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ABSTRACT

The lack of experimental data on hydrogen disparded to the experimental project DRIVE
(Experimental Data for Hydrogen Automotive Risks@ssment, for the validation of numerical tools
and for the Edition of guidelines) that involveg tBEA (French Atomic Energy Commission), the
National Institute of Industrial Environment andsks (INERIS), the French car manufacturer PSA
PEUGEOT CITROEN and the Research Institute on @WEdquilibrium Phenomena (IRPHE). The
CEA has developed an experimental setup named GARAGorder to analyze the condition of
formation of an explosive atmosphere in an enckastihis is a full scale facility in which a realrca
can be parked. Hydrogen releases were simulatédhgiium which volume fraction was measured
with mini-katharometers. These thermal conductiyitpbes allow spatial and time volume fraction
variations measurements. We present experimersaltseon the dispersion of helium in the enclosure
due to releases in a typical car. The tested pdesmare the location of the source (engine, botibm
the car, storage) and the flow rate. Emphasis iopuhe influence of these parameters on the time
evolution of the volume fraction in the enclosusengell as on the vertical distribution of helium.

1. INTRODUCTION

The problem of concentration build-up in an enctesduring the release of a buoyant fluid finds some
applications in various fields of fluid mechanittswas used as a fundamental model in geophysical
fluid mechanics but it is also of practical intéressome industrial process, room natural vendifat

or safety. This last item is concerned when theyaobfluid is a potentially flammable gas mixture.
Few decades ago the use of natural gas in privagtidgs was one of the motivations for safety
studies based on this particular problem. As hyeinog expected to come into widespread use in the
near future, this problem of the concentrationritigtion in enclosure finds a renewed interest.

The distribution of the buoyant gas in the enclesdepends on the release rate, momentum and
buoyancy flux, the volume of the enclosure and ghsition of the source. Different regimes have
already been identified. On one hand, for a higitergetic jet compared to the potential energy
required to mix the entire volume of the encloghieconcentration is constant. On the other hand, f
plume release with low momentum, Baines and Tuhsthows that a stratified layer can grow down
from the ceiling. Between these two situations,a@é, Marshall and Linden [2] have shown that
some releases can lead to a more complex verticadtgre with an upper well-mixed layer under
which a stratified layer grows down. They also hdeeived a simple model that takes into account
this well-mixed layer. In recent experiments withlibm as the buoyant gas, Gugta al. [3] have
obtained similar results. Continuous efforts aredento improve numerical tools in order to give
guantitative information for safety studies (seg, [4], [5] and [6]).

In most of these studies on the concentrationibigton within an enclosure, the experiments are
usually based on simple situations with a singisyammetric source with variable injection directson



(seee.g.[3] and [7]). Nevertheless, if a nominal or accitéé leak occurs in a hydrogen energy based
system, the jet or plume is more likely to takecplanside the system. The mixture that fills the
volume of the enclosure must arise from the sysiera pre-diluted plume of complex geometry and
variable surface. We present an experimental studthe concentration distribution in an enclosure
comparable to a private garage following the rede#sa buoyant gas in a real car. Helium is usedl as
model gas for hydrogen. The focus is made on ttheeimce of the source type, location and flow rate
on the vertical distribution of concentration i thnclosure.

After the description of the experimental set-upséttion 2, results without the vehicle are degctib
in section 3. These results are used as referexsms ¢o compare with the case of releases in the ca
which is presented in section 4. Conclusions aagvdrin section 5.

2. EXPERIMENTAL SETUP

The experimental set-up is the same as the onehys&iiptaet. al[3]. It is mainly composed of a
parallelepiped enclosure of 5.76m long, 2.96m veidd 2.42m high with a typical garage tilting door
of 2.32m wide by 1.99m high on the front for the aacess and a classical door of 0.81m wide by
2.02m high on the back for human access. A ver208imm diameter is located 160mm above the
floor in the middle of the rear side. This venbjsened during gas injection to maintain atmospheric
pressure in the enclosure and closed after theseleThe enclosure is made of a stainless steel
structure and extruded polyester panels. Every jJoétween the metallic structure and the panels are
sealed with aluminum tape. The tilting door andlthek door are also sealed with aluminum tape for
all experiments. The tracer gas decay method hexs lieed to measure the air change per hour (ACH)
with an initial volume fraction of helium of 3% ar@b. In both cases, this gives an ACH of 0:01h
when the bottom vent is closed and 0-When it is open.

For experiments with the car, a light commerciahigke which over all width is 1.96m, length is
4.14m and height is 1.81m, is used. The sources lweated under the front bonnet, under the engine
and under the passenger cell (see Fig. 1). Soleibeted 11 and 13 are diffuse. The helium flows
through a foam block at the exit of the tube whichkes buoyancy dominant near the exit even for
large flow rate. Sources I13b and I5 are downwatsl ¢ 6mm and 17mm in diameter respectively.
Without the car the source is a jet of 70mm in ditan placed at the center of the enclosure (labeled
as source A) or at a location equivalent to thahefl3 source,e. 1.9m from the tilting door (labeled
source B). The height of injection was 210mm.

Local time variations of the volume fraction areasared by Mini-katharometers TCG-3880 from
Xensor. These are thermal conductivity gauges semdsb the surrounding gas composition. From
manufacturer fact sensor long term accuracy is ab@7% and short term accuracy is about 0.007%.
Indeed, repeatability test on a typical experimgives an absolute error on the volume fraction
measurement of 0.1%. Measurements in the enclesemmade near the ceiling and along two vertical
lines apart of the vehicle (see Fig. 1). The voldraetion was also monitored in areas of the vehicl
where injection took place. All signals from theolpes were acquired on a computer at a sampling
period of 5s. In addition temperature measuremargsmade with thermocouples at 10 locations in
the garage.

Helium flow was controlled using mass flow regutatorwo flow rates were tested, 190+3NI/min and
569+5NI/min. For all the experiments the injectedume was 1.09+0.0Zhwhich gives an average
volume fraction of 2.6%. The injection duratidg was 316s for 190NI/min and 105s for 569NI/min.
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Figure 1: Positions and labels of the volume facprobes (cross) and sources (circles).

3. DISPERSION IN THE ENCLOSURE WITHOUT THE VEHICLE

In this section, the results obtained by verticgkases in the enclosure without the vehicle are
presented. We first monitored the time variatiohshe volume fraction near the ceiling during the
injection. Then the final vertical distribution afolume fraction measured after the injection is
presented.

The injection Richardson number is defined as:

(P2 = P,)9D

Ri =
’ JAK

wherep, and g, are the ambient and injected gas density resggt is the diameter of the nozzle,
Uy is the average exit velocity amds the gravity acceleration. Its values are 5 @dfor the flow
rates of 190NI/min and 569NI/min respectively. Boch values oRi, the flow must be buoyancy
dominated over most of the height of the enclosure.

The time variations of the volume fraction near ¢leding are monitored by the probes labeled P2, P5
and P8 (see Fig. 2). It is noteworthy that the Rib@ is on the vertical axis of the plume thatgise
from source A, whereas the plume that rises froomc®B impacts the ceiling between probes P2 and
P5. Except for the P5 probe with the source Athadl records give the same kind of time variations
composed of three stages. One first observes agaite during which the local volume fraction is
zero. This delay of 10s to 20s depends on the deresi probe. It corresponds to the sum of two
characteristic time scales. The first is the timethe front of the plume to reach the ceiling &imel
second is the time for the gravity current thatpagates along the ceiling to reach the probesr Afte
this delay, the second stage is a rapid volumdifraencrease. This is the consequence of theadrriv
of the front of the gravity current. The third staig an approximately linear increase of the volume
fraction due to the continuous input of helium bg plume and its accumulation in the enclosure.
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Figure 2: Time evolution of the volume fraction reeged near the ceiling during the injection without
the vehicle with the sources A (a) and B (b).

The case of the time variations of volume fractioeasured by probe P5 for an injection by the source
A is particular due to the position of the probéeTmain differences with the records of the other
probes are the absence of delay, a high volumédramcrease and its decrease once the injecsion i
stopped. A coarse estimate of the rise time ofsthding plume gives less than 2s for it to redh t
ceiling (seee.g. [8]). Considering the acquisition period of 5s, delay should be observed. The
decrease of volume fraction observed at the enubjettion shows that there is a cloud of higher
volume fraction in the plume impingement regionntlia the surrounding. This can be explained by
the fact that there is almost no mixing with thersunding in this region (see [9]). Away from this
impingement region the flow becomes a gravity auria which mixing occurs due to entrainment.
The resulting horizontal density gradient is mdirmgd by the continuous supply of helium by the
plume. Once it is stopped, the gravity acts to nethis horizontal density gradient which causes th
decrease of volume fraction in the impingementaegirhe diameter of the plume at the level of the



ceiling can be estimated to be 50cm for both imactiow rates. This value is consistent with thetf
that the impingement region is not detected by gsd®5 and P2 for the injections and the B source.

After the end of the injection, the volume fractimmds to a constant value of 5% and 7% for flow
rates of 190NI/min and 569NI/min respectively. Tdeslues are the same for both positions of the
source. The final volume fraction measured nearctikng (Fig. 2) clearly shows the existence of a
vertical stratification. The expected well-mixedgéda from the model of Cleavest. al. [2] does not
appear clearly on the vertical volume fraction pesf (Fig. 3). However one can distinguish three
regions. On a bottom layer of height 0.5m to 1nmdhe almost no helium. Then, between 1mto 1.5m
there is a high variation of the volume fractiorowad which, in the third region, the volume fraction
increase is smoother. The general characteristiteeovolume fraction variations are in relatively
good accordance with the model of Cleaetral.[2]. For a constant injected volume, a higher flow
rate gives a higher maximum volume fraction andveel injection time gives a higher region without
helium near the floor.

Since the build-up of concentration in the enclestan be considered one dimensional, it is possible
to estimate the time variations of the average meldraction and the equivalent mass of hydrogen as
soon as an explosive atmosphere is created (Figsdgxpected, the highest flow rate gives risarto
explosive atmosphere in shorter time than the loWlew rate. The average volume fraction and total
equivalent hydrogen mass are also higher. In cshtize plots of the equivalent hydrogen mass
evolution show a lower rate of increase for thehbig flow rate, once time is normalized by the
injection time. The final explosive atmosphere vods are 17mand 16m for 190NI/min and
569NI/min respectively.

4. DISPERSION IN THE ENCLOSURE WITH THE VEHICLE

During injection from sources I1, 13 and 13b, hatiis mainly dispersed in the engine compartment.
After a transient increase of volume fraction o616 30s, it reaches a steady state until the énd o
injection. Depending on the dispersion in the esunle it has been observed that the steady state
regime can be disturbed and the volume fractionviglancreases during all the injection. For
injections from source 11, helium accumulates urtierbonnet and leaves the engine compartment
mainly through its perimeter. Injection with theuste 13 leads to more dispersion of the heliurmhin t
engine compartment and part of it may exit by théegand the wing valances. In the case of the
injection from 13b the impinging jet can lead toaalial flow on the floor. The radius over which the
flow spreads depends on the injection conditiord the distance between the source and the floor.
Application of the experimental correlation obtalngy Cooper and Hunt [10] leads to a spreading
radius larger than 1m for the present injectionditions. Hence, part of the helium is dispersed
outside the engine compartment directly in the @hale whereas the other part remains under the
vehicle bonnet and behaves as for the diffuse sd@rc

The larger radius of the source 15 leads to a emadidius of the spreading flow on the floor. This
radius is not high enough to eject helium diredtlythe enclosure but it flows as a gravity current
along the passenger cell floor and leaves the leelig its sides and rear. In addition to that a
significant amount of helium flows through the eahtunnel toward the engine compartment as it
was observed by Maedd. al.[11]. A steady state regime is reach under thaftar about 20s and in
the engine compartment after about 50s. In that haBum leaves the vehicle by its sides and &so b
the engine compartment.
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Figure 4: Explosive atmosphere properties evolutvgh time for injection with source A,
average volume fraction (a) and equivalent hydragass (b).

Whatever the source, an increase in the flow laeds to an increase of the volume fraction indstea
state in the area concerned.

As for the case of free volume injection, the tivaiations of the volume fraction are monitored at
the same locations near the ceiling during thectiga (Fig. 5).The general behavior is almost the
same as in the free volume case. In particulastages are the same. The first delay is longeesinc
the paths of the flow are longer before it readmgg probes. The rapid increase of volume fractson i
observed in all cases. It indicates that the bujicbf the volume fraction in the enclosure starith &
gravity current flowing along the ceiling as in tiree volume case. Once this initial gravity cutren
reaches the sides of the enclosure, the volumgdreiticrease is approximately linear.

Some of the measurements seem to exhibit the whigpically observed in the impingement region
of the plume. This is the case of probes P2 antbiP&ource 11 at 569NI/min, P5 for source 13 atibot
flow rates, P2 for source 13b at both flow rate8,aAd P5 for source I5 at 569NI/min and only P5 at
190NI/min. These results suggest that the impingemegion extends over a large area.
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Figure 5: See the caption next page
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Figure 5: Time variations of the volume fractionasered near the ceiling during injections through
sources 11 (a), 13 (b), I3b (c) and I5 (d).



z (m)
z (m)

X (%) X (%)

Figure 6: Vertical profiles of volume fraction ihe garage as a function of the source for 190NI/min
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Figure 7: Explosive atmosphere properties evolutiith time for injection with source 11 and I3 in
the vehicle, average volume fraction (a) and edentehydrogen mass (b).

At the end of injection some probes show a stitkérasing volume fraction. This is due to the time
needed for the helium to completely leave the \tehithen it tends to stabilized to a value strongly
dependent on the source location between 4.5% &8 fbr sources 11 and I3 and around 3.5% for
sources I13b and 15. The influence of the flow idieng the increase of volume fraction and at the e
Is significantly weaker compared to the free volwase.

Measurements of the vertical volume fraction pedfifor each source and flow rates show strong
variations of the typical distribution depending e source location (Fig. 6). With a release from
source 11, the profile is very similar to the freelume case. The upper well-mixed layer is more
visible and of comparable thickness. Under thigtaiie volume fraction rapidly decreases to zewo at

comparable level. For this particular injection esathe most striking result is that the maximum

volume fraction near the ceiling is very closelte free volume result and even higher for 190NI/min

This may be a consequence of the small size aighmg plumes from the bonnet perimeter.



With a release from source I3, the rising plume thhes larger. The consequences on the vertical
volume fraction profile are a thicker well-mixedyéa near the ceiling and an associated lower
maximum volume fraction. As a confirmation of theluence of the horizontal extent of the rising
plume from the vehicle, results for sources 13b Enghow near homogenous vertical distributions of
volume fraction. It is clear that both sources leadery large plumes.

As for the time evolution, the vertical distributitss weakly influenced by the flow rate. Althoudtet
model from Cleaveet. al.[2] is not directly applicable in this complex geetry it can be used to
help for the interpretation of these results. lis tmodel, the vertical extent of the well-mixed day
depends mainly on the ratio of the distance betwieersource and the ceiling and the horizontal area
of the enclosure. The presence of the vehicle asge the horizontal extent of the plume thus moving
a virtual point source away from the ceiling. Ine@leret. al. [2] model, moving the source away
from the ceiling increases the thickness of thel-méted layer. This is consistent with what we
observed here.

The time evolution of the explosive atmosphere ertips are deduced from the vertical variations of
volume fraction (see Fig. 7). However, the appration of a one dimensional build-up is less good
in these cases because of the large extent ofldineep Obviously, only the cases of injections with
sources 11 and I3 are plotted because the otherdidianot lead to the formation of an explosive
atmosphere. As it is observed on Fig. 5 and Fithéflow rate has a weak influence on the equitale
hydrogen mass evolution and final value. In conttthe influence of the flow rate appears cleary o
the average volume fraction. This influence isgame as in the case of free volume injection,the.,
average volume fraction increases with the flove.ratlthough the time to achieve an explosive
atmosphere is still lower for the highest flow rdtas longer than in free volume injection. Saut8
injections give the longer time to achieve the esple atmosphere. Also, one can notice that the
increase rate of the equivalent hydrogen mass chrhigher for this source. These two charactesstic
are consequences of the vertical volume fractiafilprthat exhibit a well defined homogenous layer
near the ceiling. In all cases the total equivaleass of hydrogen in the explosive atmosphere is
higher than in the free volume cases. The finaliwa of the explosive atmosphere varies weakly for
the different cases from 18 21n.

5. CONCLUSIONS

In this set of experiments the build-up of concatidn during injection of helium in an enclosuretwi

a vehicle has been studied. The focus is the inflaeof the release flow rate, the source type and
location in the car on the vertical structure @& ttolume fraction distribution. Reference experitaen
without the vehicle have also been conducted ifairoonditions.

The flow rate has a weaker influence for releasetheé vehicle than in the free volume case. In
contrast, the results show a strong variabilityhia vertical distribution of volume fraction depérgl

on the type and position of the source in the \tehigery confined diffuse sources give rise to
stratified environment whereas impinging jets oa floor lead to a near homogenous mixture. The
path of the gas to exit from the vehicle and tHessguent characteristic dimension of the plume that
fills the enclosure seems to be the key paramétar dontrols the vertical distribution of volume
fraction. The underlying mechanism may be the oweimg of the flow when it reaches the sides of
the enclosure after impinging the ceiling. The colnpbarameter of this flow is mainly the ratio bkt
plume momentum flux at the ceiling to the buoyarfitxx through the horizontal section of the
enclosure as in the case of a single vertical axisgtric plume (see [1]).

As a consequence of the large dispersion inducathpinging jets in case of sources I3b and 15, the
lower flammability limit is not reached for the @gted volume tested. Diffuse sources in the engine
area give a stratification that leads to the foromabf an explosive atmosphere as in the caseeef fr
volume injections. The results on the propertiethi explosive atmosphere show that injectiorhan t
vehicle can lead to an increase of the equivalgdidgen mass. Also, in some cases the formation of
the explosive atmosphere is delayed by injectiothénengine area. More generally, it is clear that



vertical distribution of volume fraction plays a joarole on properties of the explosive atmosphere
and there time variations.
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