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ABSTRACT

A benchmark exercise on vented explosion engingemiodel was carried out against the
maximum overpressures (one or two peaks) of pusgdigixperiments. The models evaluated are
Bauwens et al. (2012-1 and 2012-2) [4, 7] modelslkbV Vent Sizing Technology 1999, 2001
and 2008 models [12, 13, 6]. The experiments irsiciEmation are Pasman et al. experiments
(1974) (30% H - 1m3) [1], Bauwens et al. (2012) experiments (4[], Daubech et al.
(2011) experiments (10 to 30% H1 and 10 rf) [2] and Daubech et al. (2013) [5] experiments
(4 n? — H, 10 to 30%). On this basis, recommendations anitsliof use of these models are
proposed.

1.0 INTRODUCTION

Early (forklifts, backup or base load electricityoduction ...) and mature (cars, buses ...
hydrogen energy applications could be localiseddnfined zones (cabinet, cars, garage ...).
Explosion venting is a protective measure prevegntinacceptable explosion pressure build-up
inside confined spaces leading to enclosure deégiruand formation of flying fragments. In
order to be effective the vent must be designedectly to keep the explosion pressure below
the failure pressure of the building structure.

Vented explosions have been investigated by masgarehers. Unfortunately, experiments
concerning hydrogen are very limited. In cylindficonditions (1 to 10 By, Pasman et al.
(1974) [1] and Daubech et al (2011) [2] have penfed experiments with reactive mixtures. At
large scale (120 Ty Kumar experiments (1974) [3] have investigatednl mixtures with
different ignition positions. The most reliable eximental data are coming from Bauwens et al.
(2012) (64m) [4] and Daubech et al. (2013) [5] experimentsr(¥ which have investigated a
variety of hydrogen concentrations, ignition looas and also the presence of obstacles.
About models, it is now well known that NFPA 68 J1dorrelation is not able to predict
overpressure for hydrogen applications [2, 6, 7].

In vented explosions, a number of different fac{e.g. enclosure size and geometry, vent size,
ignition location and obstacle configuration) caffeet the pressure development of a
propagating flame in a vented enclosure. ReceBi#ywens et al. [4] [8] and Chao et al. [9]
have shown different pressure peaks during theedeakplosion. When the flame front was
observed in the high speed videos to reach thearghignite the vented-unburned mixture, the
first peak (R) was observed in the pressure histories, indigatimt R was generated by an
external explosion.

A second pressure peal)s observed as the flame approaches the wallsedBan frequency
analyses of the pressure-transient data and othheber itself, it appears that this peak is
controlled by resonant coupling between the flamé the acoustic modes generated by the
geometry and the physical response of the enclo$iure interesting to note that, Ran be
eliminated or reduced when the walls are lined waithacoustic-absorbing material or when



obstacles are placed in the path of the propagdlemge [10]. Although obstacles can
significantly reduce B they can also increase the maximum flame-suréaea (as the flame
stretches and folds around the obstacles), whiokrgées a third-pressure peak) (iR addition

to P, and to R (if present). Moreover, obstacles can enhancedue to an increased flame-
surface area when the flame front reaches thearehtiue to increased turbulence in the vented
unburned mixture.

2.0 DATA DESCRIPTION

For this study, available in the literature hydnogest data from intermediate (>F)nto large
scale room like enclosures (120)mwere considered. Table 3 summarizes the variaia d
sources for the comparison.

In all experiments, the H- air mixture is homogenous in the enclosure (natiBcation or
layer) and without initial turbulence.

Table 2. Summary of experimental test data withrdgein (Cyl : Cylindrical / Par :
Parallelepiped)

Test Number of Chamber Chamber Ignition Vent area  Pressure
volume %(Hy) : >
reference tests Geometry (m) locations (m?) peaks
Pasman et 2 Cyl 1 29.7 C 0.3and 0.2 1P
al. [1]
Kumar et 81to
al. [3] 9 Par 120 12% BW,C, F 0.55 P
Daubech et 10 to
al. [2] Cyl 1 and 10.5 2706 BW 0.13and 2 P
Bauwens 20+4 12.1to
ot al.[4] (obstacles) Par 64 197 BW, F, C 27and 54 RP;
Daubechet 10+9 10 to 0.25 and
al. [5] (obstacles) Par 4 29% BW,F, C 0.49 P1& P

The first set of two experiments was performed hgrifan [1] in a 0.95 freylindrical vessel of
0.97 m diameter and 1.5 m length. A flange was textaat the back of the vessel to
accommodate a rupture membrane. The vent diame&res0.62m (0.3 m?) and 0.5m (0.2 m?)
with an opening pressure of 13.5 and 7.5 kPa réispbc The H/Air (29.6%) mixture was
ignited in the centre of the vessel. Since Bauvasal. model [4] does not take into account
the vent presence, these experiments are modelléusi paper without considering the vent
opening pressure. Due to the small size of theosook, the maximal overpressure is linked to
the external overpressure P

The second set of experiments was performed by Ketal. [3] from AECL (Atomic Energy
Canada Ltd) in a rectangular enclosure (L10*W4*H3020m3) (called LSVCTF : Large-Scale
Vented Combustion Test Facility) in the single chamconfiguration. Lean hydrogen mixtures
(8 to 12%) were tested with different vent aredse influence of the ignition location was also
investigated (central, near vent and far vent).this article, only experiments with ,H
concentrations of 11 and 12% are taken into accdunms allows avoiding buoyancy effects on



flame propagation which are not considered in tloelets. On the other hand, there are some
uncertainties on the laminar flame velocity for trexy lean mixtures. For these experiments,
the maximum reported overpressure is due to timeefla structures interaction.P

The third set of experiments was performed at INERdIsearch center [2] in two cylindrical
chambers of 1 (length 1.4 m and internal diamet&4r@) and 10.5 t(length 5.5 m and
internal diameter 1.6 m). The vents are respestigeD.13 and 2 f In all these experiments,
the ignition point was at bottom of the cylindea¢kwall). The hydrogen mixtures tested are
between 10 and 27%. In this configuration, the mekioverpressure is; P

Unfortunately, for the Pasman, Kumar and Daubetlefperiments, very limited information
is available on peak dynamics (one or two) andata €litering. For Bauwens and Daubech [5]
experiments, the filtering parameters are known famdall the experiments, the; Rnd B
overpressure are reported in the publications.

The fourth set of experiments was performed in &83chamber (4.6x4.6x3m) chamber with
hydrogen/air mixtures from 12 to 20 %k a vent opening of 2.7 or 5.4m? located on oaé w
of the chamber. Three ignition points were used:déntre of the chamber (Cl), the back wall
(BW) and at front vent (FI). For some experimertght (in two rows of 4 obstacles) 40*40cm
square obstacles (pillars) are present. The bigrkatio (BR) is 0.6 and the average numbers
(N) of obstacles flame path are respectively 00.3, and 0 for back wall, central and front
ignition.

The fifth set of experiments was performed by Dathibet al. (2013) in a transparent enclosure
having overall dimensions of 2.0x2.0x1.0 m and erall volume of 4 rh A square vent with
two possible surface areas, either 0.49 or 0.25nv@ms located on one of the chamber’s vertical
walls. The experimental setup is described in giletdils in the article also submitted to ICHS.
The hydrogen-air mixture (from 10 to 27%)Hvas ignited at one of three following ignition
locations: opposite the vent (backwall ignitiorf)tlee center of the chamber (center ignition), or
at the center of the vent (front-wall ignition).V@eal tests were performed with obstacles (6
cylinders of diameter 0.2 m or 0.325 m) spannirgyftil width of the chamber and distributed
in three or two rows. The area blockage ratio (BR).7% and 12,44% and N are the same as
Bauwens and al. [4].

Experiments performed by Kumar et al. [15] in aespdal vessel with a duct (6.85 m3) and
experiments of Groethe et al. [16] in a partiallledl 78.5 m tunnel have been excluded to the
comparison because there are very geometricallycifspeand un-adapted to models

assumptions.

3.0 MODELS DESCRIPTION

The most used methodology for vent sizing is NFPABH. It is now well known that this

methodology is not adapted to hydrogen. Anothermonly used vent sizing methodology is
the “Innovative Vent Sizing Technology” developedMolkov [12, 13, 6]. The third and most
comprehensible methodology has been proposed bwdauet al [14, 7]. This methodology
takes into account the different peak transients g/l B), the ignition location and the

presence of obstacles in the enclosure.

Very recently, Bauwens and al. have modified tmeadel in order to take into account the
initial turbulence before ignition [17].



Unfortunately, at present, the presence of a cdretgn gradient in the enclosure or presence
of obstacles outside the enclosure nears the Moreover, experiments with obstacles inside
enclosure remain scarce.

3.1 Bauwens models

In recent studies, vented explosion under variogme@mental conditions were systematically
investigated using multiple pressure and flame dpeeasurement associated to high speed
videos. From these studies, three main pressamegiénts were identified, each of which could
potentially produce the maximal overall peak ovesgure depending of the experimental
conditions. The three pressure peaks were asedaith: the external explosiongFor P,) of

the fresh gas expelled by the internal explosidamné acoustic interactions as the flame
approaches the chamber wallgBr P,) and an increase in flame surface area associated
the presence of obstaclesy?

Bauwens et al. have published in 2012 [4, 7], apinphysics-based model which allows to
estimate the magnitude of each pressure pgaknB R (and another peaks;Rn case of
obstruction). The Bauwens model takes into accdbietgaseous mixture composition, the
enclosure size and geometry, the vent size, thedgriocation and the obstacle configuration if
present. A brief description of the model is givienthis paper since it has been clearly
described by Bauwens et al. [8] and Chao et al. [9]

For the R maximal overpressure, to take into account thentakdiffuse effects, Bauwens et al.
[4] have proposed that the initial flame velocity,Scould be dependent on the Lewis number
of the mixture, L, following the expression: $& 0.9 1S, with S the laminar flame speed.

According to this model, the maximum peak pressimegented explosion could be modeled
with only two fitted constants;;Kor P, and=, for P..

For hydrogen, the constant kvas adjusted ¢k= 3.21 n?) by Chao et al. [9], taking into
account a vented gas composed of 90% of productd@% of reactants. In the present work,
only products were considered in the vented gasduets properties as temperature, molar
mass, calorific capacity are calculated using tA&EBEQ equilibrium calculator software [14].

Then, a value ofk= 10.78 il was obtained with a new fitting performed on Baeiwens et al.
(2012) experiments using a linear law giving an amgnt weight to the higher pressure
experimental data. With this fitted value, a gogpeament was obtained and the absolute
average deviation for;s of 21% for the Bauwens et al. [4] experiments.

For the pressure peak, Bhe burning velocity increases due to flame-atiouisteractions and it
is modeled with the expression: SEFS, where=, is a constant flame-wrinkling factor. Using
the same methodology developed fer the B parameters, is fitted to 3.17 which gives an
average deviation of 34% for the Bauwens and flexperiments. It should be noticed that the
value is very similar to the one (3,2) reporteddhao et al. [9].

The model takes into account the obstacles. Thg gaolerning parameters are the area
blockage ratio BR and the average number (N) adrlayof obstacles in the flame path.
For the discharge coefficient of the vent, a vali8.6 has been fixed.

This model with these parameters &10.78 m' and a constarfi, = 3.17) is used in this paper
and is name@&auwens 2012-1 model



The figure 1 presents the parity plots obtained wlitese fittings against the Bauwens et al.
experimental data for the peaks(feft) and B (right). General behavior of the present resglts i
similar to the results of Bauwens, although theredme difference in numerical values. The
difference may be due to difference in the valdds;plaminar velocity and expansion ratio.
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Figure 1. Comparison between measured and modelddipternal pressure P1 and P2 for
Bauwens et al. [4] experimental data

Very recently, Bauwens and al. [7] have proposegrivement in the model. The last version
of the model accounts the vent opening pressuralaptbyment kinetic. Unfortunately, to our
knowledge, except Pasman and al. experiments, there available experimental data in this
configuration with hydrogen.

Some modifications have been also proposed toitakeconsideration to improve the model
for smaller vent sizes in asymptotically approaghenconstant volume explosion pressugg P
when the surface area approaches zero and tortekadcount the effects of enclosure aspect
ratio on the Ppeak usingz, corrected with the aspect ratio. This model imedBauwens
2012-2 modein this article.

3.2 “Innovative Vent Sizing Technology” VST [12, 136]
The VST models (published in 1999, 2001 and 20G8)ehbeen already described in the
literature. This methodology computes a deflagratutflow interaction number (DOI q/p)

and correlates the overpressure with a turbuleatllBy number.

The main empirical formulas and tuning parametezsaefly described in this article.



04 @ With V : enclosure volume (n

g ,3 T, : vent overpressure activation
L =qa (1+ ev )(1+ 0.58r ) Br : Bradley Number
Happ 17,

The constantsa( B, €, g) of this formula have been modified in thifedent versions of the
model (table 2).

Table 2. Parameters in Molkov models

Molkov 1999 [12] Molkov 2001 [13] Molkov 2008 [6]

a 0.9 1 1

B 1 0.8 0.8
e 10 10 2

g 0.33 0.33 0.94

The overpressure formulas have been also modifi¢iiel 1999 and 2001 version.

Table 2. Equations in Molkov models (Bturbulent Bradley Number)

If Bry>1

T,

Ty =7-6Br>

— py-24
e = B
Molkov 1999 [12]
If Bry<1

If Bry>2 _ -25
Molkov 2001 [13] t Ty = 563.Br,

and 2008 [6] #Br<2 ;7  =79-58Br

The three versions of this model are comparedignpdper.

4.0 MODELS EXPERIMENTS COMPARISON

Bauwens 2012-1

The figure 2 shows the comparison between the erpats of table 1 with the Bauwens 2012-
1 model. For all experiments, the calculated maximpressure of the two peaks has been
retained.
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Figure 2: Comparison between measured and Bauvtehs(2012-1)

The plot shows that the model agrees well acrasfuthrange of experimental data.

The larger discrepancies are for the more reactages with K concentration more than 20%
of hydrogen which is outside the initial range daligdation of the model. In presence of
obstacles, for concentrations higher than 18% atireement is not as good as in the case of
lower hydrogen concentrations.

It should also be noticed that the assumption &mkhwall ignition considering that the flame
area is a half of an ellipsoid area with a lengttte of enclosure length and width and height
equal to those of enclosure is questionable fordh®e of experiments with a 5.5 m long
cylinder (10,5 ).

Except for some Bauwens trials (with central igm)i, Pasman and Kumar experiments, the
maximum overpressure is always due to the extexpbsion k.

Because Daubech and al. (2013) experiments aratraod well instrumented (two peaks are
measured), we shall pay a special attention toetmesults. The figure 3 and 4 shows the
comparison of the model with the experimental data.
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Figure 3 : Comparison between measured (Daubealh 2013) and Bauwens et al. (2012-1)
model for R and B

As shown of figure 3 (left), the agreement is glbbacceptable for P For the more reactive
trials in presence of obstacles, the model oveipi®the overpressure. Fos, Bhe agreement is
also good. For an unknown reason, a point is jotaltside of the correlation (24,8%,HAv =
0,49 nf, no obstacles) with a calculated overpressure ofenthan 0,4 bar compared to a
measurement only of 0,02 bar.

Bauwens 2012-2

For enclosure without mechanical vent, the lassieer of the Bauwens and al model has been
modified in order to take into account the enclesasspect ratio for the flame acoustic
parametez, . A formula used to calculate the overpressurebeas also modified to limit the
value to the adiabatic constant volume overpredsurthie smallest vents.

The figure 4 shows the comparison between Bauwed®2-2 model results against
experimental data.
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and B
Globally, the Bauwens 2012-2 model gives betteultegshan the Bauwens 2012-1 model. The
highest overestimated overpressures are well lamveyethe new equation taking into account
the constant volume explosion pressure. Concendingar et al. experiments, the high aspect
ratio of the enclosure (AR = 10/3) decreases witletymodified flame-wrinkling factag, and
leads to very low overpredicted overpressures.

Molkov et al. VST models 1999, 2001 and 2008

The figures 4, 5 and 6 presents the comparisoheofrtaximal overpressure against calculated
overpressures with the 1999, 2000 and 2008 verditme Molkov et al. VST model.

Due to the fact that the VST models do not take iatcount obstacles, experiments with
obstruction were excluded from this comparison. ¢oning ignition location, only the
locations leading to the highest overpressuresamsidered (mainly back wall ignition).

The 1999 VST model globally gives a global goodeagnent. The main discrepancies are for
the Kumar (120 f) lean experiments for which the maximum overpressa the flame
acoustic peak which is not considered in the mddelike the Bauwens model, for the highest
hydrogen concentration (and then overpressure)f 8199 model gives reasonable results.
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The recent versions (2001 and 2008) of the Molk@deh give overconservative results. The
modelled overpressure is largely overpredicted dbnost all cases. A large part of this

overestimation is because the authors were inteaitio modified the correlation to produce

conservative results [18]. It could be also duthiofitting of parameters against experiments in
unusual geometrical situations (Kumar et al. [J#jezical vessel with a duct or Groethe et al.
[16] partially filled tunnel).

5.0 CONCLUSIONS

A comparison of the recent published engineeringea explosion models predictions with the
available experiments with hydrogen has been paddr The models proposed by Bauwens in
2012 [4, 7] are in good agreement with experimedgh for hydrogen concentrations below
20% and for enclosure with small aspect ratios. iftial 1999 Molkov et al. model [12] is less
predictive but gives reasonable results. For canagon between 20 and 30% of hydrogen, its
use seems to be even preferable. However, it shoeldised with care because at these
concentrations in large volumes and particularlypresence of obstacles, a deflagration to
detonation transition could not be ignored. Theenéwersions of Molkov et al. model [13, 6]
largely overpredict the overpressure and shoulddeel with care. Some improvements should
be realized in the future in order to take intocact hydrogen distribution (stratification and
layers) in the enclosure
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