for Q3=0.0 and Xa=1, 3, 5, 7, 10 and

LS ettt ettt e a et e et e ae e b e st e at e bt e a e et e st ens e seessenseeteenaenseereensenns 77
Figure 26—Shell with increased thickness adjacent to TSS.......ccccvevierieeciieciieieeeee e 89
Figure 27—Temperature gradient at TS-shell-channel joint...........c.ccocvveeeieeciieciienienieie e 93
FAGUIE 28 . oottt ettt ettt e b e st e s at e et e et e e bt e e bt e eateea b e eabe e bt e bt e btesatesateenteetean 96
Figure 29—Minimum required thickness of the tubesheet flanged extension, h, .........ccoceerevrnenn. 97
Figure 30—Comparison of tube stresses calculated per UHX and FEA (Example UHX-20.2.3)....... 99
Figure 31—Tube stress distribution obtained by UHX, CODAP and FEA throughout the TS from

T 0 T0 T80 ettt ettt ettt ettt e et e e it e s bt e e bt e e e bt e e shb e e s bt eebteesabeeenbbeeas 105
Figure 32—TEMA and ASME-CODAP coefficient F for X varying from X=0 to X=20................ 107
Figure 33—TEMA COCTTICIENt F...c..ooviiiiiiiiecie ettt 107
Figure 34—TEMA deSIZN TANEZE ........eeeiuvieeiieeiieecieeecieeeeteeeteeeibeesbeeestaeessseeessseesssesssseeesssessseeensses 108
Figure 35—Coefficient Fq as a function of X for SSand CL TS .......cccoooiiiiiiiiniieeeeeeee 110
Figure 36—Floating tubesheet heat €XChangers...........cevveriiriirciieicieeesee e 117
Figure 37—Stationary tubesheet configurations ...........ccccceeeeiieiiiieiieieenee e 119
Figure 38—Floating tubesheet cONfiGUIAtioNS ..........coceerieiiiiiieiieeeceee e 120

X



STP-PT-053 Criteria Document for Shell-and-Tube Heat Exchangers

Figure 39—Analytical model used in design method............ccceevieviiiiiiiiiicececee e, 127
Figure 40—Free body diagram of the analytical model for the ST TS ......ccccoooiiiiiiiiiniiiee. 128
Figure 41—Free body diagram of the analytical model for the FL TS ........coccoiiiiiiiiiiniieee. 129
Figure 42—axial displacement Of tUDES.........cccoviiiiiiieiiecieece e e e 130
Figure 43—Axial displacement of the Shell ...........ccooiiiiiiiiiii e 131
Figure 44—1L.0ads acting 0n T'S.......ccceioiiiiiiiieieiere ettt s eae et e be e e s saesnseenseensaeseens 132
Figure 45—TS diSPlacement .......c..covuiiiiiiiieiieeee ettt ettt ettt et e nae e 133
Figure 46—Ring equilibrium of the ST TS ..ot 134
Figure 47—Ring equilibrium of the FL TS .........cccoiiiiiiiiieiceee et 135
Figure 48—Immersed Floating TS HE..........ccoooviiiiiiiiiiicietceee ettt 137
Figure 49—Externally sealed Floating TS HE ........cccoiiiiiiiiiiiieee e 138
Figure S0—Internally sealed Floating TS HE ..........ccccoooiiiiiiiiniicie et 139
Figure 51—U-tube tubesheet heat €XChANGETS .........cccveviiiiieiiieiiesie e ete e ereeraeseee s 149
Figure 52—TS CONTIGUIATIONS ....eeivieriiiiiiiiieeie ettt ettt ettt eae et be e bt e btesateeneeeneeenaeens 151
Figure 53—Free body diagram of the analytical model for the TS...........cccooiiiiiiiiiniiieeeee 157
Figure 54—Ring equilibrium 0f the TS.......cccieiiiiiiiirieceeecee et ere e 160
Figure 55—Synthesis of E*/E and v* values from [1], provided by various authors for triangular

ANA SQUATE PALLETTL ..evvveverieeieeieetiesitesteesteeteebeesbeesteesstessseasseesseesseesseesssessssasseesseesseesseessses 178
Figure 56—Curves of Effective Elastic Constants for the full range of p* (0.1<p*<1.0).................. 179
FIGUIE 57 o ettt b bt b e sttt b bt bttt b ettt ebe s 199
FIGUIE 58 .t oottt ettt st e ettt et et e s tbeesbeesbeesbe et aeeseesebeasseasbeesseessaessaeasbeasseensaerraens 202
FIGUIE 59 .. ettt e bt sttt ettt b bbbttt eaeens 202
Figure 60—Hemispherical head .............oocuiiiiiiiiiiie e 206
Figure 61—ConfiGUIation @.........cccuevvieiiieiiiieriiesiesieesreereereeseesseestaestaessseesseesseesseesssesssesssesssessseesseens 208
Figure 62— Configuration D..........ccccvieiiiiiiiieieesiiesiee e sre e ereesteesaeseaeseveesseesbeesseesssesssesssesssessseesseens 210
Figure 63—CoNfIGUIATION C..ouvervieuiiiiiiieiiiieetesteet ettt ettt et st b e sttt e e bt ene e 212
FIGUIE G4 ... .ottt ettt ettt e bt et b e st b e e ebeesbeesbeestaessbessseasseasbeesseasssesssessseasseansaeseens 215
FIGUIE 05, .. oottt e b e bt e bt et e s tb e e s b e esbeesbe e taessbessbeesseesbeesseasssessseasseasseensaeseens 215
FAGUIE 00. .. .ottt ettt ettt st et et e et e e teesaeesateease et e e bt esstesnteenseenseenseenteens 216
FAGUIC 07 ... oottt ettt et e e et e e et e e e tb e e s abeesaebeeesbeeassaeesseeensseessseeansaeensseesnseeennes 217
Figure 68—Tube DUCKIING........c.ccoiiiiiiieiie ettt ettt seestee st sae et e esa e saessaessseenseenseenseens 263
Figure 69—Determination of buckling safety factor FS.........c.cccooviiiviiiiiiiieiceee e 265
Figure 70—Graphs giving ot(x) and Ft(x) for the 7 loading cases........c.ccceceevieieenieneniiieeceeee 267



Criteria Document for Shell-and-Tube Heat Exchangers STP-PT-053

FOREWORD

The purpose of this document is to justify and provide technical criteria for the rules of Part UHX of
ASME Section VIII Division 1, 2010 Edition, devoted to the design of U-tube, Fixed and Floating
head Tubesheet Heat Exchangers. Confirmation and documentation of the basis for UHX-rules is
important for the SG-HTE members for future reference and developments or if additional
confirmation or comparisons are required. It will be a valuable reference for early career engineers
that are using the UHX rules or becoming involved in Code developments of such rules in the future.

Established in 1880, the American Society of Mechanical Engineers (ASME) is a professional not-
for-profit organization with more than 127,000 members promoting the art, science and practice of
mechanical and multidisciplinary engineering and allied sciences. ASME develops codes and
standards that enhance public safety, and provides lifelong learning and technical exchange
opportunities benefiting the engineering and technology community. Visit www.asme.org for more
information.

The ASME Standards Technology, LLC (ASME ST-LLC) is a not-for-profit Limited Liability
Company, with ASME as the sole member, formed in 2004 to carry out work related to newly
commercialized technology. The ASME ST-LLC mission includes meeting the needs of industry and
government by providing new standards-related products and services, which advance the application
of emerging and newly commercialized science and technology and providing the research and
technology development needed to establish and maintain the technical relevance of codes and
standards. Visit www.stllc.asme.org for more information.
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ABSTRACT

The purpose of this document is to justify and provide technical criteria for the rules of Part UHX of
ASME Section VIII Division 1, 2010 Edition, devoted to the design of U-tube, Fixed and Floating
head Tubesheet Heat Exchangers. The criteria document applies also to paragraph 4.18 of Section
VIII, Division 2 which is entirely based on Part UHX.

The analytical treatment of the fixed tubesheet heat excangers is based on classical discontinuity
analysis methods to determine the moments and forces that the tubesheet, tubes, shell and channel
must resist.

e The heat exchanger is assumed to be a symmetrical unit with identical tubesheets on both
ends.

e The Tubes are replaced by an equivalent elastic foundation.

e The Perforated tubesheet is replaced by an equivalent solid circular plate with effective
elastic constants depending on the ligament efficiency of the tubesheet. This equivalent solid
circular plate is treated by the theory of thin circular plates subjected to pressure and and
other applied loads to determine the stresses in the tubesheet

e The unperforated tubesheet rim is treated as a rigid ring.

e Its Connection to the shell and channel accounts for the edge displacements and rotations of
these 3 components. Shell and channel are treated by the elastic theory of thin shells of
revolution subjected to edge loads to determine the maximum stresses.

The treatment provides, at any radius of the perforated tubesheet, the deflection, the rotation, the
bending and shear stresses and the axial stress in the tubes.

e A parametric study permits to determine the maximum stresses in the tubesheet and in the
tubes which are given in UHX-13.

e The treatment also determines the loads and displacements acting on the shell and channel at
their connection to the tubesheets and then the shell and channel stresses.

e The maximum stresses in tubesheets, tubes, shell and channel so determined are limited to the
appropriate allowable stress-based classifications of Section VIII Division 2 Appendix 4,
2004 edition.

The Floating Tubesheet and U-tube Tubesheet heat exchangers are treated as simplified cases of fixed
tubesheets heat exchangers.

A checking of the results obtained is provided by comparison with FEA, TEMA, French pressure
vessel code CODAP. Applying the appropriate simplifications, the classical formulas for circular
plates subjected to pressure have been obtained.
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PART 1
Introduction
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1 SCOPE

Develop a criteria document covering the development of the TS design rules for the U-tube, Fixed,
and Floating Head TS HEs configurations contained in Part UHX of Section VIII Division 1, 2010
Edition. The criteria document will apply also to paragraph 4.18 of Section VIII, Division 2 which is
entirely based on Part UHX.

The free body diagram of the HE, the equilibrium and compatibility equations, the solution of
resulting differential equations and all intermediate steps are provided to show the derivation of:

the deflection and the rotation at any radius of the TS,

the bending and shear stress at any radius of the TS,

the axial stresses in the tubes at any radius of the TS,

the axial stretch force acting in the shell,

the axial displacement of the shell.
The document provides the technical basis of the following items:
e the required loading case combinations,
e the acceptance criteria for each TS configuration, as applicable,
e the TS characteristics including the Effective Elastic Constants,
e the TSs extended as a flange.
The following effects are in addition to the above basic items:
o the effect of different shell material or thickness adjacent to the TS,
o the effect of plasticity at TS-shell-channel joint,

e the effect of radial differential thermal expansion between the TS and integral shell and
channel,

o the tubesheet calculated as simply supported TS.





