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ABSTRACT

Correlative engineering models (Linden 1994), ammgared to recent published (Cariteau et al.
(2009), Pitts et al. (2009), Barley and Gawlick@2)) Swain et al. (1999), Merilo et al. (2010))

and unpublished (CEA experiments in a 1 with two openings) experimental hydrogen or
helium distribution in enclosures (with one and tapenings). The modelling-experiments

comparison is carried out in transient and in Steathte conditions. On this basis,

recommendations and limits of use of these modelpposed.

1.0 INTRODUCTION

Early (forklifts, backup or base load electricityoduction...) and mature (cars, buses...)
hydrogen energy applications could be localisedtanfined zones (cabinet, cars, garage...).
Natural ventilation is an effective method prevegtunacceptable build-up of hydrogen that
could induce enclosure destruction and formatiotfilyifig fragments in case of ignition and
explosion of the flammable. To correctly design Weatilation openings, modelling tools and
methods must then be developed. CFD and zonal cooldlsl be helpful for specific and
challenging designs but engineering methods will used for everyday design and risks
evaluations.

Hydrogen accumulation modelling in confined zonas been investigated by many researchers.
Concerning CFD, some benchmarks have been perfooméd build-up in closed enclosure (1,
2). Results are relatively scattered depending odailing methods and strategies. For the low
velocities release, a lot of CFD code fail beingdictive.

Zonal models have also been developed (3, 4). Timeskels are based on simple formulation
but need a mathematical solving. Published reasigenerally good.

For air conditioning applications, phenomenologieagineering models have been also
proposed (5). The models are easy handling and igatantaneous results. The aim of this
article is to present the validation of these me@gainst experimental data with hydrogen and
helium releases.



2.0 ONE OPENING NATURAL VENTILATION MODEL

2.1 Theory

On the basis of the Linden work, as shown on Fidura well-mixed regime is observed in an
enclosure in case of buoyant gas release. Lind#99§1(5) proposes a methodology to calculate
the concentration at steady-state and the contiemntravolution with time during the filling
(during the release) and the drainage phase (afease end).
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Figure 1. Schematics of the well-mixed regime at®diin case of ventilation by a single
opening.

During the filling phase, the expression of thenlerossing the vent opening is given by:

Q=GC, S(g(l)'h)}é ' (1)

with gy, the reduced gravity (n’s

gé) = g_(MJ , 2)
Pa

whereCp, — vent discharge coefficient, constant value, vent dimension ,n§— vent area, i
0. — air density, kg.i, o — releasing gas (hydrogen) density, kg.m

It should be noticed that the gas molar fraction is

X, =(§—J 3)

whereg’ — reduced density of the gas in the enclosurer¢iyeh diluted with air), m?%



Then, if the buoyancy conservation is appliegj')(Q0 =g Q), the fraction of a buoyant gas
leading to the steady state in a ventilated rooth wisingle vent is given as follows:

%
S = @
c,S(g,.h)"?

whereQ, — leaking gas flow rate, hs*.

The characteristic time scale of filling can beregsed by:

\Y,

r= , (5)
C,S(X, gyh)*
The evolution with time of the concentration isagivby:
dx"
=1-X7, 6
s (6)

with xD:L,tD:l
X, T

During the drainage phase (i.e. after the end efgdis release), the concentration decreases as
follows:

X _(,,t)"
() "

where X; — initial concentration at the beginning of thaidage phase, %, — characteristic
drainage time scale, s.

A% N\
= (Xigh) ™, (8)
D

7=

whereV — volume of the enclosure,’m

2.2 Modelling and experiments comparisons

= Cariteau et al. (2011) (6)

In the CEA GARAGE installation (W2.96 x L5.76 x M2 m), Cariteau et al. (2011) (6)
performed helium dispersion experiments with floates from 0.1 to 18 Nl.mihreleasing
through a 70 mm nozzle at 0.2 m from the floor. Meat is circular (0.2 m diameter) and
localized at 2.22 m from the floor.

The Table 1 gives the comparison between expersnamtl modelling at steady state. A C
coefficient of 0.254 was applied to correctly fietdata, which is in very good agreement with
the value proposed by Brown and Salvason (1962) (7)



Table 1. Comparison of the experimental data on

maximal concentration obtained by Cariteau et24l1()

and calculated values from the Linden modelling
approach (1999).

Q(NI.min) %(He) exp.  %(He) calc.
18 8.70 9.89
14 7.69 8.34
10 6.22 6.68
8 5.47 5.76
6 4.76 4.76
5 4.20 4.20
2 2.48 2.29
1 1.96 1.44
0.5 1.24 0.91
0.1 0.68 0.31

A global good agreement is obtained with a biasi@d®% and an average absolute deviation
of 15% (showing the absence of systematic deviatoh

= Pitts et al. (2009) (8)

Pitts et al. (2009) (8) carried out helium releases ¥ scale two-car rectangular garage (L1.5 x
W1.5 x HO0.75 m). The box is equipped with one squent (2.4 x 2.4 cm or 3.15 x 3.15 cm) at
37.5 cm from the floor (in the middle of a faceglidm is released by a Bunsen burner with 3.6
cm diameter opening located 20.7 cm above the #Hotne center of the box. Helium flow rates
are 14.95 |.mift for one hour, and 3.74 |.minfor four hours. Helium volume fractions are
measured at seven heights using calibrated thexonaluctibility sensors.

A comparison of the concentrations at the end efrélease is given in the Table 2 for the 4 h
experiments.

Table 2. Experimental and modelled concentrationghfe Pitts et al.
experimental conditions (8).

Qo (I/min)  Duration (h) Vent %(He) exp. %(He) calc.
Height (cm) at 14 400s at 14 400 s
3.74 4 2.4 40-41 45.6
3.74 4 3.15 36-37 40.0

As shown on Figures 2 and 3, a good agreement batwealculations and experiments is
obtained during the filling and drainage phases.tRese calculations, the calculatgg value
(0.254) obtained with the Cariteau experimentssedu
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Figure 2. Comparison of the experimental (A) anduated (B) concentration evolution during
the filling and drainage phases for a 2.4 cm squent.
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Figure 3. Comparison of the experimental (A) ariduated (B) concentration evolution during
the filling and drainage phases for a 3.15 cm sgjuant.

2.3 Conclusions

A well mixed regime is obtained in an enclosuretVated with a single opening without wind.
A good agreement is obtained between calculatioite Winden method (associated to a
discharge coefficient of 0.254) and recently putdis experiments. This method can be used to
size single opening natural ventilation and to wlalie concentration reached in an enclosure in
case of accidental leak. This model can be useddsign, but without any evident limit of use
concerning the height of release or the release ifide.



3.0 TWO-OPENINGS NATURAL VENTILATION MODEL
3.1 Theory

On the basis of the Linden work (5), as shown ogufeé 4, a buoyant gas release in an
enclosure with two ventilation openings leads tdigplacement ventilation regime with the
formation of an upper homogeneous concentrationdén (5) proposes a methodology to
calculate the maximal concentration at steady-state

Figure 4. Schematics of the displacement regimaiodd in case of natural ventilation by two
openings.

Using the $and $, respectively the opening surfaces of the toplaottbm openings, the
effective opening area is:

g-_ VCSS, o

-
1 Ct 2 2
(z(cﬁ %D

whereC, — top vent discharge coefficient, constant vallie; bottom vent discharge coefficient,
constant value, constant val®;- top vent area, S, — bottom vent area, m

At steady state, the interface height,s given by:

, 5 \%
s :C%(f_J | (10)
H 1-¢
and:
_h
f_H! (11)

whereH — height of the enclosure, m.



The height of the interface only depends on therggocal configuration of the vents (size and
height).

At steady state, the molar fraction in the uppgetas expressed by:
5\
1 21h-5
X, :_(ﬂ] | (12)
Cl 9%

whereg, — reduced gravity, m?C — constant value of 0.115 depending on the afa@mwhent
coefficienta (0.10 is used herein far in Linden approach formulation):

= 2

3 —
C= Ea(g aj JT3 (13)
It is important to notice that in this model théeese is considered on the floor.

3.2 Modelling and experiments comparisons

» CEA GARAGE experiments

Experiments were performed with helium releasehan GARAGE facility (L5.76 x W2.96 x
H2.42 m). The garage is equipped with two circutamts (0.2 m diameter) located at 0.22 and
2.22 m from the floor. Helium is released by a 7@ diameter orifice at 0.20 m from the floor.
With the vent location and size, a homogeneous liayealculated at 0.93 m above the floor.
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Figure 5. Calculated and experimental steady stateentrations.



As shown on Figure 5, a very good agreement isirddlabetween experiments and modelling
with an average deviation less than 9%.

To obtain this agreement, a value of 0.5 is use€fandC,. These values are kept constant in
the following paragraphs. These values of dischamgdficient for two openings configuration

are larger than the previous value for one opewimgfiguration because in the well-mixed
regime — previously treated — the ventilation venboth used to introduce fresh air and to
remove hydrogen-enriched air.

= Pitts et al. (2009) (8)

Pitts et al. (8) also carried out helium releasea box (L1.5 x W1.5 x H0.75 m) equipped with
two square vents (2.15 x 2.15 cm) at 2.5 cm an8 @& from the floor. Flow rates (diameter
3.6 cm at 20.7 cm above the floor at the centehefbox) are 14.95 l.mihfor one hour and
3.74 L.min* for four hours. According to the authors, laborptand gas temperatures were
maintained at 21°C.

A comparison of the concentrations at the end @fr¢fease is given in the Table 3.

Table 3. Experimental and modelled concentrations f
the Pitts et al. experiments (8).

Qo (NL.min™)  Duration (h)  %(He) exp. %(He) calc.
3.47 4 17 19.1
13.84 1 35 48.1

As shown on Figure 6, the concentration after a(44¥400 s) release is at steady state and is
then really comparable to the calculations. A reddy good experiment-calculation agreement
is obtained. The calculation for the one hour e only given for information because
steady state was not reached.
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Figure 6. Comparison of the transient concentratimofiles for the Pitts et al. experiments (8).

= Barley and Gawlick (2009) (9)

Barley and Gawlick (9performed helium releases experiments in a rectangoom (L7.02 x
W4.29 x H2.74 m). This room is placed in a big halbiding wind effects. The lower and



upper ventilation openings (W32.4 x H24.3 cm) a®ated at 0.37 and 2.38 m from floor, on
the same wall.

The leak was located at variable height above ¢imtec of the test room floor (Ys in Table 4).
The injection system is a local diffuser (automehuil filter element, 9.6-cm height and 8-cm
diameter) or a line diffuser (1.83-m length portwse). These configurations are respectively
noted P and L in the Table 4.

The Table 4 gives the steady state concentratiotieeihomogenous upper layer.

Table 4. Experimental (9) and modelled steady stateentration
values.

Case Ys (m) Q(Nl.min-1) 9%(He) exp. %(He) calc.

P1 0.61 9.0 1.2 0.9
P2 0.61 20.2 2.0 15
P3 0.61 37.1 2.9 2.3
P4 0.91 11.3 15 1.0
PS5 0.91 22.6 2.6 1.6
P6 0.91 17.0 2.7 13
L1 1.22 20.3 1.7 15
L2 0.61 37.3 2.4 2.3

A rather good agreement is obtained between expeatsrand modelling even if the calculated
results are always below experiments. The averdgelate deviation is about 26%. It is
noteworthy that increasing the height of the solea€s to an increase in the concentration. The
model could be easily enhanced by taking into actthe source height.

» Swain et al. (1999) (10)

Swain et al. performed helium and hydrogen releagegeriments in a rectangular corridor
(L2.99 x WO0.74 x H1.22 m) (10). The setup is equeippy two rectangular vents (L30.48 x
H15.24 cm) on the roof and on the door. The reléaseis 52.76 NI.mift during 20 min by a
rectangular vent (L30.48 x H15.24 cm) located anftbor.

Using the Linden model, the calculated steady stateentrations in the upper layer are 5.94
and 6.09% respectively for hydrogen and helium grpants, which is in good agreement with
the 5% concentration reported by Swain.

= Merilo et al. (2010) (11)

Merilo et al. (11)carried out hydrogen releases in an experimentalgga(H2.72 x W3.63 x
L6.10 m). The lower vent is a rectangular vent P21x H0.09 m) near the floor and the upper
vent is circular (0.11 A at 2.42 m from the floor. Two hydrogen flow rateere tested:
9.22 kg.i* and 0.88 kgt (respectively 1722 and 164 Nl.rifinby a 7.75 mm inner-tube
diameter at 1 m from the floor.

As shown in Table 5, a reasonable agreement isnelotebetween experiments and Linden
calculated upper layer concentrations even if waffgéicts are not taken into account in the
model.



Table 5. Experimental and modelled steady
state concentrations (11).

Qu(NL.min™)  %(H,) exp. %(H) calc.
1722 23 235
164 7.1 4.9

3.3 Conclusions

A displacement regime characterised by the formatié a homogeneous upper layer is
obtained in an enclosure naturally ventilated witto openings without wind. A good
agreement is observed between calculations obtamed.inden approach and recently
published experiments.

4.0 OVERALL CONCLUSIONS

The engineering models proposed by Linden to caleuhe evolution of the concentration of
hydrogen in an enclosure naturally ventilated witsingle or two openings without wind effects
have been evaluated.

With only one ventilation opening, a well-mixed &guaration with a homogenous gas
concentration in the enclosure is described. Is tonfiguration, a good agreement is obtained
between calculations performed with Linden method @ecently published experiments.

With two openings, displacement regime with formatiof a homogenous upper layer is
observed. A good agreement is also obtained betwaeten based calculation method and
recent experiments.

These two methods can be used to size natural latmi openings and to calculate
concentration reached in an enclosure in case ofedal leak, provided that the main
hypothesis of the models are valid That is to #ag,leak should be close to a plume and at a
level close to the floor in the case of the dispfaent regime (two vents configuration).
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