STP/PT-003

HYDROGEN
STANDARDIZATION
INTERIM REPORT

Tanks, Piping, and Pipelines

ASME STANDARDS
TECHNOLOGY, LLC

This is a preview. Click here to purchase the full publication.


https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

STP/PT-003

HYDROGEN
STANDARDIZATION
INTERIM REPORT

for

Tanks, Piping, and Pipelines

ASME STANDARDS
_ TECHNOLOGY, LLC

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

Date of Issuance: June 6, 2005

This report was prepared as an account of work sponsored by the National Renewable Energy Laboratory
(NREL) and the American Society of Mechanical Engineers (ASME).

Neither ASME, ASME Standards Technology, LLC (ASME ST-LLC), JBDIMMICK LLC, Air Products
and Chemicals Inc., 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 the ASME, 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, reviewers of the report expressed herein do
not necessarily reflect those of ASME, 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
Three Park Avenue, New York, NY 10016-5990

ISBN No. 0-7918-2992-8

Copyright © 2005 by
ASME Standards Technology, LLC
All Rights Reserved

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

H, Standardization Interim Report STP/PT-003

TABLE OF CONTENTS

FOREWORD.......cooitiiieieitetete sttt ettt ettt e st e e sae b e e tee st ensesssenseeseessaseessensesseensensesssensanseessensenns X

ABSTRACT ettt ettt et et e et e e e be e st enseeae e s e aseent et e eseens e teentenseeneenaense st ennees xii
PART I - Review of Existing Reference Standards to Support New Code Rules for High-Pressure

HYArogen VESSEIS ......eeiiiiiiiiieie ettt ettt sttt ettt st e et e ate e e e sbeesaeesnneenneenne 1

I INTRODUCTION ..ottt ettt et ettt et et e e tesseenb e seeseenseeseensesseensensesseensesseeneensenns 2

1.1 General Background of Code Work for 15,000 psi Hydrogen Vessels..........cccccveveevenenecnnene 2

1.2 Reference Standards ............cooiiieieriiiieerieeee ettt sttt sttt st nre 3

1.3 Steel CyliNder DESIZNS .....c..ecviiiieiieriieiieite e et ereeteeseresereesreebeesseesseesssesssessseesseesseesssesssessss 3

1.4 Composite CylINAer DESIZNS......c.eeecuiiiriieiiieeiieeeteeeiteesteeeetreesteeeteeeseseesbeeessseesssesessseesssesans 4

1.5 Stationary StOrage VESSELS ......uiiiiiieiiiiiiieiiieeieeetteeite et e e tte e stteesteeesebeesbeeetaeessseeensseessseeans 4

1.6 Performance Based vs. Prescriptive Standards ............cocceeviiiiieiiieneenienieee e 5

1.7 Reference Performance Based Standards...........c.cceoeiieiiriinieiinineeeceeieeee e 5

1.8 Potential for a New Performance Code ...........cccovieiiiriieieiiniee et 6

1.9 Performance Standards Dependent on Design Calculations ............cceceevieniiiiiiiiieneenceneenee. 6

1.10 Potential Design Code for Hoop-Wrapped Vessels........coouiiiiriiiiiinienieiieicececeeeee e, 6

1.11 Potential for a Full-Composite Cylinder Design Code..........ccoeceeveeriienienireiieieeeeeeeeeee. 7

2  COMPARISON OF OPERATING MARGINS FOR EXISTING STANDARDS ........cccccveueeneee. 9

2.1 Operating Margin Definition..........cccerieiieiiiiiiee ettt ettt e s e seee e 9

2.2 Maximum Normal Operating Pressure (MNOP) .......ccccevviiiciiiniieiieieiece e 9

2.3 ASME Design Pressure and MINOP............ccoooiiiiiiniieiieiie et siee e seaessne e 9

2.4 MNOP for Non-Code Reference Standards ...........cocceeeerieieiinieieniiieeseeee e 10

2.5 MINOP DY VESSCI USAZE.....ueeeiuiiiiiiieiiiieiiieeeieeeteeeiteesreeetaeestbeesseeessseessseeessseessseeessesssseeenens 10

2.5.1  ASME Storage Vessel MINOP .........cccooeiiiiiiiieiiecie ettt raesree 10

2.5.2 DOT Compressed Gas Cylinder MNOP ..........ccccevieviiiciiiiiieieieiesee e 10

2.5.3  MNOP for [SO Gas CYINAErs.........cecoueriiiiieriieriienie ettt ettt 11

2.54 MNOP for Vehicle Fuel CONtAINETS........cc.eieeiiereeieieeieeiesie e sieeie e 11

2.6 Normal Operating Pressure (INOP)........cccvi ittt e 12

2.7 Maximum Pressure During Upsets or Fire EXposure..........cccccvveevienenirieneniencneeieneeeeenne 12

2.8 BUISE PIESSUIE. .. .eiiuiiiiiiiteniieiite ettt ettt sttt st sttt e b et esbe e ettt eneenbeens 13

2.8.1  Burst Pressure of Composite Cylinders and Vessels..........ccceverervenenecninennenennne. 13

2.8.2  Burst Pressure of Metal Cylinders and Vessels.......cccccuvveviiviienienienieniecieereeieeniens 14

2.8.3  Burst Pressure for DOT Metal Gas CyliNders.........ceeeveveviecieeriienienienieeieeieeieenieens 16

2.9 Burst Pressure of ISO Metal Gas CyIINAErS........c.ccvvievvieriieiieiiesii e eieeieeseesneeveeneeseesseens 17

2.10 Summary of Margin DefINitions..........cccviieriieiiiiieiieecree et eereeereeesreeeteeeseveesreeeereessreeenes 17

2.11 Composite Stress Ratio Margins for COMPOSILES ........cevveererrieriieiieeieesiieriiesie e eie e 17

2.11.1 DOT-3AA Specification Margif.........cccceeveeriieeiiieniieeiieesreeeieeeeveeesreeesereesvneeseveas 17

2.11.2 DOT-3AA Margins Further Reduced...........ccccvevierieiiiiiiiiiieceieeece e 18

2.12 Findings from Comparison of Margins between Different Standards.............ccccvvevrverriennnnns 18

2.13 Conclusions from Comparison Of Margins..........ccceevueerierienieniieieeieesieesite st 20

2.13.1 DOT FRP-1 ANOMALY ....oooviiiiiiieiieiieciteteereesree st stte e esve e e teesanesevessveessaessaeseens 20

2.13.2 Selection of Calculated over Design Margins for Metal Designs ............cceevervennne 20

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

STP/PT-003 H, Standardization Interim Report

2.13.3 Primary Factors Affecting Margins ..........cccccvevevervievieenieeneeseesee e ereeveesseesenesenesenas 21
2.14 Summary of Comparative MATZINS ........cccveeriieeiiieeiieerieeeereesreeereeesreeereeessveesseeessseesseenns 23
2.14.1 ASME COdE VESSCIS.....eiecuiiiiiieiiiieiie ettt ettt e teestee et e sssreeseseesnsaeesseesnneeennns 23
2.14.2 Gas Cylinders for TranSportation...........ceceeruererriererienenieeteneeeenesitete et 23
2.14.3 Gas Cylinders for Vehicle Fuel Tanks.........cccccveeviiiiiiiiiiiieciieceeeeeee e 23
3 MANUFACTURING AND IN-SERVICE INSPECTION AND TEST PRACTICES
IMPACTING MARGINS ...ttt ettt st ettt 24
3.1 Review of EXIStINg INSPECHION ....cuviiiiiiiiiiiieiieciti e eteeeestesveeereereereesreesenessaeesseesseesseesssenenas 24
3.2 Review of Existing Inspection Techniques for Metal Cylinders ............ccccveeevieivieeneeencneenns 24
3.3 Review of Existing Inspection Techniques for Composite Cylinders ...........cccceeveveeeerieenneens 27
3.4 Applicability and Limitations of Various NDE Techniques to Specific Vessels .................... 28
3.5 Metal Monobloc or Layered Vessels of Steel or Nonmagnetic ALlOYS ......c.ccccvevvvereenvenenennne. 29
3.6 Composite Hoop-Wrapped Vessels with Seamless or Welded Liners of Steel or
NONMAZNETIC ALLOYS ...ivvieiieiieiiesie ettt ettt e te et e ebe et e teesseessbessseesseesseessaesseessnesssensseenes 30
3.7 Composite Full-Wrapped Vessels with Seamless or Welded Liners of Steel or
NONMAGNETIC ALLOYS ..ottt ettt ettt st et e e et e bt e sbeesaeesareenseenne 31
3.8 Composite Full-Wrapped Vessels with Seamless or Welded Nonmetallic Liners and
Metal Bosses of Steel or Nonmagnetic AlIOYS .....c.covieriiiiieiieiieriesiecee et 31
3.9 Overall RecOMMENAALIONS .. ..cc.eeutiiiriieierieiiee ettt ettt s eneene s 32
3.10 Recommendations for Inspection of All-Metal Cylinders at Manufacture...........cccccocceueeene. 33
3.11 Recommendations for In-service Inspection of All-Metal Cylinders ..........c.ccccvevververvennnenn 33
3.12 Recommendations for Inspection of Composite Cylinders at Manufacture........................... 34
3.13 Recommendations for In-service Inspection of Composite Cylinders...........ccccceevveriennnnee. 34
4 RECOMMENDED MARGINS FOR NEW CODE RULES. .......ccccteiiiieeceeeeeeeee e, 36
4.1 Factors Not Addressed by Margin to BUISt .........cccoeieiiiiiiiiiiiiiereenie e 36
41,1 Pressure CONMIOL.......ooiiiiiiiiiiiieieeee ettt st st 36
4.1.2  Material Degradation ............coceevirieieriniererieeere ettt 37
4.1.3  CYCHC FAtIUE ...ocueieiieiieeiieee ettt ettt st ettt et e s e sneeeneas 37
4.1.4  FIre EXPOSUIC....ccuuiiiiiiieitieitie ettt ettt ettt et e bt e s bt e satesateeabeebe e bt e nbeesaeeeaeas 37
4.1.5 Impact Damage to COMPOSILES ......eevvierrierierrerriereereerreesieeseesresreesseeseesseesssessnensns 37
4.2 Minimum Recommended Gas Cylinder Margins for Materials Not Susceptible to Creep,
Stress Rupture, or External Impact Induced Fracture (Metals)..........ccoocveveviecieenieneenieniennnenn 38
4.3 Minimum Gas Cylinder Margins for Materials Susceptible to Creep, Stress Rupture, or
Impact Induced Fracture (Composite Reinforced Cylinders).........ccoocvvevververeencrencieecieeneene 38
4.3.1 Design of Composite CYINAErS........cccceerierieriiriieieeeeeesee st 38
4.3.2 Recommended Margins for Types 3 and 4 Full-Wrapped Metal-Lined Designs
Using Glass or Aramid COMPOSILE ....c..evueeueriirieriiriieienieeierieeicee et 41
4.3.3 Recommended Margins for Type 2 Hoop-Wrapped Designs..........ccccoevveveeniennnnnee. 42
4.3.4 Recommended Margins for Type 3 and 4 Carbon Composite Vessels .......c...cc.c...... 44
4.3.5 Burst Design Margins for Carbon Composite DeSigns..........ccceevvevverrerrenreecreenneennes 44
5 REQUIREMENT FOR SEPARATE DESIGN MARGINS FOR FATIGUE...........cccccceeuvernnnnee. 50
5.1 ASME Code Fatigue RUIES........ccceiiiiiiiiiiieiie ettt 50
5.2 DOT Composite Fatigue Margins.........cccccveeveeereevrierriesiesiesresreesseesseesseesnessnesssesssesssessssessns 50
5.3 DOT-3AA Metal Fatigue Margins.........cccvvieeiieeriieiiieeiieesreesreeesiseesseeeeseessseesssesenssessssesesnns 51

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

H, Standardization Interim Report STP/PT-003

5.4 NGV2 Fatigue Desig@n RUIES........ccoeviiiiiiiiiiiieiie ettt srnesenesevesnreenns 52
5.5 ISO Fuel Cylinder Fatigue Design RUles .........c.ccoooiiiiiiiiiiiiieeeeeeeee e 53
5.6 ISO Metal Gas Cylinder Design RUIES.........cccevoiiiiiiiiiiiiieieeeece et 53
5.7 ISO Composite Gas Cylinder Fatigue Design Rules........c..coceviriiniininiiininieicneiieceee 54
5.8 ASME Code Case 2390-1 Fatigue Design RUIES ..........cccoevierieniiiiiiiicieeeeeesee e 54
6 EVALUATION OF MARGINS FOR 15,000 PST METAL AND COMPOSITE VESSELS....... 56
6.1 Use of Reference Standards ...........cocooeereriiieniiieeeesee et 56
6.2 Design Pressure REQUITEIMENTS ........ccviivvieriieiieiieeieeieereesteesteesereseneesseesseesseesseesseesssesssesssesnns 56
6.3 Design for 15,000 psi Metal VESSCIS.....cuiiviiiiiiiiiieeiie ettt ettt e sve e e vee e 56
6.3.1 ASME Minimum Burst Margin ..........c.ccoeceeeuieriienienienieniesreereesieeseesnesenessnessnesnns 56
6.3.2  Critical Difference in High Pressure Design........cc.ocevirieiininnieninicniinieeneeiene 57
6.3.3  Effect of Design Pressure on Recommended Minimum Margin ...........c.cceeeveeennennn. 57
6.3.4  Extrapolation of Reference Standards to 15,000 psi Operating Pressure................... 57
6.3.5 Wall Thickness of Ductile Metal Vessels for 15,000 psi Operating Pressure............ 58
6.3.6  Wall Thickness Concerns for Vessels Operating at 15,000 pSi.....c.ccccvvevereeerveerneenns 60
6.3.7 Critical Conditions for Safe Application of Low Margins at 15,000 psi ................... 61
6.4 Design for 15,000 psi Composite Reinforced Vessels .........cccceriiiiiiiiiiiiniieniienienieeieee 63
6.4.1 Potential Advantages of Composite Vessels for 15,000 psi......ccceceeveriereneenienenenne 63
6.4.2 Potential Disadvantages of Composites for 15,000 PSi.....ccccecererierereeneneesienenene 64

7 REVIEW OF SCOPE, LIMITATIONS AND MODIFICATION OF EXISTING STANDARDS
FOR LARGE AND SMALL 15,000-PSI VESSELS ......ooiiiieeeeee e 66
7.1 Intended Scope of Modified Standards ...........ccceeviiieiiiiiniieeie e 66
7.2 NOP or Service Pressure of New Hydrogen Transport Cylinders ........cc.cceeeevvveeeieeniieneennnns 66
7.3 Scope, Limitation, and Modifications for Ductile Metal 15,000-psi Vessels ..........cccccvvenenne. 67
7.3.1 Inspection and Test REQUITEMENLS ......cc.eevuieiiieiiieriieiienie ettt et 67
7.3.2  ASME Section VIII DiVISION 3 .....c.cooiiieieiieieiesiteieseece et 67
7.3.3 DOT-3AA/3AAX and ISO 9809/11120 Metal Gas Cylinder Standards ................... 68
7.4 Scope, Limitation, and Modifications for Composite Vessels ........cccevverierieniieivreenieniennenns 70
7.4.1 Designs for Code Composite Reinforced Vessels.......coovvvvvreiiriiienieneenienneeieenenn, 70

7.4.2  Composite Material Characteristics and the Applicability of Metal Design Controls
ANA EXPEIICIICE ..eouviiiiiieiieiiieiieieestee sttt re e et te e e e ta e s ebesabeesbeessaesaessaesenesssessneenns 71
7.4.3  COMPOSILE DESIZI ..cuvvieiiieiieiieiieiieseeste ettt et eesaesbessseenseessaessaessaessnesssesnsennns 72
7.4.4  Composite DUIability ......ccceeouieiiiiriieiieiieee ettt 72
7.4.5 Developed Strength of COmMPOSIEES......ccccviieiiiiiiiieeiiierieeeiee e eree e sreeeereesereeens 73
7.4.6  Performance Tests Relative to Composite Stress Ratios........cccovvevceeecieeieereeniennenns 73
TAT  TIANSIATION . ....eetiieiiiee ettt sttt st b et ea et e e e ne s 73
7.4.8  Stress Rupture of Carbon CompPOSItES.......eeevuiiiriieiciiierieeeiieeieeeree e sreeeiveeereeens 74
7.4.9 Design Qualification by SIMIlarity........ccccccvevviiviierierierieciesre e sre e esne e 74
7.4.10 Resistance to Fracture of Carbon Composite Vessels........cccovvrrvrriiercienneeneenieennenns 75
7.4.11 Inspection Capability for Carbon Composite Cylinders ..........ccccevvevriierieenveneennene 76

8 REVIEW OF EXISTING COMPOSITE CYLINDER STANDARDS FOR APPLICABILITY
TO HYDROGEN STORAGE AT 15,000 PSI ..o 77
8.1 SCOPE OFf REVIEW...veiiiiiiiiciiicii ettt ettt ettt e st sve s beesbeesbe e tbestbessseessaesseesseessnesssesssennns 77
8.2 Requirements of Existing Composite Cylinder Standards and the Applicability to 15,000-

psi Hydrogen Storage Vessels or CYIINAErs ........cc.vevvierieriiiiieiieiieieeseeeeeesre e eveesee v 77
8.2.1  General Requirements of Existing Composite Cylinders............cccevvverrercrrecreennnenne. 77

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

STP/PT-003 H, Standardization Interim Report

8.2.2  Specific Present Composite Cylinder Standards..............cceeevievrierieriencrenreiieereenieens

8.3 Review of Existing Standards for Composite Cylinders for Specific Applicability to
15,000 psi Hydrogen Storage VESSEIS.......cuciuieviieriieriieriieriesreereereereeseesereseveesveeseesseessnesenas
8.3.1  ScOPE OF NEW VESSEIS.....eiriiriiiiiiiiiiiieeiteet ettt st s
8.3.2  Scope of Present Composite Standards...........cceeeeeerrieeiieeniee e eeieeeee e
8.3.3  Specific Present Composite Cylinder Standards..............cceeevvevieerierienrencreereereeniens

8.4 Review of Existing Standards for Composite Cylinders for Applicability to 15,000 psi
Portable Hydrogen CyliNdEIS...........ccuievviiviiiriieriieriiesiesre e ereesreesreestaesenessveesreessaeseesssessnenenas
8.4.1  Scope Of NeW CYINAETS .....coecvieiieiierieiieeieeiteieesieesee e ereebe e seessaessseensesnseensaeseens
8.4.2  Scope of Present Standards............cceeecviiiiiiiiiiiecieeciee e e
8.4.3  Scope Issues with DOT FRP-1 and FRP-2 Cylinders............ccccvevvierieviienienreereennnn
844 DOT CFFC ...ttt sttt ettt sttt e b eenne s
8.4.5 ISO Composite Gas Cylinder Standards............coceeveevereirieninienininiereniee e
B4.0  INGV 2.ttt ettt ettt ettt et e et et e bt st ense e st et e eseenseteeneennenaenn
8.4.7 ISO 11439 CNG Fuel CyHNAETS.......cccverviriieiieiieriieseeeee e ereeseessneseressesnseesseenseens
8.4.8 ISO DIS 15869 Draft Standard for Hydrogen Vehicle Fuel Cylinders ......................
8.4.9  ASME C0de Case 2390 .......oouiiiieiieiieiie ettt ettt st st

9 NECESSARY VESSEL INSTALLATION CODES ..ottt e e
RETEIENCES = PART L.ttt ettt e e e e e e e ettt e e e e e e s s aaaaeeeeesessanaaaneeeeeas

PART II - A Study of Existing Data, Standards, and Materials Related to Hydrogen Service
(Storage and TranSPOrt VESSEIS).....eeueeriiruieierieeiesie ettt sttt ettt sttt e e aeseeeneenen

I INTRODUCTION. ... ..ottt ettt sttt be et b e e at et eb e et esbe e st entesbeenseebesaeeeene
1.1 BACKEIOUNG......oiiiiiiiiiieieciiecte ettt ettt e et e vttt e bt estbestbeesbeessaessaessaessseesseesseesseesssessensss
1.2 SCOPE OF REPOIL ..ottt ettt et e et e et e e s ata e e tbeessbeeesbaeesaseeessaeesseesnseeennns
1.3 ServiCe CONAItIONS .....ecocviiiiiiieiieeeiieeiee ettt e etee ettt e ebeeeeteeesebeeebeeeetseesssesesseesaseeenseeenssesenseeennns
1.4 EXECULIVE SUIMMATY .....tieiiiiiieiiieie et ertee st e ette et ete et e steessteesteesteenteenteesseesaaesnsesnseenseesseesneennses

2 ISSUES RELATED TO USING EXISTING STANDARDS FOR HIGH-PRESSURE
VES SELS ettt ettt e a et ettt n et e ettt eeae st e teene et e bt eneeteeneenteaeas 1

2.1 MELALlIC VESSEIS ...ttt ettt st ettt e b e sb e st e st eaae et e nbee s 1
2,11 DESIZN ISSUCS .uvieuiieiieciieeiie e et et estesete et e eer e e teesteestaessbeesseesseesseessesssessseessaesseesseens 1
2.1.2  Manufacturing ISSUES .......c.eecuieiiieriieriierie ettt ettt ettt ettt e sttt eaeenaeens 1
2,13 TeStING ISSUES....uiiiiiieiiie et eeiieeciee ettt et e et e et e et e e st e e esteeestbaeeabaeesseesssaeessseessseanns 1

2.2 COMPOSILE VESSEIS ...ueieiiieiieiiiitieeie ettt ettt ettt et e st e st e e teebe e bt e sbeesaeesnteenseenseenseens 1
2.2.1  DESIZN ISSUECS ..uveieiiiiiiieeiiieeiieecite et e eveeesteeesbeeetbeesebeessbaeesssaesssaeesseesssaessseessseaans 1
2.2.2  Manufacturing ISSUES .......c.eevvieriieriierieireeieereereesieeseeesereesreesseesseesseesssesssessseesseesseens 1
2.2.3  TeSING ISSUCS....ecriieriieiieeieeie et esttesteste et ete e e e steeseaeseaesssessseesseesseesssesssessseesseensnens 1
3 SUCCESSFUL SERVICE DATA OF EXISTING VESSELS ......coiiiiieeeeeeee e 1
3.1 StOTAZE VESSEIS c.uviiiiiiiieiieiie sttt ettt ettt sttt e et e bt e s bt e s stesnt e e teebe e beesbeesateenteenteenne 1
3.2 TranSPOTrt TANKS ......c.cccvieciieieciecie ettt ettt et e st essbeenseensaessaesseesssessseessennns 1
3.3 Portable CYIINAEIS......ccviiviieiieiieiieciieie ettt stte s tesveebeebeestaestaesebessseesseesseesseesssesssesssessseesns 1
3.4 Vehicle FUET TANKS .......ooiuiiiieiee ettt ettt st st 1
4 EFFECT OF HIGH-PRESSURE HYDROGEN ON EXISTING COMMONLY USED
IMATERTALS ...ttt ettt sttt et sttt e e te e st e seesae s e eseessesseensensesssensenseensensenns 1
4.1 Existing Commonly Used Vessel Materials ..........ccoecveriieiieciienienienie e eie e sieesene v e 1

/1

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

H, Standardization Interim Report STP/PT-003

4.2 High-Pressure Hydrogen Exposure Degradation ...........cccecvveeeeiiveenieenieeneeniesreeneeveeveenens 121

4.2.1 Types of Hydrogen Embrittlement.............cceccvevierirniriiiieneeneesee e 121

4.2.2  Metallurgical and Process Factors Affecting Hydrogen Embrittlement .................. 122

4.3 Hydrogen Embrittlement Literature REVIEW ..........ccceeviieiiiriiiiiiiieeeieceeee e 122

4.4 Recommended Metallic Materials For High-Pressure Hydrogen Service ..........ccccoveenneee. 131
4.4.1 Basis of Recommendations for Aluminum, Copper, Titanium, Nickel, and Stainless

SEEEL ALLOYS ..vveeerieeiiieeiee ettt ettt et e et e e eb e e e bee e tbeesbeeeabeessbeesssaeesseeensaeensseas 131

4.4.2 Basis of Recommendations for Carbon and Alloy Steels........ccccovvevvervenriecreeneenne. 131

5 SUMMARY AND RECOMMENDATIONS ..ottt 134

References - PART IL.... .ottt et st st et et e be et 136

Appendix A - Metallic Vessel Service Data........c.ccvivieiieiiiiiiiiiceeieseesee e sne e 138

Appendix B - Composite Vessel Service Data.........cccoccveviieciiiciieiienieierie e 142

PART III - A Study of Existing Data, Standards and Materials Related to Hydrogen Service for

Piping Systems and Transport PIPElINes........c..cocviiriiiiiiiiiiiiecie ettt evee e 147

1 INTRODUCTION ..ottt ettt sttt st b et e st e b et e sbe et enbeebe et e ebeeseeneeene 148

I 2 2T <4 (01 1133 T TSP 148

1.2 SCOPE OF REPOIE..ueiiiciiiieiieeciee ettt ettt ettt e et e e st e etbe e s sbeeesbaeesaseesasaeesseessseeenens 148

1.3 Service CONAITIONS .....eeiuiiriiiiiieieesieesiteeiteete ettt et et e st eate et e e bt esbeesaeeseeesaseeabeeseenseesneesnses 148

1.4 EXCCULIVE SUIMIMATY ...eocviiieiiiiieiieieesieestesteeteeteesteessaesssesssessseesseesseessessssesssesssesssessseesssennses 148

2 EXISTING DESIGN PHILOSOPHY/EXPERIENCE ........cccoiiiiiiieieieceeee e 150

2.1 Piping Design PhiloSOPIY ...ccc.ceiiiiiiiiieiieieeee ettt 150

2,11 ASME B3 1.1 ettt et ae et ne e 150

2.1.2  ASME B3 1.3 ettt sttt 151

2.2 Pipeline Design PhilOSOPNY.......cccciiiiiiiiiieeiieciie ettt eree e e et e e tae e eveeeaaeesabeeens 154

2.2.1 ASME B3 1.8 ottt sttt 154

2.2.2  DOT Standard CFR Title 49 Part 192........cccccoeieiiriieieiieieieeeeeee e 154

2.2.3  Summary of Piping And Pipeline Standards............ccceevvierciieeciienciieeie e, 155

2.3 Piping Experience and Data ...........ccoooieiiieiieiieiiecie ettt 156

B T8 S B 1) Ty s W @ 1 ) 3 - RO PSPPSR 156

2.3.2 SEIVICE DAta ...oeeiiiiieiee ettt 156

2.3.3 In-Service Inspection and Safety.........cccceriiriiriiieiierieree e 156

2.4 Pipeline Experience and Data............cccveevierieniieriienieiieeieeeesieeseeseeesnesnesseesaesseessnesssessnes 157

241 DeSIZN CIIEIIA c.veeveeiieitieeieeie et ettt e ste st e bt ebe e bt e steesaeesatesateenseenbeesseesseesneesnees 157

242 SEIVICE DA ...oouiiiiieiieitie ettt et 157

2.4.3 In-Service Inspection and Safety........cccccvevciiiiiiiiieriieiierie e 157

3 EFFECT OF HYDROGEN ON COMMON MATERIALS.....cccoootiitiieeeeeeeeeeeeeesieeeeene 158

3.1 High-Pressure Hydrogen Exposure Degradation .............cccceevvevierciinciiecieenienienie e 158

3.1.1  Types of Hydrogen Embrittlement............ccceceevienienieniieiieieeeeeeeee e 158

3.1.2 Metallurgical and Process Factors Affecting Hydrogen Embrittlement .................. 159

3.2 Hydrogen Embrittlement Literature ReVIEW ..........cccocuieiiiiienienieiieeeeeeee e 159

3.3 Recommended Metallic Materials For High-Pressure Hydrogen Service ...........ccoovenenee.. 168
3.3.1 Basis of Recommendations for Aluminum, Copper, Titanium, Nickel and Stainless

SEEEL ALLOYS 1veiuvieieeeiieeiie ettt ettt e e et et e e teestbestbeesbeesbeasseessaesssesssessseesseesseeseens 168

3.3.2 Basis of Recommendations for Carbon and Alloy Steels.........cccceevveriervereercnennnenn 168

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

STP/PT-003 H, Standardization Interim Report

4 FACTORS UNIQUE TO HIGH-PRESSURE HYDROGEN SERVICE ........cccocevvevirininrinen. 171
4.1 Surface Condition/FINishi .......cooiiiiiiiiii e 171
4.2 Bending of Piping And TUDING........cccoeiiiiiiiiiiiit ettt 172
4.2.1  COld BeNAING .....cveeivieiiiieiiieiecieeteete et ereesteestaestvessbeesbeessaesssesssessseessaessaasseens 172
4.2.2  HOt BENAING......cciieiieiieiieeit ettt ettt seesae st e ssbeesbe e saesseesssessseenseensaeseens 173
4.3 PIPING JOIMNLS .uuiiiiiieeiieeeiieeiee et te ettt e steestee et tesebeeestaeessseessteeessseessseeasseesnseeassseensseesssseenssens 174
43,1 Welded JOIMNLS. ..ccueiiiiiiieiecieeiee ettt sttt s 174
4.3.2  Mechanical JOINES ......ccceeeiieiiieriieiieiie ettt ettt ettt e saeesneeenseenseenaeens 176
4.3.3  DisSIMIlar MEtalS ......coiuieiiiiiiiiieieeiee ettt 178
5 DESIGN AND MATERIAL SELECTION RECOMMENDATIONS FOR HYDROGEN
SERVICE ..ottt ettt ettt sttt e bt est e beesa e s e estessesseenseseessensessenssenseensensenses 179
5.1 Piping RECOMMENAALIONS .......ceeviiiiiiiieiieiiesieceeeie et eteeiee e seaeenreenseeseessaessaessnesnsesssennns 179
ST O B 1 21 1<) o T PSS PPRT 179
5.1.2  DESIZN MAIZIN ..eouviiiiiiiiiie ettt esiee et e eree st e eseteeebaeesebeessbeeessaeesaseesnsaeessesesseeenens 180
TR I B O < 1T 5 <P 180
5.1.4 Leak Before Burst (LBB) ......oooouiiiiiiicieececs e e 180
5.1.5  Welding and Welded Pipes.......ccveviieioiieiiieiiie ettt 181
5.1.6  Pipe Fittings/CONNECHIONS .......c.eevvieriieriieriieeieereeteeteesieeseresereesseesseesseesseessnesssesssesnns 181
RO TR R AN D110 i <11 =< PP 181
5.2 Pipeline ReCOMMENAAtIONS........cccuirviriiieiieriieriecteeie ettt etee e seeesseenseeseesseessaesenesssesnseenns 181
521 Pressure LIMit....c.oecieiiiiiieieeie ettt ettt st ettt e st e st e nae e 181
5.2.2  DESIZN MAIZIN ..eocuviiiiiieiiieeiie et e eiee e e evee st e esebeeebaeesabeessseeessseessseesnsaeessseessseeennns 181
5.2.3  General Design RUIES .......cccvieviiiiiiiiieiieiie ettt s ene 182
524 MALETIAL. ..ottt sttt sttt st nae s 182
References - PART L1 .......cooiiiieieeie ettt ettt st ettt et esate st enseenbeenaeens 183
Appendix A - Design Margins and Pressure Ratios........c.ccc.vevvieviienieiiienieeieeieesieeie e sreeveeveeseeens 185
Appendix B - Mechanical Joint INfOrmation ..........c...ceevverienieniieniieee e eeae e 189
Appendix C - Piping SyStem Data........cceeruiiiieiiiiieeieeie ettt ettt st et e e naee 193
ApPendixX D - PIpeline Data........ccccuiiiiiiiiiiiiciiieie ettt et eeav e e be e e reeeereeenrae e e 196
ACKNOWLEDGMENTS ...ttt ettt ettt ettt et et e et e e beeaeente e st eneenseeneeeeeees 203
ABBREVIATIONS AND ACRONYMS ..ottt ettt st sne e 204
List of Tables
Table 1 - Margin Comparison for Various Gas Cylinder and Vessel Standards .............cccceeenereenene. 19
Table 2 - Requalification of Cylinders According to 48 CFR 180.209 .........cccceeiievieiiiniiieeeeeee 25
Table 3 - Inspection Standards for All-Metal Cylinders Used in Hydrogen Service............ccccoeuveeneee.. 27
Table 4 - UT Inspection Requirements at Manufacture for Metal Cylinders ...........ccccoeeeevereenenencnns 27
Table 5 - Summary of Advantages and Limitations of Inspection Techniques for All-Metal
(0374 11T 1<) ¢SO 29
Table 6 - Summary of Advantages and Limitations of Inspection Techniques for Hoop-Wrapped
074 11810 1 SRR 31

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

H, Standardization Interim Report STP/PT-003

Table 7 - Summary of Advantages and Limitations of Inspection Techniques for All-Composite

07211110 3 PSSR 32
Table 8 - Comparison of Fully Metallic Standards ............cccceceriniiiininiininieiceeenieseee e 109
Table 9 - Comparison of Composite Standards............ccecververciieirierieniereesie e ere e ereesreeseeseneeenes 116
Table 10 - Results of Tests in 10,000 psi Helium and in 10,000 psi Hydrogen............cccccovevverennnee. 126
Table 11 - Values of Ky and Critical Flaw Depth ..........ccccooiiiiiiniiiiiieeceeee 129
Table 12 - Material Recommendations for High-Pressure Hydrogen Gas............ccccceeeeveeeciirenveeennen. 132
Table 13 - Full Metallic Vessel Hydrogen Service Data..........cccoovevieiiiiiiiiicniecie e 139
Table 14 - Composite Vessel Hydrogen Service Data .........ccecvevvereeririieerieenieesie e eee e 143
Table 15 - Summary Comparison of Piping and Pipeline Standards ...........ccceeeevvieviieniiienieecieeenee. 155
Table 16 - Results of Tests in 10,000 psi Helium and in 10,000 psi Hydrogen...........ccccecvevverennnen. 164
Table 17 - Values of Ky and Critical Flaw Depth.........cccccovoiiviiiiiiniieieieceece e 167
Table 18 - Material Recommendations for High-Pressure Hydrogen Gas.........cccccoevvevienienienennnee. 169
Table 19 - Comparison of Design Margins of Various Standards for Common Piping Materials..... 186
Table 20 - Comparison Of Various Pressure Ratios For Piping/Pipeline Standards..............co.e....... 188
Table 21 - Pipe/Tube Mechanical Joints In H, Service ...........ccccccviiiiiiiiiiiiiiiccccce, 190
Table 22 - Service Data Of Hydrogen Piping SYStemS ........cccvueeeciiieriieiiieeieecee e 194
Table 23 - Service Data of Hydrogen Pipelines ...........cccccveviiriiiiiiiiieniiesiesie e sre e 197

List of Figures

Figure 1 - Comparison of Results from Different Burst Pressure Formulas at Different Design

PIESSUTIES ...ttt ettt sttt et b e bt sttt et e s bt e sae e st et e 15
Figure 2 - Design Margins vs. Calculated Margins for Different Metal Vessels.......c..cccceevereneennenne. 21
Figure 3 - Chart Of CNG Cylinder Failures in the United States Since 1970.........cccccccveevvveeciveennnn. 28
Figure 4 - Margin, Burst to MNOP for Various Standards ............cccceeeeveeeieiviiinienieniecie e 57
Figure 5 - Minimum Design Sidewall Thickness for Various Standards..........c.ccoceeverirnenincennncnne. 60
Figure 6 - Appendix 22 Storage Vessels (7,000 psig MAWP-10 in. OD) ....ccccevveniriininiencneenicnnens 140
Figure 7 - Division 1 Storage Vessels (2,000-2,500 psig MAWP - 11.75 in. OD) .....cccevvvvrenrnennenn. 140
Figure 8 - Code Case 1205 and Appendix 22 Storage Vessels (2450 psig MAWP - 24 in. OD) ...... 141
Figure 9 - 3AAX Trailer Tubes (2400 Service Pressure, plus Rated, 110% Overfill - 22 in. OD).... 141
Figure 10 - Influence of Surface Preparations on the Rupture Pressure of 3SNCD16HS Steel......... 171
Figure 11 - Installation Date of Hydrogen Pipelines..........ccccoevvveviierieiiiiiiieieesiecie e 201
Figure 12 - Hydrogen Pipeline Operating PreSSUIES ........c.cccverierierieeiieeieeieeseeseesnesressneeseeeeenens 201
Figure 13 - Hydrogen Pipeline Materials ..........ccccveiieiieiieiiiiieeeee ettt 202
Figure 14 - Hydrogen Pipeline DIiameters..........ccvevuiiriierieiiiniieieeeesieesieesaeseneseneesneesseesssessnessnenenas 202

This is a preview. Click here to purchase the full publication.



https://www.normsplash.com/ASME/165472855/ASME-STP-PT-003?src=spdf

STP/PT-003 H, Standardization Interim Report

FOREWORD

Commercialization of fuel cells, in particular fuel cell vehicles, will require development of an
extensive hydrogen infrastructure comparable to that which exists today for petroleum. This
infrastructure must include the means to safely and efficiently generate, transport, distribute, store,
and use hydrogen as a fuel. Standardization of pressure retaining components, such as tanks, piping,
and pipelines, will enable hydrogen infrastructure development by establishing confidence in the
technical integrity of products.

Since 1884, the American Society of Mechanical Engineers (ASME) has been developing codes and
standards (C&S) that protect public health and safety. The traditional approach to standards
development involved writing prescriptive standards only after technology has been established and
commercialized. With the push toward a hydrogen economy, government and industry have realized
that they cannot afford a hydrogen-related safety incident that may undermine consumer confidence.
As a result, ASME has adopted a more anticipatory approach to standardization for hydrogen
infrastructure which involves writing standards with more performance based requirements in parallel
with technology development and before commercialization has begun.

Today, ASME codes and standards are used for hydrogen storage, transmission, and distribution. The
anticipated requirements of the hydrogen economy will require local refueling stations with the
capability to fill gaseous hydrogen vehicle tanks rapidly, to pressures as high as 10,000 psig.
Although current standards could be used to build pressure vessels, piping, and pipelines meeting
these operating requirements, it is likely that the resulting components would not, as a practical
matter, enable commercialization of the technology.

ASME has worked closely with the Department of Energy (DOE), national laboratories, and other
standards developing organizations (SDOs) to identify lead organizations to address the need for
standards for hydrogen applications. ASME was selected to lead the efforts for pressure vessels,
piping, and pipelines for storage, transportation, and distribution of hydrogen. Initial work of the
ASME’s Hydrogen Steering Committee led to the formation of volunteer task forces under the ASME
Board on Pressure Technology Codes and Standards (BPTCS) to explore the standardization
requirements for storage tanks, transportation tanks, portable tanks, piping, and pipelines for
hydrogen-specific applications. The task forces submitted their recommendations at the end of 2003,
and these recommendations led to initiation of standards actions, formation of project teams, and
commencement of supporting research.

The ASME Boiler and Pressure Vessel (BPV) Standards Committee appointed a project team to
develop new Code rules in the Boiler and Pressure Vessel Code Section VIII (pressure vessels) and
Section XII (transport tanks) for hydrogen storage and transport tanks to be used in the storage and
transport of liquid and gaseous hydrogen and metal hydrides. Rules for gaseous storage vessels with
maximum allowable working pressures (MAWPs) up to 15,000 psig will be needed. Research
activities are being coordinated to develop data and technical reports concurrent with standards
development and have been prioritized per Project Team needs. The Project Team may identify
additional needs and gaps as drafts are developed.

The Technical Reports to be developed will establish data and other information to be used to support
and facilitate separate initiatives to develop ASME standards for the hydrogen infrastructure. These
reports will target specific disciplines and fill the gaps identified by ASME’s hydrogen task forces.
This report is the first in a series of technical reports to be developed under sponsorship from the
National Renewable Energy Laboratory (NREL) and addressing the following priority hydrogen
infrastructure applications:

h'd
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