VENTED EXPLOSION OF HYDROGEN / AIR MIXTURE:
AN INTER COMPARISION BENCHMARK EXERCISE

Vyazmina, EZ, Jallais S, Krumenacker, L.% Tripathi, A. % Mahon, A2 Commanay, J,
Kudriakov, S. Studer, EZ, Vuillez, T.° and Rosset, F>
! Centre de Recherche Paris-Saclay, AIR LIQUIDE Resech & Development, 1, chemin de la Porte
des Loges, Les Loges-en-Josas - BP 126, 78354, JennJosas, France,
2 Fluidyn, 7 Boulevard de la Libération, 93200, SaiaDenis, France,
3 APSYS, 37 Ave Normandie Niemen, 31700 Blagnac,dfrce,
“ CEA, DEN, DANS/DM2S/STMF/LATF, 91191 Gif-Sur-Yvette, France,
> ODZ Consultants, 174 Avenue Jean Jaurés, 69007 Lyd-rance,

Elena.Vyazmina@airliquide.com, Simon.Jallais@airfjuide.com,
Laurent.Krumenacker@fluidyn.com, Amita.Tripathi@flu idyn.com, Alban.Mahon@apsys-
airbus.com, Julien.Commanay@apsys-airbus.com, Skuikov@cea.fr, Etienne.Studer@cea.fr,
Thomas.Vuillez@odz-consultants.com, Frederic.Ross@todz-consultants.com

ABSTRACT
Explosion venting is widely using mitigation sotutiin the process industry to protect indoor eq&pim
or buildings from excessive internal pressure cdusg an accidental explosion. However, vented
explosion is a very complicated phenomenon to mudtél computational fluid dynamics (CFD). In the
framework, of a French working group, the main ¢argf this investigation is to assess the predictiv
capabilities of five CFD codes used by five différe@rganizations by means of comparison with the
recent experimental data. On this basis severalmeendations for the CFD modelling of vented
explosions are suggested.

1.0 INTRODUCTION

Explosion vent is a mitigation solution commonlyedsin the process industry to an internal pressure
occurred due to an accidental internal explosiorpl@Sion vent are used to protect both internal
equipment and a building itself. Internal explosiomith a presence of an explosion vent are sodtalle
“vented explosions”. Explosion vents allow the gree leave the closed domain, hence dropping the
internal overpressure lower than it adiabatic lifRiir several configurations explosion vents aksisa to

an inflammable mixture partly leave the enclosuré meducing the total explosion masse.

Vented explosions have been widely studied expenrtatiy, numerically and analytically to estimate an
overpressure corresponding to vented explosiomiareclosure. There are also several analytical lmode
able to give an estimation of an overpressure spaeding to vented explosion in an enclosure. Hawev
analytical or engineering models could not give file overpressure field evolution in time outsitie
enclosure, see for instance Jallais et al.[1]. Siones these engineering models give inconsistentite

for hydrogen, due to a number of different fittimprameters, leading to a strong effect on the
overpressure peak. In other more complicated cdeesnstance in the presence of multiple vents,
obstacles or flammable layer or gradient, it isyvdifficult to find a proper analytical model gign
reliable results in a wide spectrum of possiblengety configurations. Thus these specific confitjores
must be further addressed by experimental invdgiiga However since it is not always possibledoye
out an experiment in realistic dimensions, CFD lpanused as a tool to predict the maximum interndl a
external overpressures, the length of the exteilaale and other important parameters, e.g. for the
definition of the safety distances.



In order to use CFD codes for safety computatiéirst, of all the codes must be validated versusovar
available experimental data. Inter-comparison ésesc (CFD vs. experimental data) were already
performed in the past, see for instance validatibby Baraldi et al. [2] and Vyazmina [3] for 0.98’
vented vessel, Bauwens et al. [4], Keenan et harfl Vyazmina et al. [6] for 64hthamber.

Current study is dedicated to the evaluation ofahdity of the CFD codes to reproduce experimental
results obtained in a medium scale vented explasiamber (4 i), Daubech et al., [7]. In order to obtain
a more general conclusion on the application of® @ol for safety computations, 5 different codes
compared to each other and to available experirhéata from Daubech et al. [7].

This initiative is performed in the frame of theeRch working group dedicated to the evaluation BDC
codes for the modelling of explosion phenomena hiy lAquide, Fluidyn, Apsys, CEA and ODZ-
Consultants. The present paper describes thisat@id and gives several recommendations for the
modelling of vented explosions

2.0 BENCH DESCRIPTION

In the framework of an ANR project Dimitrhy, Daulbeet al. [7] performed vented deflagrations of
various homogeneous hydrogen-air mixtures in & #xplosion test chamber with overall dimensions of
2mx1mx2m. For considered here test casaiaregvents of 0.49 focated on the front wall, see
Figure 1. Overpressure was measured using 3 pésstive sensors (0-10 bar). The measurement
uncertainty is £ 0.1 % of the full measurementecal
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Figure 1. Instrumentation positions of the experitakset-up

The measurement of the outside chamber pressyerfiermed by 3 piezo-resistive sensors (0-2 bars),
located above the ground on lenses allowing forpenurbed overpressure at 2 m, 5 m away from the
chamber (at the axis of the vent), Figure 1. Tl ttensor 5mp is located on the axis perpendi¢alére

chamber one, 5 m away from the vent. The measutenm&ertainty for these sensors is + 0.1 % of the
full measurement scale. Current numerical investigaaims to reproduce a test-cases corresponding t



the mixture of 16.5% (x0.4%) and vent area of 09lgnition is supplied close to the wall opposhe t
vent (back wall ignition).

Prior to ignition and during mixing, the unburnedxtare was contained within the chamber using a
plastic sheet. Ignition was supplied close to tlal wpposite the vent (back wall ignition), see {@t
more information.

The hydrogen injection into the chamber was peréatioy a tube of 1 mm located in the lower partef t
chamber. For homogenization of the mixture insidedhamber a fan was used, when the homogenization
was achieved the fan is turned off and the mixtes then in rest during 5-10 minutes. U’ was not
measured, however it was estimated to be U'=0.1 m/s

Fresh gas movement and deflagration inside anddeuthe chamber was visualized by adding fine
particles of NH4CI, filmed by a fast camera [7].€Ttesults from measurements were pre-processeg usin
a 100 Hz low-pass filter Vyazmina et al. [6].

3.0 SIMULATION DESCRIPTIONS

Five organizations with strong skills in numericabdeling of gas explosions participated in the code
benchmarking activities with four CFD codes (FLAG8m GEXCON, EUROPLEXUS, OpenFOAM,
Fluidyn-VENTEX) to simulate this experiment.

CFD code FLACS (Flame Acceleration Simulator) isaammercial code developed by GEXCON, [8].
FLACS is dedicated to explosions of gases and dustsurrent simulations FLACS versions 10.3 and
10.4 are used. These versions of FLACS solve thmepoessible Navier-Stokes equations on a 3-D
Cartesian grid using a finite volume method. K-euslel equations are used for turbulence.

EUROPLEXUS is simulation software dedicated to #malysis of fast transient phenomena involving
structures and fluid in interaction. The model uded validation is based on the RDEM (Reactive
Discrete Equation Method) approach which requites $olution of the reactive Riemann problem
between the burnt and un-burnt regions [9]. Théesyof equations is the reactive Euler equations gl
transport equation for the progress variable. Thenibg velocity is expressed as a product of sévera
factors, similar to approach of [4], and each fa&aepresented by an algebraic equation [10].

OpenFOAM (Open source Field Operation And Manipaigtis a C++ toolbox of customized numerical

solvers and pre/post processing utilities for thi@tson of continuum mechanics problem, includingtC

It includes a various range of solvers that areilavi@ for computation, either within structured /

unstructured mesh, of simulation cases thanks ¢ofitiite volume method. In current simulations,

XiFoam solver (solver for compressible premixed attially-premixed combustion with turbulence

modelling) is used [11] and [12]. K-equation eddsewsity model (compressible LES turbulence model)
is used for turbulence.

Fluidyn-VENTEX is a dedicated software solution efplosion scenarios with 3D CFD in congested
environments (buildings, process and industriatesyi with models and solvers for gaseous cloud
deflagration, solid material detonation and pnelcnatplosion. It contains an adds-on structuravesol
for the deformation and stress response of blaiswor the detailed description of the combustion
model see [13] and [14].

For mesh validation a protocol of SUSANA projectused [15]. According to gird sensitivity analysis
(verifying CFD results independence on grid) ifdand that one must use from 14 cells up to 3Gdell
the vent area depending on the code and model.



Table 1. Simulation setup used for the benchmark

Participant/ | Computation Mesh Total | Turbulence| Boundary Initial
Code domain number | modelling | conditions| conditions
of grid
cells
Air Liquide / | Streamwise 10 2.5 cm, inside| ~6 M RANS, open velocity
FLACS v10.4| m, crosstream| the chamber k-eps outlet fluctuation of
5.5 m, vertical| and in the boundarie| 0.1 m/s and an
5.5m region of s “plane initial
evacuated wave” turbulence
cloud, outside length scale of
this region 0.005m, T=
stretching 20°C
parameter 1.1
APSYS/ Streamwise | Grid size 1.5| ~1.2 M LES - Open T=20°C
OpenFOAM 7.5m, cm close to outlet
3.0.0 crosstream walls, inside k-equation | boundarie
7m, vertical | the chamber eddy s & wall
3.5m 3.125 cm, viscosity | boundarie
outside the model s for
chamber 6.25 obstacles
cm
CEA/ Streamwise | Uniform 5 cm ~1M Euler Absorbir] T=20°C
EUROPLEX 7.5m, g
us crosstream 2.5 boundary
m, vertical 3 m conditions
Fluidyn / Streamwise | 3cm inside the ~750k RANS, Open T=20°C
Fluidyn- 7.5m, box; Refined k- omega | boundarie
VENTEX crosstream 8.3 in the axes of SST S
m, vertical 4.5| the explosion
m
ODz- Streamwise 8| Uniform3cm| ~6.2 M RANS, open T=20°C
Consultants /| m, crosstream k-eps outlet
FLACS v10.3| 7.5 m, vertical boundarie
3m s “plane
wave”

4.0 RESULTS FROM NUMERICAL SIMULATIONS

Simulations results compared with experimental messents inside and outside the test chamber in
terms of concentration evolution in time, overpreesnagnitude and the shape of the pressure signal.

Figure 2 demonstrates the development of ventetbggm from the ignition to the final state (exptms
of the evacuated outside mixture cloud). Snapsbetsonstrate the concentration evolution in time:
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experiments on the left vs. simulations of Fluidym the right. Snapshots from simulations correctly
describe the vented explosion phenomenon and giyeod estimation of time dynamics of the flame
development. Frame at from 100ms to 120ms shovelthel formation outside the enclosure at 130ms
the internal flame approaches the vent, giving almfull combustion at 150ms. According to

experimental snapshots (at 130ms -150ms) and peeb@iory curve (fig 3), the overpressure maximum
corresponds to the explosion of the evacuated cl@xternal explosion) for both experiments and
simulations.
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Figure 2. Development of vented explosion: expeninfen the left) vs. simulations of Fluidyn (on the

right)

The pressure evolution inside the combustion changbdisplayed on figure 3 (detector P1). All CFD
codes are in good agreement with experimental mesmnts: giving overestimation of the overpressure
magnitude by 25% (Fluidyn), 23% (APSYS), 21% (ODZ)% (AL) and 8% (CEA). Figure 3 also
demonstrates that all codes except Fluidyn pretlietappearance of the overpressure pike slightly in

advance compare to experiment, whereas Fluidyrposssure maximum is delayed in time.

For the back wall ignition and large vent area puessure signals show one maxim. It correspontiseto

pressure from the external explosion: rapid conibosdf the evacuated outside turbulent combustion
mixture. Figure 4 shows the moment of vented expigson top experimental results and on the bottom
numerical simulations (concentration of the hydrdge mixture). One can see that experimental and

numerical snapshots perfectly match.

CEA, APSYS and Air Liquide also compared the flampmpagation found experimentally with
simulations of Europlexus, OPENFOM and FLACS vi@igyre 5, 6 and 7 correspondingly. Simulated
flame shows the same tendency as in the experiraettie beginning it slightly accelerates approaghi
to the vent (flame velocity is approximately 30 )n/sshen one observe a violent flame acceleratfiou
185 m/s due to the rapid burning of the evacuatdside the enclosure cloud of fresh gas. A dectera
of the flame both numerical and experimental iseobsd at the end. This is due the slow burninghef t

rest of the mixture (less reactive and less turitliia the evacuated cloud
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Figure 3. Pressure evolution inside the chamber (simulations vs. experiments)

Figure 4. Moment of the external explosion: concentration of hydrogen. Experimental snapshot (on the top
at time 143ms), simulations performed with FLACS v10.4 by Air Liquide (on the bottom at time 123ms).
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Figure 5. Flame propagation distance vs. time: comparison experimental measurements with simulations
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Flame evolution - X axis

o

w

~

—&— Experimental data

]

—#— OpenFOAM LES - time + 0,02 s

Distance from ignition (m)
w

-

o

0 002 004 006 008 0,1 012 0714 0156 0,18
Tima (s)
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The pressure evolution outside the combustion ceaisishown in Figur8. The overpressure magnitu
at 2m from the enclosure is enestimated by 58% (Fluidyn), 54% (APSYS), 51% (GE#3% (ODZ),
and by 12% (AL).At 5m from the enclosure the maximum overpresssi@/erestimated by 97% (OD:
46% (AL), 29% (Fluidyn), and by 24% (APSYS and CE

It is worth to mention that initialhMAL used a starched grid just outside the enclosoireeduce CPLU
therefore results at overpressure time cuninside the chamber and outside it v too diffusive. Use of
a uniform grid in the regionf combustion zoneinside the chamber and in thegion of the evacuated
cloud) vanish this problenin case of the pressure wave propagation in aiédd f5exCon 9] also
recommends to use a uniform cubic mesh to minintise artificial numerical dispersion of tl
overpressure wave.
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Figure 8. Pressure evolution outside the chamber (simulations vs. experiments)

The comparison of simulations and experimental lfessuggests that modeling results match clo
experimental data inside the combustion chambeneder outside the combustion cheer it seems that
the computed overpressure is slightly underestithdthis can be explained by two fac

1. All participants (except OLC-Consultants) of the benchmark considered that thmabastion
chamber is installed in a free field, without atgnfe o pressure interaction with any outs
structure. However the detailed discussion withegixpentalist shed light on the fact that
chamber is confined by two walls: one in the str@&® direction (50 cm away from the detec
at 5 m) and another allong the lateral direction (just 50 cm away of tteamber wall). Thes
walls create an extra confinement, leading to #raction of the pressure waves. These mul
pressure reflections from the walls and from theugd increase the overpressureside the
chamber, but do not affect the pressure insidecti@nmber (in the absence of fle-structure
interaction).

2. Simulations were performed on a stretched grididetthe combustion chamber (to reduce
CPU time), however this leads to extra nuical diffusion affecting the results and givi
slightly lower overpressul

5.0 DISSCUSION ANDCONCLUSION

In order to use CFD codes for safety computatifirs, of all the codes must be validated versusoues
available experimental data. Current siis dedicated to the evaluation of the ability o€BD codes
OpenFOAM, EUROPLEXUS, Fluid-VENTEX and FLACS (v10.3 and v10.4), to reprod
experimental results obtained in a medium scaléedeaxplosion chamber (4%). The representation of
the variougmechanisms that result in the observed overpregsafies has been studi

Based on this comparison several best practicem@@mdations can be do

1. CFD can be used for large vent area and back grtian.
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2. One must use from 14 cells up to 30 cells in thet wea depending on the code and model
(solution independence on grid must be validated)

3. The grid must be uniform inside the chamber arttiénregion of the evacuated cloud.

4. For the correct estimation of the overpressureideithe enclosure, all confinements and external
rigid structures located near the vent and in #gion of interest must be taken into account
(represented in CFD simulations or a correctiotofagust be suggested).

5. The grid must be uniform in the region of inteneghout any stretching.

These results must be validated for a larger cdreion range, including gradient mixtures, central
ignition location and a presence of obstacles slié combustion chamber.
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