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ABSTRACT

Explosion venting is a prevention/mitigation sabutiwidely used in the process industry to protect
indoor equipment or buildings from excessive indkrpressure caused by an accidental explosion.
Vented explosions are widely investigated in therditure for various geometries, hydrogen/air
concentrations, ignition positions, initial turboée, etc. In real situations, the vents are nogmall
covered by a vent panel. In the case of an indeakdge, the hydrogen/air cloud will be stratified
rather than homogeneous. Nowadays there is a facdkderstanding about the vented explosion of
stratified clouds and about the influence of vemter inertia on the internal overpressure. Thisepap
aims at shedding light on these aspects by mea@spafrimental investigation of vented hydrogen/air
deflagration using an experimental facility of *lmand via numerical simulations using the
computational fluid dynamics (CFD) code FLACS.

1.0 INTRODUCTION

A leakage in a confined enclosure is frequentlysiaered for risk assessment studies for hydrogen
energy application (refueling stations, electrotgsesmall reformers ...). In presence of an ignitio
source, flame propagation results in an exploditiernal explosions with a presence of an explosion
vent are so-called “vented explosions”. In procieshistry explosion vents are commonly used to
protect both internal equipment and the enclostselfj allowing the pressure leave the closed
domain, hence dropping the internal overpressumerothan the adiabatic limit. For special
configurations vents also assist to an inflammabieture partly leave the enclosure, therefore to
reduce the explosion mass. As a consequenceciticsal to be able to correctly size the explosion
vents to reduce the consequences of the ventedszap!

Vented explosions were widely studied experimeptallmerically and analytically, see for instance
ref [1-12]. However analytical models could not gjithe full overpressure field evolution in time
outside and inside the enclosure. In other moreptioated cases, for instance in the presence of
flammable layer or stratification and vent covetrss very difficult to find a proper analytical rdel
giving reliable results in a wide spectrum of pbksigeometries. Thus these specific configurations
must be further addressed by experimental invasiiga Since it is not always possible to carry out
an experiment in realistic dimensions, CFD candedwas a tool to predict the maximum internal and
external overpressures, the length of the extdtaale and other important parameters, e.g. for the
definition of the safety distances.

Nowadays there is a lack in understanding abouwvémeed explosion of stratified clouds and about
the influence of vent cover inertia on the interaaérpressure. This paper aims at shedding light on
these aspects by means of experimental investigatiorented hydrogen/air deflagration using an
experimental facility of 1rhand via numerical simulations using a computatidhad dynamics
(CFD) code FLACS.



2.0 EXPERIMENTAL SET-UP
2.1 Brief description of the experimental facility

The KIT experimental facility is built inside thee$t Chamber at the Hydrogen Test Centre HYKA of
the IKET (Institute for Nuclear and Energy Techrgs) at the KIT (Karlsruhe Institute for
Technology). The chamber has dimensions 5.5 x 8.8 xn (1607, see Fig. 1.

The test enclosure used in experiments (Fig. anwst cubic with inner dimensions of 1000 x 960 x
980 mm3 (H x W x L), located in the above test cham In current experiments the vent area is
chosen to be 0.017{10 x 10 cm) and 0.25 {50 x 50 cm). It is located in the centre of thent
wall. Since Vyazmina et al.[3] demonstrated thavadays CFD is hardly applicable for small vent
area, for benchmark only vent area of 0.Z4snused.

Plane view
.
8500
3
bS]
: Wk dhccckion %
1460 5630
e ——>
H =620
{from floor to the box) | =
0
(=]
[§ 220 | y

H = 3400
{from floor to ceiling)

Fig. 1: Sketch (top view) of the enclosure positiaside the experimental facility.
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Fig. 2: Sketch and two views of the test encloss&le the Test-Chamber.



For the preparation of all test-mixtures hydrogemntaining precursor-mixtures with defined
concentration are needed. Such precursor-mixtuegenerated by mixing defined gas flows of H
and air that are controlled by two mass flow cdtére (Tylan). To fabricate the different test
mixtures with these precursor-mixtures differendgedures and functionalities of the enclosure are
needed.

The signals of all sensors involved in the mixtpreparation (gas analysing system, mass flow
controllers) together with the thermocouples insthto the enclosure are recorded with a “slowadat
acquisition system (recording frequency 1 Hz) whiglbased on an interface and an in-house KIT
developed LabView-program.

During the filling procedure of the chamber witlvent opening it is necessary to use a thin plastic
film as hermetic cover for the opening to avoid togeen accumulations outside the enclosure. Such
hydrogen accumulations outside the enclosure mag te dangerous situations, especially when
flammable concentrations are reached. To assurealtsence of flammable mixtures outside the
enclosure gas sensors (Honeywell, Type Sense- igndlfoint with measuring ranges of up to 2500
ppm and 4 vol.% HKrespectively) are installed to the ceiling of fhest-Chamber that provide an
alarm when a KHconcentration of 1 vol-% (25% of the Lower FlamiitigpLimit (LFL) of hydrogen

in air) is reached. Prior to the ignition, when thesired concentration inside the enclosure ishexdc
the thin film has to be removed or destroyed toicgany influence of it on the results of the
experiments. In current experiments the film iskeroby a set of two cutting wires that are actigate
(heated) electrically. Immediately after the dedtinn of the film the mixture is ignited by a spark
generated between two electrodes inside the emelodgnition is performed at two positions:
BackWall (X=50mm; Y=0mm; Z=0mm) and BackTop (X=50mw=0mm; Z=450mm).

To record the overpressure history during an erpant a set of 8 fast pressure transducers (PCB
M113B and Kulite XTEH types) and one fast acouptessure sensor (PCB M113B12 type) is used,
see Table 1 for their locations. The centre oftiaek wall is taken as the beginning of coordinates.

Table 1. Position of pressure sensors.

P01 P 02 PO3 P04 P09 P05 P 06 P Q7 P08

X=746 X=0; X=494; X=0; X=1220; | X=1720; | X=2220; | X=2720; | X=3220;

2.2 Stratified mixtures

For the experiments with non-uniform test-mixtudiéerent hydrogen containing precursor-mixtures
are prepared in a mixing vessel and then injeat¢d the enclosure from different positions, in
different directions, and during different timev8ral concentration measurements at the same time
are required to determine the shape of the corat@nirgradient or the jet plume at a distinct pamnt
time. This is achieved by installing several remotatrolled sample taking cylinders outside the
enclosure that take samples from the inside ireq#fit positions simultaneously. These probes are
then analysed offline. This method is quite timastoming and needs several measurements under the
same conditions to assure reproducibility of thecpdure before experiments with an ignition of the
mixture can be performed.

The test matrix with a stratification and layer léf-air mixture is shown in Table 2. Experiments

correspond to two different stratified layers of &r mixture partially filled the test chamber wigh

maximum concentration at the top and zero concimtran the bottom to produce a large layer of 50
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cm (L-Layer) and ofa small layer 025 cm (S-Layer) brelative uniform mixture. Ignition point we
located at the upper position close to the midélleack wall

Table 2.Test matrix for stratified hydrogen layers.

Type of stratification maxmin %H, Ignition Number of experimen
L-Layer 15% BackTop 1
20% BackTop 2
25% BackTop 2
S-Layer 15% BackTop 1
20% BackTop 2
25% BackTop 1

Figure 3shows the measured concentration profiles - and S-layers.
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Fig. 3: Measured concentration profile fo- and S-layers.

2.3 Post-processing of the over pressure signal

An influence of mechanical vibrations of the chambe the pressure signal appeared as a
frequency oscillations of the pressure signal atttme more than 100 ms after the flame rele
through the vent. A filtered pressurgnal with FFT low pass filter of 200, 400 and 10@9is used
for the further analysis. A frequency400 Hz ischosen for filtering of the pressure signal, Fig. 4.
The characteristic length for the BackWall ignitim1m, the speed of sound is ~4(s for the
unburned gas, and hence the characteristic freg of a layer of a fresh gas approximately 400F.
Therefore this frequency is chosen for fil
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Fig. 4: Post-processing of the overpressure sigixpl:S-Layer 25%, pressure sensor P01: raw signal
(in cyan) vs. filtered signal (in black).

2.4 Vent cover

Effect of vent cover is investigated experimentdtly two homogeneous concentrations: 10% and
12% Hy/air. For a vent cover a 5mm thick plate of staselsteel of size 50cm x 50cm is used. It is

found that the presence of a vent magnify the marintombustion pressure inside the vessel, see
Table 3. For low concentrations and light vent cothe inertia of the cover plate increases the

maximal internal overpressure by 15-20% comparebdaase without a cover.

Table 3. Effect of vent cover on the overpressusigle the chamber.

Concentration, % Vent cover Ignition Max Overpressiimbarg)
~10% no BackWall 8.6
yes BackWall 10.5
~12% no BackWall 32.7
yes BackWall 38.2

3.0 NUMERICAL APPROACH

For numerical simulations a commercial CFD code €ISA4v10.5 [13] is used. FLACS is dedicated to
the simulation of gas explosions in offshore oiflas production platforms with high and medium
obstruction. FLACS solves the compressible Naviek&s equations on a 3-D Cartesian grid using a
finite volume method and RANS (Reynolds-AveragediBiaStokes) ke model for turbulence [14].
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The SIMPLE pressure correction algorithm is useBl.[The combustion model is regarded as a
collection of flamelets with one-step kinetic reant The laminar burning velocity is taken from pre
defined tables. The flame turbulent burning velpo@tbased on Bray's expression [16]. The reaction
zone in a premixed flame is thin compared to treetzal grid resolution. In FLACS, the flame zone
is thickened by increasing the diffusion by a fagt@nd simultaneously reducing the reaction rate by
a factor 1, wheref is chosen such that the flame thickness beconegrii cells.

The computational domain is chosen to be approxdindte same size as in the experimental facility.
The computational domain is 8.3m long in the steem direction (from -1.5m up to 6.8m), 5.55 m
in the cross-stream direction (from -3.1m up to5&1% and 3.4 m in the vertical direction (from -
1.15m up to 2.25m). The cell size is chosen to Berg. Solution independence on the grid size is
verified by comparison of simulation results witbtacser grid of 5cm. In the simulations the cenfre o
coordinates was chosen the same way as in theigquer(Fig 5). No initial turbulence is imposed in
simulations. The concentration in/Elir mixture is the same as in the correspondimegrents (see
Table 1).

A standard pressure relieve panel is used to repethe effect of vent cover (see FLACS User’s
Manual [13]).
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Fig. 5: The computational grid (the section coroespthe centreline of the combustion vessel).
4.0 RESULTS
4.1 Stratified mixtures

The comparison of simulation results and experialetiita is presented in the Table 4. Simulations
are performed for the measured concentration ps)fgee Fig 3.
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Simulation results are always conservative. Sinmuiat match better experiment in case of low
reactive mixtures L-layers 15% and S-layers 15% fioa 20% layers and for 25% layers. This can be
explained by much higher mixture reactivity at 25%, a small error in the concentration strongly
affects the obtained overpressure.

Simulations overestimate overpressure by ~30-4092086 H/air mixture and by a factor close to 2
for 25% H/air mixture. However since FLACS shows conseneatesults it application for gradient
mixtures can be regarded as acceptable.

Table 4. Maximum overpressure inside the chamtrestfatified mixtures: simulations vs

experiment.
Type of max-min %H Ignition Experiment (mbarg) Simulations
stratification (mbarg)

L-Layer 15% BackTop 21 26

20% BackTop 94 160

25% BackTop 212 390
S-Layer 15% BackTop 5 6

20% BackTop 33-34 50

25% BackTop 77 127

4.2 Equivalent concentration

It is difficult and time-consuming to correctly meguce the stratification profile of hydrogen; heritc

is interesting to find out the concentration of themogeneous mixture, which gives the same
overpressure. The standard approach is to takeothepressure corresponding to the maximum
concentration. Using this approach, the overpresssrstrongly overestimated and this is too
conservative.

Similar to Kuznetsov et al. [17, 18] the combustlmehavior governs not by the average hydrogen
concentration but by the maximum hydrogen concéatraat the top of compartment. Six different
stratified compositions with various linear gradgenand maximum and minimum hydrogen
concentrations are investigated (Figure 6). Figéreshows pressure records of uniform 10 %
hydrogen-air mixture and stratified compositionwvalmost the same amount of hydrogen (Grad (17-
4%H,) and Grad (12-2%}). Two non-uniform compositions with close concations at the top
(Grad (17-4%H) and Grad (10-5%}) and 7% H of average concentration were also compared. The
maximum pressure for non-uniform compositions (%F4) and (15-4%k) of almost the same
average concentration will be 6 (!) times higheanttfor uniform composition of equal hydrogen
concentration (10%#). Flame velocity will also be several times fagtean for uniform composition
because of higher reactivity at the top of the @eard several times larger specific flame area.

Moreover, for two stratified compositions of 12-2%&hd 10-5%H of the same average hydrogen
concentration (~7%#) the mixture with higher concentration at the topns two times faster than
another one. Characteristic maximum combustionspresin this case is more than 10 times higher
than for uniform mixture of 7 %k



0.2 o

o " T10x10 cm? Grad(17-4%H2)

(RYIAN 1 [ —— Grad(15-4%H2)

I\
.15 | — Grad(12-2%H2)
1 . '_ —— Grad(10-5%H2)
0.1 A '.ji 1 | | —Unif(10% IG1Top) |
A | |
T |
2 0.05
a.
<

-0.05

0 0.5 1 15 2
t[s]

Fig. 6: Theeffect of mixture no-uniformity on maximum overpressurexperimental da.

02
=8—P max_ inside

0.18 =P A —outs el /
W P inside S-layer 13 /
A P oulside S-layer 13 -
n1g4 M piin s1de I -]u}"rﬂ' 15

0.16

B .

= A P outsideL-lavzr 15 /
"Q” 0.12 B P inside S-laver 20

; 0l A P outside S-layer 20

E P_inside T.-layer 20

£ 098 PoutsideT-haver 20

£’ —onbsid f-yer 2 / /

<

- g

& 0.06

0.04 -/‘,
0.02 /
o !%/// | | |

Concentration, %o

Fig. 7: The overpressuimside and outside the chamber for various conagatrs of hydrogen for tt
BackTopignition and vent area of 50x50: FLACS simulation.

FLACS simulations also illustrate the same behawee Figure 7. or the gradienL - layer of 15%
the maximumoverpressure computed in FLACS 5 is 26mbarg, where for homogeneous mixt
15% is approximately 14Mbarg. For the gradielL - layer of 206 the maximum overpressure i60
mbarg, where for homogeneous mixtu0% it is 19 mbarg. Taking the averagencentration for L -
layer of 15% (~ 7.6 %k and L- layer of 20% (~ 11 %} will give a much lower overpressurea
couple of 7 and 8 mbaprrespondingl.



Table 5. Equivalent concentration for stratifiecktares: simulations.

Real concentration Average concentration % Equntatencentration, %
S-Layer 15% 4.3 12
L-Layer 15% 7.6 15
S-Layer 20% 6.15 16
L-Layer 20% 11.2 19

Figure 7 shows that gradient layers give highermressure than the average homogeneous mixture.
This comparison demonstrates that for S- layer 1%%rms of the generated overpressure equal to

12% of H2/air mixtures. Table 5 gives the averagel @quivalent in terms of overpressure
concentration for each stratified mixture. The eglent concentration is approximately twice the

average concentration.

4.3 Vent cover

An effect of vent cover on maximum overpressurghiswn in Table 3. The effect of vent cover on

maximum combustion pressure looks quite evidere: glesence of the vent cover enhances the

maximum overpressure inside the enclosure.

Experimental observations demonstrate that in odse vent cover, there is an enormous negative

pressure impulse due to release of combustion ptediom test vessel and the following closing of
the vent for entering of ambient air, see Figur&\go stainless plates of 2 and 5 mm thick for taatv
50 x 50 crA are investigated. The thicker the vent covertis, iigher maximum combustion pressure

occurs inside the vessel.
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Simulations are also performed to model vent coWdrey show a quite good agreement with
experimental data in terms of the maximum overpressee table 6.

Table 6. Maximum overpressure inside the chambegdometries with and without vent covers
(homogeneous mixtures): simulations vs experiment.

Concentration, % Vent cover Experiment Simulations, (mbarg)
(mbarg)
10.33 no 9 8
9.99 5mm (SS) 11 11
12.2 no 33 34
11.95 5mm (SS) 38 42

5.0 CONCLUSION

The experiments are devoted to study effects ot wemture non-uniformity and vent cover on
maximum overpressure inside the vented test chamBeneral results of the experiments are
analyzed in terms of maximum overpressure:

1. Vented deflagration of a stratified hydrogen-airxiuie leads to several times higher
maximum overpressure compared to the uniform hyehveajr composition with the same
hydrogen inventory. The maximum combustion oveiques and dynamics of combustion are
governed by the maximum hydrogen concentrationnotitby the average concentration or
hydrogen inventory.

2. A vent cover leads to greater combustion pressoceease during vented deflagration.
Enormous negative pressure phase is occurred.

The comparison of results from 3D FLACS simulatitmsexperimental data for vented explosion of

various stratified concentrations shows that FLA®WSrestimates the overpressure: by ~30% for 20%
and by a factor of 2 for 25%. Since FLACS is in #iations investigated always conservative, it

could be safely used in industrial situations.

Both simulations and experiments demonstratedttfeaaipproach of the average concentration for a
stratified mixture is wrong. The explosion is gawed by the maximum concentration in the upper

layer at the beginning during the flame acceleraitiside the enclosure and by average concentration
in the evacuated outside the enclosure cloud.
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