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ABSTRACT
Protective walls are a well-known and efficient wiaymitigate overpressure effects of accidental
explosions (detonation or deflagration). For datmm there are multiple published studies, whereas
for deflagration no well-adapted and rigorous mdthas been reported in the literature. This article
describes the validation of a new modeling approfachfast deflagrations of H This approach
includes two steps. At the first step, the comlbuasphase of vapor cloud explosion (VCE) involving
a fast deflagration is substituted by equivalerdseé burst problem. The purpose of this step is to
avoid the reactive flow computations. At the secstep, CFD is used for computations of pressure
propagation from the equivalent (non reactive) gebsirst problem. After verifying the equivalence
of the fast deflagration and the vessel burst grobdt the first step, the capability of two CFD esd
such as FLACS and Europlexus are examined for rimadelf the vessel burst problem (with and
without barriers). Finally, the efficiency of fieitand infinite barriers used for mitigation of #teock
is investigated.

1.0 INTRODUCTION

Protective walls are an efficient way to protecogle and infrastructures from overpressure effects
due to accidental or malicious explosions (detomatr deflagration). For detonations, there are
several engineering or CFD-based design rulesdaidades design in the literature, such as NOTA
recommendations 2009 [1], [2] and [3]. However,dase of a deflagration (the most probable
industrial scenario), no adapted rigorous methaddeen published in the open literature. Due to the
complexity of the phenomena associated with theraation between a wall and the blast waves
appearing from fast deflagration, a CFD-based ntetias been developed. The aim of this method is
to reproduce the decay of a fast deflagration geedrblast wave in a far field upstream and
downstream of the barrier, without modeling the bastion process associated with deflagration. As
a first step, a 3D CFD code is validated againstiaate 2D and 1D numerical solution in a freedfiel
then with a virtual infinite wall. As a second stepveral design rules are discussed on the biais o
sensibility study using the validated CFD method.

2.0 DEFLAGRATION “EQUIVALENT” PROBLEM

For the combustion of a gaseous hemisphere we asthat) before the flame reaches the interface
between the gaseous fresh mixture and the surnogiradi, the problem can be reduced to 1D point-
symmetric flow generated by a constant flame spdietthe medium is homogeneous, the flame width
is negligible and the flame velocity is constamg ahe solution will be self-similar, as pointed qu

the works of Sedov [5] and Kuhl [6]. According ] and [8], this solution (which can be accurately
evaluated and is called hereafter Sedov solutigpoduces the first stagiee( combustion stage) of a
hemispheric Vapor Cloud Explosion (VCE). Once tbhenbustion is over the second stage of a VCE
can be assimilated to the temporal decay of Sedlowien and can be used for the validation of a-non
reactive Euler solver of CFD codes used for VCE potations.



This paper focuses on the effects of a fast dedtagr in the far field (the propagation of the sas
waves). As shown in details in [9], there is nocheemodel the combustion process since we are able
to replace it with an equivalent vessel-burst peobl Summarizing, the pressure in the burst regervoi
is taken equal to the maximum pressBref the Sedov solution; the combustion temperaisirde

one of the burnt mixture. The radius of the resiris evaluated by imposing that the vessel has th
same energy as the real mixture:

2 3 AP _

=E, 1
3R 1 (1)

whereE is the combustion energy of the mixture [P =P - P, ;. — the overpressure inside the
burst reservoir [Pa]y - specific ratio for airR, — the radius of the “equivalent” burst reservaii.|

We have shown that in case of fast deflagratioag the “vessel burst” temporal decay is equivalent
to the decay of the Sedov solution (t), see fig(ske [9] for details)

In the current investigation, the following highepsure and high-temperature reservoir are
considered, see table 1. This corresponds to a&flatocity of 270 m/s (0.8 of speed of sound), Wwhic
is approximately equivalent to the strength inddx7o00of the TNO multi-energy method (fast
deflagration). Initial conditions for the equivatereservoir burst problem are presented in Table 1
whereR,, is the radius of the reservoir.

Table 1: Initial conditions for a vessel burst gesb.

Vessel burstR, <2.657 m) | Outside regioiRg >2.657 m)
Overpressure (barg) 0.8561 0
Temperature (K) 3677 293
Density (kg/m) 0.1759 1.189
Speed of sound (m/s) 1215 343.1
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Figure 1. Time decay of the Sedov solution (lefi) &eservoir problem (right) in the case flame
velocity is equal to 0.8 of sound speed at (tir€s1072s, t=0.17865s, t=0.2501s), adapted from [9].

3.0 FREE FIELD SOLUTION

The reference solution (for the vessel burst problis computed using a 1D point-symmetric Finite
Volume approach (the spatial resolution is of 1mis solution is then compared with solutions
obtained from 2D simulations of Europlexus [&0d 3D simulations with FLACS [11].

The 2D simulation domain in Europlexus is chosenb& 8m long and 6m high. The solution
sensitivity to the spatial resolution is investaghusing two grids: one with a sell Rf/128=2cm and
the coarser one d®y/32=8cm. The reference solution at t = 12ms is crexg to the one obtained
using Europlexus (for 2 different spatial resolosipy see figure 3.
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Figure 3: Solution of the reservoir burst problenha12 ms. Europlexus results (for two meshes)
versus the reference solution.

A fine mesh is essential for a relatively accurgtéth less than 10% error) representation of the
overpressure. Moreover, as the distance from tlserveir increases, the relative error on the
maximum overpressure also increases. The accufathye positive impulse (corresponding to the
main pressure peak) is the same order of magng&ud@é5 m and at 5.6 m.

FLACS is a 3D code also tested for free field puespropagation. The simulation domain is taken to
be 20 m in both horizontal directions and 10m ie thertical direction. The influence of the
computational domain size is checked by using geladomain (30mx30x15m), and the solution is
found to be independent on the domain size. Theitgris activated and is parallel to the vertical Z
axis. A very short time step is used (CFLC=0.1, €EQ.1, also the option “keep low” is activated to
prevent time step from growing). The solution asnputed with 5 different spatial resolutions, wath
mesh size equal to 20 cm, 10 cm, 8 cm, 7 cm amd.5'be meshes are regular with constant cell size
(see fig 4).

Figure 4. The standard mesh and initial vesseksgmtation using FLACS (dx=10cm grid size).

The overpressure computed with spatial resolutarscm, 7cm and 8cm shows an error of the same
order of magnitude (see fig 5) compared to theregige solution. The positive impulse of the main
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pressure peak is closer to the reference solutiorihie finest resolution (5¢cm). However the err
even in this case, is greateath10%. As the distance from the reservoir increade error on th
positive impulse remains the sa

Overpressure at 5.6 m

=—ref solution
0.35 =—dx=5cm
0.3 —dx=7cm
—dx=8cm
0.25 —dx=10cm
0.2 ——dx=20cm
0.15

P (barg)

0.1 \\
0.05

N |
0.405 0.007 0.009 0.011 0.013 0.015
-0.05

-0.1

t(s)

Figure5. Solution of the reservoir burst problem. Presss function of time at R = 5.6 m: FLA(
simulation results for various spatial rescons vs ref solutiol

Both software$-LACS and Europlext give fair results. Concerning FLACBe& main (first) pressul
peak and the corresponding positive impulse aghtd)i overestimated. The best match with
reference solution is obtained for ffinest grid (around 10%), however thed with spatial resolutio
of 10cm also giveacceptable resu.

4.0 SOLUTION WITH A WALL

The aim of this sectiois to investigate numerically the efficiency of fction barriers 1 mitigate the
pressure wave'gropagation. For this purpose the propagation pfessure way in a free field is
compared to the pressure propagation in the envieoih with a protectiy barrier (a wall) The wall is
located 9.2m downstream of the centre of the veddd@k position orresponds to n incoming
overpressure of ~150 mbarg. The height of the vgalet t« 2.5 m, its thickness to 0.5m. In t
reference case the wall is considerechave an infinite lengtlfthe same size as the computatic
domain width).Monitoring poins are locatedipstream, downstream and on the wall to stits
mitigation effects, see fig 84onitoring points located at 1.t height are of speciinterest since they
correspond to the average heighthe lungs of an adult.

)
-0 5 10 15

Figure 6 Reservoilburst problem with a wall, monitoring positio

In order to evaluatehe protection barrieefficiency (its mitigation factor) and its dependence on
barrier length, 3D simulations must be validateak. fhis purpose 3D solution obtained with FLA
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code for reference case is compared to a finetves@D solution from the Eulerian EUROPLEXUS
code.

4.1 Numerical settings

In the case of FLACS the grid is the same as inctdee of free field. The independence of the
numerical solution on the size of the computatiatahain was verified by comparison of simulation
results in three different domains of 90m, 34 m a6ch. However the largest simulation domain is
used (in order to reduce the effect of boundarydit@mms) for the parametric studies considering
different lengths of the wall. The sensitivity sifmulation results to spatial resolution is vedfifor
two different grids with cell sizes of 5cm and 10csimulation results match closely. Hence the
solution is independent on grid resolution.

The 2D axisymmetric Euler equations are solvedgusirFinite Volume approach (see Europlexus'
user guide [1]). The height of the computational domain is 10Time mesh is not uniform: close to
the barrier the mesh size is ten times smaller thafrom it. The sensitivity of the simulation téis
with respect to the mesh size are verified usimgahifferent meshes, see table 2. Simulations show
that at the points investigated behind the bafser 9.7 m), the difference between the maximum
overpressure is more pronounced (10% between ceadbdinest grids, 5% between medium and
finest grids) in the points with z = 3 m and is setsibly important close to the soil. The resitim

the fine mesh are used in the current work. Initiahditions for 2D Europlexus simulations are
imposed by projecting on the 2D axial-symmetric imeéke 1D point-symmetric results of the
reservoir burst problem just before the interactwdgth the barrier occurs. In all computations, the
predictor-corrector of Van Leer—Hancock (secondeoiid time and quasi-second order in space) is
used (space reconstruction is performed on conbesvaariables and Barth-Jespersen limiter is
employed). CFL is equal to 0.5, and the HLLC metodpplied to compute the numerical fluxes at
the interfaces (see Europlexus' user guidé fd0details).

Table 2: Mesh description used by Europlexus.

Point Coarsest Medium  Finest
x=9.75m, z= 3m 0.11678 0.12246 0.12762
x=10.75m, z= 3m 0.0676 0.07323 0.0779
x=12.75m, z= 3m 0.03784  0.0413 0.04307
Number of grid points 35816 139264 557638

4.2 Simulation results: cross-comparison between Eoplexus and FLACS

Fig 7 shows the comparison of simulations resuitaiaed by Europlexus and FLACS for vessel burst
problem with a wall. First two frames correspondrtonitoring points located upstream of the wall,
whereas other frames correspond to monitoring pdotated behind the wall. FLACS results are in
close agreement with Europlexus simulations.
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Figure 7. Comparison of Europlexus simulationsb{ack) to FLACS simulations obtained with
different spatial resolutions.

The overpressure computed by FLACS with spatialuti®n of dx=5 cm is slightly closer to results
of Europlexus in terms of maximum overpressuregtiof arrival and corresponding impulse. The
solution obtained with FLACS with a spatial resmatof 10cm shows in general a slightly higher
pressure than the one computed with a spatialugselof dx=5 cm. The pressure signal is stiffar fo
resolution of dx=5 cm, hence pressure curves ferl@igm are slightly larger. Thus the impulse
computed at the grid with cell size of 10cm is leighiHowever FLACS simulation results obtained
with dx=10cm are acceptable for further analysis.

In terms of the time corresponding to the detectibrthe maximum pressure, the error between
simulations performed by Europlexus and FLACS (lwaith dx=5cm and dx=10cm) is negligible.

This comparison shows that FLACS results are iry vadose agreement with Europlexus for the
maximum overpressure, for the corresponding impaitgkfor the time of overpressure arrival.

4.3 Wall effect on the overpressure

To investigate how the presence of wall affects theerpressure propagation upstream and
downstream of the wall, one can compare the ovespre maximum in time with and without wall as
a function of the distance from the centre of higimperature and high-pressure reservoir (at z=1.5m
from the ground level), see on fig 8.
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Figure 8. Comparison of FLACS solutions of vesaakt problem with a wall (in blue) and in a free
field (in red).

The solutions for the free field and for geometijhva wall (at 9.2m) overlap until 8.5m. Very close
to the barrier a significant rise of the overpresss detected. This is due to the pressure rejlecit

the wall. Here the reflected overpressure is almdsttimes higher than the corresponding free field
overpressure, see fig 9.

The first overpressure peak (frame 1, fig 9) cqroesls to the overpressure front propagation fraem th
reservoir burst (this peak is identical to the fiietdl solution), whereas thé“spike on the blue curve
(solution with a wall) is the reflected pressuréeTcloser the monitoring point is located to thélwa
the smaller the time gap between these two peaksdsthe higher the second spike is. At the
monitoring point located 5 cm upstream from the lwtdlese two peaks add up, leading to the

appearance of a single overpressure maximum, whialmost twice higher than the corresponding
free field overpressure.

Position at x= 8.75m, z=1.5m. Position at x= 9.15m, z=1.5m.
0.25 T T T T T

[— Free field
== = wall

o
@
&

[— Free field
==== Wall

o
w

0.2

b

o

N

&
-

0.15

o
~
"

0.1

°
@

]
1
1
[]
[]
1
1
H
0.05 ] \
.
% H
0.05
. RS
\
L)
1
L)

0l
¥
f-v\d’ s "
.

" s~ "‘\/\/\/;::f. 4
.

i . ,
A -0.05 - -, A
"“"4\_,-' 0.05 u\ ‘,“‘ % o
LI g

overpressure(barg)

o

overpressure(barg)

e

-
~

A

’

0.1 L 1 L 0.1 1
[ 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
time(sec) time(sec)

Figure 9. Comparison of FLACS solutions of vessebt problem with a wall (in blue) and in a free
field (in red): upstream of the wall.

Fig. 10 shows the pressure wave propagation dogarstiof the wall (propagation behind the wall),
demonstrating a region of a reduced pressure behe@all (compared to the free field). This is the
so-called “wall shade” effect. The overpressursigmificantly reduced compared to the one obtained
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for the free field. Figure 10 also demonstrated thehind the barrier (in the reference case) the
overpressure does not exceed 32 mbarg at z=1.5gmt fiem the ground level, which is significantly
lower than the overpressure in a free field. Thé m@t only reduces the pressure wave maximum in
its shade, but also leads to the dispersion optkssure front (reducing the wave front stiffnesd a
increasing its thickness).
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Figure 10. Comparison of pressure signal behiadwtll: free field solution is in red, solution Wia
wall is in blue.

The mitigation factor for the overpressure {Pree field /Prax wal) demonstrates the efficiency of the
protective barrier. Figure 11 shows the pressurigation factor versus the downstream distance
normalised by the barrier height. This factor shdwsv many times the free field overpressure is
reduced due to the presence of the wall.

At long distances the mitigation factor decrease$,tmeaning that at long distances the pressure in
the wall shade approaches the pressure in the figlk Unfortunately, in order to catch this
phenomenon one should use a much longer simuldaorain. However this becomes very expensive
in terms of CPU time.
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Figure 11. Mitigation factor for the overpressus. downstream distance.
4.4 Effect of the wall length on the wall mitigatio
An important parameter strongly affecting mitigatiof a barrier is its length. The barrier lengtim ca
significantly reduce its migration properties. Foe comparison with the infinite barrier, threeitén

length walls are considered.

Table 3. Various wall lengths considered.

Wall length L(m) | Ratio L/h
7.8 3.12
15.6 6.24
31.2 12.48
infinite infinite

The mitigation effect of these walls on the ovesgree in the wall shade is shown in figure 12.
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Figure 12. Comparison of maximum overpressureh@nshade, at z=1.5m from the ground) for walls
with various lengths

In figure 12, the blue curve overlaps the magentaec This means that for walls with aspect ratio
larger than 6 (L/h>6), the mitigation factors amgpmximately the same and they approach the
mitigation factor of the infinite wall (black curkeFor shorter walls, see here for instance L/HR&,
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mitigation effect is strongly reduced. The overpues for short walls is much higher than for the
infinite wall, due to the pressure wave lateralrwaing.

5.0 CONCLUSION

The comparison of results from FLACS 3D simulati®as2D Europlexus simulations shows good
agreement for the free field solution and the sotutvith a wall. This demonstrates FLACS capacities
to be used for simulations of pressure wave prapagan the far field for both geometries: freeldie
and for geometry with a wall.

Parametrical simulations performed by FLACS shotied for short walls with aspect ratio (L/h<6)
the mitigation factor for the overpressur@{R;ee field/Pmax wan) 1S Significantly reduced compared to the
infinite wall, due to the appearance of the lateradrturning waves. Hence it is recommended tadbuil
a wall along the whole perimeter of the protectedezto avoid overturning.
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