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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.
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Introduction

This document considers how impact testing is carried out, why it is done in particular ways and the
relevance of various aspects (e.g. a cylinder drop, a flying element through the air, from what direction,

size, shape, weight, impact velocity, etc.; does the cylinder “fail” safe or blow into fragme
associated pressure wave?).

nts with

This document only addresses cylinders, as a definition of all the associated equipment and its
interaction with the cylinders is difficult to assess. The designer can conduct some system level impact

t¢sts, including drop, to assess valves, pressure release devices and other attached component

h—

t is recognized that there are differences between cylinders/tubes that are for general use

=

ounted in frames (which offer some differences in loading and protection). Impact test
ssembly can be different from testing a single, freestanding cylinder/tube.

jo5)

—3

nmounted in frames. It applies to all sizes of cylinders, and to carben; aramid and gl:
r¢inforcements.

Dlrop testing of smaller cylinders is a requirement in some regulations, codes and standards. }
production of automotive cylinders, an adequate returnable jpacking material/method td

cylinder demonstrates a general resistance to impact, whieh.improves safety.

I addition to providing an understanding of the backgreund, an overview is provided of some
approaches to conducting tests.

S.

(without

ahy requirements related to packaging and protection in service) and cylinders/tubes perlﬂanently
i

g of an

his document addresses transportable cylinders, vehicle fuel containers and cylinders permanently

hss fibre

or serial
protect

the cylinder during production and until mounted in the vehicle can be used. However, the dirop of a

standard
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Gas cylinders — Information for design of composite
cylinders —

Part 5:

I pact teqting of (‘nmpnqite ('ylinderc:

[y

Scope

=

his document provides information for the design of composite cylinders related to-impact testing and
¢rvice experience with impact, including:

wn

—+ low energy impact, which can result from events that can occur during’handling or working around
cylinders;

— high energy impact, which can result from accidents during transportation, or impact|by large
objects with velocity;

— drop impact, which can result from handling, where cylinders are dropped or tipped over;and

— high velocity impact, which can result from high energy impact by a small object, such ag gunfire,
and demonstrates non-shatterability of the cylindéror tube.

Where appropriate, field experience relevant to testing requirements is provided.

NOTE Unless otherwise stated, the word “cylinder” refers to both cylinders and tubes.
Normative references

pnstitutes requirements of this' document. For dated references, only the edition cited applies. For

2
The following documents are referred to in the text in such a way that some or all of their content
c
uhdated references, the latest'edition of the referenced document (including any amendments) applies.

130 10286, Gas cylinders\— Vocabulary

3] Terms anddefinitions

3]

br the purpeses of this document, the terms and definitions given in ISO 10286 apply.

[

§0 and,IEC maintain terminology databases for use in standardization at the following addregses:

- ~I50 Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

4 Low energy impact

4.1 General

Low energy impacts can occur during normal service. Examples of this include dropping tools on the
cylinder, being hit by road debris, some bouncing when initiating or ending a lift by a crane, hoist, or
forklift, being hit by a forklift, or similar incidents. In some cases, low energy impact can leave visual
evidence of the impact or can require a cylinder to be removed from service.

©1S0 2022 - All rights reserved 1
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4.2 Visible indications

Some impacts can be from contact with sharp objects, in which case there would likely be some
visual indication of surface damage, such as a cut or surface indentation. Other impacts can be from
blunt objects, which can result in some surface crazing, and either surface indentations or internal
delamination, or both, without necessarily leaving visible damage. Glass fibre composite reinforcement
with a translucent resin is more likely to show visible damage due to impact. Acoustic Emission Testing
(AET) or Modal Acoustic Emission (MAE) can be appropriate to assess damage if there is no visible
damage.

Low enelgy impact can cause some reduction in strength, but it is unlikely to result in a rupture when
the imp4dct occurs or before the opportunity for inspection. Guidance on these issues is provided'In
standards on visual inspection (see Clause 9).

4.3 Cdancepts in standards

4.3.1 General

There are some common low energy impact levels that are used in standards,.including 30 J, 488 ] and
1200 J. These energy levels are based on typical events that can occur in serviee. Information related to
low energy impact testing is provided in Annex A.

4.3.2 30]impactlevel

The 30 J|impact level is based on impact from road debris, such as one that can impact a natural gas
or hydrdgen fuel container mounted below a vehicle. The debris can, for example, be dislodged as|a
wheel pdsses over it. This impact level is used in a test from an EU standard for liquid fuel containefs
(i.e. gasdline or diesel), and subsequently applied to gaseous fuel containers. Impacts that can reach
this enerlgy level, would, for example, include a granite'stone about 40 mm in diameter hitting at abotyit
95 km/H, or a cube of steel about 22 mm on a side hitting at about 95 km/h. This level of impact |s
often considered as a means of evaluating protective coatings and is generally applied prior to chemical
exposure¢ testing.

4.3.3 88 ] impact level

The 488|] impact level is based on the energy from dropping a man-portable cylinder weighing abouit
27,3 kg ffom a height of about 1,8 m. This is viewed as the highest combination of weight and height that
can occur during transportation or installation by an individual. Such a drop can occur on any part pf
the cylinider.

The 488|] energy level'xeasonably represents energy of a similar cylinder falling off a loading dock ¢r
the bed ¢f a transpagxtvehicle. However, the energy level varies with the size of the cylinder. The impagt
is unlikely to occup‘axially on the end boss in such a fall. Accordingly, as cylinder size increases, the
488 ] engrgy level'is maintained on the end and is intended to be representative of other loads that cdn
occur during handling, such as being hit by a forklift, or hitting an object while being transported by|a
forklift.

The 488 ] energy level has been effective as a means of assuring impact resistance in the field based on
safe responses to most incidents. There has also been some interest in testing to an impact energy level
that is higher, but still less than the energy level of a high velocity impact.

4.3.4 1200]impactlevel

The 1 200 J impact level, by one account, addresses a stone of approximately 650 g kicked up by or
falling off a vehicle travelling at 110 km/h in one direction, and impacting a cylinder going the opposite
direction at 110 k/h. Such a stone would be approximately 80 mm to 90 mm in diameter, while a cube
of steel with the same weight would be about 44 mm on a side. While this scenario is not as likely as
the two energy levels discussed above, the energy level represents an impact that can occur in service.

2 © IS0 2022 - All rights reserved
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Transported cylinders generally have some protection from road debris, including the truck bed and
side walls.

4.3.5 Consequences

Some standards have adopted both the 488 ] and 1 200 ] impact levels, where passing the 488 ] impact
is mandatory, and a warning label is applied if the 1 200 ] impact results are not successful.

Some possible consequences of low energy impacts, following subsequent pressure cycling, include
crack growth, delamination, and liner leakage. While strength can be compromised by impacts, it does
npt necessarily result in rupture of the cylinder.

While cracks can grow during pressure cycling, the pressure cycling can also serve to blunt some of the
stress concentration that results from the impact. In testing of cylinders with cut flaws, including deep
chit flaws, a full lifetime of cycles was applied, and in some cases, the burst presstrg was higher after
ycling than without cycling[13]. However, the performance of the cylinder afterd@d impact depends on
dctors such as the fibre type, fibre stress ratio, and construction. Performance dispersion [within a
production batch can also affect the evaluation of cylinder performance drop due to impacts.

(@}

Aln impact can also result in delamination within the wall. If the construction is exclusively coptinuous
fipres, delamination between layers is not necessarily of consequénce. In some cases, an infentional
delamination between layers has been part of a design as a means of improving cyclic fatigue life.
However, if localized reinforcements are included, such as dome'eaps or cloth inserts, and the Jocalized
r¢einforcements delaminate from the wound layers, the struetural response of the laminate can be
altered, and strength can be compromised.

An impact that causes cuts or broken fibres reduces theé local stiffness of the laminate. This flesults in
greater local deformation during pressure cycling,Which results in lower fatigue life in a mqtal liner,
and possibly leading to leakage of the cylinder contents.

L4 Test concepts

'm length. An alternative can be,aweight dropped from a given height. Caution is advised wlen using
ther methods to catch the impacter after the first impact, to avoid multiple impacts. The 488 ] impact
i often applied to transportable cylinders in the form of a drop test, but can also be conductef using a
pendulum or dropped weight."The 1 200 ] impact is also generally applied by a pendulum, butjcan also
be applied using a dropped weight or by an impactor in a horizontal orientation that is pow¢red by a
pressurized gas.
T
Ul
a

4
The 30 ] impact is generally applied inla test via a pendulum with a defined impacting mass gnd pivot
a
0

he impact is based on equivalent energy, but consideration can be given to differences in momentum.
sing the example of the 30 ] impact, the momentum of the stone or steel cube would be the same,
bout 2,24 N-s>For a typical 30 ] impact test, the mass is a steel pyramid of 15 kg, which woyld result
in an impact'velocity of about 1,41 m/s, and a momentum of 21,2 N-s, or about 10 times thiat of the
ppssiblefield event. At this point, testing is based on energy, but it would be useful to understland how
njontentum influences results.

T'he cylinder is subject to pressure testing following the impact. Most current standards require
pressure cycling. The upper cycle pressure generally is the working pressure. The number of cycles is
generally reflective of the number of pressure cycles that occur between inspections, although several
standards require the same number of cycles as the original cycle test. Some standards consider the
test successful if the cycling is completed without a rupture of the cylinder. Other standards generally
burst the cylinder after cycling, with a minimum pressure that can be, for example, 80 % of the original
design burst pressure.

©1S0 2022 - All rights reserved 3
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5 High energy impact (accidents)

5.1 General

High energy impact can occur due to accidents for a vehicle transporting a cylinder, or using it as a
fuel container that can in some cases involve other vehicles. Examples of this include a single vehicle
hitting a bridge or other structure, dropping a cylinder that is being transported, or a similar incident.
A vehicle transporting a cylinder can be hit by another vehicle, such as an automobile, truck, or train,
where it is possible for the cylinder to be hit directly or caused to be ejected from the transporting
vehicle. ftubetraiter; battery vehicte; or vehicle tramsporting a muttipte etement gas comtaimer (MEGT )
can run pff the road and roll over. Prevention of roll-overs or other road accidents can be considergd
when designing the tube trailer, battery vehicle, or MEGC. High energy impact can also result)from
misuse df the cylinder.

5.2 Visible indications

High engrgy impact generally gives visual evidence of the impact if the cylindes physically contacts
another [component. If there is visual evidence, it is likely to be rejected onhis basis. Impact with
a sharp pr small diameter component is more likely to show evidence of impact. If there is a known
impact, it is generally considered that the cylinder can be removed from sefvice.

Impact With a flat component at high energy is also likely to show some indication of damage. |n
some cages, impact from a flat component results in resin crazing-and a noticeable loss in composite
properties, such as can be detected when the composite wall is tapped with a coin. It is also possible for
an impag¢t with a relatively flat component to cause reversal of.curvature of a cylinder, fracturing the
inner layers, without necessarily showing significant damage‘on the outer surface.

Cylinderf have also been known to rupture during an impact event. At very high levels of energy, the
differenge between a rupture and a progressive failure releasing gas can be negligible. However, |it
is possible that a high energy impact by a relatively’small structure will only result in a hole in the
cylinderfand a release of contained gas.

The charfacteristics of the impacting body, of how impact energy is distributed into the composite wall,
and chatacteristics of the wall itself, affect results. Consideration of non-dimensional terms helps to
understdnd how laminate damage can occur. Comparing items such as diameter of the impacting body
to the wqll thickness or cylinder diatneter can show likelihood of penetration of the wall. Looking at the
load over the affected area, compared with the transverse compressive strength or the shear strength
of the laninate can show likelihood of penetration versus laminate crushing.

5.3 Dgsign influencé

Comparing the total,énergy of impact to reserve strength of the laminate, i.e. the difference betwegn
energy dontained at burst pressure versus energy contained when impacted, can give insight as to
whether(the impact will result in simple damage, penetration, or rupture.

The location of a cyllnder in a Vehlcle durlng an lmpact event has an effect on how much damage the
cylindert g g
can offer some protectlon for the cylinder.

If the accident is such that the impact loading is only on a frame or container, and from the frame or
container into the cylinder through the end bosses, it is possible that there is no visible damage, or even
no damage, to the cylinder. In this case, AET or MAE can be required to assess if there is, in fact, any
damage sustained by the cylinder in the accident. If it can be confirmed that there is no damage, the
cylinder can safely remain in service.

The frame, container, or bundle structure is likely to absorb some of the energy through deflection or
deformation, providing additional protection for the cylinders. A standard that addresses both cylinder
design and frame design can offer information on design and testing that considers interaction of the

4 © IS0 2022 - All rights reserved
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cylinder and frame. The designer of the packaging would be aware of potential impact threats, and at a
minimum conduct a failure modes and effects analysis (FMEA) to address possible concerns.

The pressure in the cylinder affects the level of damage incurred and the consequences. Pressure
adds stress to the composite reinforcement, but it also stabilizes the wall, limiting deformation when
impacted. Figure 1 shows cylinders with three diameters, each designed for four different service
pressures, with a radial load in the cylinder applied at zero pressure and service pressure.

Figure 1 shows that deflection is greater for unpressurized cylinders than pressurized cylinders, as the
pressure resists the impact load. Figure 1 also shows that larger diameter cylinders deflect less under
ldad, Tor a determined stress level, given that the wall is thicker if the service pressure is,the same.

hen pressurized after an impact at low pressure, the cylinder is more likely to have a’lower burst
pressure than a cylinder impacted at a higher pressure, given the greater deflection, andygreater risk of
dhmaged internal fibres, due to the impact loading.

The cylinder has an associated design margin of safety that allows some absorgtion of impadt energy
ithout rupture. The combination of pressurization and design margin limits fisk of rupture. Iif there is

allower pressure in the cylinder, there is greater risk of damage, but the margin of safety is higher, and
the contained energy is lower. Therefore, even with high damage risk, the'safety risk is accepgable due
t¢ the reduced energy content. In any case, a cylinder with suspected damage would either be inspected
of removed from service, or both.
Y
20 \
15 zx\\
10 — \
- %\\ ~ - ‘ﬁé_ﬁ
0 T T \%\ T
175 200 225 250 275 300 325 350 375 X
Key
—— 254 mm, ne pressure X  service pressure (barl))
—— 508 mnt, no pressure Y max displacement (mm)
-~ 1096)mm, no pressure
-o- 254 mm, service pressure
<= 508 mm, service pressure

-g- 1016 mm, service pressure
1) 1bar=0,1 MPa=105Pa; 1 MPa=1N/mm

Figure 1 — Wall deflection under load versus diameter and contained pressure

The gas contents, i.e. whether it is compressed gas or liquified gas, have some influence on results of
an accident. If the vehicle carrying the cylinder is moving, the contained mass affects the dynamic
response of the cylinder and any framing. Depending on the level of the impact, the contained mass can
also limit deformation of the wall.

© IS0 2022 - All rights reserved 5
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The cylinder construction also affects the level of damage incurred. A thicker wall is generally regarded
as more impact resistant. Lower strength materials result in a thicker wall. Glass fibre requires a higher
stress ratio, or safety factor, than carbon fibre, so a cylinder with glass fibre reinforcement is generally

regarded as more impact resistant.

The cylindrical section of the cylinder or tube is nominally the thickest part. The domes are generally
thinner, with the thinnest part adjacent to the cylindrical section, and increasing in thickness moving

towards the end boss.

Some cylinders are made using hybrid material construction, for example, using both carbon fibre and

glass fibfe. This gains the advantage of the improved stress rupture characteristics of the carbon fibr
and the advantage of a thicker wall by adding the glass fibre. Some hybrid construction intermixes th
carbon dnd glass fibres while winding, while others use interspersed layers of carbon and glass. St
others uge carbon fibre on the inside layers, and glass fibres on outer layers. Using fibres with.differes
modulus|of elasticity also has some benefits with structural dynamics during high energyGimpact.

The impjct energy in one impact incident was calculated to be in the range of 80 000 J*t0’100 000 J. T}
energy lg¢vel can be lower than this in some incidents, but it can be higher in others. As with low energ
impacts,|a consideration of different momentum levels would be of interest.

High en€rgy impact testing is generally not included in qualification testingofeylinders and tubes. Hig
pact is not common in the field, and the impact levels and means of application are varie
These faftors make it difficult to develop a meaningful test. However, the designer can consider son
impact tgsting outside the scope of the standards. This would serveto build knowledge on the impa
energy threshold leading to cylinder performance drop and corresponding damage criteria, for th
definition of adequate pre-fill (pass/fail) inspection criteria;Regardless of specific application, t}k
maximumn impact energy is likely the same for any cylinder thatis used in transportation.

The curijent impact tests, including drop, low energy impact, and high velocity impact, are considere
sufficient to address impact resistance of cylinders ang tubes, such that a higher energy impact test
not necepsary. This is supported by field experience;given that in addition to the low level of incidend
the consgquences of these impact have not been such that a new qualification test is necessary.

Examplejs of known impact incidents are giveirin Clause 10.

6 Drdp impact

6.1 Gdneral

Dropping of cylinders and tubes can occur during transportation, handling, and use. These drops c3
occur in|virtually any orientation, horizontal, vertical, or at an angle, although the orientation can |
somewhat controlled\by the size and use of the cylinder.

A cylinder that jshorizontal on a loading dock or transport truck can roll straight off the dock or trug
bed, resyltingiin‘a horizontal drop. If it rolls off where one end extends off the dock or truck bed befor
the othef, j-e.'rolls off at an angle, then it is likely to be at an angle when it impacts the ground. A drop ¢

e
11
ht

k

n

the end afa r‘y]inr‘pr ismost ]il(p]y when carried ]’\y hand

6.2 Test scenarios

The height of the drop is derived from likely scenarios in service. A drop height of 1,8 m is generally
used to reflect the maximum height of a loading dock or truck bed. This would also apply to a smaller
cylinder carried by hand. As cylinder size increases, the likelihood of impacting from a drop on the end
of the cylinder decreases. The vertical drop can be limited in energy or be replaced by a defined impact

on the end of the cylinder or tube.

Similarly, larger tubes are not likely to be transported or moved without the use of either handling
equipment or a cradle, or both, or support frame. In this case, the drop test can be replaced by an impact

test.

6 © IS0 2022 - All rights reserved
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Cylinders are generally drop tested on a flat and level concrete surface. Drop testing in horizontal and
vertical orientations is relatively straightforward. A cylinder is required to bounce on the ground as
part of the horizontal test until it comes to rest. Damage is generally across the length of the cylinder,
but can be concentrated on the ends or localized build-up locations. A cylinder is required to bounce on
the ground as part of the vertical test until it comes to rest, but it is permissible to prevent the cylinder
from toppling over. Toppling brings an uncertainty to the vertical test, and tests areas outside of the
boss area. The 45° drop test is intended to address such areas. For large cylinders and tubes, it can be
necessary to adjust the angle of the cylinder to maintain the centre of gravity and a minimum distance
from the lower end to the ground. It is important to verify the angle prior to the drop.

.3 Design influences q/

6

The 45° drop test (see Figure 2) tends to load mostly near the tangent area between }Q/domo and the
cylindrical portion or the cylinder, or near areas where build-ups are applied. The &irop 1r(1Jtroduces
a|rotational energy component into the test. When the first end hits the gro centre df gravity
q still moving downward. The rotational component from bounce of the first eécan result infa higher
thpact loading of the second end than the first end.

[ER—,

%O Figure 2 — 45° drop test
2
The impact e depends on the mass of the cylinder, which is affected by its size, the materials of
cpnstructio d the wall thickness. Response to the impact depends on the energy level, magerials of
cpnstruction, and design features. Some cylinders use integral foam or foam covers in the domle area to
provi rotection against drop impact. Other cylinders can use a build-up area in the cylindgr so that
ith is reacted in that area. Higher safety margins or hybrid construction can be used to|improve

perfermance.

There is some issue with reproducibility of drop tests. Precision in establishing the orientation of the
cylinder and precision in release of the cylinder without imparting spin are key factors. It is necessary
to exercise caution with these issues to reduce scatter. Even with the reproducibility issue, this test has
been effective as a test for demonstrating impact resistance.

The test is conducted without internal pressure, so there is no resulting stabilization of the wall during
the test. Experience has shown that dropping a cylinder when empty is more severe than when the
cylinder is pressurized. Annex C provides information related to drop testing of high-pressure cylinders.

Testing of small cylinders is sometimes conducted with water to simulate load and response of cylinders
containing liquified gases such as propane. However, this is not necessarily representative of the proper
weight, and it does not reflect that liquified gases would have pressure that would stabilize the cylinder
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drop test, unless some pressure is added for the test. Annex B provides information related to

drop testing of low-pressure cylinders used for liquified gases.

Conform

able containers are being developed for use in containing compressed natural gas or hydrogen

gas for use as a vehicle fuel. Carrying out a drop test in sufficient orientations ensures that the container
is impact resistant regardless of orientation.

7 High velocity impact

7.1 Ge
The high

a) assu
and

b) assurance that the cylinder will not rupture when subjected to penetrating impaet at high velocity

of si

This is 9
during t¢

A high v
was suff]
impact t
rupture.

7.2 Te

The test
The cart
velocity
about 3 §
hardene
wall. If s
decreasi
when thg
cylinder.

Military
commer

neral

velocity impact test is often called the gunfire test. It serves two purposes:

—

rance that the cylinder will not rupture when hit by a bullet of similar calibre and(eriergy levs

milar energy level.

ne of the few impact tests that are conducted under pressure during qualification. Pressute
sting is necessary for high velocity impact, as it tests for non-shatterability under pressure.

blocity impact (gunfire) test was historically used on metal €ylinders to confirm that ductility
icient that they did not shatter and rupture during a high velocity impact. The high velocity
bst was later applied to composite cylinders to similarly demonstrate they did not shatter arld
Annex D provides information related to high velocityimpact testing.

st parameters

L

is generally conducted using a 7,62 mm (30 calibre) AP (armour piercing) bullet (see Figure 3
ridge is generally 51 mm long, with a-nominal muzzle velocity of 850 m/s. Actual muzz|e
depends on specific cartridge, barrel length, and other factors. The bullet has an energy pf
00 J. Armour piercing rounds are.used to ensure penetration and improve repeatability. Other
1 bullets can be used, noting that the key factor is the capability to penetrate the cylind¢r
bfter bullets are used, they would likely spread on impact, increasing the impact diameter, byit
hg the likelihood of penetration. The intent is to demonstrate the cylinder does not rupture
e wall is penetrated. It is'generally not specified whether the bullet exits, or is captured by, the

applications often.usSe larger calibre bullets or cuboid impactors with higher energy levels, buit
rial applications generally use the bullets and energy levels discussed above.

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=eefc22efa087de7df91afb3a5036ee66

ISO/TR 13086-5:2022(E)

Uy

Figure 3 — Cartridge and bullet for high velocit;@%pact (gunfire) test
o)

he gunfire test originally defined the path of the bulle @%e 45° to the perpendicular axis of the
vlinder (see Figure 4). More recently, the path of th@e§§ t has been defined as perpendicular to the

—a 3

gngitudinal axis of the cylinder. This change has be ade because it is more likely for the[bullet to
enetrate as cylinder wall thickness increases, the byllet is less likely to ricochet, and it is easfer to set
b the test. O

c o

Figure 4 — Gunfire test at an angle of 45°

7.3 Testresults analysis

One factor in cylinder performance in this test is the dynamic response of the cylinder to the impact.
When the bullet hits, it deforms the shell, setting up stress and deformation waves in the cylinder. Some
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of these waves are in-plane, others are out-of-plane. The construction of the cylinder, particularly the
fibre material, hybridization, wind angles, and thickness would affect these stress and deformation
waves. If the bullet penetrates the first wall, then hits the second wall such that the stress is additive,
the probability of the cylinder failing can be higher. This can be a basis to shoot the bullet at an angle
other than perpendicular to the axis.

As the wall thickness increases, which can be due to higher pressure or larger diameter, it becomes
more resistant to penetration, and is unlikely to hit the second wall with enough energy to be concerned
about the path of the bullet. Initially, when a bullet failed to penetrate the cylinder wall, multiple bullets
at one point were used to penetrate the wall, or a higher energy/calibre bullet was used. Experience

has sho

does not|

If the bu
pressuri

Historicd
large cor
the cylin
when thg

There hg
a bullet
same digd

a firearm, even if fired using gunpowder. However, the rod\can also be energized pneumatically,

hydrauli
significa
mechani

8 Failure considerations

The mod

v‘tn that if the initial bullet did not penetrate, the cylinder would pass the test if more bullets ¢r
higher emergy/calibre bullet were used. Therefore, the criterion has been updated such that if the bullet

penetrate the cylinder, the test is deemed to be passed.

let does not penetrate the cylinder wall, the test setup would include a means to safély vent the
ved gas.

lly there were some instances where very small cylinders were tested. The 7,62 mm bullet was
hpared with the diameter, such that enough of the cylinder wall was destroyed by the bullet for
der to be cut in half, which does not address the issue of rupture/nog-shattering. In such casefs,
b diameter is less than 120 mm, the round is reduced to 5,6 mm (22ealibre).

s been some consideration for replacing the bullet, fired by a rifle, with a mechanism that firg¢s
rom an industrial test fixture instead of a rifle, or penetrates the cylinder with a rod of the
meter as the bullet and at the same energy level. Such amechanism would not be considergd

Cally, or mechanically. Consideration can be given texwhether the momentum of the bullet s
ht, and needs to be matched. Annex E provides_iiformation related to a bullet impactor or|a
ral impactor that can be used in place of a bulletfired from a gun.

be leak
a startin

applicat{n and developing the operational controls. If failure occurs, the two likely failure modes would

Consequ

failure of the cylinder and associated system to function;

over
asph

fire

es of failure of the cylinder and effects of failure would be considered when evaluating the

rupture. Protection of the cylinder from impacts, and inspection after suspected impacts, are
point for avoiding failures:

ences of a leak include:

pressure in a-Closed room that can blow out windows, a door, or a roof if the leak is large;
yxiationdfithe cylinder contents displace available oxygen in a room;

br exploesion if the cylinder contents are either flammable or oxidizing; or

deat

ifthe cvlinder contents are toxic

Consequences of a rupture include:

10

failure of the cylinder and associated system to function;

over

pressure in a closed room that can blow out windows, a door, or a roof;

asphyxiation if the cylinder contents displace available oxygen in a room;

property damage or injury from a shock wave;

property damage or injury if the pressure release causes the cylinder to become a projectile;
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— property damage or injury if the pressure release causes an external element to become a projectile,
or causes the external element to impact another structure or a person;

— fire if the contents are either oxidizing or flammable and react with contents of the room;

— deflagration if the contents are oxidizing and react with the liner, or if the contents are either
oxidizing or flammable and react with contents of the room (detonation is unlikely due to lack of
time for mixing); or

— death if the cylinder contents are toxic.

here are some analysis models that use a point source of equivalent energy [141[15] sometifmgs known
5 a TNT model, to predict blast effects in the event of a rupture. However, it appears the\point source
ast model does not accurately predict pressure in the near field when evaluating the rupfure of a
pmposite cylinder following impact. Cainl1€] states that pressure vessel burst overpréssures dannot be
mputed using TNT equivalence except in the far field, and that in the near field)the TNT equivalence
¢sult is higher than the actual. Field events discussed in Clause 10 also indicate the model|for blast
[fects based on a point source is overly conservative.

00 o 4

D =

The blast model is overly conservative in part because a point source, e.g. trinitrotolueng (TNT),
r¢leases energy “instantaneously”, while a composite cylinder would release energy at a lower rate,
oiding a shock wave. Some factors to consider:

o8]

—+ composite cylinders have reserve strength (factor of safety)“and robustness, while a point source
has nothing to restrain the expansion of the energy,

— from the initial failure point, gas flows at a limited rate, and the shock wave is reduced or non-
existent,

— fortheinitial failure point to grow larger, energy is absorbed as the composite reinforcement breaks,
and time for the failure to progress is required,

— astimeto fail increases, the peak of a shock wave, if it occurs, is reduced significantly, and stiructures
mitigate shock waves.

verpressure due to gas expansionis present, even though the blast effects of a composite[cylinder
pbes not approach that predicted by a point source model.

oo

Inspection and examination

hmage due to imrpact to the extent that there are resulting cuts, abrasions, indentations, of similar
arkings. Standards on visual inspection generally include methods such as tap testing, where sub-
stirface dam@age can be identified. Visual inspection can also identify damage resulting from c¢nditions
other thamimpact, which is outside of the scope of this document.

9
Vjisual inspection isa®raditional means for inspecting cylinders for damage. Visual inspection identifies
d
nj

Vjisual inspection on cylinders and tubes that are permanently mounted on a vehicle or in a|frame is
genérally done in situ. The risk of damage from removing a cylinder, and subsequent re-installation, is
deemed to be greater than the risk of missing damage. If damage is seen, then the cylinder is generally
either removed for more extensive examination or replacement, or both.

Visual inspection is covered in ISO 11623, ISO 19078 and the future ISO 23802.

There can be visual indications associated with the cylinder that would indicate potential for impact
damage. This can include damage indicator coatings applied to the cylinders, and protective enclosures
that would deform or otherwise indicate if an impact had occurred.

Ultrasonic inspection can be used to find delaminations within the composite walls or cracks within
the laminate or liner.
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Holography or shearography can be used to show local damage caused by impact. These methods
would identify local changes to strain intensity due to impact damage, by superimposing images with
no loading and very low loading.

Digital image correlation (DIC) can be used to show local changes to strain intensity due to impact
damage, by comparing images of a cylinder when unpressurized and when fully pressurized.

Acoustic emission (AT) can be used to detectimpact damage where fibre breakage during pressurization
can be detected as an indication of impact damage. However, it can be difficult to distinguish impact
damage from fibre or resin failures due to other causes. Traditional AET relies on parametric features
of the trgnsient waveform (e.g. amplitude, counts, rise time, etc.) and but can have some limitations- A
(18], 1SO 23876 addresses this issue.

MAE prqgvides a broader sensor range to detect fibre or resin failure, and identify in-plane and“out-qf-
plane waves to more fully characterize damage that can have occurred during an impaet. event. Thjs
method has been used extensively to address possibility of impact during a life extensign programnje
[19] and to evaluate end-of-life composite fuel containers, some of which have been subjetcted to impagt
damage find examined with MAE [20], Related information can be found in ISO/TS,19016.

10 Field incidents

10.1 B:]idge hit

In one incident, natural gas fuel containers were mounted on the top of a bus that hit a railroad bridge
with abgut 15 cm of interference (see Figure 5). The cylinders were rated for 240 bar at 21 C, and
containe{d about 200 bar at the time of the incident.)) The bus Was travelling at a speed of about 75 km/
The outdr protective glass layer was damaged, and aboutfour layers of structural composite, hybrid
carbon and glass, were sheared off over a limited area..Results of a burst test on the container showgd
a loss in|strength of only about 5 % from that of thelot sample burst test, and that it met the burpt
requirement for a new tank. This incident gives confidence that the general impact test requirements pf
standards result in a robust cylinder.

=

Figure 5 — Cylinder from bridge hit

1) 1bar=0,1 MPa=105Pa; 1 MPa =1 N/mm?
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10.2 Rollovers

There are several incidents of tube trailers tipping over or rolling over (see Figure 6). The frame absorbs

the impact and transmits the load to the tubes through the end bosses. MAE has been used
cases, and most tubes have returned to service once cleared by the MAE inspection. In one

in these
incident,

a tube was condemned by both visual inspection and MAE inspection. The tube was subsequently
subjected to a burst test, and it passed the requirement for a new tube. This gives confidence that visual
inspection and MAE inspection will find a defect that would result in significant loss in strength of a
cylinder or tube. It also gives confidence that large tubes are robust, and that when tubes are mounted

in frames, the load from incidents is transferred to the tube in a generally safe manner

q =l
‘\\O
. CEigure 6 — Tube trailer tip over

Q&

0.3 Rollover with penetration

ey

wn —

rIlone incident of C&% trailer tipping over, a 100 mm x 100 mm steel tube impacted the dc
fficient energ éenetrate the dome. The gas was released, but the cylinder did not rupture
Fiver was no red by the gas pressure. This incident shows that with sufficient energy, a
- tube can enetrated, and the contents released. It also adds confidence in the high velocit
tdst as a sure of cylinder robustness, and that in the event of lack of penetration of a
q Jalifi%ﬁm testing, the cylinder will be safe at higher energy penetrations.

A

1 O4> Vehicle collision

o

me with
, and the
cylinder
y impact
bullet in

A vehicle with the CNG fuel container in the trunk, impacted by a heavy-duty truck, received significant
damage with no leakage or rupture (see Figure 7). This incident gives confidence that the general

impact test requirements of standards result in a robust cylinder.
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105 F
A truck

contain

Figure 7 — Vehicle impact involving CNGfuel container

klift impact

ith natural gas fuel containers mounted behind the cab was in an incident where the cargp
a forklift, was not properly secured such that in a\sévere braking condition, the forklift slid forwarf,
and a forklift time impacted a fuel container with an energy of about 80 000 | to 100 000 J. The fufl
ruptured (see Figure 8). The driver was severely injured due to being crushed during the

event. Tlhe passenger was not seriously injufed and returned to work shortly. This incident shows th

with suf

serious i
the pass

hjury due to physical impact from a component that moves due to the pressure wave. Given th

conservgtive and not appropriate for predicting results of a cylinder rupture due to impact.

14

ficient impact energy, a cylindef or tube can rupture. It also shows that the event can cauge

enger was within the “deatlirzone” predicted by a “point source” blast model, yet the passenger
did not djie or even suffer lung damage, this incident confirms that the point source blast model is over

-

nt

ht

y

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=eefc22efa087de7df91afb3a5036ee66

ISO/TR 13086-5:2022(E)

Figure 8 — Fuel container ruptured by impact

0.6 Other incidents

1

The above incidents represent some of the most severe incidents that have happened involving
cpmposite cylinders and tubes. There have-been many other incidents that have not been pjeesented,
a$ there were virtually no consequences of‘these incidents other than removal of the cylinders from
s¢rvice.

1 Impact projects

h resistance to mechanicalimpact of composite overwrapped pressure vessels” (HyPactor)[$1l. Many
[ these are focused ¢nyanalysis of impact on composite cylinders as opposed to reporting on field

1

There are projects that have-addressed impact on composite cylinders, such as “Pre-normative research
0

0

eyents and correlating to analysis.

12 Discussion

he impact‘tests discussed above are covered in standards on composite cylinders (see Bibliagraphy).
hese impact tests have been effective in assessment and qualification of impact resistant cylinders.
Ijis“also appropriate to conduct FMEA and hazard and operability study (HAZOP) analysis td address
possibletmpactscemarios thatcamroccur depending o tireapptication: Thiswoutd inctudetomsideration
of acceleration loading typically seen in transportation on both the cylinder and its mounting hardware,
and is typically 1 g vertically up, 2 g vertically down, 2 g laterally, and +2/-1 g in the direction of travel.
Acceleration loading can reach + 8 g in an accident. The mounting of a cylinder, and the vehicle itself,
can reduce the shock and acceleration loading below that can be seen by the vehicle itself.

— =3

The impact tests discussed above can be followed by additional testing such as pressure cycles or a
burst test. The pressure cycles can be tied to the expected cycles per year times the number of years
between inspections. The burst test can allow a slight reduction in strength, while still allowing safe
service until the next inspection. However, cylinders with visible damage would be removed from
service immediately for more detailed inspection or destruction.
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13 Summary

The impact tests typically used in standards on composite cylinders have been presented, along with
background on their origins and requirements. Parameters for each test are included in appendices.
These test parameters are common to several standards.

Failure modes and effects are presented. Leak and rupture are the two likely failure modes, and the
possible consequences are presented.

Inspection methods are presented and standards that are commonly used for inspection are listed in
the Biblipgraphy.

Field indidents are presented. Some incidents show that cylinders qualified using the impactytests
described here demonstrate a high level of impact resistance. Other incidents show that thereare‘events
with high enough energy that result in penetration and/or rupture of the cylinder. It is not practical o
address these very-high-energy events in qualification.

The curient impact tests are appropriate and sufficient based on overall performiance of composife
cylinder$ in the field.
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Annex A
(informative)

Low energy impact testing

.1 30]Jimpact

The impact body is made of steel and has the shape of a pyramid with equilateral trianhgle fa
square base, the summit and the edges being rounded to a radius of 3 mm. The centré&)of perc
the pendulum coincides with the centre of gravity of the pyramid; its distance fromthe axis of
Fthe pendulum is 1 m. The total mass of the pendulum referred to its centre of percussion is 1
ehergy of the pendulum at the moment of impact is not less than 30 N-m and a5 close to that
ppssible.

@]

Djuring pendulum impact, the cylinder is held in position by the end basses or by the intended 1
brackets. The cylinder is unpressurized during impact testing.

A.2 488]and 1 200]impact

A.2.1 Procedure

1]

br Type 2 tubes, one empty tube, and if necessary;d-second empty tube, are subjected to two

- one at the tube sidewall midway between-the ends;

- one at the termination of the overwrap near the domes (e.g. within 10 mm).

- T

br Type 3 and 4 tubes, one empty. tube, and if necessary a second empty tube, are subjecte
hpacts:

—
—

- one at the tube sidewall midway between the ends;

- one at an angle of 45¢ to strike the shoulder of the tube (mid arc length at the dome).

%]

pe Figure A.1.

—

he impact canbe conducted by dropping a suitable weight or by a pendulum impact. Th
¢cured to enSure it does not move during the impact. The impactor is made from a steel bar 3
ameter of\between 110 mm and 120 mm.

a v

— Eifist'test: An impactor with a potential energy of 1 200 | strikes the tube at the positions i
above.

res and a
lission of
rotation
b kg. The
value as

hounting

mpacts:

d to two

b tube is
nd has a

dentified

— Second test (if necessary): An impactor with a potential energy of 488 | strikes the tube at the

positions identified above.

The tube is then subjected to the ambient cycle test.
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L/2 I$I IEI

\1
6120 <
#110
Key
L 1. steel bar
a) Type 2 tubes b) Example of impactor
L/2 ,
L
|
C) Type 3 and Type 4 tubes
Figure A.1 =~ Blunt impact test procedure
A.2.2 (riteria
The tubgs must withstand 3 000 pressurization cycles at maximum developed pressure p_, .. witho

failure b
until the
the test.
have fail

A tube p
which is
test at th

bd the test!

 burst or leakagesFhe test continues for additional cycles representing its specified lifetime,
tube fails by leakage, whichever is the sooner. In either case the tube is deemed to have passe
However, if failure during this second part of the test is by burst, then the tube is deemed {

hssing the test at an energy level of 1 200 ] is identified as achieving impact resistance level
reported in the qualification report and on the label. If the tube does not pass the blunt impa
is1evel, a second tube is tested at an energy level of 488 ]. A tube passing the test at an energ

1t

2,
Ct

y

level of 4

18

88 ] is identified as achieving impact resistance level 1, which is reported on the qualification
report and on the label. A tube that does not pass at an energy level of 488 | is not approved.
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Annex B
(informative)

Drop impact testing (low pressure liquified gas, up to 50

[ ]

ameter no greater than the neck diameter, to protect threads and sealing surfaces. It is reco
lhat the cylinder be pressurized to 15 bar with nitrogen during the test.2)

-

pth cylinders are dropped twice, in each of the five positions shown in Figure B.Iyfrom a

b more than 2 mm.

njinimum burst level required in the burst test.

The other cylinder is subjected to a pressure cycling test. The cylinder meets the cycle life requ
fqr a new cylinder.

B
1|2 m, on to a smooth concrete surface or a protective steel plate of a minimum of 10omm thicknpess. The
d
n

1)

height of

Fop surface is sufficiently flat so that the difference in level between any two peints on the qurface is

Ope cylinder is subjected to a burst test. The burst pressure, p,, is equalfo ‘or greater than 100% of the

rements

Figure B.1 — Drop test

2) 1bar=0,1 MPa=105Pa; 1 MPa=1N/mm?
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