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Blast mitigation using various types of foams is of interest to practitioners for the safe design of
structures. Experimental and numerical studies have demonstrated the beneficial effects of different
foam materials when used as protective soft coatings. However, under certain blast loading conditions
and foam dimensions, the load experienced by the target/protected structure was found to be much
higher in the presence of foam than in its absence. In this study, a mechanism based on geometric means
known as shock trap is used along with foam as a preventive measure against shock amplification. A
shock trap is a special arrangement of rigid obstacles with an air gap, designed to offer a tortuous flow
path. To analyze the proposed foam-shock trap combination, a popular Lagrangian based Smoothed
Particle Hydrodynamics (SPH) is employed. A novel solid wall boundary modeling technique called
skew gradient wall boundary treatment is also built into the SPH solver. The material discontinuity is
handled by a multimass correction strategy. The blast wave mitigation characteristics of the proposed
approach are evaluated using two different foam materials, namely, wet aqueous foam and polystyrene
foam. From detailed simulations, it was observed that undesirable shock enhancement effect of foams
was found to be completely suppressed by combining it with the shock trap mechanism. The proposed
foam shock trap combination significantly reduces the peak load and impulse experienced by the target
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structure. Published by AIP Publishing. https://doi.org/10.1063/1.5043177

I. INTRODUCTION

Blast waves have a detrimental influence on structures
and their mitigation is of practical interest. A comprehensive
review of the blast mitigation methods can be found in the work
of Igra et al.' and Britan et al.”> Most Blast Wave Mitigation
(BWM) strategies either employ deformable protective layers
that dissipate/absorb energy or tend to reflect the wave. In the
former class of methods, studies have shown that foam based
barrier structures are highly effective in attenuating shocks.>-®
In particular, aqueous foams>%!? and polymer based foams
such as polyether foam,!! polyurethane foam,* polyethylene
foam,'? polystyrene,'? etc., have gained prominence. In gen-
eral, foams have attractive attributes such as (i) light weight, (ii)
high strength to weight ratio, (iii) low cost and ready availabil-
ity, (iv) tailorable material properties such as density, porosity,
etc., (v) superior energy absorption capability, etc. However, in
anumber of experiments it was observed that, under some con-
ditions, foams are counterproductive to their original objective
as they cause shock enhancement or amplification of the loads.
Under certain test conditions, the load exerted was found to
be much higher than the value measured without the layer
of foam. In the context of blast protection using foams, this
effect is highly undesirable and is typically found in config-
urations which allow free compaction of the foam material
against the protected structure. Although the dynamical pro-
cesses leading to this effect are not completely understood,
studies have shown that shock amplification can be avoided
by increasing the thickness of the foam material beyond a
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certain critical value. A comprehensive review of the various
studies that reported this effect can be found in the work of
Zhu et al.'*

In foam-based approaches, the predominant mode of
attenuation is through an absorptive mechanism, in which the
incident energy of the blast wave is dissipated through plastic
deformation. This is different from the use of water wall,'> con-
crete wall,'® perforated plates,'” steel meshes,'? array of rigid
obstacles,'>? etc. which redirect the energy of the blast wave
away from the protected structure, exemplifying the reflec-
tive mechanism of blast mitigation. Among these approaches,
a particular method known as shock-trapping, introduced by
Skews et al.,”! is of interest in the present study. A specific
arrangement of wedge shaped obstacles placed along the path
of the shock wave facilitates a less resistive entry than the
exit. The flow path past these obstacles is designed such that
stronger reflection coupled with vortex generation dissipates
the energy of the blast wave. Later, Chaudhuri ez al.?* have sug-
gested an improved shock trap by modifying the arrangement,
which in turn provided better attenuation of shock waves.

In the present study, we first simulate the conditions for
which the foam mitigates the blast wave. The reflected shock
from the restricted motion of the rear surface of the foam or
compaction as it were is necessary to be dissipated for ade-
quate mitigation and is explored with using shock traps. We
thereafter investigate the effectiveness of using a combina-
tion of foam and shock trap in protecting the target structure.
In particular, we study the influence of shock trap setup on
the shock enhancement effect due to foam compaction. The
analyses are carried out numerically using Smoothed Particle
Hydrodynamics (SPH) simulations. The outline of the paper
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is as follows: in Sec. II, the governing SPH equations are
presented, along with the solution algorithm and the mate-
rial model used for different foams. In Sec. 111, the validation
studies are presented. The problem domain with initial and
boundary conditions is described in Sec. I'V. The results of the
simulations are discussed in Sec. V. Finally, the paper ends
with a brief summary and conclusions.

Il. GOVERNING EQUATIONS AND METHOD
OF SOLUTION

The propagation of waves in different medium can

be described using the unsteady, inviscid, conservation
equations (1),
Dp
=L _ _,v.y, 1
D pV-v (la)
D \Y
= -2 (1b)
Dt I
D
2o Py.y, (1c)
Dt P

Here, 2 o is the material derivative and p, p, u, and v represents
the density, pressure, specific internal energy, and velocity
vector, respectively.

A. SPH equations of motion

SPH is a mesh-free, Lagrangian, particle based numeri-
cal framework used for solving a wide range of engineering
problems.”® In the SPH methodology, the discrete form of
the governing PDEs is obtained using either the variational
principles or kernel interpolation theory. The former is always
preferred as it provides a set of equations which is unique,
Galilean invariant, and, in particular, conservative. A detailed
derivation and discussion of the SPH theory can be found in
Refs. 24 and 25. For the present study, the discretised equations
of motion are as follows:

m; 1

i=—, Vi= o———, (2)
pi [ TN )

2
Dvi _ 1 (p]VJVW(rl,,h) %V,'W(rlj,hi))a
J

“j i
€)

% ’;’z'gzv,, VW (ry.hy). (4)
i J

In the above equation, m, V, and & denote the mass, volume, and
smoothing length of the particles, respectively, W is the kernel
function, r;; is the inter-particle distance, V;W;; is the gradient
of the kernel function, and €; is a correction term accounting
for the adaptive smoothing length defined as follows:

3 L Ohi g OW (i)
Qi =1- .
ap, — oh

&)

An artificial viscosity term (6) is added to the discrete
form of the momentum equation (3), to ensure proper resolu-
tion of shocks in compressible flow simulations. The artificial
viscosity term prevents inter-particle penetration in the case of
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high speed, convergent flows and also serves to suppress any
non-physical noise in the solution,

m; [
. _ ] = Sig,v
Vdiss,i = § i ;v i Vij - Xz]V sz (6)
ij

g _ {O.S(ci +cj— pvij-Xy) if vij % <0

; . (7)
0 otherwise.

In Eq. (6),  is a variable coefficient that controls the amount

of dissipation, v*$* is the signal velocity calculated based

on the sound speed (c) and relative velocity of an interact-

ing particle pair, and V;W; represents the arithmetic average
O.S{V,-W(rij, hi) + ViW (ryj, hj)}. The additional parameter
B is set as 2.0 following the work of Price.”® Any quantity,
say, velocity v;; represents (v,- - Vj) and the quantity v;; rep-
resents the average 0.5 (V,' + vj). Similar notation applies for
other variables.

For compressible flows involving large viscous heating,
the artificial heat conduction term [the second term in Eq. (8)]
is added to the thermal energy evolution equation. For the
current study, we use the form proposed by Price?® as follows:

2
. _ A, A
Udiss,i = Z p { 0.5a ,JU (Vij . le)
ij

+ /?lju,-jvisjlg’u}ﬁ,-j - ViWi;. (8)
In Eq. (8), « is a control parameter and v*¢-* is the signal

sig,u _ Ip,jl
ij
It should be pointed out that the artificial viscosity and

conductivity terms are required only in the shocked regions.
To achieve this selective usage, the technique introduced by
Cullen and Dehnen?® is implemented to adapt the control
parameters « and «. The particle’s value of « is set as

velocity defined as v

h2A;
Qoc,i = a’maxm’ ©
where A; is calculated as
A= max(—V . vi,O) (10)
and the signal velocity vy, ; is calculated as
Usig,i = Max (cl, - mm(O Vij. x,])) (11)

[xij | <hi

If @y, ,; 1s higher than the particle’s previous value, then aj, ;
is set as the ;. Otherwise, « is relaxed as follows:

. Qlpci — @ h;

T T 0050y (12)
For the present simulations, @, is set as 2.5 based on the
benchmark problems presented by Cullen and Dehnen?® for
strong shocks. The limiter quantity ¢ is required to reduce
false detection (see Ref. 27 for more details). To limit the
action of artificial heat conductivity around regions of jump
discontinuity, an approach similar to the artificial viscosity is
followed for adapting the value of « as

h?A;

—’
th + €, ;

13)

Kloc,i = Kmax



086102-3 Prasanna Kumar, Ramamurthi, and Patnaik
where
—R;|Vu; . Vu;|" = |V !
A; = max M,o , V| = % (14)
Vui At

If the value of «j,; is less than its previous value, it is relaxed
according to
Kloc,i — Ki h;

Ki=——— , T

=— 15
Ti 0.05()”'&1‘ ( )

Appropriate Equations of State (EoS) for different materials
are presented under material modeling.

B. Material modeling
1. Air

Air is assumed to be a perfect gas with the adiabatic index
vq = 1.4. The equation of state is

Pa = (Ya — D) paita. (16)

Setting po = 1 kg/m> and pg = 1 x 10° Pa, the value of spe-
cific acoustic impedance zg = pgco for air is 374.16 Pa s/m.
Here, subscript “0” denotes the values at standard ambient
conditions.

2. Explosive products

The gaseous products of an explosive material are mod-
eled using the Jones-Wilkins-Lee Equation of State (JWL-
EoS) as follows:

p :A(l - ﬂ) exp(_—rl) +B(1 - ﬂ) exp(_—rz)
ry v rn v

+wopeu, 3 v="2, (17)

e

where A, B, ry, r2, and w are the constants depending on
the type of explosive employed, p, and E( are the den-
sity and energy of the un-reacted explosive, respectively,
and D is the detonation velocity. The JWL-EoS parameters
for pentolite is presented in Table I. The detonation pro-
cess of the explosive is modeled using the programmed burn
algorithm.?’

3. Foamed polystyrene

In the present study, an equation of state (18) based on the
stiffened gas approach, proposed by Sugiyama et al.,'? is used
for modeling polystyrene foam,

p = (ys — Dpu—ysb. (18)

In Eq. (18), the value of y5 and b is set as 1.8 and 2.07 X 10,
respectively.!3 The values of density and acoustic speed for
the polystyrene foam are pr = 35 kg/m? and ¢r = 336.9 m/s,
respectively,'? and therefore, its specific acoustic impedance
is 1.18 x 10* Pa s/m.
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4. Wet aqueous foam

For modeling wet aqueous foams, the pseudo-gas
approach used by Sembian et al.? is followed. Assuming foam
to be a homogeneous mixture of air and water, the density of
the foam is calculated based on the rule of mixtures as

pr =0 —ar)pa+ arpuw, (19)
where pr, pw, and p, denote the density of foam, water, and
air, respectively, and a; is the volume fraction defined as

Vi
af = .
Vo+Vy
Here, V,, and V, denote the volume of water and air in

the foam, respectively. The pressure of the foam particles is
calculated using the Nobel-Abel equation of state,

(20)

_ Oy = Dpyuy

a Q1)

In Eq. (21), the specific heat ratio for the foam (yy) is obtained
as
1 ar 1—-ar
_y | l-a
-1 yu—-1 va—1

Setting @ = 0.1, pyaer = 1000 kg/m3, Pair = 1 kg/m3,
Ywater = T, and yqr = 1.4, we get py = 100.9 kg/m® and
vr = 1.44. With acoustic speed in the aqueous foam ¢y = 36 m/s,
the specific acoustic impedance value is 3.63 x 10° Pa s/m.

(22)

C. Material interface treatment

Numerical analysis of foam-based BWM using the SPH
methodology requires multimass particle setup (particles of
different materials have different values of mass). However,
the existing SPH formulations suffer from numerical errors
around the contact discontinuities (CD) due to the multi-
mass particle setup. Therefore, a multimass correction pro-
cedure proposed by Prasanna Kumar er al.*° is implemented
to accurately resolve the material interfaces. The exchange of
mass between particles across the mass discontinuity line is
determined through

. ml'j sigm_ & S
iy = Z =yv; mXg; - ViWy;, (23)
TR
where
|pij| : S
" = lf Vi X < 0
U;-lg,m - Pij y Ui (24)
0 otherwise.

The quantity ¢;; is a limiter function to regulate the amount
of diffusion. Using the right value of ¢; is crucial as higher
values can lead to over correction and erroneous results. For
all the simulations, ¢;; was calculated as follows:

< V2
(vij - Xj5)

sig,m - ' (25)
Vij - Vij + (El/,UU. & )2 + (OOOICU)2

Yij =

TABLE 1. JWL-EoS parameters for the gaseous products of pentolite are taken from Ref. 13.

Explosive A B r

r w

pe (kgim?) Ep D (m/s)

Pentolite 531.77x10°  8933x10° 4.6

1.05 0.33 1650

4.85%10° 7500
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The limiter itself can be further tuned using €. For the present
study, the value of €, is set as 0.1. Allowing mass diffusion of
the particles necessitates that the following additional correc-
tion terms should be added to restore momentum and energy
conservation:

. 1
Vdiss.i = - § Qiimijv;, (26)
T

ltgissi = mi Z Qymii{0.5(v; - v;) + ;). (27)
J

_ mi; sigm g
Here, Ql] = 'ﬁijﬁ_;”zy Xjj ViWij.

D. Imposing boundary conditions

In this section, the inflow, outflow, and wall boundary
models used in the present study are briefly described.

1. Inflow/outflow boundary modeling

In SPH, permeable boundaries are modeled by construct-
ing a buffer zone with particles along the direction of outward
normal to the boundary. The size of the buffer zone is cho-
sen such that a full compact support is available for the fluid
particles near the boundaries. As soon as the buffer particles
cross the inlet, they are flagged as fluid particles which are
then evolved as governed by the conservation equations. As
the fluid particles cross the outlet, they are flagged as buffer
particles. In the inlet buffer zone, new buffer particles are con-
tinuously replenished as older buffer particles are transformed
into fluid particles. The physical properties of the particles in
the buffer zone are suitably assigned to enforce the required
boundary conditions.

2. Wall boundary treatment

In the present study, we employ the skew gradient Wall
Boundary Treatment (sgWBT) method proposed by Prasanna
Kumar et al.?° for imposing the conditions at the wall bound-
aries. The procedure begins with the calculation of the prop-
erties of wall particles by taking the kernel average from the
fluid particles within its support domain. For a generic fluid
property A, the kernel average is obtained as follows:

2 AW (rjw, hw)
_ Jjef (28)

v 2 W(’Tiw’ hy) ’

jef
where subscript w and f denote a wall and fluid particle,
respectively. The properties of the virtual particles are then
assigned by extrapolating the value of the nearest wall parti-
cle using Taylor series expansion. This requires that the local
gradient at the wall particles be calculated using the following
equation:

m

VAp = > —2(A; — Ay ) VWS, (29)
In (29), subscript nf denotes the nearest fluid particle in the
vicinity of the wall particle under consideration and VW*(R")
is the gradient of a skewed kernel function.3! The skew gra-
dient of a chosen symmetric kernel function (W) can be

Phys. Fluids 30, 086102 (2018)

calculated as

VIW(R') = VW(R'D[1 +erf (1-R')]

2W ,
= exp{-(1-R")}, (30)

where R’ = X/;X and A is the skewness vector. The skewness
vectors for the wall particles are set as 4, = —ci”’. Here, % is
the wall normal vector (see Fig. 1) and c is a suitable constant
(set as 10 in the present study) which controls the quantum
of skewness. Finally, the properties of the virtual particles are
assigned using the following equation:

Apir(x) = Anw(x’) +Ax - VA, 31

where subscript nw denotes the nearest wall particle and
Ax = (x — x').

E. Time integration scheme

The time integration of the equations is carried out using
a 2nd order accurate predictor-corrector scheme. The time
evolution of any quantity a is obtained as follows:
Predictor step:

n

n+d At dai
a ‘=a'+——|. 32
! P2 dt (32)
Corrector step:

4l

n+% n At dai " 2
cl=alt+t — — 33
a t=aj+ o (33)

1

a;.”l =2a""? —al, (34)

i
where n,n + %,andn + 1 represents the present, intermedi-
ate, and subsequent time level, respectively. A variable time
step size determined by the Courant-Friedrichs-Lewy (CFL)

criterion given in (35) is used for time marching,

h;
At =025 min § —— . (35)
1<i<N | |vil] +¢;

Here, N is the total number of particles in the domain.

F. Other numerical details

To ensure sufficient neighbour particles for the calcu-
lations, the value of the smoothing length (k) is adapted
according to particle density (which depends on the local inter-
particle spacing). The coupled variables (p and %) are therefore

® fluid particles
wall particles
]

virtual particles

FIG. 1. Schematic of wall boundary modeling using the sgWBT method.
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FIG. 2. Schematic of the experiment conducted by Sembian ez al.?
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FIG. 3. Numerical validation of the aqueous foam model. Comparison of
temporal variation of pressure at different spatial locations S1, S2, and S3
against the experimental measurement.

calculated using the bisection method with convergence crite-
. Pkl _pk o .. .
ria set as |h—”| < 107~ For assigning smoothing length, we

choose the relation h = nVﬁ, where V is the particle volume
and d is the number of dimensions. Wendland W3 3 kernel*?
with a support size H = 4Ax is used in the present study to
avoid pairing instability?’ and for improved accuracy.’® The
solver was developed in C++ with a double precision stor-
age. To speed up the calculations, the particles’ neighbour
search was conducted using a linked-list algorithm and code
parallelisation was carried out using OpenMP libraries.

lll. VALIDATION STUDIES

In this section, the results of the numerical simulations
employing various material models are validated.

Phys. Fluids 30, 086102 (2018)

A. Validation of aqueous foam model

The aqueous foam experiments conducted by Sembian
et al. are simulated using the present numerical model. The
schematic of the apparatus is depicted in Fig. 2. The experi-
mental setup is a long, uniform cross-sectioned tunnel, with
an exploding wire at one end to generate the blast wave. The
aqueous foam to be tested was placed at a standoff distance
(SOD) from the other end-wall of the tunnel fitted with a pres-
sure sensor. Additional sensors were flush mounted at different
locations along the length of the tunnel to monitor the tempo-
ral variation of pressure. A one dimensional computational
domain of length 0.358 m was discretised into a total of 5200
SPH particles. Reflective boundary conditions were applied at
both ends of the domain. To start with, the initial conditions for
the numerical simulation of exploding wire were determined
using a trial and error approach. The initial conditions around
the point of explosion was tuned, until the cumulative least
square error from the three pressure sensor locations [190 mm
(S1), 234 mm (S2), and 358 mm (S3) from the left end of
the tunnel] matched within 5% of the experiments. The initial
conditions so obtained are

(1030 x 10°,95.82, 0) forl<x<3
P, p,u) =

(1.01><105,1.17,0) forx < landfoerS-

(36)

A comparison of the pressure history obtained from the numer-
ical simulations against the experimental data is presented in
Fig. 3.

To validate the foam model, the foam particles were posi-
tioned at a zero standoff distance from the S3 location. Then,
using the aforementioned initial conditions, the time of arrival
(t,) of the blast wave at the S3 location was obtained for dif-
ferent values of foam thickness (Ly). From Fig. 4(a), a fairly
good agreement between the numerical and experimental val-
ues for the time of arrival can be observed. Additionally, the
numerically obtained temporal variation of pressure at the S3
location, corresponding to a foam thickness of 2 cm and a
standoff distance of 8 cm, is compared against the experimen-
tal measurement in Fig. 4(b). An excellent match between the
two indicates the ability of the model to accurately predict the
interaction between the blast wave and the aqueous foam.

09F ¢ present A 20r
oo & i
r 15F
07F I
— N NE [
‘;9,0.6 - - 210 -
Sos5f o |
x I = sk
+«"0.4F x “F
o 2 o
0.3 - of
O.ZIE r
PR TR R SR SR 5 [ 1

S3 present
A S3 expt

FIG. 4. Numerical validation of the
aqueous foam model: (a) Comparison
of the predicted time of arrival of the
blast wave at S3 location against the
experimental measurement for different
values of foam thickness. (b) Compari-
son of the predicted temporal variation
of pressure at S3 location against the
experimental measurement for the case
of Ly =2 cm and SOD = 8 cm.

o

4 8
L, x 10 (m)
(a)

—056 038 0.4
tx 10°%(s)
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e E—
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FIG. 5. Comparison of the predicted peak overpressure against the empirical
relation proposed by Kingery and Bulmash.’

B. Validation of polystyrene foam model

An experimental study on blast mitigation using the
polystyrene foam was carried out by Homae et al.>* Subse-
quently, the results of their experiment were used by Sugiyama
et al." for the development and validation of a 2D, axisym-
metric, Harten-Lax-van Leer (HLL)/Harten-Lax-van Leer-
Contact (HLLC) scheme based solver. In their numerical for-
mulation, Sugiyama et al.'> have proposed a stiffened gas
approach to model the polystyrene foam which is carefully
followed in setting up the problem domain for the present
study. A spherically shaped pentolite charge of radius 0.024 m
and 0.1 kg in mass is covered by a layer of polystyrene foam
of radius 0.076 m. The charge is detonated in a quiescent
atmosphere under standard, sea level, ambient conditions. The
schematic of the computational domain is shown in Fig. 6(a).
To validate the material model for the polystyrene foam, an
axisymmetric SPH formulation was required. In the present
work, an axisymmetric SPH scheme proposed by Brookshaw?>
along with the improvements suggested by Garcia-Senz et al.>®
is implemented. The relevant 2D, axisymmetric, SPH equa-
tions of motion can be found in Ref. 36. For simulating the
process of detonating the charge, a simple, programmed burn
model? is followed.

To ensure that the axisymmetric formulation of the SPH
solver and the detonation model are sufficiently accurate,
the standard hemispherical surface free-field air blast prob-
lem is simulated, for which empirical relations are available.

Phys. Fluids 30, 086102 (2018)

For this test, we consider the explosion of a pentolite
charge of mass 0.1 kg in standard sea level ambient con-
dition. The variation of peak overpressure (p;mk) with the
corrected scaled distance (Z) is plotted in Fig. 5. The
simulation results can be seen to be in excellent agree-
ment with the empirical relation proposed by Kingery and
Bulmash.?’

For the validation of the polystyrene foam model, we
choose a 2D computational domain of size (0, 2.5) x (0, 2.5).
The domain was discretised with approximately 6.7 x 10° par-
ticles arranged in a square lattice. The explosive and the foam
material were arranged as shown in Fig. 6(a). The temporal
variation of the overpressure was monitored at three spatial
locations (K = 3, 4, and 5) and compared against the experi-
mental and numerical results reported by Homae et al.>* and
Sugiyama et al.'® Figure 6 depicts a reasonably good agree-
ment between the numerical and experimental overpressure
history.

IV. BLAST MITIGATION STRATEGY
USING FOAM-SHOCK TRAP COMBINATION

The blast mitigation characteristics of foams and rigid
obstacles have mostly been studied individually but not
together. However, when they are combined, they might exhibit
different mitigation characteristics, and to be precise, the
foam based blast mitigation approach facilitates an absorp-
tive mechanism, whereas the rigid obstacles subscribe to the
reflective mechanism. Therefore, the present study systemat-
ically explores their combined influence on the overall blast
mitigation.

In the case of foams, the energy extraction from the
incident blast wave is achieved through plastic deformation.
Although, this mechanism seems intuitively efficient, the sim-
ple impedance mismatch at the foam-air and air-foam inter-
faces can play a significant role in modifying the incident blast
wave parameters. This realisation has, in fact, led to the study
of functionally graded materials.*®3° In the case of non-graded
foam materials, significantly higher mitigation is achievable
by simply providing a separation or standoff distance (SOD)
between the foam and the protected structure*” (which exploits
the impedance mismatch at the foam-air interface). To this end,
we propose a shock trap to avoid the foam compaction against
the protected structure and the attendant shock amplification
effects.

Homae et al.[2006](Expt)
Sugiyama et al.[2014](Num)
present

FIG. 6. (a) Schematic of the problem
domain for validation of the polystyrene
foam model. (b) Comparison of the tem-
poral variation of overpressure against
the experimental results of Homae
et al3* and the numerical results of

Sugiyama et al.'3
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FIG. 7. (a) Schematic of the shock trap proposed by Skews et al. (b)
Schematic of the improved version of the shock trap proposed by Chaudhuri
etal

A typical schematic of a shock trap is shown in Fig. 7(a).
The shock trap consists of two sets of obstacle arrays sep-
arated by a short gap. Each obstacle array is made up of
multiple columns of wedge-shaped obstacles in a staggered
arrangement. The cross section of the obstacles allows rela-
tively easy entrance to the air gap region compared to the exit.
Once the incident shock enters the trap region, it undergoes
several reflections before emerging as a weaker transmitted
wave. These obstacles not only redirect the flow in the lat-
eral directions but also promote flow non-uniformity through
the generation of vortices. The interaction of the waves in the
trap region with these vortices enhances the flow disturbances.
Eventually, the flow becomes turbulent and much of the kinetic
energy is dissipated by the eddies. In a numerical study car-
ried out by Chaudhuri ef al.,>> a modified arrangement of the
obstacle was shown to provide even better attenuation levels.
The schematic of the modified obstacle arrangement is shown
in Fig. 7(b). Assuming that the incident shock or blast wave
always travels from left to right, the direction in which the first
set of obstacles are pointing was reversed. Unlike the original,
the modified configuration resulted in an increased resistance
to flow, with a stronger shock reflection at the entrance. The
results have shown that the transmitted shock is considerably
weaker for the modified arrangement. Hence, in the present
simulations, the modified arrangement is investigated for its
ability to mitigate shock amplification effect.

A. Problem domain

The interaction of a blast wave with a foam-shock
trap combination is an inherently three dimensional, multi-
component, compressible fluid flow problem with complex
boundary conditions. Immense computational resources are
required to simulate this problem in its totality. Therefore, suit-
able assumptions are applied to reduce its complexity. For the
ease of simulation, we assume the shock trap to be an array
of vertically aligned rigid rods with uniform cross section,
placed ahead of the target structure. A layer of foam material

Ly
periodic boundary
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with uniform cross section is positioned at the entrance of the
shock trap. A planar blast wave is assumed to enter the com-
putational domain through the left boundary as shown (see
Fig. 8). The aforementioned assumptions reduce the problem
to two dimensions owing to planar symmetry. However, it is
pointed out that modeling three dimensional effects such as
the deformation of the fluid/material interfaces*! and complex
shock interface interaction*>*? is essential for more accurate
quantification of possible mitigation levels. The schematic of
the problem domain is depicted in Fig. 8. Assuming the actual
height of the target structure to be much greater than the length
of the domain (L), the top and bottom boundaries are consid-
ered to be periodic. The length and height of the domain (H)
is taken as 1.0 m and 0.12 m, respectively. The standoff dis-
tance (SOD) defined as the separation between the protected
structure and the last array of obstacle was set as 0.17 m.
The length of the air gap zone in the shock trap was cho-
sen as 0.08 m. Assuming the target structure to be a rigid wall,
the extreme right boundary of the domain is modeled using
reflective boundary conditions given as

op _op _ou
dx  dx  dx
The blast wave is modeled using Eqgs. (38)—(40), for the pres-

sure, density, and velocity, respectively. They constitute the
inflow boundary conditions on the left side of the domain,

=0,v=0. 37

PO = p;;mk(l - ti) exp(_tm). (38)

+
InEq. (38), p? is the over pressure defined as p® =p — pg, with pg
being the atmospheric pressure, p;ea . 18 the peak overpressure,
t4 is the time duration of positive overpressure, and « is the
decay constant. Following Peng et al.,** the temporal variation
of density and fluid velocity is obtained as follows:
_ O+ Dp°®) +2ypo
(y = Dp°(t) + 2ypo’

p(1) (39)
2 aopp® (1)

YPo [(y + Dp°(t) + 2ypo
Here, ap and y denote the ambient sound speed and adia-
batic index, respectively. For the simulations in this study, we
set 2% = 100.924, 1, = 0.5 x 107 s, and @ = 2.72. For
the chosen blast wave profile, the value of the co-efficient of

reflection (Cg) and shock Mach number (M) is approximately
7.6 and 9.4, respectively. A total of 1.23 x 10° particles were

V(1) = (40)

reflective

boundary |H=0-12m

Px=Py=0.06m
2c=D=0.04m

shock trap
setup

FIG. 8. Schematic of the problem domain depicting the foam-shock trap setup. Inflow boundary presents a blast wave entering the domain. Top and bottom
boundaries are periodic (shown dashed). The first maze of obstacles are padded with a foam of thickness Ly. The SOD is measured from the end of the second

set of obstacle maze.



086102-8 Prasanna Kumar, Ramamurthi, and Patnaik

Phys. Fluids 30, 086102 (2018)

25 L base case base case

2500

L, =0.02m
I - L,=0.05m
3 L =0.1m
2000 -+==- L,=0.15m
[----- L,=0.2m
—~ 1500}
£ r
Z

—=1000}

500}

FIG. 9. Temporal variation of (a) wall
force and (b) wall impulse, when the
aqueous foam barrier alone is placed in
the shock path. The results correspond-
ing to different values of foam thickness
(Ly) are compared against the base case.
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employed for the simulation which includes the air, foam, wall,
and inflow particles. The initial spacing between the particles
was set as 4 x 107 m. The simulation with foam but with-
out the shock trap is first carried out followed by the foam
and shock trap. The simulations for the shock trap have been
carried out using SPH and are presented in Ref. 20.

V. RESULTS AND DISCUSSION

A. Shock enhancement

To emphasize the effect of shock enhancement or ampli-
fication, we present the result of the simulations without the
shock trap and with foam. A layer of aqueous foam was placed
at a distance of 0.57 m from the protected structure. The effect
of aqueous foam on the incident blast wave was examined by
monitoring the total force per unit width f,, = fOH (&) —po)dy
exerted on the structure. This analysis was carried out for dif-
ferent foam thickness values, Ly = 0.02 m, 0.05 m, 0.1 m,
0.15 m, and 0.2 m. A simulation without the foam material
was also performed to quantify the unobstructed interaction of
the blast wave with the structure (indicated as the “base case”).

The temporal variation of the wall force f,, for different
cases under investigation is presented in Fig. 9. The value of
peak force corresponding to the base case is approximately
5.9 x 10° N. The presence of foam ahead of the structure is
expected to lower this value. Yet, for the case of Ly =0.02 m and
0.05 m, we observe that the peak force value (f;)'™*) recorded is
around 2.4 x 107 N, which is a fivefold increase, in comparison
with the base case. On closer inspection, one can notice a steep
rise in the magnitude of force occurring in multiple jumps. The
first jump in the value of force (f!) of magnitude 2.3 x 10° N
occurs at time ¢ ~ 0.6 ms and corresponds to the reflection of
the transmitted wave at the foam-air interface. This indicates
that the foam attenuated the blast wave in its path. However, the
unobstructed motion of the foam toward the structure resulted
in a strong densification or compaction, increasing the force
on the wall by a factor of 12 (with respect to ! corresponding
to Ly = 0.05 m).

Similar observations could be made from the results cor-
responding to higher values of foam thickness. The peak wall
force for Ly = 0.1 m, 0.15 m, and 0.2 m was approximately
7x10°N,4.3x 10°N,and 4.0 x 10° N, respectively. However,
the value of £/ was as low as 7.2 x 10° N, 6.3 x 10 N, and

—0:0015  0.002

5.6 x 10° N, respectively. The peak force due to shock ampli-
fication can be observed to reduce with an increase in foam
thickness. For an increase in the foam thickness from 0.05 m
to 0.1 m and further to 0.2 m, the value of f,;/** has reduced
by 70.8% and 83.3% (with respect to f,’* corresponding to
Ly = 0.05 m), respectively, and the value of T has reduced
by 69.5% and 78.2% (with respect to f! corresponding to
Ly = 0.05 m), respectively. Although the peak force is drasti-
cally reduced, the value of f! is found to be less affected by
the increase in foam thickness. This implies that increasing the
foam thickness alone is not an effective way to improve atten-
uation. Moreover, the mitigation effects of the foam is almost
completely offset by the foam compaction effects resulting in a
poorer overall performance. The temporal variation of impulse
transmitted to the protected structure (I, = fot (p(t) — po)dt) is
shown in Fig. 9(b). Except for Ly = 0.02 m case, it is observed
that the impulse transmission corresponding to different foam
thickness values is higher than the base case. Although the
arrival of shock corresponding to different foam thickness is
delayed by twice the value of the base case, the compaction
of the foam against the wall causes the impulse transmitted
to reach a value that is comparable to or higher than the base
case.

The variation of non-dimensioned f;'“*, fu’), and
(the impulse value corresponding to ¢ = 2 ms) values with
foam thickness is shown in Fig. 10. These quantities are

0.002s
1 w

10'F
F —a— f
E P
| —e— I
1OO;
— I
10" 2
10'2\\\\I\\\\I\\\\I\\\\I\\\\
0 0.05 0.1 0.15 0.2 0.25

L(m)

FIG. 10. Comparison of the normalised value of £, fL ~and 11500025 for
different values of foam thickness.
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FIG. 11. Performance of the aqueous
foam-shock trap setup. Temporal varia-
tion of (a) force and (b) impulse exerted
on the protected structure for different
foam thickness values.
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normalised with the values corresponding to the base case.
The non-dimensioned variables are defined as

max 1 0.002s

f* _ f w f** _ f w I = I
~ prmax ~ prmax IO 002s *
w,Ly=0 w,Ly=0 w,Ly=0

From this figure, it could be observed that increasing the
foam thickness does not substantially improve the attenuation
characteristics of the foam beyond Ly = 0.1 m (see varia-
tion of f** in Fig. 10). Moreover, the values of f* due to
foam compaction is always an order of magnitude higher than
its corresponding f**. In summary, it is found that protec-
tion through soft coatings such as foams cannot be used in
isolation.

B. Performance of aqueous foam-shock
trap combination

In Sec. V A, the undesirable shock amplification effect
associated with foams was demonstrated. Although a con-
siderable wave attenuation occurs when the shock exits the
foam-air interface, the unrestrained motion of the foam mate-
rial and subsequent impact against the target structure impart
considerably higher loads. To overcome this, rigid obstacles
forming a trap is arranged between the foam and the structure.
The performance of this setup under strong blast conditions
is analyzed with an aqueous foam material. The blast wave
parameters and the foam-shock trap setup are the same as
described in Sec. IV A. The effect of foam thickness on the
BWM characteristics of the aqueous foam-shock trap setup
was studied by setting Ly = 0.02 m, 0.05 m, 0.1 m, 0.15 m, and
0.2 m.

The temporal variation of the wall force and impulse for
different values of foam thickness is presented in Fig. 11. The
value of peak force can be observed to be drastically reduced.
For Ly = 0.02 m, 0.05 m, 0.1 m, 0.15 m, and 0.2 m, the
corresponding value of fi'™* = 4.4 X 105 N,2.1 x 10° N,
1.4 x 10° N, 1.6 x 10° N, and 1.5 x 10° N, respectively. A
closeup view of the wall force history is shown in the inset of
Fig. 11(a). The second peak and fluctuations observed in the
force history correspond to the multiple wave(s) reflections
between the shock trap and the protected structure. Although
the initial shock arrival time increases with an increase in foam
thickness, the value of f** is found to be less affected. In

TR I
0.001

AR
0.0015 0.002
t(s)

(b)

comparison with the base case, the reduction in peak force
obtained through the aqueous foam-shock trap combination is
greater than 95% for all values of foam thickness. The temporal
variation of the impulse transmitted is presented in Fig. 11(b).
The value of wall impulse at time ¢ = 0.0002 s (13'0023 Ns)
is approximately 1500 N s for the base case, whereas for the
aqueous foam-shock trap combination, this value is reduced
by an order to approximately 150 N s. From these results, it is
clearly evident that the undesirable shock amplification phe-
nomenon has been completely eliminated with the use of the
shock trap device.

To further illustrate the effectiveness of the proposed
blast mitigation strategy, the performance of its individ-
ual components is compared in Fig. 12, for a foam thick-
ness value of Ly = 0.1 m. While the foam barrier is found
to be the least preferred approach (due to the associated
shock enhancement effects), the combined foam-shock trap
approach is clearly seen to be the most desirable BWM
strategy. The optimised shock trap without the foam can
also be seen to be quite effective, with its peak force
comparable to that of fuI) L=0.1ms" In this regard, the present
shock trap setup and the aqueous foam material have some-
what similar mitigation potential, although their attenuation
mechanisms are completely different. Table II provides a
quantitative comparison of various approaches presented in
Fig. 12.

base case
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—— - Foam barrier (FB) ”‘
F-mmmm FB with ST P
0.6F |l “Y 004
F i i
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0.0015 0.002
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FIG. 12. Performance of the aqueous foam-shock trap setup. Comparison of
the temporal variation of force for foam thickness Ly = 0.1 m with different
mitigation approaches.
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TABLE II. Effect of the aqueous foam-shock trap combination on the param-
eters of practical interest. The value corresponds to a foam thickness of
0.1 m.

18 x 103 fmax x 1077 fI x 1077 13002
Mitigation approach (s) (N) (N) (Ns)
Unprotected 0.315 0.595 NA 1495.2
Aqueous foam barrier 0.706 0.702 0.073  2023.2
Shock trap 0.485 0.083 NA 579.62
Aqueous foam with shock trap  0.921 0.014 NA 106.07

The force and impulse variations for the foam and
shock trap combination have clearly shown that the shock
amplification effects due to foam compaction have been com-
pletely suppressed. This is primarily achieved by trapping the
foam material ahead of the target structure, using the shock
trap setup. To quantify this trapping effect, the amount of foam
material exiting the trap is monitored. The temporal variation

— 0
of the volume of foam defined as V; = "; ‘;f’

is plotted in

Fig. 13(b). Here, ny is the number of particlesfexiting the trap,
V) is the foam particle volume at time # = 0 s, and Vj? is the
total foam volume at time 7 = 0 s. For different values of foam
thickness, the volume of foam that crossed the trap remain well
below 10% of the initial volume, over the entire span of the
simulation. This is particularly encouraging given the strong
nature of the incident blast wave. For Ly = 0.1 m, the spa-
tial distribution of the foam and air medium at different time
instants is shown in Fig. 14, where effective containment of
foam within the shock trap can be noticed.

Phys. Fluids 30, 086102 (2018)

C. Performance of polystyrene foam-shock
trap combination

In this section, the blast mitigation characteristics of
the polystyrene foam-shock trap setup under the strong
blast conditions are presented. For the simulations, the blast
wave parameters and the obstacle geometry are as given in
Sec. IV A. The thickness of the polystyrene foam was var-
ied as Ly = 0.02 m, 0.05 m, 0.1 m, 0.15 m, and 0.2 m. The
temporal variation of the wall force and impulse are shown in
Figs. 15(a) and 15(b), respectively. It can be noticed that the
proposed mitigation strategy reduces the value of force and
impulse transmitted to the protected structure. Except for the
case of Ly =0.02 m and 0.05 m, the results of other foam thick-
ness values are comparable. The peak force value for different
cases simulated is approximately 0.02 x 10~/ N. Compared
to a value of 0.6 x 10~7 N, which corresponds to the base
case, reduction in the peak wall force is greater than 93% for
the polystyrene foam-shock trap combination. Similarly, the
impulse reduction exceeds 79% for different foam thickness
values that were studied.

Figure 16 demonstrates the ability of foam-shock trap
combination in the effective control of undesirable shock
enhancement. When a polystyrene foam barrier (case marked
as FB) of thickness 0.1 m is employed, the peak wall force
is amplified to a value of 2.53 times the base case. For the
same foam thickness, the foam barrier with the shock trap
reduces the peak wall force value to approximately 0.03 times
the base case. This clearly depicts the efficacy of the proposed
foam-shock trap approach in preventing the shock enhance-
ment effect. A quantitative comparison of other relevant
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parameters for different approaches is presented in Table III.
Notice a large reduction in the force and impulse transmit-
ted and an increase in the shock arrival time for the case of
foam-shock trap setup.

The variation of the non-dimensional peak wall force
(fmaxy and impulse (1%992%) value as a function of foam is
shown in Fig. 17(a). For comparison, the values obtained with-
out the shock trap is also shown. With the shock trap, the peak
force and impulse values for the different values of Ly studied
are found to be at least an order less than the case without the
shock trap. While the peak force values show marginal varia-
tion with the foam thickness, the value of impulse transmitted
remains almost constant. A small increase in the peak force
value can be noticed in the case of Ly = 0.2 m. This is attributed
to the reduced distance between the air-foam interface and the
inflow boundary which causes a relatively higher peak pressure
to be experienced by the air-foam interface when compared to
lower foam thickness values (see Fig. 8). The temporal vari-
ation of the non-dimensional foam volume exiting the shock
trap is shown in Fig. 17(b). For Ly = 0.02 m and 0.05 m case,
the foam volume exiting the trap is approximately 11% and
15%, respectively, and for the remaining higher foam thick-
ness cases, the value is less than 5% of the initial volume.
As most of the foam material is blocked by the shock trap,
the compaction of the foam against the protected structure
and the subsequent rise in the wall force are thus prevented.

[ base case
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FIG. 16. Temporal variation of the wall force obtained through various setups
is compared. The results correspond to a foam thickness value of 0.1 m.

Figure 18 presents a spatial distribution of the polystyrene
foam and air ahead of the wall for Ly = 0.1 m case. Notice
that due to strong blast conditions, the polystyrene foam com-
pletely disintegrates. However, the shock trap effectively pre-
vents the foam from crossing the trapped region and thereby
avoids the undesirable shock amplification effects.

D. BWM using different foams: A comparative study

In this section, the blast attenuation achieved by the aque-
ous foam and the polystyrene foam in combination with the
shock trap is compared. It is pointed out that the density
of the simulated polystyrene foam and the aqueous foam is
35 kg/m® and 100.9 kg/m?, respectively. Based on relatively
lower acoustic speed, lower acoustic transmission ratio at the
foam-air interface, and thermal quenching effects, the aque-
ous foam can be argued to provide better blast attenuation.
However, one of the practical difficulties of using aqueous
foam is the material degradation/subsidence with time. For
example, draining of liquid due to gravity (particularly in wet
foams), bubble coalescence, and inter-bubble diffusion of gas
lead to intrinsic dynamical variation of foam properties with
time.* The effect of liquid drainage on the shock wave attenu-
ation characteristics of an aqueous foam is discussed by Britan
et al.*® On the other hand, the polymer based foams have stable
material properties and therefore are ideal as a blast mitigation
device for non-contact explosion. Given that the aqueous and
the polystyrene foams have vastly different properties, it would
be interesting to compare their blast mitigation capabilities in
conjunction with the shock trap mechanism.

Figures 19(a) and 19(b) compare the temporal variation of
wall force and impulse obtained using the aqueous foam and

TABLE III. Effect of polystyrene foam-shock trap combination on the
parameters of practical interest. The value corresponds to a foam thickness of
0.1 m.

14, x 103 fmax x 1077 I x 1077 13002

Mitigation approach (s) N) ) (N s)
Unprotected 0.315 0.595 NA 1495.2
Polystyrene foam barrier 0.518 1.5 0.15 15505
Shock trap 0.485 0.083 NA 579.62

Polystyrene foam with shock trap  0.757 0.017 NA 170.01
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FIG. 18. Spatial distribution of air and
polystyrene foam medium at various
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polystyrene foam barrier without the shock trap. It is observed aqueous foam is considerably lower than the polystyrene foam,
that the shock amplification effect is relatively weaker in the  the impulse transmitted is relatively higher. This is attributed
case of aqueous foams. While the peak wall force for the to lower wave speed in the case of aqueous foam which leads
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to a broadening of the loading history. Figures 19(c) and 19(d)
compare the wall force and impulse obtained using aqueous
and polystyrene foam barriers along with the shock trap. From
the figures, it is observed that both foams exhibit good atten-
uation of the incident blast wave. It can be noticed that the
loading characteristics are almost similar with only marginal
differences. However, the aqueous foam shows slightly bet-
ter mitigation of the blast. Since the blast attenuation of both
foam materials is somewhat similar, it can be argued that the
polystyrene foam-shock trap combination would be a better
choice, particularly in the case on non-contact explosions. The
ready availability, easier material handling, longer material
degradation period, and good strength to weight ratio provide
a clear advantage for the polystyrene foam over the aqueous
foam, when employed in conjunction with the shock trap.

VL. SUMMARY AND CONCLUSIONS

In this work, blast mitigation characteristics of foams in
combination with a special arrangement of rigid obstacles
known as shock trap was presented. Detailed simulations were
carried out using a hydrocode based on a mesh free, fully
Lagrangian, particle based method called smoothed particle
hydrodynamics. Two different foam materials were studied,
namely, wet aqueous foam and polystyrene foam. A pseudo-
gas approach with Nobel-Abel equation of state was used to
model the aqueous foam. The polystyrene foam was modeled
using a stiffened gas approach. The obstacle geometries which
constitute the shock trap impose complicated wall boundary
conditions within the flow domain. To efficiently handle these
wall boundaries, a method based on skewed kernel functions
called skew gradient wall boundary treatment was followed.
A special SPH material interface treatment for accurately
resolving the contact discontinuities was implemented. The
incident blast wave was modeled using the Friedlander func-
tion with blast wave parameters corresponding to a strong blast
condition.

From the simulations, it is found that the bulk motion of
the foam material toward the target structure and subsequent
compaction resulted in poor overall mitigation characteristics
for foam barriers. With an increase in the foam thickness, the
value of peak force exerted on the target structure was found
to be drastically lower. For the same incident blast condi-
tions, the aqueous foam barrier coupled with the shock trap
has shown a 95% reduction in the peak force and 90% reduc-
tion in impulse. Considerable delay in the arrival of the blast
wave and broadening of the loading history was also noticed.

Most importantly, the shock enhancement effect from
foam was absent for all the cases that were studied. For higher
values of foam thickness (beyond Ly = 0.1 m), the aqueous
foam-shock trap setup has shown only marginal improvement
in the mitigation of the blast load. With less than 10% of the
initial volume of the aqueous foam exiting the shock trap, the
proposed shock trap was found to be a very effective mecha-
nism to avoid foam stagnation at the protected structure and the
attendant amplification of the blast load. For the polystyrene
foam-shock trap setup, the reduction in the value of peak force
and the impulse was found to be greater than 93% and 79%,
respectively. When compared to the polystyrene foam barrier
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approach, the proposed polystyrene foam-shock trap method
has shown an order of magnitude reduction in the value of
force and impulse exerted on the target structure. The amount
of polystyrene foam exiting the shock trap was less than 15% of
the initial foam volume for lower foam thickness and less than
5% for higher foam thickness. Both aqueous and polystyrene
foam barriers in conjunction with the shock trap setup pro-
duced comparable results despite the large difference in the
value of foam density. Although the aqueous foam-shock trap
setup has shown relatively improved blast mitigation, it may
be noted that the polystyrene foam-shock trap setup could
be a better choice owing to the material degradation aspects
associated with the aqueous foam.
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