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Foreword

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

The
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ribed in the ISO/IEC Directives, Pa
Fent types of ISO documents should be noted. This document was drafted in acéorda
rial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Htenance are
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ce with the

Attention is drawn to the possibility that some of the elements of this document may be the subject of

patel
any

it rights. ISO shall not be held responsible for identifying any or all sueh-patent right
atent rights identified during the development of the document willbe in the Introdu

s. Details of
ction and/or

nd does not

terms and
ence to the
ee www.iso

second edition cancels and replaces thefirst edition (ISO 16111:2008), which has been technically

3

on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'€onvenience of users g
constitute an endorsement.

For an explanation on the voluntary nature of standards, the meaning of ISO specific
expressions related to conformity assessment, as well ‘as’information about ISO's adhel
World Trade Organization (WTO) principles in the Téchnical Barriers to Trade (TBT) s
.org fliso/foreword.html.

This|document was prepared by ISO/TC 197, Hydfrogen technologies.

This

revided.

The following clauses have been modified with respect to the previous edition: 2; 3.4;
3.11;(3.12; 3.13; 3.14; 3.15; 3.16; 3.17; 3.18; 3.19; 3.20; 3.21; 3.22; 4.1; 4.3; 5.2.1; 5.3; 5.5; 5.8;
8.1 apd Annex D.

The main changes compafted-to the previous edition concern the following:

q

q

q

gervice temperatuse conditions have been described in further detail (4.3.2);
ghell design has been extended to ISO 11119-3 standard reference (5.3);

drop test.conditions have been modified (6.2.4);

icceéptance criteria have been modified for leak testing (6.2.5);

i

hydrogen cycling conditions have been modified (6.2.6);

new warning labelling has been proposed (7.2);

nformation in safety data sheets has been updated (8.1).

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

As the utilization of gaseous hydrogen evolves from the chemical industry into various emerging
applications, such as fuel for fuel cells and internal combustion engines and other specialty hydrogen
applications, the importance of new and improved storage techniques has become essential. One of
these techniques employs the absorption of hydrogen into specially formulated alloys. The material
can be stored and transported in a solid form, and the hydrogen later released and used under specific
thermodynamic conditions. This document describes the service conditions, design criteria, type tests,
batch tests and routine tests for transportable hydride-based hydrogen storage systems, referred to as
“metal hydride assemblies” (MH assemblies). Types of MH assemblies may serve as: fuel cell cartridges;

hydrogen fugtstorage containers, nigh-purity hydrogen suppiies as well as other uses. . . |

vi © ISO 2018 - All rights reserved
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Transportable gas storage devices — Hydrogen absorbed
in reversible metal hydride

1 Scope

This document defines the requirements applicable to the material, design, construction, and testing of
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utilize shells not exceeding 150 I internal volume and having a maximum develop|
) not exceeding 25 MPa.

document is applicable to refillable storage MH assemblies where hydrogeniis the only
a. It is not applicable to storage MH assemblies intended to be used as fixed fuel-stor
gen fuelled vehicles.

ormative references

following documents are referred to in the text in such a“way that some or all of t
fitutes requirements of this document. For dated references, only the edition cited
ted references, the latest edition of the referenced document (including any amendme

225, Gas cylinders — Precautionary labels

866, Gas cylinders — Refillable seamless aluminium alloy gas cylinders — Design, {
esting

809-1, Gas cylinders — Refillable seamless steel gas cylinders — Design, construction aj
1: Quenched and tempered steel cylinders with tensile strength less than 1 100 MPa

809-2, Gas cylinders — Refillableseamless steel gas cylinders — Design, construction aj
D: Quenched and tempered steel cylinders with tensile strength greater than or equal to 1

3: Normalized steel cylinders
0297:2014, Gas éylinders — Cylinder valves — Specification and type testing

11114-1, Gas“¢ylinders — Compatibility of cylinder and valve materials with gas conten
[lic materials

1114525 Gas cylinders — Compatibility of cylinder and valve materials with gas conten
metallic materials

assemblies)
ed pressure

transferred
hge onboard

heir content
applies. For
hts) applies.
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nd testing —
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809-3, Gas cylinders —(Refillable seamless steel gas cylinders — Design, construction and testing —

ts — Part 1:

ts — Part 2:

ISO 11114-4, Transportable gas cylinders — Compatibility of cylinder and valve materials with gas
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 and

testing — Part 1: Hoop wrapped fibre reinforced composite gas cylinders and tubes up to 450 1

ISO 11119-2:2012, Gas cylinders — Refillable composite gas cylinders and tubes — Design, construction
and testing — Part 2: Fully wrapped fibre reinforced composite gas cylinders and tubes up to 450 | with

load-

sharing metal liners

ISO 11119-3, Gas cylinders — Refillable composite gas cylinders and tubes — Design, construction and
testing — Part 3: Fully wrapped fibre reinforced composite gas cylinders and tubes up to 450L with non-

load-

© ISO
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ISO 14246, Gas cylinders — Cylinder valves — Manufacturing tests and examinations
[SO 14687 (all parts), Hydrogen fuel — Product specification
ISO 16528-1, Boilers and pressure vessels — Part 1: Performance requirements

UN Recommendations on the Transport of Dangerous Goods: Model Regulations

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO and [EC|maintain terminological databases for use in standardization at the following addresses:

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

— IEC Eleqtropedia: available at http://www.electropedia.org/

31
absorbed, adj.
taken and held through the formation of chemical bonds within the bulk of the'material

3.2
burst presgure
highest pregsure reached in an MH assembly during a burst test

3.3
design stress limit
total stress Joading allowed on the shell wall

Note 1 to entyy: In MH assemblies, the shell design takes ifito account the gas pressure plus other stresses| such
as pressure exerted by expansion of the hydrogen absorbing alloy.

34
fuel cartridge
MH assembly, which stores hydrogen fortuse as a fuel in a fuel cell through a valve(s) that controls the
discharge of fuel into the fuel cell

3.5
full flow capacity pressure
gas pressur¢ at which the priessure relief device is fully open to have the maximum gas flow

3.6
hydrogen apsorbingalloy
material capable of¥eacting with hydrogen gas to form a reversible metal hydride

3.7
internal compenent
structure, matrix, material or device contained within the shell (excluding hydrogen gas, hydrogen
absorbing alloy and metal hydride)

Note 1 to entry: Internal components may be used for purposes such as heat transfer, preventing movement of
the hydrogen absorbing alloy/metal hydride and/or to prevent excessive stress on the shell walls due to hydride
expansion.

3.8
internal volume
water capacity of the shell

2 © ISO 2018 - All rights reserved
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3.9

maximum developed pressure

MDP

highest gas gauge pressure developed internally to an MH assembly at rated capacity and equilibrium
under normal service conditions or normal operating conditions, whichever is greater

Note 1 to entry: The MDP term was specifically selected for MH assemblies to avoid confusion with the maximum
allowable working pressure (MAWP) and the service pressure used in other ISO International Standards.

3.10
metal hydride
solidpmateria

3.11

met4dl hydride assembly
MH 3assembly

single complete hydrogen storage system, including shell, metal hydride, pressure relief device (PRD),
shutoff valve, other appurtenances and internal components

Note |l to entry: The MH assembly extends only to, and including, the first shutzeff valve.
Note P to entry: A fuel cell cartridge is a type of MH assembly.

3.12
normal operating conditions
range of pressures, MH assembly external shell temperatures, hydrogen flow rates, hydrdgen quality,
etc., ppecified for all use and filling operations

<

3.13
norrhal service conditions
range of pressures and environmental temperatures, specified for transportation gnd storage
condjfitions

3.14
pressure relief device
PRD
devige intended to prevent the fupture of an MH assembly in the event of overpressure or exposure to fire

Note |1l to entry: A pressuné relief device may be “pressure-activated”, set to activate at a certpin pressure.
Alterpatively, a pressure telief device may be “thermally-activated”, set to activate at a certain temperature. A
presqure relief device mayralso be both “pressure-activated” and “thermally-activated”.

3.15
pressure reliefwvalve
PRV
reseatablepressure relief device (PRD)

3.16
rated capacity
maximum quantity of hydrogen deliverable under specified conditions

3.17

rated charging pressure

RCP

maximum pressure to be applied to the MH assembly for refilling

Note 1 to entry: The RCP is not necessarily equal to the equilibrium plateau pressure of the hydrogen
absorbing alloy.

© ISO 2018 - All rights reserved 3
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reversible metal hydride
metal hydride for which there exists an equilibrium condition where the hydrogen absorbing alloy,
hydrogen gas and the metal hydride co-exist

Note 1 to entry: Changes in pressure or temperature will shift the equilibrium favouring the formation or
decomposition of the metal hydride with respect to the hydrogen absorbing alloy and hydrogen gas.

3.19
rupture

structural failure of a shell resulting in the sudden release of stored energy

3.20
shell
enclosure of
hydride and|

Note 1 to ent

3.21

stress level
sum of all t}
MDP and an

3.22
test pressu
required pr

4 Servic
4.1 Press

4.1.1 Max

The MDP sh
characterisf
not exceed 7

4.1.2 Rat

The RCP Sh(
result in the

4.1.3 Stre

any shape (cylindrical, prismatic, cubic, etc.) designed to contain the hydrogen! gas, 1
other internal components of the MH assembly

Fy: A shell may be a gas cylinder, a pressure vessel or other type of container.

at MDP
le stresses on the shell wall caused by the metal hydride at ratéd capacity, hydrogen g
[y other applicable mechanical loadings

re
essure applied during a pressure test for qualification

e conditions
ures

fimum developed pressure (MDP)

all be determined by the-manufacturer from the metal hydride's temperature—pre;
ics. In no case shall the(MDP exceed 0,8 times the test pressure of the shell. The MDP
5 MPa.

bd charging pressure (RCP)

1l be specified by the manufacturer in order to prevent charging at a pressure that
shell wall stress exceeding the design stress limit.

ss'level at MDP

netal

as at

sure
shall

rould

The stress level at MDP shall be determined by the manufacturer from the hydrogen absorbing alloy's
packing and expansion properties, the MDP within the MH assembly, and other applicable mechanical

loadings.

4.2 Rated capacity

The manufa

cturer shall state the rated capacity of the MH assembly by units of mass of hydrogen.

© ISO 2018 - All rights reserved
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4.3 Temperature ranges

4.3.1 Operating temperature range

The minimum and maximum MH assembly temperature for normal operating conditions shall be
specified by the manufacturer.

4.3.2 Service temperature range

The minimum and max1mum amblent shell temperatures for normal service conditions shall be a
minim 3 emperatures are to
be different from those spec1f1ed they shall be 1dent1f1ed by the manufacturer.

4.4 | Environmental conditions

The MH assemblies are expected to be exposed to a number of environmental conditions over their
service life, such as vibration and shock, varying humidity levels, and cotrosive enviromments. The
manfifacturer shall specify the environmental conditions for which the MH)assembly was designed.

4.5 | Service life

The gervice life for the MH assemblies shall be specified by thexmanufacturer on the basis pf use under
service conditions specified herein. The service life shall not‘exceed that specified by the|standard to
which the shell is designed according to 5.3.

4.6 | Hydrogen quality

The minimum quality of the hydrogen gas that shall be used to fill an MH assembly shall be[specified by
the manufacturer according to ISO 14687 (aliparts) or as appropriate.

If th¢ quality of the hydrogen gas is considered a critical issue to avoid performance degraglation of the
MH gssembly, the manufacturer may(consider including the information on the product labgl.

4.7 | Special service conditions

Any additional service conditions that shall be met for the safe operation, handling and usage of the MH
asseimbly shall be specified’by the manufacturer.

5 Design considerations

5.1 | General

The MHassembly shall be designed and constructed to prevent leakage of free hydrogen gas or metal
hydride particles under normal service and operating conditions.

5.2 Material selection

5.2.1 General

The MH assembly components shall be made of materials that are suitable for the range of conditions
expected over the life of the MH assembly. Components that are in contact with gaseous hydrogen and/
or metal hydride material shall be sufficiently resistant to their chemical and physical action under
normal service or operating conditions to maintain operational and pressure containment integrity.

© IS0 2018 - All rights reserved 5
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Hydrogen absorbing alloys and/or metal hydride materials that are classified as Type 1 explosive
materials according to the UN Recommendations on the Transport of Dangerous Goods shall not be
used in an MH assembly.

5.2.2 External surfaces

The MH assembly shell, shut-off valve, PRDs and other components shall be resistant to the environmental
conditions specified in 4.4. Resistance to these environmental conditions may be provided by using
materials inherently resistant to the environment or by applying resistant coatings to the components.
Exterior protection may be provided by using a surface finish giving adequate corrosion protection
(e.g. metal sprayed on aluminium or anodizing) or a protective coating (e.g. organic coating or paint).

If an exteri
methods sp
process doe

br coating is part of the design, the coating shall be evaluated using the applicablg
bcified in Annex B. Any coatings applied to MH assemblies shall be such that the applic
5 not adversely affect the mechanical properties of the shell or performance and oper

test
htion
htion

of other compponents. The coatings shall be designed to facilitate subsequent in-service,inspection and

the manufa
continued ix

5.2.3

The compat
due to the

gases is givq
structural i
to hydroger
their integr
specified in

Compatibility

rturer shall provide guidance on coating treatment during such inspections‘to ensur
tegrity of the MH assembly.

bility of MH assembly materials with process fluids and solids;’specifically embrittle
pxposure to hydrogen, shall be considered. Guidance on{compatibility of materials
en in [SO 11114-1 and ISO 11114-2. Materials necessary‘for the pressure containmen
htegrity of the MH assembly and its internal and external components shall be resi

embrittlement, hydrogen attack and reactivity with contained materials and mai
ity for the service life of the MH assembly. Recognized test methods, such as t
[SO 11114-4, shall be used to select metallic materials resistant to hydrogen embrittle

e the

ment
with
r and
stant
htain
hose
ment

where requjred for pressure or structural integrity. Consideration shall be given to the impact that
temperatur¢ may have on hydrogen embrittlement.

Consideratipn shall be given to all of the chemital species that may be present during the chafged,
partially charged and discharged states and-their potential reactivity with the MH assembly matprial.
The MH ass¢mbly materials shall be selectedso as the combination does not endanger the MH assembly
integrity.

NOTE The susceptibility to hydrogenembrittlement of some commonly used metals is summarized irff ISO/
TR 15916. Additional guidance regarding hydrogen compatibility is found in Annex A.

5.2.4 Temperature

The MH ass¢mbly materials shall be suitable for the service and operating temperature range spedified
in4.3.1 and4.3.2.

5.3 Shell|design

5.3.1 Shells with internal volume greater than 120 ml

The MH assembly shell shall be designed and tested according to ISO 7866, ISO 9809-1, ISO 9809-3,
[SO 11119-1,1S0 11119-2,1S0 11119-3 or for design or shape shell not covered by the previous standards
the manufacturer shall prove their performance in accordance to ISO 16528-1. Shells designed and
tested in accordance with ISO 9809-1 shall have a tensile strength less than 950 MPa. Shells designed
and tested in accordance with ISO 11119-1 or ISO 11119-2 that use seamless steel liners conforming to
ISO 9809-2 or to ISO 9809-1 shall have a tensile strength less than 950 MPa. Shells designed with proof
of performance according to ISO 16528-1 are considered as pressure vessels.

The shell shall not exceed 150 1 internal volume, and the MDP shall not exceed 25 MPa. The maximum
combined stresses for the loads described in 5.4 as well as the operating and service temperature

© ISO 2018 - All rights reserved
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ranges for the MH assembly shall not exceed the limits prescribed by the standard to which the shell is
designed.

NOTE

An equivalent gas pressure calculated to be equal to the stress level at MDP can be used

hydraulic test pressure for determining minimum shell wall thickness.

5.3.2 Shells with internal volume of 120 ml or less

as the design

For MH assemblies with an internal volume of 120 ml or less, the shell design shall be deemed to be
appropriate if the shell meets 5.3.1 or the MH assembly meets the following design and test criteria:

a) thepressure-in-theMH ly is filled to
its rated capacity; and

b) the MH assembly design shall withstand as required by 6.2.3, without leaking or|bursting, a
minimum shell burst pressure of 2 times the pressure in the MH assembly at'55 °C when filled to
fated capacity, or 1,6 times the pressure in the MH assembly at the maximum service temperature
yhen filled to rated capacity, or 200 kPa more than the MDP of the assembly at 55 °C when filled to
fated capacity, whichever is greater.

5.4 | Design strength

The ghell design shall take into account the stress level at 1,25-fimes MDP. Consideration of components

contributing to the stress level at MDP shall include but not belimited to:
1,25 x MDP;

thermal stress, including dissimilar rates of thermal expansion and contraction;

yeight of internals in any possible MH assembly orientation;

hock and vibration loading;

Iuaximum stress due to hydrogen-absorbing alloy expansion;
t

her mechanical loadings.

To v ected to the

hydr

rify that the design stréss1imit is not exceeded, the MH assembly design shall be subj
pgen cycling and straih measurement test described in 6.2.6.

NOTH sorbing alloy
by's particles

veral charge/

The process”ef introducing and subsequently removing hydrogen in the hydrogen ab)
typicplly causes it to_expand and contract. In turn, this can result in large stresses inside the all
that gause them to‘fragment into smaller particles, a phenomenon known as decrepitation. After se
discharge cycles, the average particle size can have significantly decreased. Stresses on the MH agsembly walls
can he derivedMrom expansion of the hydrogen absorbing alloy during hydrogenation and from changes in
the ppckingseonfiguration due to decrepitation over the service life of the MH assembly. The mag?litude of the
expaTsion/contraction phenomena varies greatly as a function of the hydrogen absorbing alloy usedl.

5.5 Overpressure and fire protection

5.5.1 General

The MH assembly shall be protected with one or more PRDs of the non-reclosing type, such as thermally
activated PRD, rupture disks and diaphragms, or of the re-sealable type, such as spring-loaded PRVs.
The MH assembly and any added component (e.g. insulation or protective material) shall collectively
pass the fire test specified in 6.2.2. The PRD shall conform to the requirements of 5.5.2 and 5.5.3 and
the additional requirements of the competent authority of country of use, as applicable.

For MH assemblies with an internal volume of 120 ml or less, other means may be used to protect from
overpressurization, such as venting through a feature integral to the shell. MH assemblies that use an
alternative means of relieving pressure shall meet the acceptance criteria of the fire test specified in 6.2.2.

© ISO 2018 - All rights reserved 7
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Re-sealable PRV is not recommended for MH assembly having composite or aluminium shell. For these

MH assembl

ies the manufacturer shall use other type of overpressure and fire protection.

5.5.2 PRD activation pressure

The pressure of actuation of pressure-activated PRDs shall be specified by the manufacturer and shall
be greater than the MDP but less than 1,25 times the MDP. In no case shall the pressure of actuation of
a pressure-activated PRD exceed the test pressure of the shell. For PRVs, the full flow capacity pressure
shall also be specified, and shall not exceed the test pressure of the shell.

5.5.3 PR

activation temperature

The temper;
manufactur
1,25 times t
in an equilil
shall have a

pture at which any thermally activated PRD is set to activate shall be specified.b]
br and correspond to an equilibrium pressure inside the MH assembly ofj less

he MDP. In no case shall the temperature of actuation of a temperature-activated PRD 1
rium pressure inside the MH assembly that exceeds the test pressure of the shell. The
pressure rating greater than the MDP at all temperatures less than or equal to 10 °C 3

the maximujm service temperature or operating temperature (whichever is higher). In no case sha

PRD activat

Due to the N
4.1.1 and 5.1
consequenc
temperaturg

5.6 Loadj]

Procedures
absorbing a

5.7 Shut-

b at a temperature lower than the maximum service or operating temperature.

[DP definition, an equilibrium pressure less than 1,25 times the)MDP is in accordance
t, which respectively refer to the MDP assessment and the Shell design. As an imme
e, the pressure inside the MH assembly cannot exceed thetest pressure of the shell g
e of actuation.

Ing of hydrogen absorbing alloy

hnd verification testing shall be putin place to,ensure the consistent loading of the hydr
loy/metal hydride in the MH assembly.

off valves

5.7.1 Genleral

The MH ass
MH assemb
manually ag

All MH asse

The shut-of
vacuum con

NOTE D
pressures is

b

embly shall incorporate a-shut-off valve that shall be capable of being closed whel
y is disconnected frem .the refill or gas-consuming equipment. The shut-off valve m
tuated, such as by ahandwheel, or automatically actuated.

mblies shall proyide a means of shut-off valve protection that complies with 5.7.4 or 5.7

F valve selection shall include verification that the shut-off valve seal is maintained
ditions within the MH assembly.

e tothe temperature/pressure characteristics of metal hydrides, the development of sub-anj
ossible within MH assemblies.

Uy the
than
esult
PRD
bove
1] the

with
diate
t the

ogen

h the
hy be

.5.

with

bient

5.7.2 MH

assemblies with internal volume greater than 120 ml

Shut-off valves shall comply with ISO 10297, or equivalent, with the following adjustment:

a) 3times

MDP shall be used as the resistance pressure for the valve.

b) Valve test pressure, pyt, shall be equal to 1,5 times the MDP.

c) Gas pressure for endurance test shall be equal to 0,5 times the MDP.

In addition, the shut-off valve shall meet all requirements and tests prescribed in this document.
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Alternatively, if the shut-off valve cannot demonstrate full compliance to ISO 10297 or equivalent, the
shut-off valve construction and performance shall meet all the requirements and tests prescribed in
this document as well as the following requirements:

Ina

requ

5.7.

For

perfq
requ

The

Ina

Thejn'
i

the material requirements of ISO 10297:2014, 4.3;

the test requirements of ISO 10297:2014, 6.1 to 6.8, as they apply to the tests prescribed below with

the exception the valve test pressure, pyt, shall be equal to 1,5 times the MDP;

the hydraulic pressure test of ISO 10297:2014, 6.9, with the exception that 3 times the MDP shall be

used as the test pressure;

he leak tightness test of ISO 10297:2014, 6.11, where pyt shall be equal to 1,5 times the

he endurance test of ISO 10297:2014, 6.12, using a gas pressure equal to 0,5 times'the
he shut-off valve does not incorporate a handwheel, the forces and torques used’in th
est shall be representative of those used in service to open and close the.valve mem
ind following the endurance test, the shut-off valve shall be tested for leakage from an

emperature. Leakage rates less than or equal to 6 standard cm3/h {standard condition
101,325 kPa absolute) shall be acceptable.

inimum rated pressure of the shut-off valve shall be at leastiequal to 1,5 times MDP.

ition, the shut-off valve manufacturer shall demonstrate(that the shut-off valve is sub
rements of ISO 14246.

3 MH assemblies with internal volume of 120-ml or less

MH assemblies with an internal volume 0f£120 ml or less, the shut-off valve const
rmance shall meet all requirements and-tests prescribed in this document as well as t

rements:
the material requirements of ISO-10297:2014, 4.3;

1
1

he test requirements of 1S0.10297:2014, 6.1 to 6.8, as they apply to the tests prescribed
he exception that the valve'test pressure, pyt, shall be equal to 1,5 times the MDP;

the hydraulic pressunetest of ISO 10297:2014, 6.9, with the exception that the test pres;
iln accordance with&:3:2 b) and the test may be performed pneumatically;

1
q
e heliung;

he leak tightness test of ISO 10297:2014, 6.11, where py shall be equal to 1,5 times th{

the endurance test of ISO 10297:2014, 6.12, using a gas pressure equal to 0,5 times t
minimum number of 100 cycles When the shut—off valve does not 1ncorporate a har

MDP;

MDP. When
e endurance
ber. Prior to
nternal and

xternal leakage perspective at a test pressure of 1,5 times MDP at minimum and maximum service

s of 0 °C and

ected to the

ruction and

he following

| below with

ure shall be

b MDP. Valve

losure may.be determined using torque, compression or other suitable means and the tlest gas shall

he MDP and
dwheel, the

ed in service

to open and close the valve member. Prlor to and followmg the endurance test, a shut-off valve
shall be tested for leakage from an internal and external leakage perspective at a test pressure of
1,5 times MDP at minimum and maximum service temperature. Leakage rates less than or equal to
3 standard cm3/h (standard conditions of 0 °C and 101,325 kPa absolute) shall be acceptable.

minimum rated pressure of the shut-off valve shall be at least equal to the MDP.

ddition, the shut-off valve manufacturer shall demonstrate that the shut-off valve is subjected to the

requirements of ISO 14246.
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5.7.4 Integral shut-off valve protection

An MH assembly design that uses an integral method of shut-off valve protection that is not meant to be
removed for MH assembly operation, such as the use of a shroud, collar or recessing the valve in the MH
assembly, shall meet the requirements of the drop test in 6.2.4.

5.7.5 Removable shut-off valve protection

MH assembly designs that use a removable means of shut-off valve protection that is meant to be
removed for MH assembly operation, such as a cover, cap or guard, shall meet the requirements of the
drop test in 6.2.4 with the protective means in place and meet the requirements of the shut-off valve
impact test |n 6.2.7 without the protective means in place.

able
MH

Removable
for use only
assemblies ¥

means of shut-off valve protection, having passed the drop test in 6.2.4, shall be accep
with filled MH assemblies at a mass equal to or less than the mass tested,and wit
vith shut-off valves of dimensions not exceeding those of the tested shut-off'wvalve.

5.8 Actively cooled MH assemblies

MH assemb]
be designed|
the cooling
strain meas

Some coolaf
assessment.

5.9 Parti

Particulate
containmen

ies that employ an active cooling system to control and/or affect System temperature
to ensure that there will be no inadvertent leakage of fluid between the MH assembly
cystem. The cooling system shall be employed when performing the hydrogen cycling
lirement test in 6.2.6.

its can react with hydrides. If such coolant is used itshall be properly addressed in thq

rulate containment

matter shall not impede the functioning of the valves or PRDs. A means of particulate m|
t may be used to achieve this purpose. The MH assemblies shall meet the requiremer

shall
y and
r and

e risk

Atter
1ts of

the fire test|of 6.2.2 and the hydrogen cycling-and strain measurement test of 6.2.6.

6 Inspection and testing

6.1 General

In order to {
to inspectio

bnsure that the Mt assemblies are in compliance with this document, they shall be supject
h and testing-n accordance with this clause.

6.2 Typej/qualification tests

6.2.1 Geqeral

The following type tests shall be performed to qualify an MH assembly design. The MH assemblies used
for the type tests shall be representative of production MH assemblies. The data for all type tests shall
be acquired using calibrated instruments.

Any change in shell design, hydrogen absorbing alloy, manufacturing process or loading procedure of
hydrogen absorbing alloy shall require repeating the fire test of 6.2.2, the drop test of 6.2.4 and the
hydrogen cycling and strain measurement test of 6.2.6, and, if applicable, the thermal cycling test of 6.2.8.

Compliance to this document shall be recorded for each MH assembly design on a type approval
certificate. An example of a suitably worded certificate is given in Annex C.
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6.2.2 Fire test

6.2.2.1 General

The fire test shall be performed on all new MH assembly designs to demonstrate that the fire protection
system, such as PRD and/or integral thermal insulation, will prevent the rupture of the MH assembly
under the specified fire conditions. The bonfire test conditions should be in agreement with the one
proposed in the reference standard used for the shell design in 5.3.

Any significant change to the design as defined in the standard (see 5.3) to which the shell is designed
(including, but not limited to, changes in diameter, length, shell material type and minimum design

thicK
cont

ness) and any change to the type, number or flow capacity of the PRD, means of solid
hinment or in the hydrogen absorbing alloy shall necessitate repeating the fire test:

As an exception, a manufacturer may use data and engineering calculations, based.on/prev

resu

ts on existing designs, in cases involving design changes that would reduce 'the risk of

in the fire test (e.g. reduction in shell length, or increase in PRD flow capagity), to show

desig

Prec
that

6.2.2
The ]

6.2.2

The
inter]
ofaq

n does not require repeating the fire test.

hutions should be taken to ensure safety of personnel and propertyduring the fire test]
hn MH assembly rupture occurs.

.2 Sample preparation

MH assembly shall be filled to rated capacity with hydrogen.

.3 Data monitoring and recording

temperature and pressure of the MH asse€mbly shall be monitored remotely and
vals not more than 15 s. A valve shall be-installed to allow venting of the MH assembly
halfunction of the test equipment or.system.

In addition to the temperature and pressure readings, the following information shall also

for e
— 1
— 1

hch test:
MH assembly manufactureér;

MH assembly part or model number;

nique identifiers
RD-type and/rating;
RD location and orientation;

atéof test;

particulate

ous fire test
shell failure
that a new

in the event

recorded at
in the event

be recorded

— MH assembly RCP;

— number of charge/discharge cycles that the MH assembly has undergone;

— MH assembly orientation (vertical, horizontal or inverted);

— ambient temperature;

— estimated wind condition/direction;

— names of witnesses;

— time of activation of PRD; and

— elapsed time to completion of the test.
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For MH assembly designs that contain small quantities of hydrogen that preclude accurate monitoring
of pressure during the fire test, a statement of justification for not monitoring the pressure during the
fire test shall be provided, along with a description of the means for determining activation of the PRD.

6.2.2.4 Test set-up, fire source and test method

The fire tests shall be conducted on at least three MH assemblies in each orientation of intended use
and/or transportation. For MH assembly designs for which the orientation of use and transportation
are not specified, at least three MH assemblies shall be fire tested in each of the vertical and horizontal
orientation and any other orientation due to asymmetry of the MH assembly design, if applicable. The
tests shall include at least one test with the PRD oriented towards the fire source and at least one test
with the PRD oriented 180° away from the fire source.

The MH assemblies, over their entire width, shall be subjected to a fire source of a maximum lg
of 1,65 m. or MH assemblies less than 1,65 m in length, the fire source shall totally engulf th
assembly. MH assemblies longer than 1,65 m or equipped with multiple PRDs with a Spacing gr
than 1,65 m}, shall be subjected to a partial engulfment fire test in the horizontal orientation. If al
assembly is longer than 1,65 m and is fitted with a PRD at one end, the opposite end of the MH asse|
shall be subjjected to the fire source. If the MH assembly is fitted with PRDs @t-both ends, or at

than one logation along the length of the MH assembly, the fire source shall be céntred midway bet
the PRDs that are separated by the greatest horizontal distance.

ngth
> MH
bater
n MH
mbly
more
veen

For MH assemblies less than or equal to 0,30 m in length, a temperature-indicating device shgll be
installed within 0,05 m of, but not in contact with, the MH assembly surface near each end. For MH
assemblies greater than 0,30 m in length, a temperature-indicating-device shall be installed at each end
and one at the midpoint. Temperature-indicating devices mag;be inserted into small metallic blocks
(less than 0J025 m per side).

MH assembllies shall be subjected to a direct flame impifxgement test. Sufficient fuel shall be suppliged to
ensure a burn time of at least 20 min. The MH assembly shall be placed in the test orientation with the
MH assembly at least 0,1 m above the fuel or at a greater height to ensure total flame engulfment. The

fire shall pr
flame impin
contact with

Any fuel m3
specified te
ventilated f.
air pollutior]
heat input t

MH assemb

duce a flame that totally engulfs the MH assembly. Shielding shall be used to prevent d
gement on the shut-off valve, fittings, and/or PRD(s). The shielding shall not be in d
| the specified fire protection system.

y be used for the fire source, provided it supplies uniform heat sufficient to maintai

5t conditions for a minimum of 20 min. The fire test should be carried out in a pro

cility or in open ground for safety. The selection of a fuel should take into consider
concerns. The arrangement of the fire shall be recorded in detail to ensure that the r4
the MH assembly’is reproducible.

ies that haye'been subjected to the cycling and strain measurement test of 6.2.6 m:

irect
irect

h the

perly
htion

ite of

y be

used in this[test.

6.2.2.5 Ag

ceptance criteria

Any failure or inconsistency of the fire source during a test shall invalidate the result, and a re-test shall
be carried out. Any venting through, or rupture of, the shell, valve, fitting or tubing during the test thatis
not part of the intended protection system, shall invalidate the result and a re-test shall be carried out.

The MH assembly design shall be deemed to have passed the fire test if, for all valid tests, there is no
generation of projectiles and one of the following criteria is met:

— the PRD or other venting method of all MH assemblies subjected to the fire test vent each MH
assembly to zero gauge pressure without rupture of the MH assembly; or

— all MH assemblies subjected to the fire test withstand the fire for a minimum of 20 min without
rupture.
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6.2.3 Initial burst tests for MH assemblies with an internal volume of 120 ml or less

At least three MH assemblies shall be subjected to an initial burst test to demonstrate compliance to
5.3.2 b). Either a hydrostatic or a pneumatic burst test shall be performed; however, all tests shall be
performed in the same manner. All bursts shall occur in the same manner for all tests performed. The
rate of pressurisation shall be less than 345 kPa/sec.

Adequate precautions should be taken to ensure safety of equipment and personnel. In particular,
during a pneumatic burst testing, personnel should be aware of the potential for releases of large
amounts of stored energy and potentially hazardous materials as a result of the burst.

6.2.
6.2.4

6.2.4

All M
Any
(incl
thicK
the

The
surfd
No a
be u

6.2.4

All M
test.
desig
desig
mass

6.2.4

The
prote

dens
the h

surface onto which the MH assemblies are dropped shall be a smooth, horizontal, conc

Drop or impact test
.1 General requirements

.1.1 MH assembly with mass of 25 kg or less

[H assembly with mass lower than 25 kg designs shall meet the réquirements of th
bignificant change to the design as defined in the standard (see 5.8)to which the shel
hding, but not limited to, changes in diameter, length, shell material type and mini

ydrogen absorbing alloy shall necessitate repeating the drop test.

ce. The container shall be allowed to bounce on the concrete or steel surface after the in
[tempt shall be made to prevent this secondary impact. A guide rail for posture maint
ed, provided that it does not reduce the free-fall'velocity.

.1.2 MH assembly with mass greater than 25 kg

Any significant change to the design as defined in the standard (see 5.3) to which|
ned (including, but not limited to, changes in diameter, length, shell material type ar
n thickness) and any changerin shut-off valve, means of solid particulate containme
of the hydrogen absorbirig alloy shall necessitate repeating blunt test.

.2 Sample preparation MH assembly with mass of 25 kg or less

MH assemblies\used for these tests shall include their integral or removable sh
pction (see 5.44"and 5.7.5). The MH assemblies shall have an equivalent weight (x2
ity and internal structure as production MH assemblies. Ballast material may be use
ydrogenabsorbing alloy. The MH assemblies shall not be pressurized.

6.2.4

e drop test.
is designed
num design

ness) and any change in shut-off valve, means of solid particulate containment or logded mass of

rete or steel
itial impact.
enance may

H assembly with mass higher than25 kg designs shall meet the requirement of the hlunt impact

the shell is
d minimum
ht or loaded

ut-off valve
%), packing
d in place of

.3 Drop test procedure

MH assemblies shall be drop tested in accordance with the following conditions. One MH assembly
may be used for all drop tests performed in a) to c). The drop tests shall be carried out at room

temperature (ZOJ_F%O ) °C.

a)

One MH assembly shall be dropped vertically on the end containing the shut-off valve assembly.

One MH assembly shall be dropped vertically on the end opposite the shut-off valve assembly. In
both cases, the MH assembly shall be dropped from a height of not less than 1,8 m measured from
the lower end of the MH assembly.

b)

One MH assembly shall be dropped at a 45° angle on the end containing the shut-off valve assembly

from a height such that the centre of gravity is at a minimum height of 1,8 m. If the lower end of
the MH assembly is at a height of less than 0,6 m, the drop angle shall be changed to maintain the
lower end of the MH assembly and the centre of gravity at a minimum height of 0,6 m and 1,8 m

© ISO
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respectively. When the shut-off valve, PRD and other components are set on both ends of the MH
assembly, the MH assembly shall be dropped at a 45° angle on its weakest end.

c¢) One MH assembly shall be dropped horizontally from a height of 1,8 m onto a steel apex as shown
in Figure 1. The MH assembly shall be placed such that its centre of gravity is aligned with the
rounded edge of the steel apex as shown in Figure 1. In order to prevent movement of the steel apex
by the collision of the MH assembly, the steel apex shall be fixed to the concrete pad or flooring. The
MH assembly shall strike the steel apex before striking the concrete pad or flooring.

d) For shells of composite design (such as shells designed according to ISO 11119-1, ISO 11119-2 or
ISO 11119-3) at least one additional MH assembly shall be dropped according to a) and b).

Key

1 centre of
2 steel apd
3 smooth,

6.2.4.4 Ag

) ©

1800

gravity
X

horizontal concrete pador flooring

Figure 1 — MH assembly drop test onto an apex

ceptance criteria for MH assembly with mass of 25 kg or less

Dimensions in millin

letres

6.2.4.4.1

al 1
UCIICI dl

The shut-off valve shall remain operational (i.e. capable of being opened and closed) after all drop tests.

All MH assemblies that have undergone the drop tests shall be visually inspected and all apparent
damage recorded. All MH assemblies shall be subjected to the leak test of 6.2.5 at a temperature of

(ZOféO ) °C and MDP and meet the acceptance criteria.

MH assemblies dropped in accordance to 6.2.4.3 d), shall additionally be subjected to the ambient cycle
test of [SO 11119-2:2012, 8.5.5, and withstand 3 000 pressurization cycles at five-sixths of the MDP
without failure by burst or leakage.

14
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After successful completion of the leak test and, if applicable, the ambient cycle test specified above, all
MH assemblies shall be pressurized to destruction as per 6.2.4.4.2 or 6.2.4.4.3 and meet the acceptance
criteria.

6.2.4.4.2 MH assemblies with internal volume greater than 120 ml

The MH assemblies shall be pressurized to destruction using a hydrostatic burst test. The recorded
burst pressures shall exceed 85 % of the minimum shell burst pressure specified by the standard to
which the shell was designed. All bursts shall occur in a manner consistent with the standard to which
the shell was designed and in the same manner for all tests performed.

6.2.4.4.3 MH assemblies with internal volume of 120 ml or less

The MH assemblies shall be pressurized to destruction using a hydrostatic or a pneumatic burst test.
The recorded burst pressures shall exceed 85 % of the minimum shell burst presstire specified in 5.3.2.
All blirsts shall occur in a manner consistent with the initial burst test of 6.2.3 'and in the same manner
for a]l tests performed.

Adequate precautions should be taken to ensure safety of equipment-and personnel. I particular,
duripg a pneumatic burst testing, personnel should be aware of the potential for releases of large
amonunts of stored energy and potentially hazardous materials as,a tesult of the burst.

6.2.4.5 Blunt impact test for MH assembly with mass gréater than 25 kg

The shells of MH assemblies designed and tested according to ISO 7866, ISO 9809-1, [SO 9809-3,
ISO 11119-1, ISO 11119-2, ISO 11119-3 having mass highiér that 25 kg shall be subjected to blunt impact
testing in accordance with 6.2.4.6.

The shells of MH assemblies designed with proof of performance in accordance to ISO 16528 shall be
testgd in accordance to the procedure of Type 1 and Type 2 shells following procedure ¢escribed in
6.2.4.6 the blunt impact test must be perfornied at the lowest shell thickness location.

6.2.4.6 Blunt impact test procedure

For MH assemblies using Type~4'and Type 2 shells, one empty shell shall be subjected to two impacts:
The blunt impact test must bie performed at the lowest shell thickness location:

a) 4tthe MH assemblycsidewall midway between the ends;

b) 4t the terminatioprof the overwrap near the domes for Type 2.

For NH assemblies using Type 3 and Type 4 shells, one empty shell shall be subjected to twp impacts in
each|of the follewing positions:

a) atthe MH assembly sidewall midway between the ends;

b) atan angle of 45° to strike the shoulder of the tube (mid arc Iength at the dome).

The impact can be conducted by dropping a suitable weight or by a pendulum impact.

The MH assembly shall be secured to ensure it does not move during the impact. The impactor shall be
made from a steel bar and have a diameter of between 70 mm and 80 mm and strike the tube with an
energy of 1 200 joules.

Parameters to monitor and record is the visual appearance after each impact. Record position and
dimensions of impact damage.
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¢I g—only for Type 2
L2 .

L

a) Type 1 & Type 2 tubes

080 |

L/2 .
1 /
| 5
|
|
|
L
c) Type 3 & Type 4 tubes

Figure 2 — Blunt impact test procedure

6.2.4.7 Adceptance.criteria for MH assemblies with mass greater than 25 kg

The shell shall.#withstand N/4 pressurisation cycles at MDP without failure by burst or leakage. Th¢ test
shall continpiefor a further N cycles, or until the shell fails by leakage, whichever is the sooner. In dither
case the MH assembly shall be deemed to have passed the test. However if failure during this second
part of the test is by burst, then the MH assembly shall have failed the test. N is the number of cycles
required in the shell standards for example 12 000 cycles for SO 7866.

The parameter recorded during these tests are:

a) temperature of the MH assembly;

b) number of cycles achieving upper cyclic pressure;
¢) minimum and maximum cyclic pressures;

d) cycle frequency;

e) test medium used;
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f) mode of failure, if appropriate.
6.2.5 Leaktest

6.2.5.1 Test procedure

The MH assembly shall be charged with hydrogen, helium, or a blend of the two, and monitored for
leaks at the conditions indicated in Table 1.

Table 1 — Temperature/pressure conditions for leak test

Temperature Pressure
Minimum service temperature RCP
(20j§0 )ec RCP
Highest temperature between maximum
service temperature or maximum MDP.
operating temperature

Before placing the MH assembly in an enclosed area to perform ‘the leak test of either|6.2.5.2.1 or
6.2.5.2.2, it is recommended to test for the presence of major l¢aks using a soap bubble sojution, or by
othel adequate means, on all possible leak locations.

6.2.9.2 Acceptance criteria

6.2.3.2.1 MH assemblies with internal volume'greater than 120 ml

The fotal hydrogen leak rate shall be less than K standard cm3/h (standard conditions|of 0 °C and
101,325 kPa absolute). If hydrogen gas is not used, the leak rate shall be converted into an equivalent
hydrpgen leak rate.

The Yalue of K is defined by the following equation: K should be the greater value of 6 or (},1 times the
internal volume of the shell (in litres/150).

6.2.5.2.2 MH assemblies with internal volume of 120 ml or less

The total hydrogen leak-rate shall be less than 3 standard cm3/h (standard conditions|of 0 °C and
101,325 kPa absolute)If hydrogen gas is not used, the leak rate shall be converted into ap equivalent
hydrpgen leak rate:

6.2.4 Hydroegen cycling and strain measurement test

6.2.4.1” General

The hydrogen cycling and strain measurement test shall be performed on all new MH assembly designs
to demonstrate that the design stress limits of the shell are not exceeded during use. Any significant
change to the design as defined in the standard (see 5.3) to which the shell is designed (including, but
not limited to, changes in diameter, length, shell material type and minimum design thickness) and
means of solid particulate containment or formulation of or loaded mass of the hydrogen absorbing
alloy shall necessitate repeating the hydrogen cycling and strain measurement test. MH assemblies that
employ an active cooling system to control and/or affect system temperature shall be subjected to the
test with the cooling system in place.

Precautions should be taken to ensure safety of personnel and property during testing in the event that
an MH assembly failure or hydrogen release occurs.
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6.2.6.2 Testset-up

Each MH assembly shall be adequately instrumented with strain gauges to determine the maximum
local strain that the shell experiences during cycling. With MH assemblies, the strain may not be
uniform throughout the MH assembly. The number and location of the strain gauges required to
measure the highest strain experienced by the shell may be determined from engineering models based
on knowledge of the design, including stress distribution and analysis information provided by the shell
manufacturer, the internal configuration and geometry, hydrogen absorbing alloy distribution, etc. If
engineering models cannot accurately determine the points of expected highest strain, the number
and locations of required strain gauges shall be empirically determined by extensively instrumenting
at least two MH assemblies with strain gauges and performing the test. Based on the results, further

testing may[be performed using fewer strain gauges that are strategically placed to measure the hi
strain levelq experienced by the shell.

As a minimym, the hoop strain shall be monitored on cylindrical and dome sections of MH a$sem
bending strain shall be monitored on flat sections of MH assemblies and for strain concéntration p
(such as corpers and edges), the strain in areas around the concentration point shalltbe' monitored
a concentration factor shall be used to estimate the strain at the concentration point:

The strain

environme
at the start
strain gauge

The strain 4
the shell de
hydrostatic
strain. For {
to the shell
III fibre-wr
to plastic d¢
determined

6.2.6.3 T¢q

For MH ass
assemblies
vibrational

uges shall be protected from damage during extended testing and’éxposure to the cy
t, for example by the use of a chemically-resistant epoxy. Periodically during and, at

is found to not be properly functioning, it shall be replaced,

t the design stress limit shall be determined either byengineering calculations base
cign and material properties, or empirically by internally applying either a pneumat
pressure up to a pressure equivalent to the shell“design stress limit and measurin
iny MH assembly where the strain gauges are applied to an outer layer and not dif
or liner in contact with the metal hydride and hydrogen gas (such as shells of type I
ipped composite cylinder design) or for-any shell that has been intentionally subjg
pformation (i.e. autofrettage), the strain-at the design stress limit for each gauge sh4
empirically prior to cycling the MH assemblies with hydrogen.

st method

emblies designed to be.transported and used in a single orientation, at least fivg
shall be tested in that-orientation, four shall be tested with the procedure incly

vibration. F

MH assemblies shall be tested in two orientations perpendicular to each other, with the MH asse

axis horizo
vibrational
assemblies
95 % of rate
the operatiy

sequence described ‘below and one shall be tested only with hydrogen cycling wit
r MH assembly designs that do not preclude use in more than one orientation, at least {

tal and vertiedl. Two of each set of three shall be tested with the procedure incly
sequence-and one shall be tested only with hydrogen cycling without vibration. Th¢
hall be-hydrogen charge cycled from not more than 5 % of rated capacity to not less
bd capacity. The RCP shall be used for charging and the temperatures shall be held w
1g temperature range. The cycling shall be continued for at least 106 cycles and unt
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acceptable r

design stress limit or plastic deformation of the shell material occurs, the testing shall be discontinued.

As a minimum, a measurement from each strain gauge shall be recorded on every cycle while at the
maximum charge condition.

After the fifth complete cycle and then at intervals of not more than 50 cycles, with the MH assemblies
charged to not more than 5 % of their rated capacity, depending on the orientation of use several MH
assemblies shall be subjected to the following vibration sequence while in the orientation for cycling:

— Asinusoidal waveform with alogarithmic sweep between 7 Hz and 200 Hz and back to 7 Hz traversed
in 15 min. This cycle shall be repeated 12 times for a total of 3 h for each MH assembly. The logarithmic
frequency sweep shall be as follows: from 7 Hz a peak acceleration of 1 g, shall be maintained until
18 Hz is reached. The amplitude shall then be maintained at 0,8 mm (1,6 mm total excursion) and
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the frequency increased until a peak acceleration of 8 g, occurs (approximately at 50 Hz). A peak
acceleration of 8 gy, shall then be maintained until the frequency is increased to 200 Hz.

For MH assemblies with a mass greater than 100 kg, the following vibration sequence may be used as

an alternative to the above sequence.

Simple harmonic motion with a vertical amplitude of 0,8 mm with a 1,6 mm maximum total

excursion. The frequency shall be varied at a rate of 1 Hz/min between the limits of 10 Hz to 55 Hz.
The entire range of frequencies and return shall be traversed in (95 * 5) min.

Figure 3 shows the minimum cycling requirements.

a

X gycle number
a  Vibrate.
b harge.
¢

d  Tast 50 consecutive cycles.

ischarge.

Figure 3 + Graphical depiction of minimum cycle requirements
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Depgnding on the @rientation of use of MH assemblies, one or two MH assemblies shall e subjected

only[to the chargedand discharge of hydrogen.

6.2.4.4 Acceptance criteria

For gaeh strain gauge in a period of 50 consecutive cycles, either the maximum measured| strain shall

not be greater than 50 % of the strain at the design stress [imit, or, there is no trend of increasing strain.
The MH assembly shall be considered to have failed the test and a redesign shall be required if, for any
strain gauge, the strain for consecutive cycles exceeds the strain for the shell at the design stress limit

or if the shell experiences plastic deformation.
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To determine that there is no trend of increase in strain, the data for each strain gauge with a maximum
strain greater than 50 % of the strain at the design stress limit shall be analysed by the least squares
linear regression method, according to Formula (1):

j+N
D yixi |[-Nyx
i=j

a =

j+N

inz -Nx
i=j

M

where

<

15
N 4

1

y=
The MH ass
than or equ

the design s
criterion sh

Additionally
pressurized|

positions a minimum of two timesSyWith the blank-off removed from the outlet, all MH assemblies

meet the ac
tested shall
assembly sh

Further, for
testing, at |
pressurized
recorded by

is the coefficient indicating the slope of the measured strain data;

is the cycle number;

(average cycle number);

N QP b

shall be 50, the number of consecutive cycles analysed;

the measured strain; and

LN
)
p, Vi (average strain).

FJ

embly shall be cycled until, for a peried’of 50 consecutive cycles, the coefficient a if
il to zero for all strain gauges that have a strain reading greater than 50 % of the str4
tress limit. The 50 cycles analysedishall be the final 50 consecutive cycles performed.
i1l be met by all strain gauges on‘an MH assembly for the same period of consecutive cy

, after completion of the cyeling and strain measurement test, all MH assemblies shz
and with a blank-off ofi the outlet, the valve shall be cycled between the open and c

Ceptance criteria ofthe leak test of 6.2.5. At least two MH assembly from each orient
be subjected to-the fire test of 6.2.2 and meet the acceptance criteria. One of thg
all tested with'wibrational sequence and one without.

MH ass€émblies with an internal volume of 120 ml or less, after completion of the
bast one*MH assembly from each orientation, tested with vibrational sequence, shg
toAestruction. The burst test may be either a hydrostatic or a pneumatic burst test|

less
in at
This
rcles.

111 be
osed
shall
htion
» MH

leak
11 be
The

rst)pressures shall exceed the minimum shell burst pressure specified in 5.3.2. All b

rsts

shall occur

N a manner consistent with the initial burst specified in 6.2.3 and in the same manner for
all tests performed.

Adequate precautions should be taken to ensure safety of equipment and personnel. In particular,
during pneumatic burst testing, personnel should be aware of the potential for releases of large
amounts of stored energy and potentially hazardous materials as a result of the burst.

For MH assemblies that employ an active cooling system to control and/or affect system temperature,
any inadvertent leakage between the MH assembly and cooling fluid shall be considered a failure to
meet the acceptance criteria of this test.
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6.2.7 Shut-off valve impact test

6.2.7.1 General

As indicated in 5.7.5, MH assembly designs that employ a removable means of valve protection shall be
subjected to the following shut-off valve impact test.

6.2.7.2 Sample preparation
Three MH assemblies shall be subjected to this shut-off valve impact test. For the purpose of this test,
ballai; may be used in place of the hydrogen absorbing alloy or the shell may be left empty. The MH
asseinblies shall not be pressurized with gas during the test. The removable shut-off valve protection
shalllbe removed for this test.
6.2.71.3 Test procedure

A hardened steel ball or an impact object tipped with a hardened steel ballshall be used for this test.
The hardened steel ball shall have a Brinell hardness of 248 * 3 and it diameter shall be allowed to
vary|with respect to the size of the shut-off valve to allow it to strike‘the side of the valve 90° to the
longitudinal axis of the valve and co-incident with a plane passing through the same axis.

The hardened steel ball, or the impact object tipped with a hardened steel ball, as well as the MH assembly,
shalllbe conditioned for at least 4 h at -40 °C. Within 5 min afterconditioning, the MH assembly shall be
rigidly anchored and the shut-off valve shall be subjected tao-the following two impacts. The|first impact
shall|strike the side of the shut-off valve 90° to the longitudinal axis of the valve and co-indident with a
plang¢ passing through the same axis. The points of impact on the shut-off valve shall not b¢ obstructed
by features such as outlet connecting threads, pressure relief devices, handwheel, etc. The hardened
steel|ball or the impact with a hardened steel ballbject shall have sufficient mass and velocity to impart
the minimum energy specified in Table 2. After'the first impact, the MH assembly shall be fotated 180°
and 4 second side impact test shall be conducted on the other side of the shut-off valve.

Table 2 —Ball impact requirements for valves

MH assembly type Minimum energy (E)2
(V = internal volume in litres) joules
V< 0,35 1,02
035< V<10 6,80
10< V<25 13,50
25<V<100 27,10
100<V 162,70
a  For example, for a free falling impact object tipped with a hardened steel ball,
E=mgch
wiere

E isenergy, expressed injoules (J);
m is mass of the impact object tipped with a hardened steel ball, expressed in kilograms (kg);

Jc is the acceleration due to gravity (9,8 m/s2);

h isthe vertical drop height, expressed in metres (m).

6.2.7.4 Acceptance criteria

Following the two impact tests, each shut-off valve and MH assembly shall be visually inspected for
damage and subjected to the leak test of 6.2.5 at (ZOJ_“%O)OC and MDP and meet the requirements

therein.
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The shut-off valve connection (inlet threads) shall remain intact without cracking and the shut-off
valve shall be operative. A break of the handwheel shall not be considered as a failure to meet the test
requirements as long as the shut-off valve is still capable of being opened and closed.

If the requirements of the leak test are not met or the shut-off valve does not remain operational after
the tests, the test shall be repeated on three MH assemblies fitted with their removable shut-off valve
protection. If the three MH assemblies meet the acceptance criteria, the design shall be considered as
acceptable, provided each MH assembly is marked in accordance with 7.2.3.

6.2.8 The

rmal cycling test

6.2.8.1 Ge¢neral

The therma] cycling test shall be performed on MH assemblies with an internal volume 6f 120 ml or

less only.
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This test is performed to address potential concerns regarding not having performed a pre

imilar to that prescribed in the ISO cylinder standards. This test is intended to thermally c
assembly over its service temperature range.

st set-up

emblies designed to be transported and used in a single’ orientation, at least fivg
hall be tested in that orientation. For MH assembly designs that do not preclude use in
entation, at least three MH assemblies shall be testéd\in two orientations perpendicul
vith the MH assembly axis horizontal and vertical,

embly shall be filled to rated capacity with.hydrogen. The MH assembly shall be p
Qture-controlled test chamber capable of eytling from minimum service temperatu
brvice temperature and vice versa over a-period of 2 h.

st procedure
emblies shall be subjected to the following thermal cycles (see Figure 4).

e MH assembly in the temperature-controlled test chamber and increase the cha
iture from (ZOJ_F%O)OC to the maximum service temperature with a tolerance of +5

e MH assenibly at the maximum service temperature with a tolerance of +5 °C

e thé>ehamber temperature to (ZOf%O)C’C in 1 h £ 5 min, then decrease the cha

ssure
icle a

MH
more
ar to

aced
re to

mber

°C in

for a

mber

tempers3

htupe to the minimum service temperature with a tolerance of + 5°Cin 1 h + 5 min.

minimu
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m of 1 h.

Increase the chamber temperature to (ZOféo ) °Cin1h+ 5 min.

Repeat steps a) to e) 50 times.

Hold the chamber temperature at the minimum service temperature with a tolerance of +5 °C for a
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6.2.8.4 Acceptance criteria

Each| MH assembly shall be subjected to, and meet the acceptance criteria of, the leak
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Figure 4 — Temperaturé cycling test example cycle

wing the thermal cycling test:

burized to destruction,) The burst test may be either a hydrostatic or a pneumatic bu
rded burst pressures’'shall exceed the minimum shell burst pressure specified in 5.3.

ntsof stored energy and potentially hazardous materials as a result of the burst.

fest of 6.2.5

ted shall be
rst test. The
D. All bursts
hme manner

uate précautions should be taken to ensure safety of equipment and personnel. I particular,

ses of large

:‘:g pnetumatic burst testing, personnel should be aware of the potential for relea

6.2.9 Type testreports

The type test reports verifying compliance with the requirements of this document shall be made
available to users upon request.

6.3

Batch tests

6.3.1 General requirements

Batch testing shall be conducted at specified intervals during manufacturing to ensure consistency of
the manufactured MH assemblies with the prototype design.
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The size of a batch shall be determined by the manufacturer with consideration to the volume of MH
assembly and the material of construction. Two type of batch size can be considered:

a) The hydride-batch size consists of one lot of hydrogen absorbing alloy or as approved by the
competent authority.

b) The shell-batch size consists of the batch size of the shell as defined in the shell standard, or as
approved by the competent authority.

All batch tests of the MH assembly shall be carried out on finished MH assemblies.

6.3.2 Bu

s  foncloll ool
BT TCSTTIOT STIICIT D atlIr

At least one

For MH asse

shell from each batch shall be pressurized to destruction.

mblies with internal volume greater than 120 ml, the burst tests methods and ‘accept

criteria shall meet the requirements of the standard (see 5.3.1) to which the shell is desighed.

For MH ass
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At least one

stored energy and potentially hazardous materials as awesult of the burst.

P Test for hydride-batch

MH assembly from each hydride-batch shall be'tested to verify the MDP according to |

In no case the MDP of each batch shall exceed 0,80 times the test pressure of the shell or 25 MPa.
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5 used in themanufacturing of MH assemblies, the MH assembly manufacturer shall o
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f shells to the degree necessary to ensure that the shells meet the specified requireme
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bd in
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.5 at
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nts.

6.4.2 Certificates of manufacture

A certificate of manufacture shall be prepared for each batch of MH assemblies that meets the
requirements of this document in all respects. An example of a suitably worded certificate is given in

AnnexD.
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7 Marking, labelling, and documentation

7.1 Marking

The MH assembly shall have, as a minimum, the following information permanently marked in a clearly
visible location:

a) areference to this document,i.e. ISO 16111;

b) the RCP in bar;

c) themanufacturersidentification;

d) the date of manufacturing (month and year);

e) 34 manufacturer's serial or unique identification number; and

f) the date of expiry based on the maximum service life (month and year).

In calses where, due to size or area limitations, it is not possible to include-all of the above [information
in a lpgible format, the use of a traceable code may be used. If a traceable-code is used, the M[H assembly
shallf still be permanently marked with the RCP, the manufacturer's serial or unique identification
number and the date of expiry as per b), e) and f).

7.2 | Labelling

7.2.1 General

The |precautionary labelling shall be in accordance with ISO 7225. Labels shall not ¢bscure any
permanent shell markings.

In calses where, due to size or area limitations, it is not possible to include all information pn the label,
the information may be included on“the packaging or in the documentation distributed with the
prod‘[;\ct, except for a warning that the“contents are flammable”, which shall always be included on the
product label.

NOTH The authority having;jurisdiction might require additional labelling such as the appropriate UN
identffication number and description as defined in the UN Model Regulations on the Transport pf Dangerous
Goodp, part or model number and other cautions and hazard warnings pertinent to the metal hydride MH
asserhbly.

7.2.2 Hazards,associated with the solid materials

The manufaetirer shall include on the label warnings consistent with the potential hazards of the
matdrials ‘contained within the MH assembly. Consideration should include hazards fro reactivity
with|airywater or other fluids.

7.2.3 Labelling concerning removable valve protection

When required by 6.2.7.4, labelling shall include the following, “WARNING: Valve may be damaged if
subjected to impact. KEEP VALVE PROTECTION IN PLACE WHEN NOT CONNECTED FOR USE.”

7.2.4 Temperature warning labelling

The manufacturer shall include on the label a warning: “DO NOT EXPOSE TO TEMPERATURES ABOVE
xx °C, OPEN FLAMES OR IGNITION SOURCES.”, where xx shall be no greater than the maximum service
or operating temperature whichever is greater.

According to 4.3.2, the minimum and maximum ambient shell temperatures for normal service
conditions shall be a minimum of =40 °C and a maximum of +65 °C. If the maximum and minimum shell
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temperatures are to be different from those specified, they shall be identified by the manufacturer on

the label.

8 Documentation accompanying the product

8.1 Safety data sheets

The safety data sheets (SDS) covering both the hydrogen gas and the contained hydrogen absorbing
alloy shall be provided for inclusion with all product shipments. The SDS shall include safety and
handling requirements to be followed in case of hydrogen leakage and/or breach of the storage system,
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Inspection prior to initial filling and refilling

cturer shall specify inspection procedures to be carried out prior to initial filling and
fthe MH assembly.

nspected shall include whether.the MH assembly is within its service life, labels are le
components are not damaged or missing in the interface, and that the shell and valv|
1, and have not been tampered with or abused.
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for determining when the rated capacity described in 4.2 has been achieved;
m and maximum pressure range (maximum pressure shall not exceed RCP);

m and maximum temperature range;

other special conditions required for the initial filling and refilling.

8.2.2.3 Equipment

The manufacturer shall specify the requirements for the equipment to be used for initial filling and
refilling of MH assemblies to prevent overcharging.
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8.2.2.4 Inspections and checks after initial filling and refilling

The manufacturer shall specify an inspection procedure to be carried out after the initial filling and
after refilling of the MH assembly. Iltems to be inspected shall include leakage of hydrogen from the MH
assembly and damaged or missing components in the interface (e.g. damaged threads, O-rings or seals).

8.2.2.5 Periodic inspection and testing

The manufacturer shall specify the minimum periodic inspection and testing requirements. These
requirements shall be in accordance with the applicable ISO periodic inspection and test standard for
the shell (e.g.ISO 6406, 1SO 10461 and ISO 11623). In all cases, the periodicity for the periodic inspection
and festing shall not exceed 5 years.
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(informative)

Material compatibility for hydrogen service

A.1 Material compatibility for hydrogen service

The compornents in which gaseous hydrogen or hydrogen-containing fluids are processed, as.well as
all parts uskd to seal or interconnect the same, should be sufficiently resistant to the chemical and
physical actjon of hydrogen at the operating conditions.

A.2 Metals and metallic materials

The users of this document should be aware that engineering materials exposed to hydrogen in [their
service envlironment may exhibit an increased susceptibility to hydrogen assisted corrosiop via
different mgchanisms such as hydrogen embrittlement and hydrogen attack.

Hydrogen embrittlement is defined as a process resulting in a decredse of the toughness or ductility of a
metal due tg the permeation of atomic hydrogen.

Hydrogen embrittlement has been recognized classically as-Béing of two types. The first, known as
internal hydrogen embrittlement, occurs when the hydrogen-enters the metal matrix through material
processing techniques and supersaturates the metal with hydrogen. The second type, environmgntal
hydrogen embrittlement, results from hydrogen beihg absorbed by solid metals coming from the
service environment.

The atomic hydrogen dissolved within a metalinteracts with the intrinsic defects of the metal typically
increasing drack-propagation susceptibility\ahd thus degrading such basic properties as ductility and
fracture toyghness. There are both impertant material and environmental variables that contrjbute
to hydrogen-assisted fractures in metals: The material microstructure is an important considerption
as second phases, which may or may,not be present due to compositional and processing variations,
may affect the resistance of the metal to fracture. Second phases, such as ferrite stringers in austgnitic
stainless stgels, may also havé-a specific orientation leading to profound anisotropic response in the
materials. I general, metalsteah also be processed to have a wide range of strengths, and the resistance
to hydrogent-assisted fraeture is known to decrease as the strength of the alloy is increased.

The environmental variables affecting hydrogen-assisted fracture include the pressure of hydrpgen,
temperatur¢, chemieal environment and strain rate. In general, the susceptibility to hydr¢gen-
assisted fragture increases as hydrogen pressure increases. The effect of temperature, however, ils not
as systematiié~-Some metals such as austenitic stainless steels exhibit a local maximum in hydr(Pgen-
assisted fracture susceptibility as a function ol temperature. Although not well understood, trace gases
mixed with hydrogen gas can also affect hydrogen-assisted fractures. Moisture, for example, may be
detrimental to aluminium alloys since wet oxidation produces high-fugacity hydrogen, while in some
steels moisture is believed to improve the resistance to hydrogen-assisted fracture by producing
surface films that serve as kinetic barriers to hydrogen uptake. A so-called inverse strain rate effect is
generally observed in the presence of hydrogen; in other words, metals are less susceptible to hydrogen-
assisted fracture at high strain rates.

At temperatures close to ambient, this phenomenon can affect metals with body centred cubic crystal
lattice structure, for example ferritic steels. In the absence of residual stress or external loading,
environmental hydrogen embrittlement is manifested in various forms, such as blistering, internal
cracking, hydride formation and reduced ductility. With a tensile stress or stress-intensity factor
exceeding a specific threshold, the atomic hydrogen interacts with the metal to induce sub-critical
crack growth leading to fracture.
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Hydrogen embrittlement can occur during elevated-temperature thermal treatments, and in service
during electroplating, contact with maintenance chemicals, corrosion reactions, cathodic protection,
and operating in high-pressure or high temperature hydrogen.

Many low-alloyed structural steels may suffer from hydrogen attack at temperatures as low as 200 °C.
This is a non-reversible degradation of the steel microstructure caused by a chemical reaction between
diffusing hydrogen and the carbide particles in the steel that results in the nucleation, growth and
merging of methane bubbles along grain boundaries to form fissures.

Hydride embrittlement occurs in metals such as titanium and zirconium and is the process of forming
thermodynamically stable and relatively brittle hydride phases within the structure.
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htion at temperatures over 250 °C, hydrogen diffuses in the fusion line between the hig]
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TR 15916.
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¢ooled rapidly.

Minimize the level of applied stress and exposure to fatigue situations.

Vhen plating parts, manage the-anode/cathode surface area and efficiency, resultiy

[lean the metals using don-cathodic alkaline solutions, and using inhibited acid solutid
Use abrasive cleaners)for materials having a hardness of 40 HRC or above.
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Jse process control checks, when necessary, to mitigate risk of hydrogen embrittlement during

pnlymprc can be considered suitable for gaseous hydrngpn service_ Due account sho

1ld be given

to the fact that hydrogen diffuses through these materials much more easily than through metals.
Polytetrafluoroethylene (PTFE) and polychlorotrifluoroethylene (PCTFE) are generally suitable for
hydrogen service. Suitability of other materials should be verified. Guidance can be found in ISO 11114-2,
ISO/TR 15916 and ANSI/AIAA G-095.

A.4 Other references

Further guidance on hydrogen assisted corrosion and control techniques may be found through the
following organizations and their standards:

A.4.1 International Organization for Standardization (www.iso.org)
See Bbibliography [1] to[12].
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A.4.2 American Institute of Aeronautics and Astronautics (www.aiaa.org)

See Bibliography [13].

A.4.3 American Petroleum Institute (www.api.org)
See Bibliography [14] and [15].

A.4.4 American Society for Testing and Materials (www.astm.org)

See Bibliography [16] to [30].

A.4.5 American Society of Mechanical Engineers (www.asme.org)

See Bibliogrpphy [31] to [33].

A.4.6 American Welding Society (www.aws.org)

See Bibliography [34].

A.4.7 ASM International (www.asminternational.org) and Society of Automotive
Engineers|(www.sae.org)

See Bibliogrpphy [35] to [37].

A.4.8 Natjonal Association of Corrosion Engineers (www.nace.org)

See Bibliogrpphy [38] and [39].
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Annex B
(normative)

Environmental tests

Exposure to fluids

| General
test is applicable to MH assembly shells comprised of Type II, IIl and IV fibre-wrapped

shells shall be tested in a condition representative of installed geomeétry including
icable), brackets and gaskets, and pressure fittings using the same sealing config
gs) as that used in service.

ttwo shells are subjected to preconditioning in accordance with B=I:2 and then exposed t

vironments, pressures and temperatures in accordance witly Table B.1. Although pre

¢d sections, shall be as resistant to the exposure environments as are the exposed

exposure test may be carried out on one cylinder@s indicated in Table B.1. In this cas

D

2 Preconditioning

.1 Preconditioning apparatus

following types of apparatus shall be used for preconditioning the test shell by pe
el impact.

pendulum impact apparatus shall comprise:

3 steel impact bodyhaving the shape of a pyramid with equilateral triangle faces and a
the summit and the.edges being rounded to a radius of 3 mm;

3 pendulum, the-centre of percussion of which coincides with the centre of gravity of t
iits distance\from the axis of rotation of the pendulum being 1 m and the total mass of tH
feferred\te’its centre of percussion being 15 kg;

4 meéans of determining that the energy of the pendulum at the moment of impact is 1

q

cylinders.
v coating (if

uration (i.e.

h a sequence
ronditioning

fluid exposure is performed on the cylindrical section pf\the shell, all of the shell, ipcluding the

hreas. As an

native, a single cylinder approach may be used in which both the immersion test afd the other

e, care shall

ndulum and

square base,

he pyramid;
e pendulum

ot less than

30 N-m and is as close to that value as possible;

a means of holding the shell in position by the end bosses during impact.

gravel impact machine shall comprise:

an impact machine, constructed according to the design specifications shown in Figure B.1 and
capable of being operated in accordance with ASTM D3170 except that the shell may be at ambient

temperature during gravel impact;

gravel, comprising alluvial road gravel passing through a 16 mm space screen but retained on a
9,5 mm space screen. Each application shall consist of 550 ml of graded gravel (approximately 250

stones to 300 stones).
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Dimensions in millimetres

1 4 2

/ /

/ /

175

@
5

Key
1 funnel
2 shell under test
3 airinlet
4 50 mm pipe
5 cabinet dpproximately 500 mm wide
6  sizing scfeen

Figure B.1 — Gravel impact machine

B.1.2.2 Preconditioning procedure

B.1.2.2.1 Precomnditioning for tire inmmersion test

Preconditioning by both pendulum impact and gravel impact shall be carried out on the portion of the
shell to be used for the immersion test (see B.1.3.1).

With the shell unpressurized, precondition the central section of the shell that will be submerged, by
an impact of the pendulum body at three locations spaced approximately 150 mm apart. Following the
pendulum impact, precondition each of the three locations by gravel impact application. Additionally,
precondition by a single impact of the pendulum body a location within the submerged portion of each
domed section and 50 mm (measured axially) from the tangent.
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B.1.2.2.2 Preconditioning for the other fluid exposure test

Preconditioning by gravel impact only shall be carried out on the portion of the shell to be used for the
other fluid exposure test (see B.1.3.2).

Divide the upper section of the cylinder used for the other fluid exposure test into five distinct areas
of a nominal diameter 100 mm and mark these for preconditioning and fluid exposure (see Figure B.2).
Ensure that the areas do not overlap on the shell surface. If the single shell approach is used, also ensure
that these areas do not overlap with the section of the shell that will be subjected to the immersion test.
While convenient for testing, the areas need not be oriented along a single line.

With-the shell nnprnccnri7nd' prnr‘nndifinn each of the five marked areas identified as per the above
instrjuctions (see Figure B.2) for the other fluid exposure test by gravel impact application:

1

g Gy e Wl Wi

Key
1  other fluid exposure area
2 immersion area (lower third)

Figure B.2 — Cylinder orientation and layout of exposure areas

B.1.3 Test conditions

B.1.3.1 Immersion test

At thee appropriate stages in the test sequence (see Table B.1), orient the shell horizontally| to immerse
the lpwer third/of the shell diameter in a simulated acid rain/road salt water solution composed of the
following eompounds:

— déionized water;

— amass fraction of (2,5 + 0,1) % of sodium chloride;

— amass fraction of (2,5  0,1) % of calcium chloride;

— sulfuric acid in sufficient quantity to achieve a solution pH of 4,0 + 0,2.
Adjust the solution level and pH prior to each step of the immersion test.

Maintain the temperature of the bath at (21 + 5) °C. During immersion, hold the unsubmerged section
of the shell in ambient air.
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B.1.3.2 Other fluid exposure

At the appropriate stages in the test sequence (see Table B.1), expose each marked area to one of five
test solutions described below. Use the same test solution for each location throughout the test:

an aque
an aque
a volum

an aque

ous solution with a minimum volume fraction of 19 % of sulfuric acid;
ous solution with a minimum mass fraction of 25 % sodium hydroxide;
e fraction of 30 % methanol in gasoline;

ous solution with a minimum mass fraction of 28 % ammonium nitrate;

an aqud
washer

During the

wool approj
a pipette, ap
evenly acrof

B.1.3.3 P

At the apprd
pressure cy
5 % MDP an
of 60 s and ¢

B.1.3.4 High and low temperature exposure

At the apprg
low temper}3

shall be at shinimum the maximum service temiperature (65 °C or greater) as measured on the su

of the shell.

B.1.4 Tes

Preconditio

Carry out thle sequences offluid, pressure cycling and temperature exposure as defined in Table B.JL.

not wash or

ous solution with a minimum volume fraction of 50 % methyl alcohol (i.e. windsq
fluid).

bxposure, orient the test cylinder with the exposure area uppermost. Place a*pad of
imately 0,5 mm thick and 100 mm in diameter on each of the preconditiohed areas. |
ply 5 ml of the test solution to the glass wool pad. Ensure that the glass'wool pad is wi

essure cycle

'les of between 5 % MDP and MDP for the ambient and high temperature steps, and bet}
d 60 % MDP for the lower temperature steps. Holdthe maximum pressure for a mini
nsure that each full cycle takes no less than 66 s,

priate stages in the test sequence (see Table B.1), bring the surface of the shell to a hi
iture in air. The low temperature.shall be no higher than -35 °C and the high temper

[ procedure

n the shells (or shellin-the single shell approach) in accordance with B.1.2.

wipe the shéll-surface between stages;

Table B.1 — Test conditions and sequence

reen

class
Jsing
btted

s its surface and through its thickness. Pressurize the shell and repiove the glass wod|l pad
after pressurization for 30 min.

priate stage in the test sequence (see Table B.1), subject the shell to hydraulic or pneumatic

iween
mum

ch or
hture
rface

Test steps
Two shell Single shellap- _ Number of
approach proach Environment Temperature
: pressure cycles
Shell no. 1 Shell no. 2 A}ternatwe
single shell
other fluids .
— 1 1 (30 min) — ambient
1 — 2 immersion 590 * service ambient
life (years)
— 2 — air 25.0 * service ambient
life (years)
other fluids .
— 3 3 (30 min) — ambient
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