FINAL
DRAFT

INTERNATIONAL  ISO/FDIS
STANDARD 19884

[SO/TC 197
Secretariat: SCC

Voting begins on:
2019-05-17

Voting terminates on:
2019-07-12

Gaseous hydrogen — Cylinders an
tubes for stationary sterage

Hydrogene gazeux — Bouteilles et tubés pour stockage statio

d

hnaire

RECIPIENTS OF THIS DRAFT ARE INVITED TO
SUBMIT, WITH THEIR COMMENTS, NOTIFICATION
OF ANY RELEVANT PATENT RIGHTS OF WHICH
THEY ARE AWARE AND TO PROVIDE SUPPORTING
DOCUMENTATION.

IN ADDITION TO THEIR EVALUATION AS
BEING ACCEPTABLE FOR INDUSTRIAL, TECHNO-
LOGICAL, COMMERCIAL AND USER PURPOSES,
DRAFT INTERNATIONAL STANDARDS MAY ON
OCCASION HAVE TO BE CONSIDERED IN THE
LIGHT OF THEIR POTENTIAL TO BECOME STAN-
DARDS TO WHICH REFERENCE MAY BE MADE IN
NATIONAL REGULATIONS.

ISO/CEN PARALLEL PROCESSING

©

Reference number
ISO/FDIS 19884:2019(E)

IS0 2019


https://standardsiso.com/api/?name=c48c62e0cf13bb20c311d00f7243d0d0

ISO/FDIS 19884:2019(E)

/'\ COPYRIGHT PROTECTED DOCUMENT

© 1S0 2019

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting
on the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address

below or ISO’s member body in the country of the requester.

ISO copyright office

CP 401 ¢ Ch. de Blandonnet 8
CH-1214 Vernier, Geneva
Phone: +41 22 749 01 11
Fax: +41 22 749 09 47
Email: copyright@iso.org
Website: www.iso.org

Published in Switzerland

ii

© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=c48c62e0cf13bb20c311d00f7243d0d0

ISO/FDIS 19884:2019(E)

Contents Page
FOT@WOT .........cocccccvvvee et \%
IIMETOAUICEION. ...t 8585 vi
1 S0P ... 1
2 NOIIMATIVE FEERTEIICES .........cccooiie et 1
3 Terms, definitions and SYMDBOIS. ..., 2
3.1 Terms and definitions
3.2 SYIMIDOLS et e e
4 Specified service CONAItioNS ... ooy e
4.1 Maximum allowable WOrKing PreSSure ... bt
4.2 Maximum allowable energy CONTENt ... Ao
4.3 Maximum and minimum allowable temperature
4.4 Pressure CYCle T ... e e
4.5 Shallow pressure cycle Life. ... S de e
4.6  Effective pressure cycle count and maximum number of préessure cycles allowed ip
Y=Y 024 = OSSOSO N OSSR SO 8
4.6.1 General .. 8
4.6.2  Pressure cycles calculation method — Method described in Annex B ......}..ccoccc.. 8
4.6.3  Pressure cycles calculation method —&0odman diagrams method
described in ANNEX F ... N e 8
4.7 D=3 1012 (oL OO SOOI SRS 8
5 Additional service conditions.......
5.1 Environmental conditions.
5.2 FII@ COMATTIONS o
6 Information to be reCoOrded............ 05 e
6.1 LT 1<) - OO
6.2 SEALEMENTE OF SEIVICE ...oo o
6.3 Design drawings and:ififormation
6.4  Stress analysis repOIt ...
6.5 Material property data...
6.6 Manufacturingdata..........
6.7 RELENTION OFFECOTAS ...
7 MaAterial PrOPEIDLIES . ..... ...t
7.1 Compatibility .....
7.2 Steel...os
7.3 Stdinless steels..........
7.4 \~Aluminium alloys......
75 1) 1= 1) o | OSSO
76 RESIILS ..ok
7.7 g P T Coll 13 00 L) s OSSN S 12
Requirements TOr MEW AeSIZIS oo
8.1 General considerations
8.1.1  Stress analysis
8.1.2  Burst pressure and fibre stress ratio....
8.1.3  TeSt PreSSUTIe......occcoiriiiririisieissesseee s
8.1.4 Maximum defect size in metallic Materials. ..., 13
8.1.5  Protection of liner and boss against COITOSION ..., 14
8.1.6  Resistance to UV emissions
8.1.7  Resistance to humidity ...,
8.1.8  Protective layer ...
8.2 Construction and workmanship ...,
8.2.1  LANET MATETIALS oot

© 1S0 2019 - All rights reserved iii


https://standardsiso.com/api/?name=c48c62e0cf13bb20c311d00f7243d0d0

ISO/FDIS 19884:2019(E)

8.2.2  Openings, neck threads, neck ring, foot ring, attachment for support........c...... 15
8.2.3  FOIIMUIIG oo
8.2.4  Fibre winding
8.2.5  Curing of thermoSetting FESINS. ...
8.2.6  AULOTTETEAZE ...
8.2.7  Exterior environmental protection.

8.3 Qualification Of NEW A@SIZIIS ...t

8.3.1 LTS 0 L) ir= 1
8.3.2 Material teStS. ...,

QD D Diocciira 1z 1i rS
O T TITCSSUTC VESSCT St

g
g

9 R
Annex A
Annex H
Annex (

Annex I

Annex H
D

Annex R
Annex (
Annex K

Annex I
a

Bibliog}

VIESSEL CYCHITIG ... 4

8.3.4  Qualification of design changes
8.3.5  Design qualification and cycle life definition by fracture mechanics........... .- 2
4 Production and batch tests
8.4.1  ProducCtion tESES. ..o e
8.4.2  BAtCR TESES ..o e
.5 Markings ...
.6 Preparation for dispatch

lequirements for existing design standards ... o Mo 3
L (normative) Test methods and acceptance criteria...............opm 3

(normative) Use of existing and approved design standards forstationary storage...... 4

SN B \° I S R — e BENO I B e )W o AR —

(informative) Verification of stress ratios using strain gauges.................., 4

) (informative) Non-destructive examination (NDE) defect size by flawed pressure

[==]

(informative) Manufacturer’s instructions for handling, use and inspection of
TESSUIE VESSCLS ... B 4

(Informative) Fatigue life evaluation using:Goodman diagrams................cns 5

| (informative) Optional BONSIre TeST.... .. e 5

O Or = O

[ (informative) Information on facter of SAfety ... 5

(informative) Guidance for evaluation of pressure vessels designed according to
RET STAMMAATAS ... 6

N~

© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=c48c62e0cf13bb20c311d00f7243d0d0

ISO/FDIS 19884:2

Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national st
bodies (ISO member bodies). The work of preparing International Standards is normally car
through ISO technical committees. Each member body interested in a subject for which a t
committee has been established has the right to be represented on that committee. Inter

019(E)

andards
ried out
echnical
national

organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotechnical standardization

he procedures used to develop this document and those intended for its further majnten
escribed in the ISO/IEC Directives, Part 1. In particular, the different approval criterianeede
ifferent types of ISO documents should be noted. This document was drafted in aceordance
ditorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

ttention is drawn to the possibility that some of the elements of this document may be the s
atent rights. ISO shall not be held responsible for identifying any or all suely patent rights. D
ny patent rights identified during the development of the document will'he in the Introductio
n the ISO list of patent declarations received (see www.iso.org/patents):

ny trade name used in this document is information given for the-eonvenience of users and
nstitute an endorsement.

or an explanation of the voluntary nature of standards,)the meaning of ISO specific tel
pressions related to conformity assessment, as well as information about ISO's adhereng
orld Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see i
org/iso/foreword.html.

—

his document was prepared by Technical Committee ISO/TC 197, Hydrogen technologies.

ary

ny feedback or questions on this document should be directed to the user’s national standard
omplete listing of these bodies can be found at www.iso.org/members.html.

(@)

hnce are
i for the
with the

ibject of
etails of
h and/or

Hoes not

'ms and
e to the
VW W.iSO

5 body. A
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Introduction

As the use of gaseous hydrogen evolves from the chemical industry into various emerging applications,
such as fuel for fuel cells, internal combustion engines and other specialty hydrogen applications, new
requirements are foreseen for seamless and composite pressure vessels, including higher number of
pressure cycles.

Requirements covering pressure vessels for stationary storage of compressed gaseous hydrogen are
listed in this document and are mainly intended to maintain or improve the level of safety for this
applicatjon.
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Gaseous hydrogen — Cylinders and tubes for stationary
storage

1 Scope

his document specifies the requirements for the design, manufacture and testing of standplone or
anifolded (for some specific tests such as bonfire) cylinders, tubes and other pressure vesselq of steel,
sftainless steel, aluminium alloys or of non-metallic construction material. These are intended for the
stationary storage of gaseous hydrogen of up to a maximum water capacity of 10 000.ahd a maximum
llowable working pressure not exceeding 110 MPa, of seamless metallic constrgction (Type| 1) or of
domposite construction (Types 2, 3 and 4), hereafter referred to as pressure vessels.

—

his document is not applicable to Type 2 and 3 vessels with welded liners.

his document is not applicable to pressure vessels used for solid, liquid*hydrogen or hybrid crlyogenic-
igh pressure hydrogen storage applications.

_ =

his document is not applicable to external piping which can-be designed according to re¢ognized
tandards.

(%)

2 Normative references

—

he following documents are referred to in the.text in such a way that some or all of their| content
onstitutes requirements of this document. For dated references, only the edition cited applies. For
yYndated references, the latest edition of the neferenced document (including any amendments)|applies.

Q

I50 306, Plastics — Thermoplastic materials — Determination of Vicat softening temperature (VST)

Y

50 527-2, Plastics — Determination_of tensile properties — Part 2: Test conditions for mouldling and
xtrusion plastics

Q

[P0 1519, Paints and varnishés= Bend test (cylindrical mandrel)

[P0 2808, Paints and varnishes — Determination of film thickness

]

50 2812-1, Paints qrnd varnishes — Determination of resistance to liquids — Part 1: Immersion in liquids
ther than water

(@)

IB0 4624, Paitits and varnishes — Pull-off test for adhesion

IO 6272-2; Paints and varnishes — Rapid-deformation (impact resistance) tests — Part 2: Falling-weight
test,small-area indenter

IS

o}
[op}
gn
P
(¢
Ha

ISO 7225, Gas cylinders — Precautionary labels

ISO 7866, Gas cylinders — Refillable seamless aluminium alloy gas cylinders — Design, construction
and testing

IS0 9227, Corrosion tests in artificial atmospheres — Salt spray tests

ISO 9809-1, Gas cylinders — Refillable seamless steel gas cylinders — Design, construction and testing —
Part 1: Quenched and tempered steel cylinders with tensile strength less than 1 100 MPa

IS0 9809-2, Gas cylinders — Refillable seamless steel gas cylinders — Design, construction and testing —
Part 2: Quenched and tempered steel cylinders with tensile strength greater than or equal to 1 100 MPa

© IS0 2019 - All rights reserved 1
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ISO 9809-3, Gas cylinders —Refillable seamless steel gas cylinders — Design, construction and testing —
Part 3: Normalized steel cylinders

ISO 9809-4, Gas cylinders — Refillable seamless steel gas cylinders — Design, construction and testing —
Part 4: Stainless steel cylinders with an Rm value of less than 1 100 MPa

ISO 11114-1, Gas cylinders — Compatibility of cylinder and valve materials with gas contents — Part 1:
Metallic materials

ISO 11114-2, Gas cylinders — Compatibility of cylinder and valve materials with gas contents — Part 2:
Non-mefallic materials

ISO 111[14-4, Transportable gas cylinders — Compatibility of cylinder and valve materials with gd
contents|— Part 4: Test methods for selecting steels resistant to hydrogen embrittlement

%)

ISO 11119-1, Gas cylinders — Refillable composite gas cylinders and tubes — Design, construction angd
testing 4 Part 1: Hoop wrapped fibre reinforced composite gas cylinders and tubes up to 4501

ISO 11119-2, Gas cylinders — Refillable composite gas cylinders and tubes — Design; construction angd
testing +- Part 2: Fully wrapped fibre reinforced composite gas cylinders and tubes-up to 450 | with load
sharing metal liners

1S9

ISO 111[19-3, Gas cylinders — Refillable composite gas cylinders and tubess— Design, construction an
testing 1 Part 3: Fully wrapped fibre reinforced composite gas cylinderS.and tubes up to 450L with nor|
load-shafing metallic or non-metallic liners

ISO 11120, Gas cylinders — Refillable seamless steel tubes of water capacity between 150 [ and 3000 I -
Design, donstruction and testing

~

[SO 113%7-2, Plastics — Differential scanning calorimetry {PSC) — Part 2: Determination of glass transitio
temperafure

ISO 11489, Gas cylinders — High pressure cylinders‘for the on-board storage of natural gas as a fuel fg
automotjive vehicles

=

ISO 12108, Metallic materials — Fatigue testing — Fatigue crack growth method

—

ISO 14130, Fibre-reinforced plastic composites — Determination of apparent interlaminar shear strengt]
by shortibeam method

ISO 164Y4-1, Paints and varnishés — Methods of exposure to laboratory light sources — Part 1: Generdl
guidancé

ISO 16474-3, Paints and varnishes — Methods of exposure to laboratory light sources — Part 3: Fluorescent
UV lampfs

X

EN 133pR2-2, Transportable gas cylinders — Refillable welded steel gas cylinders — Design an
construdtion s>-Part 2: Stainless steel

ASTM DBY¥70/D3170M - 14, Standard Test Method for Chipping Resistance of Coatings

ASTM E647, Standard Test Method for Measurement of Fatigue Crack Growth Rates

3 Terms, definitions and symbols

3.1 Terms and definitions
For the purposes of this document, the following terms and definitions apply.
ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

2 © IS0 2019 - All rights reserved
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— IEC Electropedia: available at http://www.electropedia.org/

3.1.1

autofrettage
pressure application procedure which strains the metal liner (3.1.13) past its yield point sufficiently to
cause permanent plastic deformation, resulting in the liner having compressive stresses and the fibres
having tensile stresses when at zero internal gauge pressure

3.1.2
autofrettage pressure

B
S

[mlls o %2 o ulleull )]

ressure within the overwrapped composite pressure vessel at which the required distrib
tresses between the liner (3.1.13) and the composite overwrap (3.1.6) is established

1.3

atch of pressure vessels

atch of pressure liners

et of manufactured finished pressure vessels (3.1.10) or liners (3.1.13) subject to @aunanufacturin

ution of

b quality

ass/fail criterion based on the results of specified tests performed on a specified number of units from
hat set
314
Hoss
dome shaped metallic component mounted on one end or on the two ends of a non-metallic linert (3.1.13)
with a neck providing an opening and/or an external element.of mechanical support
3.1.5
hurst pressure
Highest pressure reached in a cylinder during a burst test
3.1.6
domposite overwrap
dombination of fibres (including steel wire}~and matrix (3.1.15)
31.7
dontrolled tension winding
fdrocess used in manufacturing-composite pressure vessels with metal liners (3.1.13) by which
dompressive stresses in the liher and tensile stresses in the composite overwrap (3.1.6) at zero|internal
dressure are obtained by winding the reinforcing fibres under controlled tension
3.1.8
dycle amplitude
rptio of pressure increase to maximum pressure in a pressure cycle (3.1.21)
Note 1 to entry«Cycle amplitude is expressed in %.
319
desigiehange
dhange in the selection of structural materials or dimensional change exceeding the tolerandes as on
thedesign-drawings
3.1.10

finished pressure vessel
pressure vessel, which is ready for use, typical of normal production, complete with identification
marks and external coating including integral insulation specified by the manufacturer, but free from
non-integral insulation or protection

Note 1 to entry: In the framework of this document, a tube or a cylinder is a finished pressure vessel.

© IS0 2019 - All rights reserved
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3.1.11

full cycle

cycle of pressure amplitude between the maximum allowable working pressure (MAWP) (3.1.17) and
10 % of the MAWP

3.1.12
leakage
release of hydrogen through a crack, pore, or similar defect

Note 1 to entry: Permeation through the wall of a Type 4 pressure vessel that is less than the rates described in
A.13 is n¢t considered a leakage.

3.1.13
liner

inner pdrtion of the composite cylinder, comprising a metallic or non-metallic vessel, whose purpose is
both to ¢ontain the gas and transmit the gas pressure to the fibres

3.1.14
load-sharing liner
liner (3..13) that has a burst pressure (3.1.5) of at least 5 % of the minimufn burst pressure of thie
finished|composite cylinder

3.1.15
matrix
materia] that is used to bind and hold the fibres in place

3.1.16
maximym allowable temperature
maximujm temperature of any part of the pressure vessel“for which it is designed (or intended to be
used if Annex B is followed)

3.1.17
maximum allowable working pressure
MAWP
design ‘Ll;essure
maximujm pressure to which the componént is designed to be subjected to and which is the basis fqr
determihing the strength of the component under consideration

3.1.18
minimuym allowable temperature
minimun temperature of afiy part of the pressure vessel for which it is designed (or intended to be used
if Annex|B is followed)

3.1.19
operatdr
entity lejgally responsible for the use and maintenance of the vessel

3.1.20
pressurn-nrﬁvnfnd pressure reliefdevice
pressure-activated PRD

device designed to release pressure in order to prevent a rise in pressure above a specified value due to
emergency or abnormal conditions

Note 1 to entry: Pressure-activated PRDs may be either re-closing devices (such as valves) or non-re-closing
devices (such as rupture disks).

4 © IS0 2019 - All rights reserved
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3.1.21
pressure cycle

pressure variation composed of one period of monotonic pressure increase up to a peak pressure

followed by one period of monotonic pressure decrease

Note 1 to entry: Pressure variations exclusively due to variations of ambient temperature are not counted as

pressure cycles.

3.1.22
pressure cycle life

aximum number of pressure cycles (3.1.21) in hydrogen service that the pressure vessel is deg
ithstand in service

aximum period for which the pressure vessel is designed to be in sérVice based on fatigue
sftress rupture characteristics of composite cylinders

ote 1 to entry: Service life is expressed in years.

ote 2 to entry: Service life usually depends on the pressurescycle (3.1.21) or other service condit
requirements from applicable standards. For composite cylihdefs, life in years is a requirement tg
reliability under stress rupture conditions, which is also an uniderlying basis for the required stress ratios

1.25
allow pressure cycle
ressure cycle (3.1.21) from the MAWP (3.1.17).toe not less than 70 % of the MAWP

1.26

allow pressure cycle life

maximum number of shallow pressure;cycles (3.1.25) that the pressure vessel is designed to w
ih hydrogen service

3.1.27
stationary storage
dressurized storage in a'fixed location for a fixed purpose that is not transported while pressu

3.1.28

ationary testpressure

P

quired pressure applied during a pressure test for the pressure vessel used in stationary ser

ote 1 toentry: If Annex B is used, this is not to be confused with the test pressure (3.1.30) Py used ine.
809(series for design purposes as transportable gas cylinder.

igned to

life and

ions and
address
(3.1.29).

ithstand

rized

vice

. the 1SO

41970

I LT

stress ratio

stress in fibre at specified minimum burst pressure (3.1.5) divided by stress at the MAWP (3.1.17)

3.1.30
test pressure
required pressure applied during a pressure test

3.1.31
thermally activated pressure relief device
thermally activated PRD

device that activates by temperature to release pressure and prevent a pressure vessel from bursting

due to fire effects and which will activate regardless of the vessel pressure

© IS0 2019 - All rights reserved


https://standardsiso.com/api/?name=c48c62e0cf13bb20c311d00f7243d0d0

ISO/FDIS 19884:2019(E)

3.1.32

thermoplastic material
plastic capable of being repeatedly softened by an increase of temperature and hardened by a decrease
of temperature

3.1.33

Type 1 pressure vessel
metal seamless cylindrical pressure vessel

Note 1 to entry: All metal multi-layered non-seamless vessels are not covered in this document. For reference,

several t
GB 150 a

3.1.34

ypes of multi-layered pressure vessels are addressed by ASME BPVC Section VII and Chinese standaxd
hd GB/T 26466.

Type 2 pressure vessel

hoop w
reinforc

3.1.35

Fapped cylindrical pressure vessel with a load-sharing metal liner (3.1.13) dud composit
ement on the cylindrical part only

Type 3 pressure vessel

fully wi
reinforc

3.1.36

apped cylindrical pressure vessel with a load-sharing metal linér)(3.1.13) and composit]
ement on both the cylindrical part and dome ends

Type 4 pressure vessel

fully w
reinforc

3.1.37

fapped cylindrical pressure vessel with a non-load-$haring liner (3.1.37) and composit]
ement on both the cylindrical part and the dome ends

non-load-sharing liner
liner (3.1.13) that has a burst pressure (3.1.5) less than'5 % of the nominal burst pressure of the finishe

compos

3.1.38

e cylinder

working pressure

settled [
Note 1 to

[SOURCH

3.2 Sy

AP;
APmax
F

ressure of a fully filled cylinder‘ata uniform temperature of 15 °C

entry: This term is normally.-lised for transportable cylinders, see Annex B.

: [SO 11439:2013, 3.23,'modified — Note 1 to entry has been added.]
mbols

variatign of pressure during a given actual pressure cycle (in bar)
yartation of pressure during the pressure test specified in the reference standard (in bar]

design stress factor (ratio of equivalent wall stress at test pressure Py, to guarantee mini-

S

D

D

D

Fa

iU yietd strength)

hydrogen accelerating factor (see B.2.2.6), this factor is the multiplication factor to be

applied on equivalent cycles neq calculation to take into account the ageing effect of H2 on

cycling.
number of cycles equivalent to full cycles (guaranteed in a given standard)
number of pressure cycle corresponding to AP;

test pressure (in bar)

© ISO 2019 - All rights reserved
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Pw working pressure (in bar)

a flaw size

N number of pressure cycles

da/dN crack growth rate, da/dNjow and da/dNpigh are given in Table 5
C constant, see Table 5

m constant, see Table 5

()8 constant when fatigue is performed in hydrogen

AK range of the stress intensity factor during the fatigue cycle
AK. range of the stress intensity factor at which transition in the da/dNfrem low to high occurs
Rk stress intensity factor

Kimin minimum stress intensity factor during the fatigue cycle

Kimax maximum stress intensity factor during the fatigue eycle

Kimax given value, see 8.3.5.6

4 Specified service conditions

4.1 Maximum allowable working pressure

The maximum allowable working pressure-shall be specified by the pressure vessel manufacturer, shall
rjot be less than 15 MPa and shall not exceed 110 MPa.

4.2 Maximum allowable energy content

The maximum allowable energy content of a single pressure vessel shall not exceed 300 000 MPa-l.

4.3 Maximum andaninimum allowable temperature

The maximum allewable temperature and the minimum allowable temperature shall be spe¢ified by
the pressure vessel manufacturer and noted on the name plate.

—

he specifiedvalue for the maximum allowable temperature shall not be less than 50 °C and $hall not
gxceed 85C.

The’specified value for the minimum allowable temperature shall not exceed -25 °C and shall nqt be less
than’-50 °C.

The manufacturer may specify a distinct maximum temperature not to be exceeded during maintenance
(e.g. for painting).

4.4 Pressure cycle life
The pressure cycle life in hydrogen service shall be specified by the pressure vessel manufacturer.

The owner/operator may elect to further restrict to number of cycles allowed.

© IS0 2019 - All rights reserved 7
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4.5 Shallow pressure cycle life

A shallow pressure cycle life may optionally be specified by the pressure vessel manufacturer or user.
In this case, the shallow pressure cycle life shall be at least three times the pressure cycle life.

The shallow cycle life shall be calculated according to one of the methods given in 4.6.3, 8.3.5 or
experimentally determined according to methods described in A.7.

4.6 Effective pressure cycle count and maximum number of pressure cycles allowed
in servgee

4.6.1 eneral

One of the following methods shall be used to determine the pressure cycles life of the cylinder.

4.6.2 ressure cycles calculation method — Method described in Annex B

For all types of vessels, the number of cycles equivalent to full cycles (guaranteéd jin a given standard)
can be cplculated according to the formula given in Annex B.

4.6.3 ressure cycles calculation method — Goodman diagrams method described in Annex F

-

The cycle life may be determined by the use of a Goodman diagram and Miner’s Rule. The Goodma
diagram shall be based on fatigue testing of similar materials¢and construction as the vessel to b
qualifiedl. An example of this approach is provided in Annex F.

[}

4.7 Sqrvice life
The seryice life shall be specified by the pressure vessel manufacturer.

For Type 2, Type 3, and Type 4 designs incorponating aramid or glass fibre, the specified service life
shall not exceed 30 years.

The durption of service is also limited by the specified pressure cycle life. The operator is responsible
for monjtoring the cycles placed on the.pressure vessels and removing them from service when thejr
rated lifg has been reached. For exammple, a pressure vessel specified for 150 000 cycles and subjected tp
a pressure cycle every hour willmeed to be removed from service after 17 years.

5 Additional serviee eonditions

5.1 EIvironmental conditions

The manufacturer shall specify the environmental conditions for which the pressure vessel has bee
designedl as;well as any protection to be provided at point of use, such as external protection from
extreme selar radiation.

=

Precautions shall be taken against drop or impact (particularly during installation). If drop or impact
does occur, an inspection shall be conducted.

This information shall be included in the statement of service provided by the manufacturer as
required by 6.2.

Immersion in fluids, additional coating, protecting layer or medium isolating the cylinders or generating
retention of fluids of any kind requires written approval from the manufacturer.

8 © IS0 2019 - All rights reserved
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5.2 Fire conditions

The owner/operator shall assess the outcome of a risk analysis to demonstrate that in case of a fire,
overall safety will be maintained.

For protection, several solutions can be used (e.g. extinguishing devices, fire retardants, PRD,
intumescent paints, etc.).

When regulations or risk analysis require the installation of a pressure relief device, see for information
suggested design and test procedures in Annex G.

=]

wn_ N

Information to be recorded

.1 General

he pressure vessel manufacturer shall keep on file the information specified herein. This infq
hall be retained for the intended life of the pressure vessel.

.2 Statement of service

statement of service shall be provided by the manufacturer of the pressure vessel to the u
tatement of service shall include the following:

the name and address of the pressure vessel manufaeturer;

the service conditions as specified in Clause 4 and Clause 5, including a warning about {
for measures to prevent specified limitations, such as temperature limits and cycle life, frd
exceeded;

a statement that the pressure vessel design is suitable for use in the service conditions prd
Clauses 4 and 5;

a description of the pressure vessel design, including diameter (mm), length (mm), interna
(1), empty weight (kg), and pert.geometry;

if applicable, a specification of the pressure relief performance required to prevent violent
in case of exposure to fire conditions, as specified in 5.2;

a specification for~the support methods, external protection, protective coatings and a
items required,(but not provided with the pressure vessel;

a statement that the number of cycles of operations shall be determined and that the actuall
of cycles stiall be monitored;

rmation

ser. This

he need

m being

vided in

volume

rupture

hy other

number

any-other information and instructions necessary to ensure the safe use and inspection of the

pressure vessel, including those specified hereafter, where relevant:

— for Type 2, Type 3, and Type 4 designs requiring protection against exposure to UV e

hissions,

instructions shall require that this protection be provided by the installation;

— for Type 4 designs, the manufacturer shall:

— specify the minimum residual pressure (MRP) in normal operation. The specified MRP

shall not exceed 15 % of the MAWP;

— specify the maximum depressurization rate during normal operation, which shall be lower

than 20 MPa/min;

— provide a procedure for complete depressurization from MRP without liner collapse.
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NOTE

Annex E provides further typical information on the manufacturer's instructions for handling, use
and inspection of pressure vessels.

6.3 Design drawings and information

All pressure vessel drawings and related technical data shall be kept on file by the pressure vessel
manufacturer and shall show the following information:

a)
b)

‘)
d)

e)

f)
g)

h)

j)

title, reference number, date of issue, and revision numbers with dates of issue, if applicable;

the
the

the

MAWP;
pperating process temperature range;

kpecified service conditions, in addition to the MAWP, as specified in Clauses 4 and-bj

dimgensions complete with tolerances, including details of end closure shapes. with minimuy
thickness and openings;

mags, complete with tolerance;

matgrial specifications, complete with minimum mechanical and chemical’properties and tolerand

ran

bes and, for metal pressure vessels, metal liners and bosses, the spéecified hardness range an

maximum allowable defect size;

autqfrettage pressure range and duration;

test|pressure as carried out by the manufacturer;

NOTIE Applicable regulation can require a different yalire.

detgils on exterior protective coating.

6.4 Strress analysis report

The ma
summaifizing the determined stresses..Theé manufacturer shall keep this report on file.

65 M

aterial property data

The manufacturer shall keep.the following information on file, as applicable, and make it available t
regulatdry authorities or-inspectors on request:

a)

b)

detd
incl

ding test data characterizing the mechanical properties and the suitability of the materials fq

servVice under.the conditions specified in Clauses 4 and 5;

pub

ished' specifications for composite materials, as well as the material manufacturer

hufacturer shall produce a stress-analysis report as required by 8.1.1, including a table

iled descriptjon’ of the materials and tolerances of the material properties used in the design,

[* "¢

I

recqmmmendations for storage conditions and shelf life;

the fibre manufacturer’s certification that each shipment conforms to the manufacturer’s
specifications for the product.

6.6 Manufacturing data

Details of all fabrication processes, tolerances, non-destructive examinations, batch tests and
production tests shall be specified and kept on file by the manufacturer.

The manufacturer shall specify the minimum burst pressure for the design. In no case shall the
minimum specified burst pressure be less than the minimum burst pressure specified in this document
in relation to the MAWP.

10
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Surface finish, thread details, acceptance criteria for non-destructive examination, and lot sizes for
batch tests shall also be specified by the manufacturer and kept on file. Examples of procedures to
determine the acceptable defect sizes are given in Annex D.

The manufacturing data specified in 8.2.5, 8.2.6 and 8.2.7, along with the results of non-destructive
examinations, batch tests, and production tests shall be kept on file by the manufacturer.

6.7 Retention of records

The-design-and-manufacturing datakept-en-filea din &
the manufacturer for a duration of at least the service life of the pressure vessel plus five yeats)from the
date of manufacture.

=y En=an~.

y

] Material properties

7.1 Compatibility

The design shall not have incompatible materials in contact with eachtother. All materials inf contact
with hydrogen shall be suitable for use in hydrogen, according to the criteria of ISO 11114-1, ISO[11114-2
and ISO 11114-4 as applicable.

NOTE Guidance on hydrogen compatibility can be found in References [10], [12], [14], [21] and [25]

1.2 Steel

teels for pressure vessels, seamless liners, and bosses shall either conform to the npaterials

quirements of ISO 9809-1 for pressure vesselsof water capacities up to 450 1 and of I1SO 111120 for
ressure vessels of water capacities greater thah 450 1 and to ISO 11114-1, or be suitable with hlydrogen
ccording to ISO 11114-4.

.3 Stainless steels

ainless steels for pressure ves§els, liners, and bosses shall either conform to the specific nhaterials
quirements of ISO 9809-4 for.hydrogen service and to ISO 11114-1, or be suitable with hydrogen
ccording to ISO 11114-4.

4 Aluminium alloys

luminium alloysfor pressure vessels, liners, and bosses shall conform to the materials requirements
fI1SO 7866.

luminiumdlloys not covered by the materials requirements of ISO 7866 may be used for bosges only,
rovided-that that they are suitable for use in hydrogen according to the criteria of ISO 11114-1 and
111434

7.5 Fibre material

Structural reinforcing fibre material types shall be carbon fibre, aramid fibre or glass fibre, or any
mixture thereof.

7.6 Resins

The material for impregnation may be thermosetting or thermoplastic resins. Examples of suitable
matrix materials are epoxy, modified epoxy, polyester and vinyl-ester thermosetting plastics, as well as
polyethylene and polyamide thermoplastic.
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The glass transition temperature of the resin material shall be determined in accordance with
ISO 11357-2. The glass transition temperature shall be at least 15 °C above the maximum allowable
temperature.

7.7 Pl

astic liner material

The polymeric material used for plastic liners shall be compatible with the service conditions specified
in Clauses 4 and 5.

Plasticl

For the

its melting temperature at least 100 °C.

8 Requirements for new designs

8.1 G«

8.1.1

For all d
validate
establis
are met,

Alternat
2 and Ty
at the ze
account
shall be

For Typ
and spe

For Typ¢
directio
pressur
distribu
fibre for

Stress c

a) and
pro

b) suit

.........

hermoplastic materials, the Vicat softening temperature per ISO 306 shall be at least 90 2C,and

bneral considerations

Stress analysis

esign types, a stress analysis should be performed using finiteelement analysis or a similar
d numerical method that includes geometric and material non-linearities as required tp
1 the minimum design wall thickness and confirm the regiired stress ratios specified in 8.1.2.]1
It shall include the determination of the stresses in the liners and fibres of composite designs

ively, for Type 1, methods described in the ISO 9809 series or ISO 11120 can be used. For Typ|
pe 3 designs, the stresses in the composite and ifi-the liner after pre-stress shall be calculate
ro-gauge pressure, MAWP, test pressure and design burst pressure. The calculations shall tak
of non-linear material behaviour of the line?’to establish the stress distributions. Calculation
transformed into the direction of the fibré-for hoop and helically wound layers.

» O 9

e 2 and Type 3, the limits within which the autofrettage pressure shall fall shall be calculated
rified.

—_—

e 4 designs, the stresses in the composite shall be calculated in the tangential and longituding
h of the pressure vessel./The pressures used for these calculations shall be the zero-gauge
e, MAWP, test pressure(and design burst pressure. The calculations shall establish the stregs
Fion throughout the pressure vessel. Calculations shall be transformed into the direction of thie
hoop and helically*wound layers.

hIculations shall include:

nalysis method with capability for non-linear materials, such as a special purpose computg
rram or-a finite element analysis program;

—

hble'modelling of the elastic-plastic stress-strain curve for the liner material;

c) suitable modelling of the mechanical properties of the composite materials;

d) calc
min

ulations at the autofrettage pressure, zero-gauge pressure after autofrettage, MAWP, and
imum burst pressure;

e) pre-stresses from the winding tension; and

f) in the case of a hybrid composite overwrap, load share between the different fibres based on the
different elastic moduli of the fibres.

12
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8.1.2 Burst pressure and fibre stress ratio

8.1.2.1 Pressure vessel

The minimum actual burst pressure of the pressure vessel shall not be less than the values given in
Table 1. This pressure shall be verified on one unit per manufacturing lot. Test shall be done according
to procedure described in A.6.

For Type 2, Type 3 and Type 4 designs, the stress ratio in the composite overwrap shall also meet the

ninimum stress ratio rﬂqnirnmanfc of Tahle 1 Methods for vnrif:ying stress ratigs are. pro 7ided in

Annex C.

p—

h a hybrid construction, the applicable stress ratio requirements shall be met in 6he’ of [the two
bllowing ways:

-

d) Ifload sharing between the various fibre reinforcing materials is considered a‘fundamentdl part of
the design, each fibre shall meet the stated stress ratio requirements.

h) If load sharing between fibres is not considered as a fundamental, part of the design, onje of the
reinforcing fibres shall be capable of meeting the stress ratio requirements even if all other fibre
reinforcing materials are removed.

Table 1 — Minimum stress ratios and burst pressures

. Minimum stress ratio2/) \Minimum actual burst pressureb

Construction
Type2 | Type3 | Type4 | Type 1 | Type 2 | Type 3 | Type 4

All-Metal — — — 2 — — —
Glass 2,65 3,5 3,5 — 2,4 3,4 3,5
Aramid 2,25 3;0 3,0 — 2,25 2,9 3,0
Carbon 2,25 2,25 2,25 — 2,25 2,25 2,25
a  Fibre stress at the minimum butst’pressure divided by the fibre stress at the MAWP.
b Burst pressures are expressed as a factor of the MAWP.

nnex H gives information regarding the development and selection of a factor of safety for carbon
bre reinforced pressure tubes:.

=

§.1.2.2 Type 2 vessel liner burst pressure

vl

or Type 2 designs,the un-reinforced metal liner shall have a minimum burst pressure of 1,125 times
he MAWP, seedalso Annex B.

—

8.1.3 Teést'pressure

Hor all\design types, the manufacturer shall specify the test pressure. The test pressure specified shall
heGt [east 1,25 times the MAWP pressure, see also Annex B.

The test procedure should be done according to A.17.

NOTE Some regulations require higher test pressures.

8.1.4 Maximum defect size in metallic materials

The manufacturer shall specify the maximum allowable defect size in pressure bearing metallic
materials (pressure vessel, liner or boss). The method to detect the maximum allowable defect depth
shall be specified (e.g. the ISO 9809 series) and not be greater than 5 % of the wall thickness.

At all times, the wall thickness shall not be less than the minimum design thickness.
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Defects larger than the specified maximum size shall be detectable by non-destructive examination.

8.1.5 Protection of liner and boss against corrosion

As a general requirement, the vessel design is to protect the components from corrosion from the
environment it is to be sited in.

In particular, if carbon fibre reinforcement is used, the design shall incorporate means to prevent
galvanic corrosion of metallic components of the pressure vessel (e.g. appropriate insulating coating,
inner gl ss fibre pfr‘)

An inner glass fibre wound and resin layer may be used for metallic liners. A glass cloth or resin. laye
may be fised between a metallic end nozzle and the laminate.

—

Steel lingrs shall be protected against corrosion prior to wrapping for all types of fibres.

8.1.6 Resistance to UV emissions

Materials on the outside of the pressure vessel, including paint or polymeric coating, if applied, or thie
composite if no coating is applied, shall be resistant to UV emissions. The materials shall be subjected
to 1 00( h of exposure to UVA radiation per ISO 16474-1 and I1SO 16474-3.The gloss loss shall be legs
than 20 6.

8.1.7 Resistance to humidity

Fibre/rdsin reinforcement shall be resistant to humidity, as measured by short beam shear testing, s
that it maintains integrity over its lifetime. Resin system materials shall be tested on a sample teg
panel representative of the composite overwrap, in accordance with ISO 14130. Following a 24-h watg
boil, theJcomposite shall have a minimum shear strength*of 13,8 MPa.

= =+ O

8.1.8 Protective layer

An optignal external layer of laminate may-be provided for the protection of the structural laminat
layer from damage due to impact, ultraviolet radiation or other environmental exposure, fire g
abrasivg conditions.

= O

This laypr shall not be considered in the calculation on the stress levels in the vessel and shall not b
applied fo the vessel used for the qualification testing.

8.2 Construction and'workmanship

8.2.1 Liner materials

Type 1 designs.and Type 2 liners shall be of seamless construction using carbon steel, stainless steel d
aluminigm alleys that comply with the materials requirements in 7.2, 7.3, or 7.4, as appropriate.

—

Type 3 linets shall be constructed from aluminium n]]nyc, carbon steel or stainless steels_and shall
seamless. They shall comply with the materials requirements in 7.2, 7.3 or 7.4, as appropriate.

For Type 3 liners subjected to cold-forming or cryo-forming processes, heat treatment of the pre-form
component is not required. Liners that have been cold-formed or cryo-formed shall not be subjected to
any subsequent heat treatment or to additional heat application, such as welding, or possibly elevated
temperature curing of the composite, which degrades the liner properties.

Type 4 liners shall meet the requirements of the materials requirements in 7.7 and may be of seamless
or welded construction.
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8.2.2 Openings, neck threads, neck ring, foot ring, attachment for support

019(E)

Pressure vessels may be designed with one or two openings along the central cylinder axis only.

Openings with tapered or parallel threads may be used. Threads shall be clean cut, even,
surface discontinuities, to gauge and conform to International Standards.

without

When a neck ring, foot ring or attachments for support are provided, it shall be of a material compatible
with that of the pressure vessel and shall be securely attached by a method other than welding, brazing

or soldering.

.2.3 Forming

he base ends of Type 1 steel pressure vessels and Type 2 steel liners shall be hot formed using either

fprging, spinning methods, or deep drawing plate techniques.

he base ends of steel pressure vessels that have been closed by hot spinning shall be inspect
on-destructive examination or methods in ISO 9809-1 or other equivalenttechniques, and
ecked to confirm there is no leakage.

hot spinning process, such as fusion welding, shall not be used ta_fully close and seal the
luminium pressure vessels and liners.

etals shall not be added in the process of closure of the eénds. Manufacturing defects sha
orrected by addition of material.

Q

Hases of cylinders closed by hot spinning or other closing.method shall be leak tested.

The manufacturer shall employ such manufacturingtéchniques and apply such tests that will dem
b the satisfaction of the inspector that the cylinders do not leak. For guidance, see ISO 9
50 11120 for steel liners, ISO 9809-4 for stainless steel and ISO 7866 for aluminium alloy liners.

—

lwul

ach pressure vessel shall be examined-for wall thickness and visual surface defects prior
ssembly. For guidance, see ISO 9809-1 or ISO 11120 for steel liners, ISO 9809-4 for stainless s
50 7866 for aluminium alloy liners,

—Q

esign. Localised heat treatment shall not be used. For guidance, see ISO 9809-1 or ISO 11120
ners, ISO 9809-4 for stainless steel and ISO 7866 for aluminium alloy liners.

jawnill @ Pilla >

§.2.4 Fibre windihg

—

ype 2, Type 3,jand Type 4 pressure vessels shall be fabricated from a liner overwrapp
ontinuous fibfe windings. Fibre winding operations shall be computer or mechanically contro
bres shall\ble applied under controlled tension during winding.

-~

=

uring>winding the significant variables shall be monitored to demonstrate that they remai
pecified tolerances. The results shall be documented in a winding record that shall be retaing

%)

ed using
shall be

ends for

I not be

pnstrate

B09-1 or

to final
teel and

fter end forming, the pressure vessels shall be heat treated to the hardness range specified for the

for steel

ed with
led. The

h within
d by the

ariables

racdenre vascol manufacturor for the intended lifo aof each hateh of nroccnre voaccole Thaocao
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can include but are not limited to:
a) fibre type including sizing;

b) impregnation method;

¢) winding tension;

d) winding speed;

e) number of rovings;

f) band width;
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g) type of resin and composition;
h) temperature of the resin;
i) temperature of the liner; and

j)  winding angle.

8.2.5 Curing of thermosetting resins

Thermopetting resins shall be cured by heating, using a predetermined and controlled timsg

If a th}‘mosettmg resin 1s used, the resin shall be cured after the fibre winding 1s complete.
temperdture profile.

During fhe curing, the curing cycle (i.e. the time-temperature history) shall be documeénted and
retained by the pressure vessel manufacturer for the intended life of each batch of pressure vessels.

—

The magimum curing time and temperature for pressure vessels with aluminium alloy liners shall ng
adversely affect metal, resin and fibre properties.

8.2.6 Autofrettage

Autofreftage, if used, shall be carried out before the hydraulic test specified in 8.4.1 g). The autofrettag
pressur¢ shall be within the limits established in 8.1.1. The pressure ¥essel manufacturer shall establis
the method to verify that the appropriate pressure is applied.

= (D

The manufacturer shall monitor effectiveness of the autofrettage by appropriate measurement
technique(s), such as a volumetric expansion test.

Records|of autofrettage pressure shall be retained by the pressure vessel manufacturer for the intended
life of egch batch of pressure vessels.

8.2.7 [Exterior environmental protection

Exterior protection may be provided by using any of the following:

a) a s:[‘face finish giving adequate protection (e.g. metal sprayed on aluminium, anodizing);

b) asulitable fibre and matrix matérial (e.g. carbon fibre in resin); or

c) aprptective coating (eg..erganic coating, paint).

Any codtings applied to, pressure vessels shall be such that neither the coating nor the applicatio
process |adversely affects the mechanical properties of the pressure vessel. The manufacturer sha
provide |guidance-gn coating treatment during in-service inspection to ensure the continued integrit
of the prlessure vessel (e.g. removal of coatings if necessary to carry out the inspection method).

— =

<

8.3 Qualification of new designs

8.3.1 General

The pressure vessel material, design, manufacturing process and examination shall be proved to be
adequate for their intended service by meeting the requirements of the material tests and type tests
specified in 8.3.2 and 8.3.3 or following rules given in 8.3.5.

Pressure vessel designs that have been qualified to another standard do not need to repeat tests in this
section, but do need to conduct tests that were not included in their prior qualification. See Annex B
for specific requirements. Material tests and type tests shall be conducted on each new design, on
finished pressure vessels that are representative of normal production, complete with identification
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marks. If more pressure vessels or liners are subjected to the tests than are required, all results shall
be documented. All pressure vessels subjected to type tests shall be made unserviceable after the tests.

The pressure vessel manufacturer shall retain the type test results for the intended service life of the
pressure vessel design. The test data shall also document the dimensions, wall thickness and weights of
each of the tested pressure vessel.

8.3.2 Material tests

D.4.1 General

—

nless otherwise permitted by Annex A, Type 1, 2, 3 and 4 designs shall be subjected to.the applicable
ype tests listed in Table 2 and described in Annex A.

—

Table 2 — Summary of material tests

Test Number of pressure vessels Applicable to type
required for testing Type 1 N\ Type 2 | Type3 Type 4
Material tests for .
8.3.2.2to metallic vessels, liners, 1 pressure ves:sel or lm_er or e v v v
8.3.2.5 representative test ring
and bosses
326 1\/_Iat_er1al tests for plas- 1 liner v
tic liners
$.3.2.7 Resin properties composite samples v v v
$.3.2.8 Coatings test Coating systemssamples v v v v
§.3.2.2 Material and hydrogen compatibility tests for vessels, liners, and bosses in steel|other
than stainless steel

[ the pressure vessel, boss, or liner is, made of steel, appropriate material tests in accordance with
50 9809-1 for pressure vessels of water capacities up to 450 1 or ISO 11120 for pressure vesselsjof water
Apacities greater than 450 1, shalkbe’carried out on one vessel, liner, representative test ring,or boss.
he tensile strength shall meet themanufacturer’s design specifications. For Type 1 and Type Z designs
he steel elongation shall be at least 14 %. For Type 3 designs the tensile strength and elongatjon shall
heet the manufacturer’s desighn specifications.

oo T o S B @ i e

—

he hydrogen compatibility of steels in contact with hydrogen shall be demonstrated in acdordance
bith A.1. Steels thatiare exempted from hydrogen compatibility testing in application of ISO 9B09-1 or
50 11120 are exempted from this test.

— <

§4.3.2.3 Material and hydrogen compatibility tests for aluminium alloy vessels, liners, and bosses

v w]

or Type-1 pressure vessels and Type 2 liners using aluminium alloy, corresponding materiall tests as
requiréd in ISO 7866 shall be carried out on one pressure vessel or liner. The materials properties shall
meet the manufacturer’s design specifications. The elongation shall be at least 12 %.

For Type 3 liners using aluminium alloy, corresponding materials tests as required in ISO 7866 shall be
carried out on one liner. The materials properties, including elongation, shall meet the manufacturer’s
design specifications.

The hydrogen compatibility of aluminium alloys in contact with hydrogen shall be demonstrated in
accordance with A.1. Aluminium alloys that are exempted from hydrogen compatibility testing in
application of ISO 7866 are exempted from this test.

8.3.2.4 Material and hydrogen compatibility tests for stainless steel liners, and bosses

Materials used for stainless steel liners or bosses shall conform to ISO 9809-4.
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Materials used for welded stainless steel liners for Type 4 pressure vessels shall follow the corresponding
requirements of EN 13322-2.

The hydrogen compatibility of stainless steels in contact with hydrogen shall be demonstrated in
accordance with A.1.

8.3.2.5

Metallic

the hydrogen sensitivity factor to be applied in A7 unless for Type 1 and Type 2 cylinders 8 3 5 isused.

8.3.2.6

For hydrogen/material compatibility of polymeric liners, guidance can be found in ISO: 11114-

dependi
One line€|

a) The

shall meet the requirements therein.

Hydrogen sensitivity factor of metallic vessel, liner and boss materials

materials used for vessels, liners and bosses shall be tested in accordance with A.2 to determine

Material tests for polymeric liners

o

hg of the type of materials, as applicable.
r shall be subjected to the following requirements:

tensile yield strength and ultimate elongation shall be determined in aceordance with A.3 anfd

b) For thermoplastic materials, the softening temperature shall be determihed in accordance with A.#
and|shall meet the requirements therein.
8.3.2.7 | Resin properties tests
For Typg 2, Type 3 and Type 4 designs, samples representdtive of the composite overwrap shall be
tested i accordance with A.5. Resin materials shall meet thie requirements therein.
8.3.2.8 | Coating tests
If a protgctive coating is part of the design, the coatings shall be evaluated using the test methods in A.19.
8.3.3 Pressure vessel tests
8.3.3.1 | General
Unless dtherwise permitted by €lause 9, Type 1, 2, 3 and 4 designs shall be subjected to the applicable
type tesks listed in Table 3 and described in Annex A.
Table 3 — Summary of pressure vessel or liner tests
Num- Applicable to type
ber of
Test pressure
es vessels Type | Type | Type | Type
required 1 2 3 4
for testing
3
8.3.3.3 Hydrostatic burst pressure plus 1 v v 4 4
linera
8334 Aml?lent temperature pressure 2t0 10 v v
cycling
8.3.3.5 Leak-before-break (LBB) 2 v'b v
a  Only for type II.
b LBBis only applicable when using high strength aluminium (ISO 7866) or steel (ISO 9809-2).
¢ Ifrequired by risk analysis described in 8.3.3.9.
18 © IS0 2019 - All rights reserved
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Table 3 (continued)

Num- Applicable to type
ber of
Test pressure
es vessels | Type | Type | Type | Type
required 1 2 3 4
for testing
8.3.3.6 Accelerated stress rupture 1 v v v
Extreme temperature pressure
8337 . T v v v
cycling
8.3.3.8 High strain rate impact 1 v v
8.3.39 Bonfire lor?2 ve ve ve ve
8.3.3.1 Impact damage 1,2o0r3 v v
8.3.3.11 Permeation 1 v
8.3.3.12 Boss torque 1 v
8.3.3.13 Hydrogen gas cycling 1 v
8.3.3.14 Water soak 1 v v v
a  Only for type II.
b LBBis only applicable when using high strength aluminium (ISO/7866) or steel (1SO 9809-2).
¢ Ifrequired by risk analysis described in 8.3.3.9.

0

.3.3.2 Use of subscale units

Vhere indicated, tests may be performed on fullscale diameter pressure vessels of shorter length;
owever, the L/D ratio of sub-scale units shall be'greater than 2,5. If the full scale cylinder /D ratio
5 less than 2,5, a full scale cylinder is required. The winding pattern of the sub-scale unit shall be the
ame as the full scale pressure vessel.

wn = o =

vl

ull-scale pressure vessels containing a filler material to reduce the internal volume may also be used.

§.3.3.3 Hydrostatic burst pressure test

1

or Type 2 design types, oneliner shall be hydrostatically pressurized to failure in accordance yvith A.6.
he burst pressure shalldeet or exceed 1,125 times the MAWP.

—]

or all design types three pressure vessels shall be hydrostatically pressurized to failure in acdordance
ith A.6. For each pressure vessel, the burst pressure shall exceed the specified minimum burst
ressure specified in Table 1. In no case shall the burst pressure be less than the value necessary to
heet the stresSTatio requirements in Table 1. The average of the burst pressure to fibre strength ratio
f the three pressure vessels shall be recorded for future reference.

o S0 <

§.3.3.4 Ambient temperature pressure cycling test

For all design types, two to [IVE pressure vessels shall be pressure cycled at ambient temperature in
accordance with A.7.1 and meet the requirements therein.

If a shallow pressure cycle life is specified, two to five additional vessels shall be pressure cycle at
ambient temperature in accordance with A.7.2 and meet the requirements therein.

For pressure vessels with an internal volume of at least 450 1, sub-scale units may be used as specified
in 8.3.3.2 for this test

8.3.3.5 Leak-before-break (LBB) test

For Type 1 and Type 2 designs, this test is not required if the ultimate tensile strength (UTS) of the liner
is less than 950 MPa.
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For all design types, two pressure vessels shall be tested in accordance with A.8 and shall meet the
requirements therein.

For pressure vessels with an internal volume of at least 450 1, sub-scale units may be used as specified
in 8.3.3.2 for this test.

8.3.3.6 Accelerated stress rupture test

For Type 2, Type 3 and Type 4 designs, one pressure vessel shall be tested in accordance with A.11 and

meet the requirements therein

[72)

For prepsure vessels with an internal volume of at least 450 1, sub-scale units may be useda
specified below:

— Matgprial properties may be demonstrated using a sub-scale unit of a size appropriate toydeterminje
staljility of the laminate under thermal loading.

— The|stress level and winding pattern of the sub-scale shall be the same as the fulhscale cylinder.

— The|sub-scale unit shall have an internal volume not smaller than 10 % of the internal volume of thie
full scale unit and not smaller than 150 1.

8.3.3.7 | Extreme temperature pressure cycling test

For Typ¢ 2, Type 3 and Type 4 designs, one pressure vessel shall be tested in accordance with A.12 anfd
meet th¢ requirements therein.

For pregdsure vessels with an internal volume of at least 450 1y sub-scale units may be used as specified
in 8.3.3.p for this test.

8.3.3.8 | High rate strain impact test

For Typ¢s 3 and 4, one pressure vessel shall be tésted in accordance with A.10 and meet the requirement]
therein.

v

Sub-scale units may be used as specified'in 8.3.3.2 for this test

8.3.3.9 | Bonfire test

For all design types, if pressure relief devices (PRD) are used according to 5.2, one or two pressure
vessels 3s appropriate shall'be tested in accordance with A.9 and meet the requirements therein.

Risk anglysis should-address need for PRD and/or bonfire test, and should consider potential for firg,
presence of combustible materials, insulation of tanks and the presence fire abatement systems (fir
extinguishers, déluge systems, fire hose).

D

8.3.3.1(0 AImpact damage test

For Type 3 and Type 4 designs having a water capacity of 150 1 or less, one or more finished pressure
vessels shall be tested in accordance with A.21 and meet the requirements therein.

8.3.3.11 Permeation test

For Type 4 designs, one pressure vessel shall be tested for permeation in accordance with A.13 and
meet the requirements therein.

Sub-scale units may be used as specified in 8.3.3.2 for this test.
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8.3.3.12 Boss torque test

For Type 4 designs, one pressure vessel shall be tested in accordance with A.14 and meet the

requirements therein.

Sub-scale units may be used as specified in 8.3.3.2 for this test.

8.3.3.13 Hydrogen gas cycling test

Before proceeding with this test, a leak test according to A.18 should be performed.

or Type 4 designs, one pressure vessel shall be tested in accordance with A.15 and
quirements therein.

b-scale units may be used as specified in 8.3.3.2 for this test.

§4.3.3.14 Water soak test

1

or Type 2, Type 3, and Type 4 designs, one pressure vessel shall be tested in'accordance with
heet the requirements therein.

=

Sub-scale units may be used as specified in 8.3.3.2 for this test

84.3.4 Qualification of design changes

=

esign changes may be qualified through a reduced testprogram as specified in Table 4. Design
hat exceed the changes defined in Table 4 shall be qualified by a complete test program.

—

A fibre shall be considered to be of a new fibre type‘when any of the following conditions apply
d) the fibre is of a different classification, e.g,glass, aramid, carbon;

B) the fibre is produced from a different precursor (starting material), e.g. polyacrylonitril
pitch for carbon;

d the nominal fibre modulus, §pecified by the fibre manufacturer, differs by more than +5
that defined in the prototype tested design;

d) the nominal fibre strength, specified by the fibre manufacturer, differs by more than +5
that defined in the-prototype-tested design.

design approved by“a reduced series of tests (a design change) shall not be used as a basis for
esign change approval with a reduced set of tests (i.e. multiple changes from an approve
re not permitted). If a test has been conducted on a design change (A) that falls within the
quirements for a second design change (B) then the result for (A) can be applied to the ney
ange (B)test program. However, design change (A) cannot be used as the reference for dete
the teSting required for any new design change.

[@PillarS

heet the

changes

L (PAN),

% from

% from

h second
1 design
b testing
v design
rmining

sts previously exempted remain exempted
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8.3.5 Design qualification and cycle life definition by fracture mechanics

8.3.5.1 General

For Type 1 vessels, as an alternative method for new design qualification, fracture mechanics design
based approaches can be used. If the pressure vessel cycle life is determined in accordance with the
rules in 8.3.5, 8.3.2 and 8.3.3 shall be ignored.

Fracture mechanics assumes that an initial crack exists in the pressure vessel. Crack propagates due

to Cycli internal nressure variation-and failure is assumed-to occurwhen avalid fracture mechanics
T

parameter (e.g. elastic stress intensity factor, K) reaches a critical threshold value.

8.3.5.2 | Fatigue crack growth rate tests

Fatigue prack growth rates shall be measured in accordance with ASTM E647 or ISO 12108 with the
followinlg exceptions:

— Testfrequency shall notbe greater than 1 Hz. Higher frequencies may be usedprovided it is clearly
demonstrated that fatigue crack growth rate data are not affected by freguéncy in the explorefd
AK tegion.

NOT[E1 This frequency is known to be valid for ferritic steels. Other émetallic materials, e.g. austenit
staimless steels or aluminium alloys, can require different test frequenciés)

a

— Wayeform shall be either triangular or sinusoidal.

— Strdss ratio shall be consistent with the stress ratio seen.by the pressure vessel during its lifetime.
Stress ratio R = 0,8 shall be considered as an upper bound for the fatigue crack growth rate.

A single| linear relationship in the form da/dN = C.AKm may not be obtained since different region
with diffferent parameters exist depending on theapplied AK level. Use of multiple da/dN = C.AK
relationghips for calculation of pressure vessels cyele life is allowed.

s »n

NOTE 2 | The pressure vessel can be subjected'te-different cyclic ranges. Fatigue crack growth rates can folloyw
the diffefent stress ranges.

A mininfum of three tests shall be cagried out.
Test prepsure shall not be less than-the intended service pressure.

Specimdns shall be machinedwith transversal-longitudinal (TL) orientation, meaning the test specime
has a fracture plane whosé.nermal is in the transverse direction of the pressure vessel and the expecte
crack prjopagation directien is in the longitudinal direction of the pressure vessel.

0=

The hydfogen usedifer testing shall comply with the requirement listed in [SO 11114-4.

Proper purging and cleaning of the test chamber should be carried out prior to tests execution.
Contamjnantsisuch as Hz0 or Oy, even in very small quantities are known to affect tests results.

The allowabte mumberof cyctes 15 hatf the mumber of cyctes to reach the finat crack depth defined as
the crack size at which the stress intensity factor reaches the material fracture toughness or when the
crack size reaches 80 % of the wall thickness.

8.3.5.3 Fracture toughness testing

If Type 1 pressure vessels are designed according to this subclause, material tests required in 8.3.1,
8.3.2 and 8.3.3 are not needed and therefore shall be ignored.

The test method allows to determine the onset of critical threshold for hydrogen assisted cracking.

Guidance on this test method is given in standard ANSI/CSA CHMC 1-2014.
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A minimum of two tests shall be carried out.
Test pressure shall not be less than the intended service pressure.

The lower bound fracture toughness data shall be considered for design purposes.

8.3.5.4 Allowable number of cycle

The allowable number of cycles is half the number of cycles to reach the final crack depth defined as the

crack size at which the stress intensity factor reaches the material fracture toughness.

(rack growth rates are function of the range of the stress intensity factor according to formula

da/dN=C[ f(Rg)]AK™

<

fhere Rk = Kimin/Kimax

=z

OTE Art. KD-4 and KD-10 in ASME BPVC Section VIII Div.3 provides guidance for fracture n
evaluation

§.3.5.5 Material qualification

Tests results from 8.3.5.2 and 8.3.5.3 only apply to a batchrof\material from which specimse
extracted.

The purpose of this subclause is to qualify a material by:testing two heats of material per heat tr
dondition.

pecimens for hydrogen tests shall be in the fihal heat treated condition to be used in the |
essels construction and obtained on a mihimum of two heats representative of the

below:

echanics

ns were

eatment

bressure
material

specification. Specifically, the maximum tensile strength allowed by the specification shall not exceed

% of the highest strength heat.

set of minimum three specimens_per heat shall be tested according to 8.3.5.2, allowing a s
K range to be explored. The upperbound fatigue crack growth rate curve, for each of the exp
gion, data shall be used for calculation in 8.3.5.4.

set of minimum two specdimens per heat shall be tested according to 8.3.5.3. The lower bound
tpughness data shall be used for calculation in 8.3.5.4.

he data obtained above may be used for other pressure vessels manufactured from the same
nd grade, having_the same nominal composition and heat treatment condition, provided it
strength does’not exceed the values of the material used in the qualification tests by more thar

.3.5.6 Erack growth rate constant for low alloy steels.

ufficient
ored AK

fracture

material
5 tensile
5 %.

or-low alloy Cr-Mo and Ni-Cr-Mo steels typically used in pressure vessels design and fabricati(rn, crack

c,rnwfh rate factorsin Tahle § may he used

Table 5 — Crack growth rate factors

Crack growth rate factors
da/dNjow da/thigh
C (m/cycle) 3.5E-14 1.5E-11
m 6,5 3,66
Cx 0,43 2,0
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where

da/dN = da/dNjoy if AK < AK. = 8,475 + 4,062Rk - 1,696Ry>

da/dN = da/dNpjgn if AK > AK; = 8,475 + 4,062Rk - 1,696Rk?

f(Rk) =1+ Cu*Rk)/(1 - Rg)

Above c

— Des

- Kmap{< 35 MPa ml/z.

— Spe
NOTE

in ISO 11120 group Il and III or ASME material specification such as SA 372 and SA 723«

8.4 Production and batch tests

8.4.1

Productjon verifications and tests shall be carried out as follows<on all pressure vessels produced in
batch. A]l visual testing should be according to ISO 11623, whenrrequired.

Each pressure vessel shall be subject to the followingcverifications during manufacturing or afte

complet

a) non

in apcordance with the corresponding requirements of ISO 9809-1 for pressure vessels of watg

cap

denjonstrated equivalent method, to confirm that the maximum defect size does not exceed the siZ

spe

detgcting the maximum defect size allowed; for aluminium alloy liners, the NDE inspection shoul
be done according to the procedure listed in ISO 18119;

b) inspgection of plastic liners to confirm that the maximum defect size present is less than the size

spe

c) verification of critical dimensions and mass of the finished pressure vessels, liners anfd
ovelfwrapping to«onfirm that they are within design tolerances;

d) verification‘ofcconformance to the manufacturer’s specified surface finish with special attention

dee

opel

fack growth tactors are only applicable when the following conditions are met:

gn pressure not to exceed 103 MPa.

Fified tensile strength shall not exceed 950 MPa.

Low alloy Cr-Mo and Ni-Cr-Mo steels are intended to be, although not limited to;those steels specified

Production tests

5]

—

on:

tdestructive examination (NDE) of all seamless steel metallic pressure vessels and lineq]
cities up to 450 1 or ISO 11120 for pressure vessels of water capacities greater than 450 1, or

fified in the design as determined.in accordance with 8.1.4; the NDE method shall be capable g

T =0 D = D

rified in the designs

o

b dratys surfaces and folds or laps in the neck or shoulder of forged or spun end enclosures g
Nings;

—

e) verification of the markings;

f) hardness tests or equivalent tests of metallic pressure vessels and liners in accordance with A.16,
carried out after the final heat treatment; the values thus determined shall be in the range specified
for the design;

g) hyd

raulic test of finished pressure vessels in accordance with A.17:

optionally, for Type 3 and Type 4 designs the manufacturer shall define the appropriate limit
of elastic expansion at test pressure for the test pressure used, but in no case shall the elastic
expansion of any pressure vessel exceed the average batch value by more than 10 %j;

26
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h) leak test on Type 4 pressure vessels or liners in accordance with A.18, except that the pressure

used may be less than the MAWP;

i) inspection of composite surfaces for compliance with requirements for surface defects.
8.4.2 Batch tests

8.4.2.1 General requirements

| » T N - 1111 CI | - b T PEI | £ 1
dlUITLCSLS SIIdIT U LAl TICU OUL UITI' AUl UDAdULLIT U PICSSUTT VESSTIS.

atch tests shall be conducted on finished liners and pressure vessels that are representative o
roduction, complete with identification marks. The pressure vessels and liners required fo
hall be randomly selected from each batch for vessel sizes up to 450 1. The first unit of the
ressure vessels and liners may be selected for testing for vessel sizes greatef)than 450 1.
ressure vessels are subjected to the tests than are required, all results shall be documented.

(e lllue

atches of pressure vessels shall be proved to be adequate for their intended service by meg

= holle}

—

he batch test results and relevant data for each batch (e.g. cast number) for the intended li
ressure vessels in the batch. All pressure vessels subjected to batéhtests shall be made unser
fter the tests.

[

§.4.2.2 Batch requirements

d) A batch of Type 3 or Type 4 pressure vessels shall'be limited to a quantity of up to 200

meaning of the same basic design, capability,;and control system, and in the same factory.

H) A batch of Type 1 and Type 2 pressure wessels of capacity greater than 450 1 shall be li
a quantity of up to 30 finished pressure vessels, plus test units, made on the same or eq
equipment, equivalent equipment méaning of the same basic design, capability, and control
and in the same factory.

d A batch of Type 1 and Type 2_pressure vessels of capacity smaller than 450 I shall be lim
quantity of up to 200 finished pressure vessels, plus test units, made on the same or eq
equipment, equivalentequipment meaning of the same basic design, capability, and control
and in the same factory.

d) A batch of vesséls’may be discontinuous, i.e. interrupted by other production or perio
production, ptevided that controls are in place to assure that consistency of the vessel man
and performance will be maintained within the batch once production is restarted.

g) A batchYof finished composite pressure vessels may contain different batches of liner
and-mdtrix materials, provided that controls are in place to assure that consistency of tH
manufacture and performance will be maintained within the batch.

f normal
" testing
batch of
If more

ting the

equirements of the batch tests specified in 8.4.2.2. The pressure vessel manufacturer shall retain

fe of the
viceable

finished

pressure vessels, plus test units, made on the same or equivalent equipment, equivalent equipment

mited to
uivalent
system,

ited to a
uivalent
system,

ds of no
facture

5, fibres,
e vessel

A batch of finished Typn 1, Typn 2 or Typn 3 pressure vessels shall be formed from one cast

f metal.

g) Vessels in the batch shall be of the same nominal diameter, thickness, design, and cure or heat

treatment as appropriate; and of the same nominal length except as noted in h).

h) A batch of Type 1 metal vessels, and Type 2 vessels with hoop reinforcement, may include vessels
of different length, provided that controls are in place to assure that consistency of the vessel
manufacture and performance will be maintained within the batch and will not be affected by the

difference in length.
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8.4.2.3 Required tests

Except for pressure vessels designed according to 8.3.5 one pressure vessel shall be subjected to the
hydrostatic burst pressure test in accordance with A.6. The pressure vessel burst pressure shall exceed
the specified minimum burst pressure and stress ratio requirement specified in Table 1.

Except for pressure vessels designed according to 8.3.5 one pressure vessel shall be subjected to
pressure cycle testing in accordance with the requirements in 8.4.2.4. The pressure vessel used for the
pressure cycle test in 8.4.2.4 may also be used for the burst pressure test.

For Typ¢ T, Type 2 and Type 3 designs, a further pressure vessel, liner, or sample representative of
finished|pressure vessel or liner, shall be subjected to the following tests:

a) verification of the critical dimensions of the design;

b) tendile tests for steel pressure vessels or liners, in accordance with the correspondingfequirementfs
of I§0 9809-1 for pressure vessels of water capacities up to 450 1 or ISO 11120 forpressure vessels
of water capacities greater than 450 [; tensile tests for aluminium alloy pressute, vessels or liners,
in apcordance with the corresponding requirements of ISO 7866; tensile tests for stainless steg¢l
liners, in accordance with the corresponding requirements of ISO 9809-4;

[72)

c) imppcttests for steel pressure vessels or liners, in accordance with the €orresponding requirement
of I§0 9809-1 for pressure vessels of water capacities up to 450 1 orISO 11120 for pressure vessel
of water capacities greater than 450 1, as appropriate; impact tests for stainless steel liners i
accqrdance with the corresponding requirements of ISO 9809<%;

=77}

d) whdgn a protective coating according to 8.2.7 is a part of'the design, a coating batch test shall be
ormed in accordance with A.20; where the coating fails to meet the requirements of A.20, t:“:E
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a) verification of the critical dimensions of the design;

b) yield strength and ultimate elongation of the plastic liner material shall be determined ip
accgrdance with A.3 and meet the requirements therein;

c) softening temperature_of the plastic liner shall be tested in accordance with A.4 and meet thee
reqyiirements of the design;

d) whdgn a protective coating according to 8.2.7 is a part of the design, a coating batch test shall be
performed in accordance with A.20; where the coating fails to meet the requirements of A.20, tEE

batgh shall bie 100 % inspected to remove similarly defectively coated pressure vessels; the coati
on dll defectively coated pressure vessels shall be stripped using a method that does not affect t
integrity of the composite wrapping, and recoated; the coating batch test shall then be repeated.

All pressure vessels and liners represented by a batch test that fails to meet the requirements specified
shall follow the procedures specified in 8.4.2.5.

8.4.2.4 Ambient temperature pressure cycling test

Except for design according to 8.3.5, one pressure vessel per every batch of finished vessels shall be
subjected to a fatigue test according to the requirements of A.7. All pressure cycles may be at ambient
temperature for the production testing. The manufacturer, as a minimum, shall test one pressure vessel
per year in accordance with A.7 if production rates are less than 200 vessels per year.

The batch cycling test per A.7 is no longer required on every batch once it has been demonstrated that
the pressure vessel design and materials are not sensitive to fatigue cycling by passing the batch cycle
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testing on a total of 5 pressure vessels with the number of cycles per A.7 and having no leaks either in

the first set of “N” cycles, or in the second set of “N” cycles (where a leak would otherwise be

allowed

but not a rupture), for a total of 5,2 times the design service life when cycling to the nominal working
pressure, or an equivalent margin when cycling to an elevated pressure per A.7. However, the batch
cycle test shall be repeated at least once every three years. If a leak or rupture occurs during a batch
test, then batch testing would have to be re-initiated until a new total of 5 pressure vessels pass the

cycle requirements per A.7 with no leaks.

8.4.2.5 Failure to meet batch and production test requirements

Ih the event of failure to meet test requirements, re-testing or re-heat treatment and re-testing
darried out as follows:

d) If there is an evidence of a fault in carrying out a test, or an error of measurement, a fur
of the same kind shall be performed. If the result of this test is satisfactory, the’ first test
ignored.

1) If the failure is considered to be due to the applied heat treatment, the manufacty
subject all the metal pressure vessels or liners implicated; by the failure to a furt
treatment, i.e. if the failure is in the batch test, the test failire shall require re-heat tr
of all the represented metal pressure vessels or liners ptior to re-testing; however if th
occurs sporadically in a production test, then only those metal pressure vessels or line
fail the test shall require re-heat treatment and ré*testing.

Only the appropriate batch tests needed to prove the acceptability of the new batch
performed again. If one or more tests prove’unsatisfactory, all metal pressure vessels
of the batch shall be rejected.

) If the failure is due to a cause other thairthe heat treatment applied, all defective metal j
pass the test(s) required for the repair shall be treated as a separate new batch.

8.5 Markings

(n each pressure vessel thesmanufacturer shall provide clear permanent markings. The font §
n the markings shall beat-a minimum 5 mm high on pressure vessels with a diameter greatet
qual to 140 mm, and greater than 2,5 mm high on pressure vessels with a diameter of less than

QO

Marking shall becaccording to the customary industry standard (e.g. PED, ASME, JSME), or |
ihcorporated into Tesin coatings, labels attached by adhesive, or by low stress stamps use
thickened endsof Type 1 and Type 2 designs, or any combination of the above. Adhesive labels z
plicatiomghall be in accordance with ISO 7225. Multiple labels may be used and should b4
sjuch thatthey are not obscured by mounting brackets.

ach pressure vessel shall be permanently marked with the following information:

shall be

ther test
shall be

h) Ifthe test has been carried out in a satisfactory manner, the cause of test-failure shall be identified.

rer may
her heat
eatment
e failure
s which

shall be
or liners

pressure

vessels or liners shall be either rejected or repaired. Repaired metal pressure vessels or limers that

ize used
than or
140 mm.

y labels
1 on the
nd their
located

a) "Hp STATIONARY USE ONLY";

b) "DONOT USE AFTERYYYY-MM", where YYYY identifies the year and MM the month of expiry;

c) the manufacturer’s identification;

d) the pressure vessel identification (model and the serial number unique for every pressure vessel);

e) the water capacity of the pressure vessel in litres;
f) the MAWP in MPa;

g) the test pressure in MPa;
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h) the reference to this document and, for the case of use of a vessel qualified initially under another
ISO standard as defined in B.1, a reference to that standard in parentheses;

i) the type of pressure vessel shown as T1 (Type 1), T2 (Type 2), T3 (Type 3) or T4 (Type 4);
j)  the minimum allowable temperature in °C;
k) the maximum allowable temperature in °C;

1) the design cycle life in number of reference cycles;

m) the fesign shallow cycle life, if applicable, in number of reference cycles;

n) for Type 3 and 4 vessels, and for Type 1 and Type 2 vessels if PRDs are included in the désign bly
the [vessel manufacturer, the following note: "REQUIRES PROTECTION BY A THERMAL RELIEF
SYS[FEM PROVIDING SPECIFIED PRESSURE RELIEF”;

o) the fate of manufacture (year in four digits and month in two digits).

if labelq are used, there is an additional requirement for a unique identification number and the
manufadturer’s identification to be permanently marked on an exposed metal surface in order tp
permit tracing in the event that the label is destroyed.

The expiry date may be applied to the pressure vessels at the time-0f dispatch, provided that t
pressur¢ vessels have been stored in a dry location without internalpressure. The period between t
dispatcl date and the expiry date shall not exceed the specified sekyice life.

The markings shall be placed in the listed sequence but the.specific arrangement may be varied t|
match the space available. The following is an acceptable example.

=}

EXAMPLE
Hp ONLY

DO NOT USE AFTER 2042-03

Manufacturer / model / serial nuinber

5001 WC

MAWP 95 MPa - TP 119 MPa

1SO 19884 (ISO 11119-2) _T3_-40°C /85°C

DO NOT USEAFTER_15 000 cycles @ 100 % MAWP / 100 000 cycles @ 30 % MAWP

REQUIRES" PROTECTION BY A THERMAL PROTECTION SYSTEM PROVIDING SPECIFIEP
PRESSURE RELIEE-2012-03

8.6 Preparation for dispatch

3 pa ealed1 £ e 1 11 41 b 1 1 111 rdealal 1 pa |
PI'IOI' tO Lllledl.Lll LIIT IIIdIIUIdCLUI I SIidIl TIISUI T Liidl CVCly l)l C33UI T VESSCTI Slidll Ut DulLdUly CITAdIITU U
prevent the contamination of the fluid to be contained. The pressure vessel shall be internally cleaned
and dried as specified by the owner/operator, sealed, and marked as “cleaned for hydrogen service”.

Pressure vessels not immediately closed by the fitting of a valve and safety devices, if applicable, shall
have plugs fitted to all openings to prevent the entry of moisture and protect threads.

Each pressure vessel nameplate shall be checked for appropriate markings.

The manufacturer’s statement of service and all necessary information and instructions to ensure the
proper handling, use and in-service inspection of the pressure vessel shall be supplied to the owner/
operator.
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The statement of service shall be in accordance with 6.2.

9 Requirements for existing design standards

The use of existing and approved design standards for stationary storage shall be in accordance with
Annex B.
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Test methods and acceptance criteria

ydrogen compatibility tests
n compatibility of the pressure vessel, liner and boss materials made of steel shall b
‘rated in accordance with ISO 11114-4.

ydrogen sensitivity tests

eneral

ben sensitivity factor (Fs) shall be determined as follows for the pressure vessel, liner and bogs
s, using component material or equivalent material and methodil or 2.

[est method 1 — Fatigue testing of tensile specimens

Fatigue life tests

method is used to evaluate the total fatigue life #hich includes initiation and crack propagatio
e for metallic materials exposed to a gaseous hydrogen environment.

-

Test environment

b1l be carried out at the pressure notless than the MAWP and results are valid for all pressure
or less than the pressure used in'the tests.

[72)

rogen used for testing shall.comply with the requirement listed in ISO 11114-4.
iture shall be such that the occurrence of hydrogen embrittlement is maximum.
For carbon and loi~alloy steel and aluminium alloys maximum hydrogen embrittlement occurs 3

\perature. Other stegls (e.g. stainless steels) and metallic materials can require different temperaturg
brmined.

v =+

Specinien preparation

ns shall be prepared according to Figure A.1 with TL orientation meaning the test specimen ha

= n

Fé-plane whose normal is in the transverse direction of the pressure vessel and the expecte

crack pr

opagation direction 1s 1n the longitudinal direction oI the pressure vessel.

If the specimen cannot be machined according to Figure A.1 from the pressure vessel wall thickness,
lower thicknesses may be allowed provided the specimens have at least 85 % of the original pressure
vessel wall thickness.

If a TL orientation cannot be obtained, longitudinal-transversal (LT) orientation is allowed.

NOTE

32

Electro-discharge machining operation is recommended for notch preparation.
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Dimensions in millimetres
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Figure A.1 — Fatigue test specimens

A.2.2.4 Testprocedure

Conduct a minimum of the total eight fatigue tests in hydrogen and in air or an inert environment.

A minimum of four tests shall be conducted to failure in air or an inert environment, applying load
amplitudes (maximum force minus minimum force divided by two with a positive stress ratio of 0,1 or
less which result in cycles to failure greater than 105 cycles).

A minimum of four tests shall be conducted to failure in gaseous hydrogen according to A.2.2.2, applying
the same load amplitudes and stress ratio used for tests in air or an inert environment.
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For tests in gaseous hydrogen, frequency shall not be greater than 1 Hz.

The hydrogen sensitivity factor, Fys, is the ratio between the average number of cycles to failure in air
or an inert environment and gaseous hydrogen.

NOTE The hydrogen sensitivity factor for higher R-ratios, which can reproduce shallow cycles conditions,

can be lower than the one obtained at a stress ratio equal to 0,1, however, insufficient research on the stress ratio
effect exists at the present time to confirm quantitatively this trend.

A.2.2.5 Material qualification

Tests repults from A.2.2.4 only apply to a batch of material from which specimens were extracted.

(s

1. The|purpose of this subclause is to qualify a material by testing two heats of material per he3
tregtment condition.

Spe¢imens for hydrogen tests shall be in the final heat treated condition to be used in the pressun
vesgels construction and obtained on a minimum of two heats representative of the materis
spetification. Specifically, the maximum yield strength allowed by the specification shall ng
excged 5 % of the highest strength heat.

— D

(s

The|largest hydrogen sensitivity factor determined in all the tests shall'be used.

2. The|data obtained in 1 may be used for other pressure vessels.manufactured from the samje
material and grade, having the same nominal composition and-feat treatment condition, provided
thafits tensile and yield strength do not exceed the values of tle material used in the qualificatio
tests by more than 5 %.

-

—_—

Matgrial qualification tests for hydrogen shall béZperformed when the nominal chemicg
coniposition or mechanical characteristics change and when the MAWP is increased by more tha
100|bar for: Type 1 steel pressure vessels, steellifters for Type 2 and Type 3 composite cylinders,
andfor steel bosses.

=}

A.2.3 Test method 2 — Fatigue testing of disks

These t¢sts shall be performed using the specimens and apparatus relative to the disk test method
describgd in ISO 11114-4.

[¢’)

Five specimens shall be fatigue tested to failure in nitrogen, applying pressure cycles with a pressur
ratio of P,1 or less and with a-maximum pressure equal to 80 % of the pressure leading to burst whe
performiing method A of SO 14114-4.

-

—_—

Five spgcimens shall be\fatigue tested to failure in hydrogen under a pressure greater than or equs
to the MAWP, applying“differential pressure cycles with a ratio of minimum differential pressure t
maximum differential pressure of 0,1 and the same maximum differential pressure as the maximui
pressur¢ in the test above, by application of nitrogen backpressure.

> O

The pregsure rise in each cycle shall take place over at least 5 s and shall be followed by a hold time of
atleastks

The hydrogen used for testing shall comply with the requirement listed in [SO 11114-4.

NOTE 1 Itiscritical to comply with limitation on oxygen content in the hydrogen used as the effect of hydrogen
on the material will not be correctly quantified if this limit is exceeded.

The test pressure in hydrogen may be lower than the MAWP, if it has been established that the fatigue
behaviour in hydrogen of the material compared to that in nitrogen at the stress levels considered is not
significantly affected by the hydrogen pressure, or if it has been established that fatigue performance
in hydrogen can be conservatively extrapolated to the MAWP for the type of material considered.
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If no shallow pressure cycle life has been specified, the value of the hydrogen sensitivity factor Fys to be
applied for the material is the larger of the two ratios of the number of cycles to failure in nitrogen and
in hydrogen respectively determined by applying full amplitude cycles and shallow cycles.

If a shallow pressure cycle life is specified, the sensitivity factor determined for full amplitude/
shallow cycles respectively shall be applied for determining how many full amplitude/shallow cycles
respectively a pressure vessel shall be tested in relation to the desired cycle life, as specified in A.7.1.

NOTE 2 Composition ranges can be so wide that test results do not apply to all the alloys included of the
specified grade.

A.3 Tensile properties of plastics

vl

or Type 4 designs, the tensile yield strength and ultimate elongation of plastic linervmaterialfshall be
determined at -40 °C in accordance with ISO 527-2.

—

he test results shall demonstrate the ductile properties of the plastic liner material at temperatures of
40 °C or lower by meeting the values specified by the manufacturer.

A.4 Softening temperature of plastics

=

Vhen thermoplastic materials are used, for Type 4 designs, specimens from finished liners|shall be
bsted in accordance with ISO 306. The appropriate methed<o be applied should be specified by the
upplier of the polymeric material.

wn_ct+

The softening temperature shall be at least 100 °C.

A.5 Resin properties tests

v w]

or Type 2, Type 3, and Type 4 designs, resin shear strength shall be tested on three sample coupons
epresentative of the composite overwtap in accordance with ISO 14130. Following a 24-h whter boil
he composite shall have a minimumeshear strength of 13,8 MPa.

o =

1

or Type 2, Type 3, and Type 4‘designs, resin glass transition temperature shall be deterrpined in
ccordance with ISO 11357-2, or equivalent. The test results shall be within the manufjcturer’s
pecifications.

wv_Q

NS

1.6 Hydrostatié-burst pressure test

he pressure vessel (or metal liner, as appropriate) shall be filled with a fluid such as waterf{and the
ressure gradually increased until failure of the pressure vessel. It shall be ensured that the pressure
heasuring device is monitoring the true pressure vessel pressure, particularly when the pressyrization
nte exceeds 0,35 MPa/s. Alternatively, there shall be a five second hold at the minimum design burst
resSufe.

sollie el

Theburstpressure stratt beTecorded. Umntessdifferent bursttestcritertaare specified for different test
methods, the actual pressure vessel burst pressure shall exceed the minimum burst pressure specified
in Table 1 for the applicable pressure vessel design. In no case shall the burst pressure be less than
the value necessary to meet the stress ratio requirements in Table 1. For Types 1 and 2, rupture shall
initiate only in the cylindrical portion of the pressure vessel. For Types 3 and 4, a leak or rupture may
occur in either the cylindrical region or the dome region of the pressure vessel.
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A.7 Ambient temperature pressure cycling for cycle life definition

A.7.1 Full amplitude pressure cycling

Pressure cycling shall be performed in accordance with the following procedure:

a) fill the pressure vessel with a non-corrosive fluid such as oil, inhibited water, or glycol;

b) cycle the vessel pressure between not more than 2 MPa and not less than the MAWP at a rate not
exceeding 10 cycles per minute. The temperature on the outside surface of the vessel shall not

€XCqg

The ves
continug
fail by b

N1 =

where

TcL

Fhs

A.7.2

If the m|
be repe
shall be
exceedi
50°Cd

The pre
addition

Ny =
where

Tscy
Kn

Fhs

ed 50 °C during the test.

cel shall not fail before reaching a number of cycles N1 calculated as follows. The test’sha
for an additional Nj, cycles, or until the vessel fails whichever is sooner. The vessel shall ng
irst during this second part of the test.

TcL, % Fhs

is the specified pressure cycle life;

is the largest hydrogen sensitivity factor of the metallic materials constituting the pressure
vessel and exposed to hydrogen determined as specified by'A.2 in accordance with 8.3.2.5.

Partial amplitude pressure cycling

anufacturer has specified a shallow pressure cycle life in accordance with 4.5, the test sha
ited on a new set of pressure vessels in the same conditions except that the pressure vessg
cycled between not more than 0,8 times theyMAWP and not less than the MAWP at a rate nd
g 50 cycles per minute. The temperature-on the outside surface of the vessel shall not excee
ring the test.

ksure vessel shall not fail beforeVy’cycles are reached, and shall not fail by burst before a
al N, cycles are reached, where N3 is calculated as follows:

TscL x Fhs

is the specified-shallow pressure cycle life;
is the fatigue life variability margin factor;

is the'largest hydrogen sensitivity factor of the metallic materials constituting the pressure
vessel and exposed to hydrogen determined as specified by A.2 in accordance 8.3.2.5.

—+ —

—_—

h

—

[oFarey

A.7.3 Alternative tests to A.7.1 and A.7.2

The full amplitude and shallow amplitude pressure cycling test may be performed in combination
on a single set of cylinders. In this case the cylinder shall not fail before N1 full amplitude cycles and
N> partial amplitude cycles are applied successively and shall not burst before an additional Ny full
amplitude cycles and N3 partial amplitude cycles are applied successively.

36
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A.7.4 Alternative pressure cycling conditions

A.7.4.1 Pressure cycling to 1,5 MAWP

The full amplitude pressure cycling test may be performed at 1,5 times the MAWP. In this case the full

amplitude pressure cycling test may be performed on only two pressure vessels, and the number

of cycles

that shall be achieved without failure is limited to N1’ = CL x Fg}, for the each of the two testing steps.

The partial amplitude pressure cycling test, when required, may be performed between 1,2 times
the-MAWPR-arnd—1-S5+times—the-MAWR Jsthis—case the-partial-amplitude—pressure—erelnestest mav be
re-MAWR-and15-times-the- MAWRIathis—ecase—thepartialam phtud e-pressure-eyeHlngtest may

i$ limited to Np" = SCL x Kg}, for the each of the two testing steps.

Hull amplitude and shallow amplitude pressure cycling test may be performed in gorhbinat
ingle set cylinders as specified in A.7.2.

(%)

A.7.4.2 Equivalent pressure cycling

amplitude cycles to which the pressure vessel(s) may be subjected. This)equivalence may be est
with methods such as Goodman diagrams developed from fatigue 1ifé curves (S-N diagrams).

A reduced number of full amplitude cycles, conducted to pressures higher than the MAWP, is p¢
through the use of e representative fatigue life curve (S-N diagram).

(@s)

ee Annex F for guidance on development of S-N diagrams, Goodman diagrams, and thei
stablishing equivalent pressure cycling.

(0}

A.7.5 Parameters to be monitored and recorded

—

he following parameters shall be monitoredand recorded:
d) temperature of the vessel;

H) number of cycles achieving upper cyclic pressure;

d minimum and maximum gyclic pressures;

d) cycle frequency;

d test medium uséd;

f) description ofthe failure and location of the failure initiation.

A.8 Leak-before-break (LBB) test

The pressure vessel shall be filled with a non-corrosive fluid such as oil, inhibited water or gly

gerformed on only two pressure vessels, and the number of cycles that shall be achieved withaylt failure

ijon on a

Hull amplitude and partial pressure cycling may be combined to reachvan equivalent number of full

ablished

brmitted

I use in

rcol, and

vdraulically pressure cvcled from not more than 2 MPa to not less than 1,25 times the M

WP at a

maximum rate of 10 cycles per minute. The pressure vessel shall fail by leakage or shall exceed the

number of filling cycles as specified per 4.4

NOTE This can be made by following the procedure of A.7.4.

A.9 Bonfire test
The bonfire test may be required (see 5.2).

Annex G gives examples of the bonfire test.
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A.10 High strain impact test

A pressure vessel pressurized to the MAWP +1 % with nitrogen or hydrogen shall be impacted by an
armour piercing bullet with a diameter of 7,62 mm and with an impact speed of at least 850 m/s. The
bullet shall impact the sidewall at an approximate angle of 45° to the pressure vessel centreline. The
pressure vessel shall not rupture.

If the bullet has not fully perforated the wall, the pressure vessel shall be immediately safely
depressurized after impact, and the pressure vessel shall be rendered unserviceable.

A.11 A¢celerated stress rupture test

[

The pregsure vessel shall be hydrostatically pressurized to 1,25 times the MAWP at 85 °C. The pressur
vessel shall be held at this pressure and temperature for 2 000 h. The pressure vessel shdll then b
pressur¢d to burst in accordance with the procedure specified in A.6.

D

A.12 Extreme temperature pressure cycling

The finighed pressure vessel, with the composite wrapping free of any protective coating, shall be cycle
tested in accordance with the following procedure:

a) Fill with a non-corrosive fluid such as oil, inhibited water or glycol, and condition for 48 h atp
pregsure of less than 2 MPa, at not less than 85 °C, and 95 &)or greater relative humidity. Thie
intept of this requirement shall be deemed met by spraying'with a fine spray or mist of water in
chamber held at 85 °C.

b) Hydrostatically pressurize for 0,5 times the pressure€ycle life specified in 4.4 between not morje
tham 2 MPa nor less than the MAWP at 85 °C or higher as measured on the pressure vessel surfacg,
and|95 % or greater relative humidity.

c) Confition the pressure vessel and fluid at —=40,°C or the minimum allowable temperature, whichever
is lower, as measured in the fluid and on.the pressure vessel surface.

d) Pregsurize from not more than 2 MRa fo not less than the MAWP for 0,5 times the number of fillinjg
cycles as specified per 4.4, at -40,°C or the minimum allowable temperature, whichever is lower. Fdr
Typp 4 designs, recording instiuimentation shall be provided to ensure the minimum temperature
of the fluid is maintained during the low temperature cycling.

The prepsure cycling rate ofb) shall not exceed 10 cycles per minute. The pressure cycling rate gf
d) shall[not exceed 2 cyeles’per minute unless a pressure transducer is installed directly within the
pressur¢ vessel.

D

During this pressure-cycling, the pressure vessel shall show no evidence of rupture, leakage, or fibr
unravelling.

Following pressure cycling at extreme temperatures, pressure vessels shall be hydrostaticall
pressur¢d®o failure in accordance with A.6. I}’

A.13 Permeation test

For Type 4 designs, the finished pressure vessel shall be filled with compressed hydrogen to the MAWP,
placed in a sealed chamber at ambient temperature, and monitored for permeated flow for 500 h. The
steady state permeation rate for hydrogen gas shall be less than 6 cm3 of hydrogen per hour per litre of
the water capacity.
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A.14 Boss torque test

The body of the pressure vessel shall be restrained against rotation and a torque specified by the
manufacturer shall be applied to each end boss of the pressure vessel. The torque shall be applied first
in the direction to tighten a threaded connection, then in the untightening direction, and finally again
in the tightening direction.

The pressure vessel shall then be subjected to a leak test in accordance with A.18, followed by a burst
test in accordance with A.6.

.15 Hydrogen gas cycling test

ecial consideration shall be given to safety when conducting this test intended for Type 4 pressure
essels. Prior to conducting this test, pressure vessels of the same design shall have@uccessfully passed
he test requirements of A.6 (hydrostatic burst pressure test), A.7 (ambient ¢gmperature pressure
ycling), and A.13 (permeation test). The pressure vessel to be used in the test'shall have suc¢essfully
assed the test requirements of A.17 (hydraulic test).

— T Q o <

he test procedure comprises the following steps:

d) The finished pressure vessel shall first be pressure cycled usifig compressed hydrogen gas from
80 % of the minimum residual pressure in operation (MRP)-$pecified by the manufacturet per 8.3
to the MAWP, at 150 % of the maximum depressurizatien rate specified by the manufacturer per
6.2 and 8.3, with a 24-h hold time at each minimum cycle pressure as well as each maximym cycle
pressure, for 10 cycles.

H) The pressure vessel shall subsequently be fully dépressurized according to the depressyrisation
procedure specified by the manufacturer in accordance with 8.3 and visually inspected for{absence
of liner collapse or blistering.

d The pressure vessel shall then be pressure cycled using compressed hydrogen gas from|80 % of
the MRP to the MAWP, for 1 000 cy¢les. The minimum hold time shall not be less than 1 |h. Every
10 cycles, there shall be a 24-h hold-period at the MAWP. The pressure vessel shall show no ¢vidence
of rupture, leakage, or fibre unravelling during pressure cycling.

d) The pressure vessel shallsthen undergo blowdown from the MRP through a 4 mm diametqr orifice
and a venting system releasing the hydrogen to a safe location.

NOTE This flopw~section provides for an 80 % pressure drop in a period of time expressed in] seconds
equal to approximately 1/6 of the pressure vessel volume expressed in litres (e.g. 100 s for a 600 l|pressure
vessel).

e) The pressure shall then be subjected to a leak test in accordance with A.18.

Temperatuves during the test shall be monitored using a thermocouple attached to the |internal
sjurface of the metal end boss at both ends of the pressure vessel. If only one boss end is expased, the
second temperature shall be obtained by inserting a probe into the pressure vessel to measur¢ the gas
tpmperature at the opposite end. Care shall be taken to ensure that temperatures of the bosses during
filling and venting do not exceed the defined service conditions, except during blowdown from the MRP.

If the specified maximum filling time of 5 min or the maximum cycle time of 1 h results in boss material
temperatures exceeding the specified service conditions, the filling time and/or the cycle time may be
relaxed to the extent necessary for not exceeding these limits.

A.16 Hardness test

Hardness tests shall be carried out on the parallel wall at the centre, and at one of the domed ends of
each pressure vessel or liner in accordance with ISO 6506-1, or using an equivalent method. The test
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shall be carried out after the final heat treatment and the hardness values thus determined shall be in
the range specified for the design.

A.17 Hydraulic test

Hydraulic test shall be performed in accordance with the following procedure:

a) the pressure vessel shall be hydraulically tested to at least 1,25 times the MAWP. In no case shall
the test pressure exceed the autofrettage pressure;

b) the pressure shall be maintained for 30 s or sufficiently longer to ensure complete expansion; if thle
test|pressure cannot be maintained due to failure of the test apparatus, the test shall be repeated 4t
a prssure increased by 0,7 MPa; no more than two such repeat tests shall be performed.

A.18Leak test

Pressur¢ vessel designs shall be leak tested in accordance with the following proeedure:

a) thogoughly dry the pressure vessel;

b) pregsurize the pressure vessel to the MAWP with hydrogen, or nitrogencontaining a detectable gas

Any lealfage detected shall be cause for rejection.

NOTE Leakage is the release of gas through a crack, pore, unbeund, or similar defect. Permeation throug
the wall In conformity to A.13 is not considered to be leakage.

A.19 Coating tests

Coatings shall be evaluated in accordance with the following procedure:

a)

b)

d)

f)

g)

40

such as helium.

=i

adhgsion testing in accordance with:ISO 4624; a minimum rating of 4 shall be obtained whep
medsured using Method A or B, as appropriate;

flexjbility in accordance with [S@11519, using Test Method B with a 12 mm mandrel at the specified
thickness at —20 °C; samples.for the flexibility test shall be prepared in accordance with ISO 1519;
theije shall be no visually apparent cracks;

s¥)

imppct resistance in.aceordance with ISO 6272-2; the coating at room temperature shall pass
forward impact test.0f 18 J;

chemnical resistance in accordance with ISO 2812-1 except as identified in the following; the tesft
shall be conducted using the open spot test method and 100-h exposure to a 30 % sulphuric aci
solution (battery acid with specific gravity of 1,219); there shall be no evidence of lifting, blistering
or spfténing of the coating; the adhesion shall meet a rating of 3 when tested in accordance wit
ISO 4624;

= R AL ® P 7]

light and water exposure using a UVA-340 lamp in accordance with ISO 16474-1 and ISO 16474-3 for
a minimum 1 000 h; there shall be no evidence of blistering, and adhesion shall meet a rating of 3
when tested in accordance with ISO 4624; the maximum gloss loss shall be less than or equal to 20 %;

salt spray exposure in accordance with ISO 9227 for a minimum 500 h; undercutting shall not
exceed 3 mm at the scribe mark; there shall be no evidence of blistering, and adhesion shall meet a
rating of 3 when tested in accordance with ISO 4624;

resistance to chipping at room temperature in accordance with ASTM D3170 - 14; the coating shall
have a rating of 7A or better and there shall be no exposure of the substrate.
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A.20 Coating batch tests

A.20.1 Coating thickness

The thickness of the coating shall be measured in accordance with ISO 2808 and shall meet the
requirements of the design.

A.20.2 Coating adhesion

TL caatinag odlb 1oaa i ot Lall L raaeacilrad d1n oo d oo o aaadl 1CO 4224 oo Lal have a
arIc \—Ua\-llls AUIICOIVUIT Ootll \4116 Ui OIldIl UL ITIIICdoulTtu 111 dilulrudirlicco VVILITD 1TOUVU "TULT diIlIu olldl
minimum rating of 4 when measured using either test method A or B, as appropriate.

o

Q. =T O

(%)

\
B

K

o

dllowable working pressure at ambient temperature for the pressure cycle life.

.21 Impact damage test

ne or more finished pressure vessels shall be drop tested at ambient temperature without

mpacts on a maximum of 3 pressure vessels. A plug may be inserted in the.threaded ports to
amage to the threads and seal surfaces.

he surface onto which the pressure vessels are dropped shall be assmooth horizontal concret
imilar rigid surface. The pressure vessel(s) shall be tested in accordance with the following pr

drop the pressure vessel once from a horizontal positionsvith the bottom 1,8 m above thd
onto which it is dropped;

) drop the pressure vessel once onto each end of théypressure vessel from a vertical positio|
potential energy of not less than 488 |, but in no case shall the height of the lower end be
than 1,8 m;

drop the pressure vessel once at a 45° angle, and then for non-symmetrical and non-cy
pressure vessels rotate the pressure vessel through 90° along its longitudinal axis and dr
at 45°, with its centre of gravity 1,8« above the impact surface; however, if the bottom is

0,6 m and a centre of gravityof\},8 m above the impact surface.

o attempt shall be made to_prevent the bouncing of pressure vessels, but the pressure vesselj
revented from falling ovef during the vertical drop test described in b).

ollowing the drop impact, the cylinders shall be pressure cycled between 20 bar and the m

he cylinder shall not leak or rupture for a number of cycles equal to two years of service but
nly by leakageduring the remaining pressure cycle life.

1l cylinders that complete this test shall be destroyed.

internal

ressurization or attached valves. All drop tests may be performed on one pressure vessel, or individual

prevent

e pad or
bcedure:

surface

n with a
greater

indrical
Dp again
rloser to

the impact surface than 0,6 m, the drop angle shall be changed to maintain a minimum leight of

5 may be

aximum

may fail
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Annex B
(normative)

Use of existing and approved design standards for stationary

storage

B.1 G

As indid
tubes al

The principle of this Annex is to use existing and approved design standards for(tyansportable, fugl

vehicle
service.

This An
can be d
and test
or statig
to a maj
110 MP4
2,3 and
to as pre

B.2 R

B.2.1

Before 4

it shall have been designed, manufactured, and tested to one of the following existing and approve

Internat
— ISO
— ISO
— ISO
— ISO
— ISO

bneral

ated in Clause 9, this Annex specifies alternative solutions for the safe use of cylinders and
ready qualified for other applications.

br stationary applications and to determine how to adapt them for use{in*stationary storage

nex specifies the requirements for assessing cylinders, tubes, and-other pressure vessels. These
f steel, stainless steel, aluminium alloy or non-metallic construétion, designed, manufactured,
bd in accordance with existing and approved standards or cadesfor transportable, fuel vehicle
nary applications which are repurposed for the stationary storage of gaseous hydrogen of up
kimum water capacity of 10 000 L and a maximum allowable working pressure not exceedinig
. These can be of seamless metallic construction (Type 1) or of composite construction (Types
4) excluding any non-seamless load-sharing metallic.components. Hereafter they are referred
ssure vessels.

[%2)

pquirements

Feneral requirements

pressure vessel covered can be'assessed in accordance with requirements of this documen

=2

ional Standards:
0809-1,

0809-2,

0809-3,

0809-4,

11120,

— ISO
— ISO
— ISO
— ISO

11439,

111191,
11119-2,
11119-3,

— orto an approved national pressure vessel code for the country of use.
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National or regional standards (e.g. EN 12245) can only be used if it is demonstrated that they have an
acceptable equivalent level of safety to one of the standards listed above.

NOTE Such cylinders and tubes used for stationary storage are normally covered by National Regulations
(e.g. the PED in Europe and the ASME codes in the USA).

In addition to the requirements of the above listed standards, the following requirements shall apply.

B.2.2 Specific requirements

.2.2.1 Maximum allowable working pressure (MAWP)

he MAWP shall not exceed the maximum pressure authorized by the existing and approved standard,
ile. for transportable cylinders and tubes the test pressure Py, as defined in transportable [cylinder
standards. If the pressure vessel is designed according to ISO 11439 (fuel vehicle applicatipns) the
AWP shall not exceed Py, (working pressure) (see also stationary test pressureinB.2.2.4).

B.2.2.2 Maximum allowable working temperature (MAWT)

v w]

or Type 1 vessels, the MAWT shall not exceed manufacturer’s limit as'stated on the vessel naine plate.
h the absence of a stated limit, the MAWT shall not exceed 85 °C.

_—

or Type 2, 3 and 4 vessels, the MAWT shall not exceed the lésser of 85 °C and MAWT at which the
ylinders have been previously tested and qualified.

Q

]

[ these temperatures are intended to be exceeded, it shall be demonstrated by appropriate testing that
his is safe, e.g. cycling tests at the MAWT to safe margin.

—

The maximum temperature for the valves and accessories shall also be considered.

B.2.2.3 Minimum allowable working temperature

Hor Type 1 vessels, the minimum aallowable working temperature shall not be less than the
manufacturer’s limit as stated on the vessel name plate. In the absence of a stated limit, the minimum
dllowable working temperature shall not be less than =50 °C.

1

or Type 2, 3 and 4 vessels, the minimum allowable working temperature shall not be less thgn -50 °C
njor less than the temperature at which the cylinders have been tested, whichever is more restyjictive.

B.2.2.4 Stationarytest pressure (TP)

Some regulations Tequire that pressure vessels for stationary storage be tested at a pressurge higher
han the MAW®P; e.g. PED requires at least 1,43 times the MAWP.

—

et

h additioh/to any regulatory requirement, when calculating the stationary test pressure, it|shall be
dheckéd-that the following values are not exceeded:

P
a) For'lype 1 pressure vessels, TP < 0,95*? (in order to avoid plastic deformation);

P
b) For Type 4 pressure vessels, TP < 1,15*Fh ;

c) For Types 2 and 3 pressure vessels, 95 % of the auto-frettage pressure (in order to avoid plastic
deformation).

Consequently the value of the MAWP may result in a value less than the value specified in B.2.2.1.

B.5 gives examples of the calculation of the MAWP and stationary test pressure;
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B.2.2.5 Gas/material compatibility

For hydrogen/material compatibility, the requirements of the reference standard (see B.2.1), and the
requirements of ISO 11114-1 and ISO 11114-2 shall be followed depending of the type of materials, as
applicable.

ISO 11114-4 can also be used when applicable.

B.2.2.6 Cycle life

Pressure¢ vessels for stationary storage are subjected to many cycles, often to shallow pressure cycles,

[=]

To deterjmine the cycle life of the pressure vessels for stationary storage, either appropriate testing t|
determipe cycle life for shallow cycles shall be performed or the following procedure shallbe tised tp
verify tHe suitability for the intended use.

The user shall specify the predicted maximum number of pressure cycles and the, correspondinjg
amplitugles and the pressure cycles that the pressure vessel has already experienced:

Formuld (B.1) enables to recalculate a shallow pressure cycle life.

3
AP;
Neq FZN; : (B.1)
APIn:':lX

=

This formula should only be used to calculate a number of equivalent shallow cycles as defined in 3.
from a flill cycle pressure amplitude, not the reverse.

For prepsure vessels designed per ISO 11120, the number of full cycles neq shall be taken as
12 000 gycles at Py,.

For othdr standard designs or codes where no pressure cycle requirements exist, cycle tests with full
pressur¢ amplitude shall be carried out.

A higher exponent than 3 may be applied in‘Formula (B.1) if the manufacturer can demonstrate thdt
this renjains conservative for counting/pressure cycles having a lower maximum pressure than t
MAWP, lbased on the relationship between the fatigue performance and stress level (S-N curve) for t
materials constituting the pressurewessel.

Pressurp variations exclusively)due to variations of ambient temperature are not counted as
pressurg cycles.

NOTE 1 | Formula (B.1) Has)been checked to be safe for Type 1, 2 and 3 cylinders. For some metallic materia
hydrogen accelerates crack initiation and crack propagation during fatigue.

[72)

This shdll be taken, into account when calculating the cycle life as follows:

A hydrogen aceelerating factor depending on the material shall be used.

This factof{F;) is as follow:

— F, =1 for aluminium alloys and for hydrogen compatible stainless steels (see B.2.2.5);
— F,=5 for Cr - Mo quenched and tempered steels;
— for other materials this factor shall be determined by appropriate testing; see A.1 and A.2.

The design life of composite cylinders is often limited by the reference standard. The shortest of the
pressure cycle life and design life shall apply.

NOTE 2  Detailed justification can be found in Reference [25].

B.5 gives an example of calculation of cycle life.
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Alternatively, the manufacturer can demonstrate by testing instead of using Formula (B.1) that the
vessel can resist the expected number and type of pressure cycles.

B.2.2.7 Hydraulic pressure test

If the stationary test pressure is higher than the original designed test pressure, the pressure vessels
shall be subjected to a pressure test (procedure according to the existing and approved standard) at
the stationary test pressure.

.3 Marking

.3.1 Pressure vessels manufactured specifically for stationary service

ch pressure vessels should be marked in accordance with 8.5.

.3.2 Pressure vessels initially used as a transportable cylinders

ch pressure vessels shall have additional markings and they shall at least’be specifically marked “ISO
19884” and the new MAWP to indicate that they are suitable for stationary service.

B.4 Certificate

The certificate shall indicate:

- the reference of the existing standard;

—- the new MAWP;

+ the minimum and maximum allowable temperature;

- the stationary test pressure;

-+ the fatigue life calculation in relation in relation with the expected cycle life;
—+ the agreed markings;

-+ the certificate confirming that the hydraulic test has been performed.

B.5 Examples ofcalculation for MAWP

B.5.1 Typel-eylinder to ISO 9809 with Py/Py, of 200/300 bar in Europe
TP max/= 300 x 0,95/ 0,77 =370 bar

MAWP max =370 / 1,43 = 258 bar

B.5.2 Type 4 cylinder to ISO 11119-3 with Py,/Py 0of 200/300 bar in Europe
TP max =300 x 1,15 = 345 bar

MAWP max = 345 / 1,43 = 241 bar

B.5.3 Type 1 cylinder to ISO 9809 with Py,/Py, of 1 000/1 500 bar in Europe
TP max=1500x0,95/0,77 =1 850 bar
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MAWP max =1850 /1,43 =1 294 bar

B.5.4 Type 4 cylinder to ISO 11119-3 with Py,/Py of 1 000/1 500 bar in Europe

TP max=1500x1.15=1 725 bar

MAWP max =1725 /1,43 =1 206 bar

B.6 Cj

For exarn
a statior
cycles b

For this

AP;
AP

nj =

neq

Taken into account the accelerating factor F; =5 it comies to 10 515 cycles which isless than 12 000 cycles.

rcle life calculation

nple, a cylinder designed according to ISO 9809-1 with Py, = 700 bar and Py, = 1 050 bar,used 4
lary buffer for filling hydrogen vehicles. If we assume that this buffer is submittedito pressur

btween 700 and 900 bar (10 000 cycles per year).

cylinder:

#900 - 700 bar= 200 bar

v =1 050 - 5 bar =1 045 bar

[0 000 cycles/year . For an expected life of 30 years, n; = 300’000 cycles

2
=300000- 200 =2103
1045

® wn
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Annex C
(informative)

Verification of stress ratios using strain gauges

019(E)

n ratios

WP, and

[P meets
mpared

The-feHewing-deseribes-aprecedure-thatmay be-used-te-veriy-stressratios by usingstratngajiges.
d) Stress-strain relationship for fibres is always elastic, therefore, stress ratios and-strai
are equal.
h) High elongation strain gauges are required.
d Strain gauges should be orientated in the direction of the fibres on which\they are mounted (i.e.
with hoop fibre on the outside of the pressure vessel, mount gauges in the€’hoop direction).
d) Method 1 (applies to pressure vessels that do not use high tension winding):
1) prior to autofrettage, apply strain gauges and calibrate;
2) measure strains at the autofrettage pressure, zero pressure after autofrettage, MA
minimum burst pressure;
3) confirm that the strain at the minimum burst pressure divided by the strain at the MAW
the stress ratio requirements; for hybrid cofistruction, the strain at the MAWP is cq
with the rupture strain of pressure vessels‘teinforced with a single fibre type.
¢) Method 2 (applies to all pressure vessels):

1)
2)
3)

4)

5)

at zero pressure after winding and autofrettage, apply strain gauges and calibrate;

measure strains at the zero-gauge pressure, MAWP, and minimum burst pressure;

at zero pressure, after strain measurements are taken at the MAWP and minimum burst

pressure, and with strain gauges monitored, cut the pressure vessel section apart so
region containing(the strain gauge is approximately 125 mm long; remove the liner
damaging the composite; measure the strains after the liner is removed;

adjust the strain readings at the zero-gauge pressure, MAWP and minimum burst pre
the amount of strain measured at zero pressure with and without the liner;

confirim that the strain at the minimum burst pressure divided by the strain at the MAW
the, stress ratio requirements; for hybrid construction, the strain at the MAWP is cq
with the rupture strain of pressure vessels reinforced with a single fibre type.

that the
without

ssure by

[P meets
mpared
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Annex D
(informative)

Non-destructive examination (NDE) defect size by flawed pressure

The follgwing procedure can be used to determine the NDE defect size for designs.

a)

b)

c)

If the priessure vessels do not leak or rupture in less than the specifiedpressure cycle life specified i
4.4 then|the allowable defect size for NDE is equal to or less than the artificial flaw size at that location.

In all cages, the reduction of cycle life due to the effect of hydrogen exposure should be considered.

48

vessel cycling

Intrpduce internal and external flaws. Internal flaws may be machined prior to the heat tredtmer
and|closing of the end of the pressure vessel.

(s

1]

Size| these artificial defects to exceed the defect length and depth detection capability of the ND
inspection method.

Pregsure cycle three pressure vessels containing these artificial defects.to failure in accordande
witlh the test method specified in A.7.

-
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Annex E
(informative)

Manufacturer’s instructions for handling, use and inspection of
pressure vessels

.1 General

=

he primary function of the manufacturer’s instructions is to provide guidance toche pressure vessel
urchaser, distributor, installer, and owner/operator concerning handling, useand inspectign of the
ressure vessel over its intended service life.

tolloll—

p—

hstallation and periodic inspection of pressure vessels are covered by regulation for the area ¢f use.

E.2 Distribution

—

he manufacturer should advise the owner/operator to supply these instructions to all parties jnvolved
n the distribution, handling, installation, and use of the preSsure vessels.

—

The document may be reproduced to provide sufficient:copies for this purpose; however, it should be
harked to provide reference to the pressure vessels being delivered.

=

E.3 Reference to existing codes, standards and regulations

Specific instructions may be stated by-reference to national or recognized codes, standdqrds and
regulations.

E.4 Pressure vessel handling

—

andling procedures should)be described which would ensure that the pressure vessels will npt suffer
nacceptable damage or‘cdntamination during handling.

o

E.5 Installation

et

hstallationdnstructions should be provided which would ensure that the pressure vessels do npt suffer
unacceptable damage during installation and during normal operation over the intended servige life.

Whetecthe mounting is specified by the manufacturer, the instructions should, where relevant| contain
details such as mounting design, the use of resilient gasket materials, the correct tightening[torques,
and avoidance of diTECt EXpOSUTe Of The PressUre Vessel to the environment, chemicats and mechanical
contacts. It is presupposed that pressure vessel locations and mountings conform to recognized
installation standards.

Where the mounting is not specified by the manufacturer, the manufacturer should draw the owner/
operator’s attention to possible long-term impacts of the mounting system, e.g., pressure vessel
expansion/contraction associated with pressure variation.

E.6 Use of pressure vessels

The manufacturer should draw the owner/operator’s attention to the intended service conditions
specified in this document, in particular the pressure vessel’s permissible number of pressure cycles,
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its life in years, the permissible maximum pressures and any other relevant parameters which could
limit the life of the pressure vessel (e.g., purity of the gas).

The manufacturer should draw the owner/operator’s attention to the fact that it is the responsibility of

the user

to ensure adequacy of the specified cycle life with regards to expected service, and to take the

necessary measures for ensuring removal from service before the specified cycle life is exceeded when
this could occur before the 30-year service life limit is reached.

E.7 In-service inspection

E.7.1

The ma
pressur
informa

followinjg aspects described in E.7.2 through E.7.4.

E.7.2

Recomn
should |
specifie
the timg
straps. ]
the regu

Pressur

containing mandatory information that is illegible in any way, should be removed from service. If thie

pressur

stampinjg may be applied, allowing the pressure vessel to remain in service.

E.7.3

Pressur
agency d

Pressur
are decd

E.7.4

Pressur
inspecti

Pressur
are decd

General

hufacturer should clearly specify the owner/operator’s obligation to observe the_ required
b vessel inspection requirements (e.g. re-inspection interval, by authorized personnel). This
fion should be in agreement with the design approval requirements and shotld cover thie

Periodic re-qualification

lendations for periodic re-qualification by visual inspection or tesSting during the service life
e provided by the pressure vessel manufacturer on the basis af use under service conditions
l herein. Each pressure vessel should be visually inspected atleast every 36 months, and ¢

of any re-installation, for external damage and deterioration, including under the suppoj
'he visual inspection should be performed by a competént‘agency approved or recognized b
latory authority, in accordance with the manufacturer’s.specifications.

=+

<

e vessels without labels or stamps containing man@atory information, or with labels or stamps

e vessel can be positively identified by manufacturer and serial number, a replacement label dr

Pressure vessels having experienced impact damage

e vessels having experienced impact damage should be re-inspected by an authorized inspectio
r condemned.

o=}

b vessels that failed the inispection are not authorized for service. It is recommended that thely
mmissioned, removed.from service and scrapped in a manner to prevent alternative use.

Pressure vessels'involved in fires

e vessels thathave been subject to the action of fire should be re-inspected by an authorized
bn agency,or condemned.

e vesSels that failed the inspection are not authorized for service. It is recommended that thely
minissioned, removed from service and scrapped in a manner to prevent alternative use.
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Annex F
(Informative)

Fatigue life evaluation using Goodman diagrams

019(E)

wl

.1 Purpose

his annex contains background information regarding the development of S-N diagram'sjand G
iagrams for the purpose of evaluating equivalent full pressure cycles at an elevatedpressure
he total number of test cycles may be reduced, yet providing assurance that the)pressure ve
heet life requirements with high reliability.

.2 Developing an S-N diagram

he pressure vessel manufacturer is responsible for developing_the S-N diagram using t
haterials and manufacturing approach used for the pressure vessels to be developed. As tl
-N diagram to evaluate fatigue characteristics of the comppsite, the failure must be a failui
omposite, e.g. burst, not liner leakage. The following steps,ate required:

igure F.1, illustrates an S-N diagram based on the above development.

Establish the mean burst pressure of the vessel used to develop the S-N diagram. A min
10 units are required. Plot this point as 100 % stfess, 1 cycle on the S-N diagram.

Cycle a minimum of 4 pressure vessels from¢ho more than 10 % of the nominal working |
to a first specified pressure level for which:the stress is known. Plot this point on the S-N ¢

oodman
, so that
ssel can

he same
nis is an
e of the

imum of

pressure
liagram.

The S value will be stress relative to the“mean burst, the N value will be either the poinf of first

failure, or the point at which cycling was stopped if there was no failure.

Cycle a minimum of 4 pressure.vessels from no more than 10 % of the nominal working pre
a second specified pressure level for which the stress is known. Plot this point on the S-N
as was done for the first specified pressure level.

Draw a line from the 100*%-1 point (burst) through the fatigue point that gives the lower
This will be the characteristic line. It is recommended that the two fatigue points be at |
decade apart on the diagram.

ssure to
diagram

of lines.
Past one
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