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ABSTRACT

Hydrogen energy based vehicles or power generaterexpected to come into widespread use in the
near future. Safety information is of major importa to support the successful public acceptance of
hydrogen as an energy carrier. One of the most ritapbissues in terms of safety is the use of such
system in closed area such as a private garagdighva fuel cell car may be parked. This kind of
situation leads to the fundamental problem of tispatsion of hydrogen due to a simple vertical
source in an enclosure. Many numerical and expetmhstudies have already been conducted on this
problem showing the formation of a stably stratifidistribution of concentration. Most of them
consider the cases of accidental situation in witiehflow rate is relatively important (of the oradf
10NI/min to 100NI/min). We present a set of expens conducted on a full scale facility of the size
of a typical private garage with helium as a magied for hydrogen. In this study we focus on the low
flow rates that can be characteristic of chronakéethat may not be detected by security devices of
the system (of the order of 0.1NI/min to 10NI/mifthe facility allows changing natural ventilation
conditions and experiments have been conducted thertightest which is less than 0.01ACH, to that
typical of a real garage, say, of the order of CHA

1. INTRODUCTION

The problem of concentration build-up in an enctesiuring 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 privaétlidgs 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 concentrationrdiistion 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, thetfmsof the source and the ventilation conditiarfis
the enclosure. Different regimes have already bedentified. Without ventilation there are mainly
two regimes depending on the ratio of the injecteanentum to the potential energy required to mix
the entire volume. If the injected momentum is heglough, the entire volume can be mixed resulting
in a constant concentration over the space. Ifawogrtical stratification takes place. The jeptume
impacts the ceiling and spreads toward the sidésvedter what a horizontal density front moves
downward. Baines and Tuner [1] give an analytiedadiption of the velocity of the first front arfuet
final density profile once the front has reached tloor. Their model is extended by Worster and
Hupper [2] to describe the time evolution of thetial density profile during the first stage of
descending front. In some cases, Cleaver, Marstmll Linden [3] show that the vertical density
profile exhibits a well defined homogenous layeamthe ceiling under which the density increases
linearly. If the enclosure has openings, exchamwg#s the exterior are allowed. Linden, Lane-Serff



and Smeed [4], identify two regimes depending @ namber and position of openings, a mixing
regime in the case of a single opening located tieaceiling and a displacement regime in the oése
two openings near the floor and near the ceilimythe first case, the density should be almost
homogenous or weakly stratified. In the later casestrong stratification stands with two well
indentified layers. In the case of a single opemiagr the floor, fresh air has tendency to occligy t
lower part of the enclosure up to the top of theripg. The mixing and displacement regimes have
been identified on small scale salt water experimen a full scale experiments with gas including
wind effects in the configuration with two ventsrfoemed by Lowesmithet. al. [5] a steady state
regime with a well defined two layers vertical sture is clearly indentified.

Most of the experimental studies on the concemwtnaliuild up in an enclosure are related to some
accidental scenarios for which the flow rate of tblease is relatively high (seqy.[5] and [6]). Here

we are interested in the evolution and distribubbooncentration in the enclosure in case of Imwf
rate release. In particular the focus is on thiaémfce of natural ventilation on the vertical disition

of concentration. In these purposes a set of exeeris has been conducted on a full scale facility
which dimensions are typical of a room or a privgegage. Helium is used as a model gas of
hydrogen. In the following section 2 a descriptafithe experimental setup and condition is given.
Section 3 is devoted to the results obtained inithi of no exchange between the enclosure and the
exterior. Influences of the weak distributed leakshe enclosure are presented in section 4. Sebtio
deals with the influence of an open vent and istimm on the build up. The scaling law for hydroge
releases and properties of the flammable atmospherepresented in section 6. Finally, main
conclusions are drawn in the last section.

2. EXPERIMENTAL SETUP AND CONDITIONS

The experimental set-up is the same than that fetthe study of Guptat. al[6]. It is an indoor
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 and asitzd door of 0.81m wide by 2.02m high on the
back for human access. One vent of 200mm diametecated 160mm from the floor at the middle of
the back side and another of the same dimensilmtased 180mm from the ceiling on the front side.
Both of these vents link the enclosure to the erpamtal hall. The enclosure is made of a stainless
steel structure and extruded polyester panels.ygoart between the metallic structure and pangls i
sealed with aluminum tape.

Local time variations of the volume fraction areasgred by Mini-katharometers TCG-3880 from
Xensor. These are thermal conductivity gauges semdsb the surrounding gas composition. From
manufacturer fact the long term absolute errorfenvolume fraction measurement is about 0.07%.
The sensors are located at five levels along sitica lines (see Fig. 1). Temperature measurements
are made with thermocouples at 10 locations iretf@osure near the floor and near the ceiling.

Helium is injected through a 70mm diameter vertiwat¢zle which exit is 210mm from the floor. The
flow rate is controlled with mass flow regulatoestigeen 0.1NI/min and 18NI/min. A summary of the
experimental conditions is given in Table 1. Witle diameteD of the nozzle, the densify, of the
ambient andg, of the helium injected, the volume flow rate ae thozzleQ, and the gravity
acceleratiory, the injection Richardson number is defined ae &sg. [3]):

_ 5
Ri, :iM% _ 1)
32 p, Q
lts order of magnitude for the tested flow ratesegfrom 16 to 10 which indicates that in all cases
the flow is highly dominated by buoyancy as soothadfluid exits the nozzle.
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Figure 1: Schematic representation of the experiaheset-up with
measurement probes (cross) locations.

Table 1 :

source and volume fraction

Summary of the experimental conditions

Open vent Q (NI/min) | T (°C) Q (10m’s) | Injection time (h)
No 0.5 18.1 9 23.5
No 1 17.2 18 50.8
No 2 17.7 35 29
No 6 17.2 106 22.4
No 10 17.9 178 8.5
No 14 18.2 249 5.7
No 18 18 320 2.8
Lower 0.1 19.8 2 78.2
Lower 0.5 18.6 9 97.2
Lower 1 18.5 18 76.1
Lower 2 18.5 36 47.2
Lower 3 20.9 54 46.7
Lower 5 19.7 89 28.3
Lower 6 18.1 107 22.6
Lower 10 194 179 28.8
Lower 14 19.8 250 21.9
Lower 18 19.3 321 20.4
Upper 0.1 20.1 2 72
Upper 0.5 20 9 95
Upper 1 19.7 18 73.6
Upper 2 20.8 36 43.1
Upper 5 19 89 24.7
Upper 6 20.9 108 22.9
Upper 8 20.5 143 21.9
Upper 10 20.8 179 18.6
Upper 14 19.7 250 14.2
Upper 18 23 323 102




The natural ventilation conditions of the encloscae be varied by any combination of open or close
vents, sealed rear door with aluminum tape andradtsd front door. The tightest configuration is
obtained when all doors are sealed and vents asedl For the two other configurations tested here
the rear door is left unsealed, the front tiltirmpdis sealed and one of the vent is opened. Feseth
three configurations, the natural ventilation aakdege rate of the enclosure is estimated by tloertra
gas decay method. The initial volume fraction fis tmeasurement is 2% in all cases. The air change
per hour (ACH) is deduced after exponential fittofghe volume fraction decay. In the tightest case
the ACH is less than 0.008lwhereas with one open vent it gives about 0'0%hether the open vent

is near the floor or near the ceiling. For the 200§ enclosure, this corresponds to volume flow rates
of 0.1 16°m¥s and 16m®s respectively. It is noteworthy that due to tbealtion of the enclosure in
an experimental heated hall, one can considerriblgure in thermal equilibrium with the hall. So
that, exchanges between the enclosure and itsi@xtme more likely to be due to composition
gradients than temperature gradients. Hence, thi#lateon rates measured with the tracer gas decay
method depends on the initial helium volume fractidhe ventilation rates obtained should be
interpreted in terms of order of magnitude.

3. CONCENTRATION BUILDUPINTHE LIMIT OF PERFECTLY SEALED ENCLOSURE

The limiting case of perfectly sealed enclosure banexperimentally achieved, provided that the
configuration is the tightest and experiments tsoale is short enough. The validity of the perfectl

sealed assumption is checked by comparison of wbkutéon of the average volume fraction with

what should be expected theoretically. This is sh@n Fig. 2a where time is normalized by the
theoretical volume fraction increase ra€@yV, with V the enclosure volume. For the considered
injection durations, this shows a good accordaritie tive expected increase of volume fraction.

During the injection, setting up of a vertical gead is measured. Fig. 2b shows the time evolution
the volume fraction differencelX, between the lowest and highest measurement Iéespectively
200mm from the floor and 220mm from the ceilingdn& is normalized after Baines and Turner [1]
as:

t" =H?*A"B % )

with A the horizontal cross section of the enclostrés its height andB, the injection buoyancy flux
defined as :

B, =gl FPoq, 3)
Pa

After a first stage of increaselX reaches a constant valuks which is what is expected from
theoretical work of Baines and Turner [1] and Werstnd Huppert [2]. During the first stage the
initial front that formed near the ceiling movesathavard. The second stage is reached once thd initia
front has reached the floor. Baines and Turnergjt¢ the analytical expression for the first front
downward velocity and the asymptotic state vertmalfiles as time tends toward infinity, whereas
Worster and Huppert [2] give the analytic and nuoarsolutions for the vertical profile during the
first stage. Fig. 3 shows the fairly good accor@aatthe measured profiles with the analytic model
derived by Worster and Huppert [2] during the fetage (Fig. 3a) as well as during the second stage
(Fig. 3b). In these theoretical works, the authotoduce the entrainment coefficient. The bestdit
our data is obtained by varying this coefficiernfr 0.06 to 0.08. This value compared well with that
of 0.1 used by Baines and Turner [1] to fit the eldo there experimental data. The variatiordx§

with respect to the injection flow rate is compatedhe theoretical result on Fig. 4. The bestdfithe
experimental data is obtained for an entrainmeatfimeent of 0.078 for all the range of flow rates.
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has reach the floor (t*=250) for each flow rate @pntinuous curves represent the model.

4. INFLUENCE OF SMALL DISTRIBUTED LEAKS OF THE ENCLOSURE

Increasing the injection time in the same confijaraleads to an increasing influence of the leaks.
This is observed by a lower value of the volumetfoan than that expected for a perfectly sealed
enclosure. We refer here to distributed leaks bezalere is no identified opening of the enclosure
and exchanges with the exterior may take place hagsv Fig. 5 shows the time evolution4X with
normalized timet* (see eq. 3) and normalized volume fraction difieee by AX;. With this
normalization all the data collapse on the sameecurhe effect of the entering fresh air is to @age
AX. Although the flow rate of fresh air and its asated characteristic velocity must be very lowsthi
increase suggest that the entering air is flowiogrrivard and dilute the mixture near the floor. The
result obtained for 1NI/min exhibit a homogenouwstfor normalized time ranging from 700 to 800.
A close look at the variations during the homogatan shows that the characteristic time for this

homogenization is very short compared to diffugiore.
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Figure 4: Steady state vertical volume fractiBigure 5: Long term evolution ofAX
difference as a function of the flow ratgormalized with its valuAX; during the steady
measurement (square) and model (continugtiase stage.

line).

Hence, this must be a consequence of convectivimgnibndeed, the monitoring of temperature shows
that it is constant over the height of the enclesduring this event while a small stable tempegatur
gradient of about 0.2°C is maintained before artdrafThe convective mixing may be due to an
inversion in the temperature gradient. The vertitmaisity difference over the height of the enclesur
associated to the helium volume fraction is of BKgfInT before the mixing. Such low density
stratification may turn unstable if the enclosupper part temperature decreases of only 1°C. Yet,
during the homogenous stage, the average tempetatthre enclosure decreases of slightly more than
1°C. It is interesting to note that once the terapge gradient is again stable, the new volumditnac
stratification takes place as if homogenization hadoccurred.

Vertical profiles are plotted on Fig. 6 normalized the average volume fraction in the case of a
release at 6NI/min. The normalized profile sigrafily changes with time far lower than 500. This

IS a consequence of the normalization by the aeexajume fraction because the vertical volume
fraction difference is constant while the averaggeases. In contrast, when the leaks of the ameos
become significant, the normalized vertical profésds to an auto-similar shape. The shape of the
vertical profile is very similar to that of the pectly sealed enclosure with a decrease of volume
fraction mainly located near the bottom along alumé third of the total height.

5. OPEN VENT INFLUENCE

In this section we present the results obtainet wite open vent. This vent is located either near t
floor or near the ceiling. In both cases, the valfithe ACH is 0.07f which is much higher than in
the previous case. Thus one can consider thatetlemges with the exterior will take place at teatv
through which the mixture leaves the enclosure eviriésh air enters. Thanks to this relatively high
value of the ACH it was possible to conduct eagieenxnent until the full steady state is reached.

Applying the mass conservation in the enclosurthénBoussinesq approximation with the hypothesis
of a homogenous mixture and an exchange volume dltross the opening independent of the
buoyancy leads to a first estimate of the steaalg sioncentration given by :

e} -

QO+Qe.
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Figure 6: Vertical profiles normalized with theigure 7: Average volume fraction as a function
average volume fraction at different normalizetithe injection flow rate. The continuous curve
time for a release at O6NI/min. Theorresponds of eq. 7 and the dashed curve
corresponding average volume fraction areorresponds to eq. 10.

0.25%, 0.42%, 0.55%, 1.12%, 1.40%, 1.67%.

This raw estimate may be enhanced by consideriagyttie exchange volume flux depend on the
density gradient across the opening. Still congidehomogeneity in the enclosure and the Boussinesq
approximation, the exchange volume flux can be esqed as (see [7]):

Q. =CpS(g'h)"'? (8)

with S andh respectively the surface and height of the opeaim#iC; is a discharge coefficient that
depends on geometrical properties of the openihg.réduced gravity’ is defined as :

g=glaP-gPla"Poy_gx )
Pa Pa

Applying mass conservation with this value of thecleange volume flux gives the following
expression for the steady state concentration :

Q 2/3
X = <0 . 0
{CDS(gah)“} 4o

The discharge coefficient has been measured bytamaiimg homogeneity in the enclosure with fans
during the filling until steady state regime isclead. This gives the value of 0.07.

Fig. 7 shows the average volume fraction in thdasure as a function of the injection flow rate and
the position of the opening. The continuous cureeresponds to eq. 7 and the dashed curve
corresponds to eq. 10 with the measured dischargefficient. As expected, the steady state average
volume fraction at a given flow rate is always lovwfehe opening is near the ceiling (see e.g..[8])

For flow rates lower than 5 P&%s, both theoretical estimations fit well with meesments
independently of the position of the opening. Hghbr values of the flow rate, the model based on a
constant exchange flow rate (eq. 7) always ovenedtis the average concentration wherever is the



opening. This is due to the fact that the exchatme rate used has been measured for a volume
fraction in the enclosure of 2%.

The average volume fraction estimated by eq. 1@sgav more realistic result but the measurements
are higher when the opening is near the floor amet when the opening is near the ceiling. This is
due to the formation of a vertical stratificationthe enclosure. The actual volume fraction near th
ceiling is higher than the average value. The dengiadient across the opening at upper level is
higher which increases the exchange volume flwh wlite exterior and decrease the steady state
volume fraction. In the same way, the volume fiacthear the floor is lower than the average so that
density gradient across the low level opening iakee. The exchange volume flux with the exterior is
lower and the steady state volume fraction is iasee compared to the homogenous case. However,
Fig. 8 shows that the average and local volumgifra@re proportional t@,%° deduced from eq. 10.

The vertical volume fraction difference as a fuotof the injection flow rate is plotted on Fig.I®.
shows that the vertical difference increases withflow rate and is always lower when the opensng i
near the ceiling. In both cases, it may be sigaiftdor flow rate higher than about1.m%s with more
than 1%.

The comparison of vertical profiles normalized wiitte average volume fraction (see Fig. 10) shows
that the structure of the distribution changes wlith position of the opening. In both configuratipn
there is clearly an upper homogenous layer undéshathe volume fraction decreases. But, this layer
is thicker if the vent is near the floor. The nolixed volume fraction near the floor is lower irath
case while its maximum value seems to be unaffdoyethe position of the vent. Fresh air entering
the enclosure has the natural tendency to flow deawd or to stay near the floor. When fresh air
comes from the opening near the ceiling, it producelownward plume that entrains some helium so
that it is no longer fresh when the plume reachesfloor. In contrast, when the opening is near the
floor the lower part of the enclosure is mixed withsh air. The downward fresh air plume promotes
mixing over a higher distance whereas mixing isfioea to the lower part of the enclosure when
fresh air enters near the floor.

6. SCALING ON HYDROGEN RELEASE AND FLAMMABLE ATMOSPHERE
PROPERTIES

In these experiments helium is used instead ofdgelr. The suitable scaling law has to be applied to
recover the expected results in the case of hydrogbe eq. 10 can be applied to derive the
relationship between the hydrogen volume flow Qg and the helium volume flow rat@,. that is
supposed to give the same volume fraction. Thisgyihe following scaling law which is consistent
with the dimensional analysis by Linden [8] :

g, 1/2
Qu, =( ,“Zj Que (12)
gHe

whereg’, with O the considered gas index, is the reducadiyrat the source :

gh =gl fo. (12)
Pa

This definition implies the Boussinesq approximati€onsidering transient stages, time has to be
rescaled with the same law. The rescaling applib bn the perfectly sealed enclosure and on the
enclosure with opening cases. In this section wad@nly on the results obtained with one opening.
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Application of the rescaling on the maximum flovterdor which the volume fraction will stay below
4% is 4.38 18m?s for the vent near the floor and 8.8°i/s for the vent near the ceiling. At 18°C
this gives 2.5NI/min and 4.9NI/min respectively.rFbow rates that give rise to a flammable
atmosphere, data on the time and vertical variatairthe volume fraction can be used to estimate it
properties. Linear interpolation is used to esterthie vertical position at which the volume fractio
reaches 4%.

Trapezoidal integration is used to compute theayerolume fraction from that height to the ceiling
The volume fraction at the ceiling is supposeddafual to the one measured at the highest level. A
the floor level, linear extrapolation is used.
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is rescaled for hydrogen release case. rate. Time and flow rate are rescaled for the
hydrogen release case.

Plots on Fig. 11 show the typical time evolution tbE flammable atmosphere volume in both
configurations for an injection flow rate of 6NI/miFor this plot cubic spline interpolation is uged
determine the height at which the volume fractieaches 4%. Due to the nearly homogenous layer
near the ceiling the volume increase is very stifthe beginning. Since this homogenous layer is
thicker in the case of the lower opening, the fjtshp of the volume is higher with about 20m
whereas it jumps at about 15in the case of the upper opening. After this fiushp the growth rate

of the volume decreases to tend to a constant \@lae steady state is reached. The injection time
necessary to form a flammable atmosphere is stgmifiy higher if the opening is near the ceiling in
the case of low injection flow rate (Fig. 12). Focreasing flow rate, this time tends to be veryilsir

in both configurations.
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Fig. 13 shows the main characteristics of the flale atmosphere in steady state regime. As it can
be expected, the position of the opening has agtirfluence on both the volume and the hydrogen
mass in the flammable atmosphere. Its volume estémthe entire enclosure for equivalent hydrogen
flow rate higher than 1.8 Tén¥/s.

7. CONCLUSION

Experiments on the build up of concentration ineatlosure due to a helium plume have been
conducted. The enclosure size is typical of a peigmrage. The volume fraction vertical distribatio
has been studied for three different ventilationditions. First, the perfectly sealed enclosuretlim
reached if the injection time is short enough whiilere is no opening to the exterior. Still without
opening, the second ventilation condition corresisoio the influence of small distributed leak with
the exterior for long term injections. The thirdseatudied is the influence of an opening on orteef
vertical wall of the enclosure. In this last configtion the exchange flow rate with the exterior is
much higher than in the distributed leak case.tetate regime has been reached and the opening
vertical location influence has been investigafte helium flow rate was varied from 2°%8%s to

320 10°m®/s which corresponds to 0.1NI/min to 18NI/min at@8

In the limit of perfectly sealed enclosure, thetwat volume fraction difference between the ceglin
and the floor tends to be time independent. ltsievalepends on the height of the enclosure, the
injected buoyancy flux and the entrainment coedfiti Spatial and time variations of the volume
fraction are in good accordance with the theorktivadel of Worster and Huppert [2] provided that
the entrainment coefficient of the plume is tuneteen 0.06 and 0.08 depending on the injection
flow rate.

When small leaks of the enclosure begin to be &ogmit the vertical volume fraction difference begi
to increase with time. Volume fraction vertical files are auto-similar when normalized by the
average value. This differs from the normalizatsmheme appropriate to obtain auto-similar profiles
in the perfectly sealed enclosure case. A vertstedtification develops for all tested flow rates.
However, it is very weak for flow rates below 3.6°in*s (2NI/min at 18°C) which makes it very
sensitive to thermal conditions.

Steady state volume fraction field has been studvbeén there is one opening to the exterior.
Stratification is found to occur over a wide rammjdlow rates independently of the opening position
The opening near the ceiling promotes mixing but eémmough to produce a homogenous mixture.
However, for the lowest flow rates, below 5°/s (2.8NI/min at 18°C), the stratification is alrhos

negligible an the average volume fraction for bogiening positions is closed to that given by the



homogenous models whether or not the exchange eollux with the exterior is considered constant.
For flow rates higher than 5 ¥®s the homogenous model based on an exchange #tev r
dependent on the density difference with the esttési more realistic. Due to the vertical stratfion
this homogenous model only gives that both theamesiand local volume fraction follow the power
law XOQ,?>. It tends to overestimate the average concentratiten the opening is near the ceiling
and to underestimate it when the opening is neacéiling.
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