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ABSTRACT
In order to improve risk analyses and influence tlesign of the future hydrogen systems, an
experimental study on leaks qualification and gifiaation was performed. In ;energy applications,
fittings appear as a significant leakage potemtiel subsequently explosion and flame hazards. Thus,
as part of the “Horizon Hydrogene Energie” Frencbgpam [1], four kinds of commercial fittings
usually employed on fsystems were tested thanks to a new high presssirbench — designed, set-
up and operated by INERIS — allowing experimentbdaconducted for Hpressures up to 700 bar.
The fittings underwent defined stresses represeataif H, systems lifetime and beyond. The
associated leaks — when existing — are charactkinzerms of flow rate.

CONTEXT

Risks induced by Huse are first the leakage, and then explosioir@dtiie to ignition of a flammable
mixture. Thus consequences having to be assessadkfonanagement of systems using hydrogen are
the following:

1. In case of leakage, two possible scenarii depenalinglease properties:

= indoor build-up: reached hydrogen concentratiosweATEX formation fixed at
4% H,,

= self-ignition: jet fire characteristics.
2. If explosive atmosphere is formed:

» reached levels of overpressure in case of igniind explosion of flammable
mixture versus distance from explosion ignition nhpi and associated
consequences on:

- structures (e.g. collapse),
- and humans (e.g. overpressure effects, missiles).
= jet fire follows.

The aim of the present study is to improve riskeasment of bl energy systems — existing (see
Figure 1) or for future developments — by bettankimg the leak causes and the associated flow.rates

Presently, assumptions are taken on the leak seucdécal parameter for risk analyses of potdiytia
hazardous systems — in order to assess a reprgehtaconcentration.

The few data available in the literature concerpdtlgeses on leak diameter for build-up assessment
of flammable gases, but they are generally not ¢et@psince they do not cover all the technical
configurations that may exist (large variety of meation types, diameters of pipes and equipment,
external stresses on equipment...). The IGC DOCQOB3sued by EIGA (European Industrial Gases
Association) provides a release source hypothé€lslanm leak diameter at a pressure of 200 bar [2]
which is also mentioned in several references [3-4]

Experimental tests can bring important informatérd knowledge on this subject, which could be
integrated in available modeling tools.
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Figure 1. Examples of H2E hydrogen-based existystesns.

In view of the H2E applications, the fittings — their function, their principle and their large rioen

in the systems — appear as a primary source of &k is the reason why in this work several kinds
of tube fittings and of stresses were consideregktablish a realistic test matrix close to thé-liéa
conditions of the hydrogen-based applications @deoto determine associated flow rates.

This type of experiments was performed at modguegssures (< 35 bar) and mainly for 1/4” pipe
fittings [5] as normally used in mobile applicatsofor moderate powers. It showed that these fiting
have a very low leak rate in normal conditions @& tnt.s?), but could be an important source of
release in specific cases (e.g. leak rate up tcc86@™ at 20 bar for hand tightening of the fitting).

Work in the present study aims at extending knogdeon this thematic to other possible applications
considering not only other fittings (with a largiameter range) but also higher pressures (up @ 70
bar) and other fatigue conditions in particular wimeuch stresses are applied (during mounting.or H
based-system use for instance).

Expected outcomes of this study are a better digfiniof fittings resilience and of maintenance
frequency to ensure an appropriate level of sdtetipydrogen-based systems.

In the following sections, firstly the tests cadieut on stressed fittings are described, then the
characteristics of the test bench specifically glesil are presented along with the operating
conditions, and to conclude the results obtaingtigwwork are discussed.

1.0 TESTED CONFIGURATIONS
1.1 Studied fittings
Test configurations were chosen based gritergy existing systems and their conditions ef us

Four kinds of commercial fittings usually employed H, systems, described in Table 1, were
experimentally tested thanks to a specifichijh pressure test bench.



Table 1. Selected fittings forHhigh pressure leakage experiments.

Maximal working

Fittings External ressure recommended Maximal tested

9 tube size| P pressure
by the constructor

SwageloR double ring tube

fitting ()2%16 s9) 6 mm 420 bar 700 bar

Rotarex double ring tube fitting

(316 SS)@ 6 mm 420 bar 700 bar

Swagelok medium-pressure "

double ring tube fitting (316 SS 172 1035 bar 700 bar

Maximatof® threaded ring tube ”

fitting (316 SS) 9/16 1500 bar 700 bar

* Stainless Steel

In this work, note that the 6 mm double ring tulitings (Swagelok and RotareX), although
recommended for a maximal working pressure of 4#0 &re tested up to 700 bag éhly in order to
investigate their sealing behaviour for higher pues conditions.

Figure 2 presents three of the four fittings whioére tested; Swagel8land RotareX (see Figure 2
(A)) 6 mm double ring tube fittings being very saniin terms of both design and sealing principle.

(A) (B) (©)

Figure 2. Pictures of three of the studied fittings
(A) RotareX 6 mm double ring tube fitting, (B) Swagefok/2” medium-pressure double ring tube
fitting (source: Swageld}, (C) Maximatof 9/16” threaded ring tube fitting.

1.2 Stress configurations

A reliability approach, through fault tree analysess used to determine all causes of leak forethes
kinds of fittings. The primary cause of leakagewtidoe strongly linked to mounting and maintenance
operations and most of the present work was devotdtese aspects.

For a few configurations, the stress had to beiegpplthen the fitting was under pressure. This speci
situation is referred to as “dynamic stress”. Insincases, the fitting was conditioned (e.g. screwed
unscrewed several times) before the pressure wdigd§“static stress”).

An analysis of the Hsystems extreme conditions of use enabled to rdatermagnitude orders of
probable maximal stresses on these fittings. Furtbee conditions for the fittings qualification tes
of the constructors were considered. Based onitifilsmation, a test matrix was established and
defined stresses were experimentally reproducedder to quantify the level of leak they led to.



Note that maximal stress levels which were testesl significantly higher than the conditions
encountered by the systems in use or than the ttmmgliof qualification tests provided by the figm
constructors.

Table 2 presents in details scenarii which weraimet for experimental tests. The normal conditions
of use recommended by the constructors, and theénmabxested stress levels for each fitting and
stress were reported hereafter.

“Dynamic stresses” were applied only on 6 mm tutis§js. Actually the maximal force available on
the experimental test bench for these conditiorstraks, although high, is not strong enough t@hav
significant effects on the 1/2” and the 9/16” tbttings.

Table 2. Selected stress scenatrii.

Tested stress level
Stresses Normal conditions of use considered as maximal
in situation
Arpund 20 cycles, for 6 mm double ring tube 100 cycles
Assembly- fitting
dismantling cycles | < 20 cycles, for high pressure fittings (double 50 cveles
and threaded ring tube fittings) y
§ 1 1/4 turn, for 6 mm double ring tube fitting Lnur
n
(]
= . . . . - 3/4 turn
g Under-tightening 1 1/4 turn, for 1/2” double ring tube fitting and 1 turn
IS 80 N with silicone grea$®on conical sealingl 60 N with silicone
n surfaces, for 9/16" threaded ring tube fitting grease
Over-tightening 1 1/4 turn, for 6 mm double ringefitting 11/2 turn
Crimping at 100°C
Thermal effects +60 to -20°C and leakage test
" at 30°C
? | Counter-clockwise 1/8 turn compared to
7 . 0 turn o .
o | rotation initial position
(f) ) . . . ..
o | Elexion 0° 10° from f|'§t|ng initial
g axis
@
c . 320 N?
>
& | Traction ON in fitting axis direction

@ recommended by Maximafoto improve the sealing
@ representing a mass of 32 kg attached to thaditti

Figure 3 represents “dynamic stresses” applied Ippeumatic jack on the 6 mm double ring tube
fittings under H pressure (see “dynamic stress” module in Figu®egtion 2.2).
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Figure 3. Scheme of “dynamic stresses”
applied on 6 mm double ring tube fittings.

2.0 EXPERIMENTAL DEVICE
2.1 Main test bench

An experimental installation was specially desigaed built up by INERIS enabling leakage testing
under hydrogen up to 700 bar in safe conditions ESgure 4).
Experimental test bench is mainly composed of:

- aH, compressor to reach the maximal pressure of 700 ba

- athermostatic 1 frenclosure to ensure thermal stability during |gekiests,

- aprimary high pressure reservoir of 2.4 L,

- asecondary reservoir of 30 L to increase the acyunf leak flow rate determination,

- 3 Autoclav€ pneumatic valves,

- 2 Kistlef® pressure transducers (accurady.1%): 0-1000 bar on the 2.4 L reservoir, and

0-200 bar on the 30 L reservaoir.

According to previous experiences, the temperahsiele the testing chamber need to be very stable.
In the 1 M enclosure, the temperature is measured by thexentitouples (accuracy0.2°C) and
regulated at 30°C; this parameter is of prime irtgoure for gas leakage studies and determination of
the associated flow rates.

Sensitivity of the test bench in terms of leak diét® and quantification is assessed to be around
10% cnt.s*. This threshold sensitivity value is based on piéé residual leakages of the test bench
equipments (e.g. valves and other fittings coryeetbsembled...), on the uncertainties of each
transducer and on a test duration of 5 h.
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Figure 4. Scheme of the experimental installation
for high pressure leak tests on stressed fittings.

For safety aspects — because tests are carriegitbuttydrogen and an explosive atmosphere could be
generated in case of non negligible release —ribksure is constantly flushed with nitrogen. Valve
are pneumatic in order to limit ignition sources.

L reservow

| _.“—

(A) (B)
Figure 5. Pictures of the INERIS experimental ilati@n.
(A) climatic enclosure, (B) climatic enclosure wibvice for tests.

2.2 Additional module for “dynamic stress”

It can be recorded that in a number of situatithe,fitting was conditioned before the tests (stati
stresses) but that in a few instances, the sttesgion, flexion, torsion) needed to be appliediry
the pressure test (dynamic testing). For this mepa specific additional module was designed to be



inserted in the climatic enclosure. This module pogses a pneumatic jack (which can produce a force
up to 320 N) and a bracket to strongly maintainfittieg during the stress applied by the jack.

This module, according its settling, can be usedléxion, rotation or traction stresses (see Fegalx.

Tested = 4
fittinge 8 7

es - R > e Tested
’fllttlng - _ AR, o i g fitting

Flexion Rotation Traction

Figure 6. Pictures of the different configuratiamighe “dynamic stress” module.
2.3 Experimental procedure

The hydrogen (200 bar from a bundle of cylindesg)ampressed up to 700 bar and the 2.4 L reservoir
is filled. When temperature homogeneity is reackiesl pneumatic valvé/,, is opened for the leakage
test on the studied fitting at the desired presé&ee Figure 4).

If the leakage is too high, the pneumatic vaMeis opened to improve accuracy on flow rate
determination by using the 30 L reservoir.

When the test is finished, the pneumatic valyds opened to evacuate fiom the gas lines of the
test bench and from the reservoirs.

During the test, the pressure is controlled andndexd in order to detect leakage and assess asgbcia
flow rate.

The flow rate of the leakage is estimated by knowire quantity of hydrogen lost during the time of
the leakage. This quantity can be assessed megghgnvariation of pressure in the high pressure
reservoir.

3.0 RESULTS AND DISCUSSION

Several tests were performed as described in $ettlh Surprisingly, only two test configurations
showed small leakages; the other stress scendmatiexhibit detectable leakage given experimental
installation sensitivity. Table 3 presents relegstonfigurations and associated leak flow rates
experimentally determined which appear close to ttireshold sensitivity value of f@nt.s®
previously noted in section 2.1.

These values are very low compared to the flowsratsually considered for risk analyses of
potentially hazardous systems, and would be detdanyenormal control procedures particularly for
these types of stresses. Moreover a re-tightenmgdicertainly stop these leakages.

Note that for a predictable risk, the usual “0.1 mB00 bar” leak [2-4] would correspond to a reteas
around 900 crs® and by analogy a “0.1 mm - 700 bar” would be acb8800 cris™.



Table 3. Experimental leakage flow rates determinedeleasing configurations.

- External Pressure Measured
Fitting . Tested stress "
tube size conditions | leakage rate

SwageloR medium-

pressure double ring  1/2” After 50 assembly-

: . 700 bar | 0.05 ciis®
dismantling cycles

tube fitting

Maximatof® Under-tightening

threaded ring tube 9/16” with silicone grease:| 700 bar 4.3 crist
fitting 60 N instead of 80 N

Even at very high pressures, the fittings undesarations rarely leak. Apart from the very specif
situations where the fitting is not tightened (oblyhand) or when the seals are damaged as reported
in literature [5], some low leaks were found aftr of assembly/dismantling cycles for the 1/2”
SwageloR. An additional test showed that the leakage deteat 700 bar on the Swagetakedium-
pressure double ring tube fitting disappears whersqure is decreased down to 450 bar. Note also
that under similar stresses, smaller Swagdefiitings did not leak suggesting a scale effect.

For the Maximatdt fittings at tested tightening couples, sealingdseasily reached if silicone grease
is not applied on sealing contact surfaces. Higilgbtening couples should be tested in order t@iche
if, beyond 80 N and without grease, the sealingHi@ kind of fittings can be obtained.

Note also that the 6 mm double ring tube fittings eery resilient against dynamic stresses. To some
extent, this means that the “pre-stress” appliedhanfittings during tightening is well above the
superimposed dynamic stresses.

From this work it is interesting to retain that:
- Despite a high pressure level for the tests (70)) ary few scenarii gave rise to leaks;

- Even if the constructor recommended limit of wotkpressure for 6 mm double ring tube
fittings (SwageloR and RotareX) is 420 bar, tests performed at 700 bar did notwsh
detectable leak, whatever the stress;

- When existing, determined leak flow rates are Vevycompared to flow rates considered
in risk assessment of potentially hazardous systanmd associated equivalent leak
diameters would be very small compared to the ugualmm”.

A follow-up to this work could be to determine arél stress levels giving rise to significant and
guantifiable leaks or test combinations of stresses

CONCLUSIONS

A specific experimental installation was designed aet-up by INERIS in order to study potential
leakages on fittings commonly used ipéxisting systems. This test bench enables:

- to accurately quantify, when existing, leakagesaiflow rate above 10cnt.s”,
- to carry out the tests with hydrogen in safe caong,
- to reach test pressures up to 700 bar,
- to perform stresses on fittings underptessure (i.e. “dynamic stresses”).
Four kinds of fittings — double ring tube fitting$ different trade marks or sizes, and threadeg rin

tube fitting — were tested in different stress dunfations representing forces or damages due to
lifetime of the system, maintenance actions, narf@ming assembly or use etc.



Surprisingly, but reassuringly, very few scenaaivg rise to quantifiable leaks; because nonexistent
under test bench detectable thresholds.

Only two stress configurations with the highestirfg sizes showed measurable but low leak flow
rates compared to values usually employed foraggessment:

- 0.05cni.s! for the Swagelok 1/2” medium-pressure double ring tube fittingeafi50
cycles of assembly-dismantling,

- and 4.3 cis! for a 25% under-tightening of the Maxim&td/16” threaded ring tube
fitting.

The potential hazard arising from these leaks dépem the ability of the confinement surrounding
the fitting to accumulate or disperse any flammadiydrogen-air mixtures. For considered hydrogen
systems in H2E project, the present leakage ratesmaich too low to produce locally a slightly
flammable atmosphere; a leakage rate of a few t#nent.s* would be required. A different
conclusion may be given for other types of confiratn

To complete this work, some tests could be perfdrtnedetermine critical stress levels giving rige t
significant leaks, or other kinds of stresses e Wkbrations for example or some combinations of
stresses — could be applied on fittings in ordexstgess their effects.

ACKNOWLEDGMENTS

The results presented in this paper have beenngltavithin the frame of the Horizon Hydrogene
Energie (H2E) program. The authors acknowledgeFtiemch agency for innovation support OSEO
and the Air Liguide Group for their financial supp®f this research, and also INERIS for the
technical and experimental means.

REFERENCES

1. Ruban, S., Jallais, S., Houssin, D., Naudet, V.pb&/eC., Daubech, J., Proust, Ch., Bengaouer,
A., Hydrogen safety: R&D work in the Horizon Hydeage Energie program, Proceedings of the
Eighteenth World Hydrogen Energy Conference, 1842y 2010, Essen, Germany, pp. 283-288.

2. European Industrial Gases Association AISBL, IGCciiment 134/05/E: Potentially Explosive
Atmosphere. Eu Directive 1999/92/EC, 2005, 19 p.

3. The Institute of Petroleum, A Risk-Based Approachltzardous Area Classification, 1998, 54 p.
4. The Energy Institute, Area Classification Code Iftstallations Handling Flammable Fluids. Part
15 of the IP Model Code of Safe Practice in theddeim Industry, Third Edition, 2005, 143 p.

5. Gentilhomme, O., Tkatschenko, I., Joncquet, G., elmst, F., Outcomes from the French
National Project DRIVE, Proceedings of the Sevdntarnational Conference and Trade Fair on
Hydrogen and Fuel Cell Technologies, 22-23 Oct@0&8, Hamburg, Germany.



	BACK TO ICHS4 CD

