Prediction of air blast mitigation in an array of rigid obstacles using smoothed
particle hydrodynamics
S. S. Prasanna Kumar, B. S. V. Patnaik, and K. Ramamurthi

Citation: Physics of Fluids 30, 046105 (2018); doi: 10.1063/1.5022198
View online: https://doi.org/10.1063/1.5022198
View Table of Contents: http://aip.scitation.org/toc/phf/30/4
Published by the American Institute of Physics

PHYSICS OF FLUIDS 30, 046105 (2018)

Prediction of air blast mitigation in an array of rigid obstacles
using smoothed particle hydrodynamics
S. S. Prasanna Kumar,1 B. S. V. Patnaik,1,a) and K. Ramamurthi2
1 Department
2 Department

of Applied Mechanics, Indian Institute of Technology Madras, Chennai 36, India
of Mechanical Engineering, Indian Institute of Technology, Chennai 36, India

(Received 11 January 2018; accepted 2 April 2018; published online 24 April 2018)
The mitigation of blast waves propagating in air and interacting with rigid barriers and obstacles
is numerically investigated using the mesh-free smoothed particle hydrodynamics method. A novel
virtual boundary particle procedure with a skewed gradient wall boundary treatment is applied at the
interfaces between air and rigid bodies. This procedure is validated with closed-form solutions for
strong and weak shock reflection from rigid surfaces, supersonic flows over a wedge, formation of
reflected, transverse, and Mach stem shocks, and also earlier experiments on interaction of a blast
wave with concrete blocks. The mitigation of the overpressure and impulse transmitted to the protected
structure due to an array of rigid obstacles of different shapes placed in the path of the blast wave is
thereafter determined and discussed in the context of the existing experimental and numerical studies.
It is shown that blockages having the shape of a right facing triangle or square placed in tandem or
staggered provide better mitigation. The influence of the distance between the blockage array and
protected structure is assessed, and the incorporation of a gap in the blockages is shown to improve
the mitigation. The mechanisms responsible for the attenuation of air blast are identified through the
simulations. Published by AIP Publishing. https://doi.org/10.1063/1.5022198

I. INTRODUCTION

Blast waves generated in air by spontaneous energy
releases from accidental or intentional explosions modify the
properties of the medium of air in which they propagate. The
interaction of these blast waves with rigid bodies and structures is highly non-linear with the result that scaling of the
interactions with respect to the strength of the blast wave and
the characteristic size of the structure is often non-intuitive.
Costly experiments are required to determine the mitigation
strategies for absorption or dissipation of the energetics of the
blast wave in the near and far fields of the explosion.
Numerical modeling of blast interaction has gained prominence in recent years and has helped in reducing the costly
and time consuming experiments. This is primarily due to the
availability of reliable, accurate, and robust numerical methods. Among the numerical modeling methods, the Smoothed
Particle Hydrodynamics (SPH) is particularly suited for air
blast interactions with rigid structures as it is a mesh-free
Lagrangian-based solver and enjoys a number of attractive
features such as being Galilean invariant with zero-numerical
dissipation. It also has provision for automatic tracking of
material interfaces, and code parallelisation is much easier.
However, the implementation of inflow/outflow and boundary conditions is not straightforward, and therefore a new
scheme of wall boundary model is adopted for predictions
in the present study.
A variety of Blast Wave Mitigation (BWM) procedures
are available in the literature. The basic strategy is to dissipate
or absorb the energy of the air blast into the strain energy of the
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deformable sacrificial structure.1,2 Alternatively, rigid obstacles such as perforated plates, metallic screens/meshes/grids,
and arrays of blockages with different cross sections were
found to be effective to varied levels. Such structures act as
shock deflectors protecting target structures, by reducing the
post shock static pressure and the stagnation pressure of the
transmitted shock. Among the several approaches, matrices
of solid obstacles as barrier structures have received much
wider attention3–9 from both experimental and numerical
investigators.
Dresner and Chester 3 performed shock tube experiments
and presented the attenuation effects of aluminum dowels
arranged in different packing configurations. Skews et al.4
demonstrated the shock trapping methods as an effective BWM
strategy through a systematic parametric analysis. The idea
was to trap the shock/blast wave in an air gap between two
matrices of wedges facing in the opposite directions. Such
an arrangement was found to provide a lower resistance to
a flow along one direction relative to the other. This causes
the incident wave to undergo multiple reflections inside the
trapped region while interacting with previously shed vortical
structures. The cross-stream flow and turbulence reduce the
strength of the emerging waves from the trap. Berger et al.5
studied the influence of changing the inclination angle of the
obstacles on the end wall pressure in a shock tube. Effective
attenuation was achieved when the obstacles form a divergent nozzle-like arrangement. When multiple obstacles were
placed in an inline fashion, further reduction in shock loads was
observed.
Chaudhuri et al.6 have analyzed the interaction of a shock
wave with rigid obstacle matrices of different cross-sectional
shapes. They have numerically solved two dimensional
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compressible Navier-Stokes equations using a fifth-order
Weighted Essential Non-Oscillatory (WENO) scheme together
with an immersed boundary method. The effect of various
parameters such as blockage ratio, obstacle orientation, and
distance between consecutive columns of obstacles was also
studied. They have concluded that staggered triangular prisms
with their base facing the incoming shock wave were the
most effective attenuators, when employed as a shock trapping device. Further, Berger et al.7,8 studied the attenuation of
shock waves using plates in different configurations as barrier
elements. Igra and Igra9 have studied several combinations
of plate inclination and position to achieve successful shock
attenuation and control. The sheltering effect of the rigid obstacles at higher length scales, for example, in the context of urban
buildings, has also been investigated.10–13 For an overview of
studies on cityscapes, one can refer to the work of Smith and
Rose.14
Most of the cited literature on the BWM studies carried out
using numerical methods and shock tube experiments involved
weak or moderately strong shock waves with the Mach number
(M s ) in the range of 1.2-3. In the near field of the explosion, the Mach number of the blast front would be very much
higher. Another feature that has not been explored is the influence of the near-exponential decay of the flow field behind
a blast wave. Therefore, in the present work, the interaction
of a strong blast wave with solid obstacles placed ahead of
a target structure was simulated. The influence of the geometrical configuration of the obstacles on the blast mitigation
is analyzed. These were done using a skewed gradient wall
boundary treatment to model the rigid obstacles’ interfaces in
SPH.
The paper is organised as follows: In Sec. II, we present the
governing equations and the methodology. Section III presents
the validation of the method. In Sec. IV, the results obtained
in blast wave attenuation using rigid arrays of obstacles are
analyzed. The paper ends with a summary and conclusion in
Sec. V.
II. GOVERNING EQUATIONS AND METHOD
OF SOLUTION
A. SPH governing equations and solution procedure

The Lagrangian form of the Euler’s equation that governs
inviscid, compressible fluid flows are
1 Dρ
= −∇ · v,
ρ Dt

(1a)

ρ

Dv
= −∇p,
Dt

(1b)

Du
= −p∇ · v,
(1c)
Dt
D
is the total/material derivative and ρ, v, p, and u
where Dt
denotes the density, velocity vector, pressure, and specific
internal energy, respectively. In the SPH method, the discrete
form of the governing PDEs can be obtained using either
the variational principles or kernel interpolation theory. The
former is always preferred as it results in a set of equations
which is unique, consistent, Galilean invariant, and in particular, conservative. Simulation of compressible fluid flow
using the SPH method necessitates inclusion of the adaptive
smoothing length (h) in the formalism. Hence, for our study on
BWM, the discretised form of (1) that accounts for a variable
smoothing length, obtained through variational principles, is
used. A detailed derivation and discussion of the SPH theory
can be found in Refs. 15 and 16. Here, we simply present the
final form of the discretised equations. The density of particles is computed using the summation density approach as
follows:
X
1
(2)
ρi =
mj Wij (rij , hi ), hi = ηVid ,
ρ

j

where m is the particle mass, W is the kernel function, r ij is
the inter-particle distance, η is the scaling parameter for the
smoothing length h, V is the particle volume, and d is the number of dimensions. The momentum and energy conservation
equations in the discretised form are given as follows:
X
pj
Dvi
pi
=−
mj *
∇ W (rij , hj ) +
∇ W (rij , hi )+ ,
2 i
2 i
Dt
Ω
ρ
Ω
i ρi
j
, j j
pi
Dui
=
Dt
Ωi ρ2i

X
j



mj vij · ∇i W rij , hi ,

(3)
(4)

where v is the velocity vector, ∇i W ij is the gradient of kernel function, and Ωi is a correction term accounting for the
adaptive smoothing length which is defined as follows:
hi X ∂W (rij , hi )
mj
,
(5)
Ωi ≡ 1 +
ρi d j
∂h
where
!
∂W (rij , hi )
∂W (rij , hi )
1
,
=−
W (rij , hi )d + rij
∂h
hi
∂r


(1 − Rij )8+ (1 + 8Rij + 25Rij2 + 32Rij3 ),



Wij (rij , Hi ) = nf 


 0,


(6)

if 0 < Rij < 1
.

(7)

otherwise

The Wendland kernel function (7) with a circular support domain is used. The kernel support size H was set 4∆x, where ∆x is
r
the inter-particle spacing. In Eq. (7), Rij is defined as Hiji , (·)+ ≡ max(0, ·), and nf is the normalisation factor, which for a 2D case
78.0
is nf = 7πH
2.
i
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It is essential to include the artificial viscosity in the SPH
formulation for proper treatment of shocks in compressible
flow simulations. The artificial viscosity serves to avoid interparticle penetration in the case of strong, convergent flows.
For the present simulations, we follow the artificial viscosity
proposed by Monaghan in Ref. 17 that is given in (8). For
brevity, any quantity Aij represents Ai − Aj and the quantity
 A +A 
Āij represents i 2 j ,
Dvav
i
Dt
where
sig,v

vij
and

=

X mj
sig,v
ᾱij vij vij · x̂ij ∇i Wij ,
ρ̄ij



 0.5(ci + cj − βvij · x̂ij ), if vij · x̂ij < 0
=

 0,
if vij · x̂ij > 0


(
)
∇i W ij = 0.5 ∇i W (rij , hi ) + ∇i W (rij , hj ) .

(8)

where

hi2 Ai
2
hi2 Ai + vsig,i

,

)

(
vsig,i = max c̄ij − min 0, vij · x̂ij ,
|xij | ≤hi

ξi =
and

(9)

(10)

(11)

(12)

(
)
Ai = ξi max −∇˙ · vi , 0 ,

(13)

|2 (1 − Ri ) ∇ · vi | 2
,
|2 (1 − Ri ) ∇ · vi | 2 + |∇ × vi | 2

(14)

Ri =

1 X
sign(∇ · vj )mj Wij .
ρi j

κ loc,i = κ max
κ̇ i =

Here, c is the sound speed, α and β are the coefficients of order
sig,v
unity, and vij is the signal velocity. Along with other parameters, the value of coefficients α and β determines the amount
of artificial viscosity employed and the dissipation caused. The
excess usage of the artificial viscosity, especially away from
the regions of shock, was avoided using the technique introduced by Cullen and Dehnen18 to adapt the value of α. The
value of α assigned to the particle is
αinew = αmax

sig,u

where κ is a control parameter and vij is the signal velocq
|pij |
sig,u
=
ity defined as vij
ρ̄ij . For adapting the value of κ, a
similar approach is followed with suitable changes of parameters. After appropriate modifications, the parameters take the
following form:
(
n
n−1
˙ i| )
−Ri | ∇u
˙ i | = |∇ui | − |∇ui | , (18)
Ai = max
, 0 , | ∇u
√
δt
ui

(15)

If αinew is higher than the particle’s previous value, then the
new value is set as α i . Otherwise, α decays according to the
following equation:


αinew − αi
hi
α̇i =
, τi =
.
(16)
τi
0.1vsig,i
We set β = 2α and α max = 2.5. The parameter ξ is a limiter
required to reduce false detection (see Ref. 18 for more details).
Similar to artificial viscosity, an artificial heat conduction term
is used to treat the jump discontinuities in the thermal energy
field which is defined as

2
Duiac X mj 
sig,v
=
−0.5ᾱij vij
vij · x̂ij
Dt
ρ̄ij
j
)
sig,u
(17)
+ κ̄ ij uij vij
x̂ij · ∇i Wij ,

hi2 Ai
2
hi2 Ai + ǫ κ vsig,i

,

κ loc,i − κ i
hi
, τi =
.
τi
0.05vsig,i

(19)

(20)

The governing equations of motion (1) are closed using appropriate Equation of State (EoS) for the medium. Since we are
restricted to blast waves in air, we further assume air to be an
ideal gas and use the EoS as p = (γ ☞ 1)ρu, where γ is the
isentropic co-efficient taken as 1.4.
B. Inflow/outflow boundary modelling

The permeable boundary conditions of the Dirichlet or
Neumann type are modeled by constructing a buffer zone
with particles along the direction of outward normal at the
inflow/outflow boundary. The size of the buffer zone is chosen such that a full compact support is available for the fluid
particles near the boundaries. As soon as the buffer particles
cross the inlet position, they are flagged as fluid particles that
are then evolved as governed by the conservation equations.
As the fluid particles cross the outlet position, they are flagged
as outlet buffer particles. In the inlet buffer zone, new buffer
particles are continuously spawned as older buffer particles
get converted to fluid particles. These new set of buffer particles need to be carefully positioned, to avoid the non-physical
fluctuation of the flow quantities. As illustrated in Fig. 1, it can
be noticed that the new buffer particles are always placed at a
distance equal to the initial inter-particle spacing, away from
the nearest old buffer particles and along the direction normal
to the boundary. The physical properties of the particles in the
buffer zone need to be suitably assigned to enforce the required
boundary conditions.
For accurate modeling, characteristic-based assignment
of quantities as elaborated in Ref. 19 should be followed. The
problems considered in this study require a supersonic inlet
and outlet. Therefore, for the inlet buffer particles, the inflow
pressure, velocity, and density are assigned, and at the outlet, the buffer particles are simply advected with quantities
calculated from conservation equations at the instance of
crossing the boundary.
C. Wall boundary treatment

Modeling the wall boundaries in the SPH framework
needs special attention. First, it is necessary to ensure that the
fluid particles do not cross the wall boundaries (impermeability
condition). Second, the truncation of the kernel support for the
fluid particles near the boundaries affects the accuracy of the
SPH approximation, and therefore the associated numerical
errors need to be eliminated or minimised. While the former
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FIG. 1. Inflow boundary modeling using buffer particles.

condition can be met relatively easily through artificial repulsive force methods, the latter requires suitable re-normalisation
of the approximations or additional ghost/virtual particles to be
placed in the vicinity of the boundary to account for the missing kernel support. The artificial boundary force methods (see
Refs. 20–22) are seldom used as they cause undesired, nonphysical flow disturbances near the boundary.23 The wall renormalisation procedure originally proposed by Kulasegaram
et al.24 and later improved by Ferrand et al.25 in 2D and
Mayrhofer et al.26 in 3D is often referred as the unified semianalytical wall boundary treatment. Although this method is
promising, the SPH equations are complicated by additional
terms that significantly increase the computational time.27,28
The two different techniques which are more widely used in
SPH simulations are (a) the mirror particle and (b) the fixed
virtual boundary particle methods (see Fig. 2). In the former,
the fluid particles are mirrored across the boundary,23,29 and in
the latter, fixed layers of particles are embedded at the boundaries.30–32 In the mirror boundary particle method, assigning
fluid properties to the virtual particles is straightforward as it
is mirrored from the fluid particles in the flow domain. However, this method is difficult to implement for complex flow
domains. On the contrary, the fixed virtual boundary particle method can be used for modeling complex surfaces but
requires suitable extrapolation for assigning the properties to
the virtual particles.
In the present study, we employ fixed virtual boundary particle method. For assigning properties to the virtual
particles, we propose a novel skew gradient Wall Boundary
Treatment (sgWBT) method. The idea is somewhat similar to
the corrected kernel approach33 but devoid of any matrix solving operations. The method is straightforward to implement,

and the associated computational cost is fairly low. The procedure begins with the calculation of wall particle properties
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:
X

Aj W (rjw , hw )

j ∈f

Ãw = X

,

(21)

W (rjw , hw )

j ∈f

where subscript 4 and f denotes a wall and fluid particle,
respectively. The properties of the virtual particles are then
assigned by extrapolating the value of the nearest wall particle
using Taylor’s expansion. This requires that the local gradient
at the wall particles be calculated. The standard SPH gradient
approximation procedure cannot be used here because nearly
half the neighbours of the wall particles are virtual particles
whose properties are still unknown. Obviously, this would
result in the loss of full compact support for the wall particles.
To overcome this difficulty, we use the skewed kernel proposed by Prasanna Kumar et al.34 The skewed kernel (W s ) has
the ability to shift the given kernel function distribution in the
required direction using a parameter called the skewness vector
(λ). The reshaped kernel function resembles a half-Gaussian
while still satisfying the partition of unity or the normalisation
property, which is illustrated in Fig. 3. It can be noticed that
the kernel function has been reshaped according to the particle’s wall normal vector (n̂w ). In fact, the skewness vectors
for the wall particles are calculated as λ w = −cn̂w , where c
is a suitable constant (set as 10 in the current study) that controls the quantum of skewness. Also, it is noticeable from Fig. 3

FIG. 2. (a) Mirror particle method and (b) fixed virtual
boundary particle method for wall boundary modeling in
SPH.
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To demonstrate the accuracy of the skewed kernel, we
solve a simple problem of approximating the gradient of an
arbitrary function given as follows:
f (x, y) = 1 + (x − 0.25)2 + (y − 0.1)2 .

FIG. 3. Schematic of wall boundary modeling using the sgWBT method.

that non-vanishing contribution for the skewed kernel approximation comes only from the fluid particles, thereby resolving
the particle deficiency problem. For any given symmetric kernel function W (|R ′|), its skewed form W s (R ′) is obtained by
substituting in the generalised skewed kernel function which
is given as


W s (R ′) = W (|R ′ |) 1 + erf λ · R ′ ,
(22)
′

where R ′ = x h−x . The normalisation factor of the skewed kernel is the same as its symmetric kernel because the additional

term ( W |R ′ |erf λ · R ′ is an odd function. The gradient of the

generalised skewed kernel ∇W s R ′ is given as


∇W s (R ′) = ∇W (|R ′ |) 1 + erf λ · R ′
(
)
2λW
+ √ exp −(λ · R ′)2 .
h π

(23)

(24)

The rectangular multiply connected domain with holes
of different shapes [see Fig. 4(a)] is chosen for the function. We calculate the SPH approximation of |∇f | and compare against the exact and standard kernel approximation.
Figure 4(b) shows the variation of |∇f | across the line marked
as AA′ in Fig. 4(a). Notice the large error in the case of
standard kernel approximation close to the holes due to
the lack of complete kernel support. On the other hand,
the skewed kernel approximation matches closely with the
exact value, by effectively overcoming the particle deficiency
problem.
Using the skewed kernel approach, we then calculate the
local gradient of various fluid properties at the wall particles’
location. The SPH approximation of the local gradients of the
wall particles’ positions is obtained as
∇Aw =

X mj
j

ρj

(Aj − Anf )∇W s ,

(25)

where subscript nf denotes the nearest fluid particle to the
wall particle under consideration. Finally, the properties of the
virtual particles are assigned using the following equation:
Avir (x) = Ãnw (x ′) + ∆x · ∇A|nw ,

(26)

FIG. 4. (a) Domain for the function given in Eq. (24) and
(b) comparison of |∇f | for the chosen function as approximated by the standard and skewed kernel functions
against the exact.
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where subscript nw denotes the nearest wall particle and
∆x = (x − x ′). Once the density of the wall and virtual particles
are calculated, their mass is assigned as follows:
ρ̃i
mi = P
.
Wij

(27)

j

Slip and no-slip boundary conditions can be enforced by using
Eqs. (28) and (29) as follows:
v vir (x) = ṽnw (x ′) + (∆x · ∇)v|nw ,

v vir (x) = v wall (x ′) + (∆x · ∇)v|nw ,

(28)
(29)

where vwall is the prescribed wall velocity. It should be pointed
out that in the initial particle setup, the spacing between wall
particles needs to be half the inter-particle distance of the surrounding fluid particles. This setup aids in preventing the fluid
particles from penetrating the wall layers.
D. Numerical details

The time integration of the equations is carried out using a
2nd order accurate predictor-corrector scheme with a variable
time step size determined by the Courant-Friedrichs-Lewy
(CFL) criterion. The time-step size is calculated through the
following:
)
(
hi
,
(30)
δt = 0.25 min
1≤i ≤N ||vi || + ci

where N is the total number of particles in the domain. The
solver was developed in C++, and the code parallelisation
was carried out using OpenMP 4.0 library.35 An efficient
linked-list algorithm was implemented for finding neighbour
particles.
III. VALIDATION STUDIES
A. Validation of inflow boundary model

For validating the inflow boundary model, we consider
the influx of a high speed air stream driven by a moving
shock wave in a rectangular tube with quiescent air at ambient conditions as shown in Fig. 5. Two different cases, viz.,
a steady and an unsteady inflow boundary, are tested. While
the steady case represents a normal shock of constant strength,
the unsteady case represents a blast wave that is essentially a
shock wave with decaying strength. For the purpose of validation, the pressure history at a point W (see Fig. 5) on the
end wall of the tube is chosen. A two dimensional computational domain of size (0, 0.5) × (0, 0.125) is chosen for the

steady inflow case. The number of particles along the x and
y directions was chosen as nx = 500 and ny = 125, respectively. The particles were arranged in a square lattice with
a compact support of size H = 4∆x. The particles inside the
domain were initialized with (ρ, p, vx , vy ) = (ρ0 , p0 , 0, 0), where
ρ0 = 1.225 kg/m3 and p0 = 101 325 Pa. The steady inflow condition is set as (ρ, p, vx , vy )inlet = (4.03ρ0 , 11.78p0 , 818.83, 0),
which correspond to a shocked state resulting from the
motion of an unsteady normal shock wave with Mach number
M s = 3.2. The velocity of 818.83 is in m/s. For this case,
the temporal variation of pressure is plotted in Fig. 6(a). The
analytical values of the reflected pressure and the arrival time
at the end wall are also plotted for comparison. The steady
inflow case is further solved for a number of different values
of M s . The variation of the reflection co-efficient (CR = ppRI ) is
compared against the analytical solution in Fig. 6(b). Here,
C R quantifies the ratio of reflected shock overpressure (pR
= pr ☞ p0 ) to incident shock overpressure (pI = pi ☞ p0 ). Excellent agreement between the exact and numerical values can
be noticed for the wide range of incident shock pressure to
ambient pressure.
For the unsteady case, the size of the computational
domain is set as (0, 1.6) × (0, 0.4) with nx = 500 and ny = 125.
The unsteady inflow parameters corresponding to a blast wave
are set based on Friedlander’s function,
!
!
−αt
t
exp
,
(31)
po (t) = popeak 1 −
t+
t+
where po is the overpressure defined as po = p ☞ p0 , popeak is
the peak overpressure, t + is the time duration, and α is the
decay constant. Using po (t), the variation of density and fluid
velocity with time is obtained36 as follows:
ρ(t) =

vx (t) =

s

(γ + 1) po (t) + 2γp0
,
(γ − 1) po (t) + 2γp0

a0 po (t)
2
.
p
γp0 (γ + 1) po (t) + 2γp0

(32)

(33)

po

The parameters in (31) are set as peak
p0 = 10.924, t + = 0.473
☞
3
× 10 s, and α = 4. These values correspond to a blast wave
generated by 1 kg of TNT at a scaled distance of 0.952 m
and were taken from the work of Kinney and Graham.37
Figure 7 presents the temporal variation of the pressure at the
end wall for these inflow conditions. For comparison, we plot
the mesh independent result obtained using OpenFOAM, a
finite volume-based general purpose solver.38 From the results,
it can be noticed that while the arrival time and decay rate
match well though there is a small under prediction of the
peak pressure (<5% deviation).
B. Validation of wall boundary model

FIG. 5. Schematic of the shock tube chosen for validating the inflow boundary
model.

In this section, the proposed wall boundary model is validated for three problems, namely, (i) supersonic flow over
a wedge, (ii) interaction of a moving shock with a circular
cylinder, and (iii) interaction of a free-field, air blast wave
with concrete blocks.
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FIG. 6. Validation of the inflow boundary condition: (a) variation of end wall
pressure with time for the steady case
(M s = 3.2) and (b) variation of reflection
co-efficient (C R ) with different incident
shock overpressure.

1. Inviscid flow over a wedge

The inviscid flow over a wedge is a popular problem39
whose analytical solution is available. A supersonic flow at
free stream Mach number M 1 , over a solid wedge of halfangle θ, is considered. Due to the presence of the wedge, the
flow turns onto itself causing the formation of a oblique shock
wave inclined at an angle β. Using the conservation laws, a
relation between these quantities called the θ ☞ β ☞ M 1 relation
can be obtained as follows:
tan θ = 2 cot

M 2 sin2 β − 1
β 2 1
M1 (γ + cos 2 β) +

2

,

(34)

where γ is the isentropic coefficient. Using a root finding algorithm, Eq. (34) can be solved for the shock angle β for a chosen
value of θ and M 1 . For the validation of the proposed sgWBT
model, we chose M 1 = 3.5 and solved for β corresponding to
three different values of wedge angles θ = 10◦ , 20◦ , 30◦ . A comparison of shock angle against the wedge angle is presented
in Fig. 8, where again an excellent match between the analytical and numerical simulations can be noticed. The numerical
schlieren image for the 20◦ case is shown in Fig. 9(a). The exact
shock profile overlaid as a dashed line can be seen to match
well with the numerical simulation. The schlieren image is
generated using the following equation:
!
|∇ρ|
,
(35)
Sch = exp −k
|∇ρ|max

FIG. 7. Validation of the unsteady inflow boundary condition: variation of
end wall pressure with time.

where k is a suitable constant. The particle distribution
around the wedge is shown in Fig. 9(b). Notice the highly
ordered nature of the particles that indicate the ability of the
sgWBT method to handle high speed flows over solid objects
accurately.
2. Evolution of shock pattern for the interaction
of a moving shock wave with a circular cylinder

The interaction of a shock wave moving at M s = 1.16
and incident on a circular cylinder of diameter 0.015 m was
studied both experimentally and numerically by Chaudhuri
et al.40 The experimental conditions specified in the work
of Chaudhuri et al.40 are simulated to evaluate the proposed
sgWBT method to handle curved geometries. The schlieren
images at various time instants are compared against their
experiment in Fig. 10. The incident shock gets reflected from
the cylinder wall (marked as RS1), which then merges with
the incident shock (IS) forming two triple points (TP1) and
Mach stems (MS1) across the line of symmetry. The curving
Mach stems then collide behind the cylinder resulting in a secondary reflected shock (RS2) and a new set of triple points
(TP2) and a Mach stem (MS2). The first reflected shock (RS1)
reappears due to reflection from the shock tube walls moving in the transverse direction (TRS). While Mach stem MS2
grows traveling in the downstream, the transverse reflected

FIG. 8. Comparison of the numerical oblique shock angle obtained using the
sgWBT method against the exact.
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FIG. 9. (a) Numerical Schlieren image showing the
shock wave corresponding to half-wedge angle θ = 20◦ .
The red coloured dashed line (refer web version) marks
the analytical shock profile. (b) Particle distribution
around the wedge for θ = 20◦ . The highly ordered nature
of the particles moving along their streamlines indicates
the accuracy of the proposed wall modeling technique.

shock (TRS) gets reflected from the cylinder surface forming the reflected shock RS3. For a quantitative comparison,
the experimental and simulated trajectories of the triple points
TP1 and TP2 are plotted in Fig. 11. Good agreement between
the predicted and experimental values can be noticed. From
these results, the spatio-temporal evolution of the incident and
reflected shocks is seen to be captured very well using the

present SPH methodology with the aid of the proposed wall
boundary model.
3. Interaction of a free-field, air blast wave
with concrete blocks

To further validate the proposed skew gradient wall
boundary treatment (sgWBT), conditions suggested in the

FIG. 10. Comparison of experimental
schlieren images (left column) against
the present SPH simulations (right column) for the shock-wave propagation
over a circular cylinder at time t = 46,
101, 157, and 212 µs (top to bottom).
Here, IS, incident shock; RS, reflected
shock; TP, triple point; MS, Mach stem;
SL, slip line; TRS, transverse reflected
shock; V, vortex.
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FIG. 11. Comparison of experimental and numerical trajectories of the triple
points TP1 and TP2.

FIG. 13. Comparison of predicted peak overpressure against the empirical
relation proposed by Kingery and Bulmash.47

experiments of Catlin et al.41 are simulated. In their study, the
sheltering effect of buildings between a source of explosion
(such as Liquefied Petroleum Gas storage facility, posing a
vapour cloud explosion hazard) and a proposed site for land
use was considered. To analyze the effects, a series of experiments on scaled down models subjected to blast loading were
conducted. For the present study, a particular set of testing conditions (test number 1 in Ref. 41) are simulated. A 0.320 kg
pentolite explosive with a TNT equivalence of 1.3 was used.
Three concrete blocks of size 0.6 × 0.6 × 1.8 m were placed on
one side (obstructed field) of the explosive, and the other side
(clear field) was left free of obstruction. The pressure gauges
were mounted along the central axis, at 0.3 m above the ground.
The schematic of the experimental setup is shown in Fig. 12.
Catlin et al. also presented the results of numerical simulation
carried out using a hydrocode based on the Total Variation
Diminishing (TVD) scheme. An axisymmetric, approximate
Riemann solver with the Monotonic Upwind Scheme for Conservation Laws (MUSCL) reconstruction procedure was used
to solve the inviscid, non-reactive, Euler equations. The initial conditions at the point of explosion were approximated
using Brode’s bursting balloon analogy.42 The density of the
compressed gas at the point of explosion was tuned until the
numerical predictions were matched with the experimental
measurements on the clear field. For validation purpose, results
of the present SPH simulations are compared against both the
experimental and numerical results of Catlin et al.41 The same
experimental conditions were simulated by Cullis et al.,13
using a computational package known as EAGLE-Blast.

The EAGLE hydrocode is a mesh-based, second-order accurate, TVD, upwind, Godunov-type solver with Riemann
problem-based schemes (WAF, MUSCL-Hancock) and centred (SLIC) schemes.43 Additionally, the code employs an
adaptive mesh refinement (AMR) technique for accurate resolution of shocks. The numerical results (available for the
obstructed side of the domain) of Cullis et al.13 are also
presented for comparison purpose.
To reduce the computational cost associated with this
validation problem, an axisymmetric SPH scheme proposed
by Brookshaw44 along with the improvements suggested
by Garcia-Senz et al.45 is implemented. The relevant 2D,
axisymmetric, SPH equations of motion can be found in
Ref. 45. For simulating the process of charge detonation,
a simple, programmed burn model46 is followed. To validate the axisymmetric code and the detonation algorithm,
the standard hemispherical surface free-field air blast test is
simulated. For this test, the explosion of a pentolite charge
of mass 0.1 kg in standard sea level ambient condition is
considered. The variation of peak overpressure (popeak ) with
the corrected scaled distance (Z) is plotted in Fig. 13. The
simulation results can be seen to be in excellent agreement with the empirical relation proposed by Kingery and
Bulmash.47
Following the validation of the axisymmetric SPH formulation, simulation of the experimental work of Catlin et al.41
was carried out. The comparison of temporal variation of overpressure due to the passage of the blast wave at different gauge
locations is shown in Fig. 14. From the pressure histories on the

FIG. 12. Schematic of the experiment conducted by Catlin et al.41 Pressure gauges are numbered according to the original study.

046105-10

Prasanna Kumar, Patnaik, and Ramamurthi

Phys. Fluids 30, 046105 (2018)

FIG. 14. Temporal variation of overpressure at (a) gauge 4, (b) gauge 3, (c)
gauge 6, and (d) gauge 7 locations.

clear field side shown in Figs. 14(a) and 14(b), it is observed
that the SPH prediction of peak overpressure, decay rate, and
time of arrival are in good agreement with the experiments. A
delay in the arrival of the secondary shock wave is observed.
As it is relatively weaker compared to the primary blast wave,
the associated blast loading effects are of secondary importance. Although the numerical prediction of the weak shock
wave by Catlin et al. is slightly better, the primary blast wave
is under predicted at gauge 3 location. It should be pointed
out that for a better prediction of the weak shock, the value of
density at the explosion source was tuned. Our study is devoid
of such a density tuning. The pressure histories at gauges 6
and 7 on the obstructed field side are shown in Figs. 14(c) and
14(d), respectively. Although the numerical peak overpressure

at gauge 3 is well estimated, the secondary peaks in the positive
phase are under predicted by the present SPH solver. Nevertheless, these results are qualitatively in good agreement with
the experiments. From Fig. 14(d), the overpressure of the primary wave can be seen to be well estimated at the gauge 7
location. Although the positive peak overpressure is over predicted at gauge 7, the underlying trend is found to be closely
followed. For a quantitative comparison, various blast wave
parameters such as the time of arrival, peak overpressure, and
positive phase duration are tabulated and compared against
the experiment in Table I. Based on these results, it was found
that the interaction of a blast wave with rigid obstacles can
be fairly well captured through the proposed wall boundary
technique.

TABLE I. Quantitative comparison of various blast wave parameters. The experimental results of Catlin et al.41
and the present study are denoted by “Exp” and “SPH,” respectively.
Gauge
no.

Peak overpressure
popeak × 10−3 (N/m2 )

Time of arrival
t a × 10☞3 (s)

Positive impulse
I × 10☞3 (N s/m2 )

Positive phase duration
t + × 10☞3 (s)

3

Exp
SPH

38.18
37.56

8.00
7.89

0.03
0.03

2.44
2.42

4

Exp
SPH

67.20
61.92

3.20
3.19

0.05
0.04

2.00
1.80

6

Exp
SPH

22.0
21.33

3.85
3.91

0.05
0.03

4.84
4.68

7

Exp
SPH

9.97
12.81

8.82
8.61

0.03
0.02

5.68
5.10
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IV. PREDICTION OF BLAST WAVE ATTENUATION
USING PASSIVE, RIGID OBSTACLE ARRAYS

The attenuation of a blast wave by passive, rigid obstacle arrays placed in its path is simulated in the following.
For the sake of simplicity and ease of simulation, we assume
the obstacles to be vertically placed rigid rods of different
cross-sectional shapes protecting the target structure. Moreover, the rods are assumed to have a uniform cross-sectional
area. The blast wave entering the computational domain is
assumed to be planar. The aforementioned assumptions reduce
the problem to two dimensions owing to planar symmetry.
A typical schematic with representative cylindrical obstacles is presented in Fig. 15. The blast wave, modeled using
Eqs. (31)–(33), constitutes the inflow boundary conditions on
the left side of the domain. For assessing the effect of the
obstacle configurations on the wave attenuation, moderately
strong blast wave parameters are used (as given in Sec. III A)
for the inflow boundary conditions. This allows shorter simulation runtime owing to relatively lower flow velocities and
in turn higher time steps. Once an optimal configuration is
reached, its performance under a strong blast situation is analyzed in Sec. IV G. A rigid plate taken as the target structure
on the extreme right of the domain is modeled using reflective
boundary conditions given as
∂p ∂ ρ ∂u
=
=
= 0, v = 0.
∂x
∂x
∂x

(36)

These conditions are implemented by mirroring the particles
across the boundary and assigning the corresponding fluid particle properties to the mirror particles. Assuming the actual
height of the target plate to be much greater than the length
of the domain (L), the top and bottom boundaries are considered to be periodic. The length and width of the domain
(H) are taken as 1.0 m and 0.12 m, respectively. The stand-off
distance (SOD) between the plate and the last of the arrays is
an important parameter in this study because the trapping of
the blast wave between the obstacle array and the target plate
leads to multiple wave reflections that could potentially lead to
undesirable amplification in the blast load. At spatial locations
marked as point “u,” “d,” and “w” (denoting upstream, downstream, and wall, respectively, in Fig. 15), temporal variation
of pressure is monitored in the analysis. To study geometrical
effects, different cross sections for the rods, such as circle and
square, are incorporated. Also, two different arrangements,
namely, inline and staggered arrangements, are considered.
As the parameter space is large in terms of the number of
simulation runs, the numerical investigations are carried out
in a step by step approach. The analysis is carried out in the
following sequence.

1. To begin with, particle number sensitivity studies are
performed to ensure discretisation errors are reduced.
2. Next, the blast attenuation characteristics for five different types of obstacle cross sections are studied under an
inline arrangement.
3. For the same set of obstacle configurations, the staggered arrangement is compared vis-á-vis inline arrangement. From these studies, optimal configurations are
identified.
4. The effect of Stand-Off Distance (SOD) defined as the
distance between the obstacle maze and the protected
structure and the Number of Obstacle Layers (NOL) is
investigated.
5. Further, the efficacy of the air gap size on the shock trap
is analyzed.
6. Finally, the performance of the obstacle arrangement
under a specific case of strong blast situation is
simulated.
A. Particle number sensitivity

Similar to a mesh independence study of grid-based methods, we carry out the particle number sensitivity test, to find the
optimal number of particles required to achieve a consistent
and reliable solution. For this study, we choose a computational
domain of size (0, 1.0) × (0, 0.12). Three columns of circular
cylinders arranged inline were placed between the inflow and
the reflective boundaries. Cylinders of 0.04 m diameter were
chosen with a pitch ratio of 0.5 in the x and y directions. The
SOD was chosen as 0.34 m. The inflow boundary conditions
are similar to the one presented in Sec. III A. The initial conditions for all particles inside the domain are set as (ρ0 , p0 ,
v, γ) = (1.0, 1 × 105 , 0, 1.4). With the aforementioned conditions, the simulations were carried out with four different
values of initial inter-particle spacing (∆s). The four different cases designated as ∆s1 , ∆s2 , ∆s3 , and ∆s4 correspond to
an initial inter-particle spacing of 1.2 × 10☞3 m, 6 × 10☞4 m,
4.0 × 10☞4 m, and 3.0 × 10☞4 m along the x and y directions,
respectively. Notice that ∆s4 = 0.5∆s2 = 0.25∆s1 . To reduce
computational cost, the accuracy of an intermediate value ∆s3
is also assessed. We monitor the temporal variation of pressure at three positions along the centre line as shown in Fig. 15:
one in upstream at x = 0.35 m and two in the downstream at
x = 0.85 m and x = 1.0 m from the origin O. The total force
per unit width f = ∫ 0H (p(y) − p0 )dy exerted on the rigid plate
modeled as reflective boundary is plotted in Fig. 16. It can
be noticed that all the quantities of interest converge toward
the same numerical value with reduction in the inter-particle
spacing. In the absence of analytical solution, the numerical
error obtained through the optimal ∆s is found using the technique of Roache.48 A measure of numerical error is estimated

FIG. 15. Physical domain with representative obstacles
facing the blast wave.
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FIG. 16. Particle number sensitivity
test: (a)–(c) shows the temporal variation of pressure at locations u, d, and w
(Refer Fig. 15) along the domain length
and (d) shows the temporal variation of
force exerted on the wall.

through the Grid Convergence Index (GCI) as follows:
ǫ k+1,k
,
(37)
GCIk+1,k = fs φ
r −1
where

ǫ k+1,k =

Ak+1,k − Ak
.
Ak

(38)

In (38), ǫ is the normalised error of any given quantity A and
k ∈ {1, 2, 3} represents the level of refinement; k = 1 is the
coarsest and k = 3 is the finest. In (37), r is the constant ratio
of the initial particle spacing between consecutive refinement
levels and φ is the order of convergence, which are defined as
follows:
!
∆si
A1 − A2
r=
, φ = ln
/ ln (r).
(39)
∆si+1
A2 − A3

value of the numerical exact for the chosen parameter can be
extrapolated using Richardson’s method as follows:
ARE =

A3 r φ − A2
,
rφ − 1

(40)

where ARE is the value of the numerical exact according to
Richardson’s extrapolation. The value of f max normalised with
f RE obtained using four different ∆s values is plotted in Fig. 17.
Again, it is seen for ∆s < ∆s2 that the computed values are much
closer to the numerical exact value. Since the error between

The value of r has to be greater than 1.3. The factor of safety
fs in (37) should be 3.0 for comparison between two grids and
1.25 for three or more. From three levels of grids, Table II is
constructed, taking the peak force on the plate (f max ) as the
parameter of interest. It can be noticed from the table that for
initial particle spacing less than ∆s2 should be used for the
simulations to obtain results close to the numerical exact. The
TABLE II. Particle sensitivity analysis on the peak force on the plate (f max ).
Parameter
f max

ǫ 3,2

ǫ 2,1

r

φ

GCI 3,2

GCI 2,1

0.3147

0.0553

2

3.19

0.0053

0.0504

FIG. 17. Particle number sensitivity test: Variation of normalised peak force
value against the initially chosen particle spacing (∆s).
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values predicted by ∆s3 and ∆s4 are less than 5% of the extrapolated numerical exact, we chose the particle size based on ∆s3
for all the further simulations.
B. Influence of obstacle shape

A systematic study of blast attenuation effects is carried
out using rigid obstacles of different shapes in their cross section. The force and the associated impulse imparted on the
end wall due to the shape effects are investigated. For this
purpose, the same computational domain ([0, 1] × [0, 0.12])
as described in Sec. IV A is used. The obstacles are set as a
matrix of size 3 × 3 with the rigid obstacles arranged in an
inline fashion. We choose five different cross-sectional shapes
for the obstacles, namely, a circle (#), square (2), left facing triangle (), right facing triangle (), and diamond (3).
The obstacles were placed at a distance of 0.34 m from the
end wall. The obstacle size for all different shapes is set such
P
that the blockage ratio (BR = 1 − ni c ζwi ) is the same. Here,
nc is the number of rods in the first column on the obstacle
matrix, ζ is the rod size parameter, and w is the width of the
domain. The blockage ratio for the results shown in this section is BR = 0.6667. The blast wave parameters used are the
same as specified in Sec. III A. The temporal variation of pressure in the upstream as well as downstream direction is plotted
in Fig. 18. The first jump in Fig. 18(a) indicates the intensity
of the incoming blast wave, and the second jump corresponds
to the wave reflected from the obstacle. The arrival time for

Phys. Fluids 30, 046105 (2018)

the reflected blast wave indicates the intensity of reflection.
It should be pointed out that shorter arrival time corresponds
to stronger reflection, while longer arrival times correspond to
relatively weaker reflection. It can be observed that the right
facing triangle and the square geometry show the strongest
reflection due to surface normal reflection from the obstacle and the left facing triangle shows the weakest, owing to
oblique reflection. Figure 18(b) shows the temporal variation
of pressure downstream of the obstacle. One can immediately
notice the presence of larger fluctuations that signify emerging waves from the obstacle maze, generated by the multiple
wave reflections. Note, in particular, the reduction in the peak
pressure compared to the upstream, indicating significant blast
attenuation. The variation of pressure at the end wall is shown
in Fig. 18(c). Among the five different cross-sectional shapes
of the rods considered, the right facing triangle shape offers
the lowest peak pressure while the circular configuration is the
highest. Also, a significant reduction in transmitted blast wave
speed is seen in the case of the right facing triangular configuration. The temporal variation of force and impulse on the wall is
plotted in Figs. 19(a) and 19(b), respectively. These quantities
are calculated as fw = ∫ 0w (pw (y) − p0 )dy and Iwt0 = ∫ 0t0 fw (t)dt,
respectively. For all different cases studied, t 0 is taken as
0.003 s. From the figures, it is evident that for an inline
arrangement, the right facing configuration provides the highest attenuation followed by the diamond shaped configuration.
The rest of the geometries have somewhat similar attenuation
effects.

FIG. 18. Temporal variation of (a)
upstream, (b) downstream (w.r.t. the
obstacle), and (c) wall pressure for
different obstacle geometries arranged
inline.
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FIG. 19. Temporal variation of force
and impulse on the wall for different obstacle geometries in an inline
arrangement.

C. Influence of staggered obstacle arrangement

In this section, we analyze the effect of the obstacle stagger
on blast attenuation and compare it against the inline arrangement. The simulation parameters for this study are set similar
to that employed for the inline arrangement. The temporal
variations of pressure and impulse are presented in Figs. 20
and 21. Since the first column of rods is arranged in the same
manner for the inline and staggered cases, the variation of pu
is almost similar to each other. However, the temporal variation of pd and pw for the different geometries in the staggered
arrangement was found to be different. Improved attenuation

of the square configuration in staggered arrangement is
attributed to the wave tortuosity effects. The drastic reduction
in the magnitude of pd and pw results as lower wall force and
impulse magnitudes that are comparable to the right facing
triangular configuration. However, the right facing triangular configuration provides better attenuation. A comparison
of temporal variation of fw and Iw between the staggered
and inline arrangement is presented in Fig. 22. To distinguish
between the two, results of the staggered arrangement are
shown in filled symbols as circle (●), square (), left facing
triangle (◭), right facing triangle (►), and diamond (q). It was
observed that the staggered obstruction arrangement resulted

FIG. 20. Temporal variation of (a)
upstream, (b) downstream (w.r.t. the
obstacle), and (c) wall pressure for different obstacle geometries arranged in a
staggered fashion.
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FIG. 21. Temporal variation of (a) wall
force and (b) impulse on the wall for
different obstacle geometries arranged
in a staggered fashion.

FIG. 22. Comparison of temporal variation of (a) wall force and (b)
impulse for the inline (unfilled symbols) and staggered arrangements (filled
symbols).

in improved attenuation characteristics for all rod geometriesexcept the left facing triangle. Surprisingly, the staggering in
this case resulted in somewhat elevated wall force and impulse.
As mentioned earlier, the staggered square configuration has
shown dramatic improvement in blast attenuation close to that
achieved by the right facing triangle. Furthermore, the speed

of the transmitted blast wave was the lowest for the square
configuration. From a quantitative comparison, presented in
Table III, it can be found that the staggered right facing triangular obstructions are relatively the best in blast attenuation,
closely followed by the staggered square obstructions. For the
best case scenario, a reduction of 64.17% in pmax
w , 68.89% in

TABLE III. Effect of the obstacle arrangement on the parameters of practical interest.

Geometry
No obstacle
Circle
Square
Left facing
Triangle
Right facing
Triangle
Diamond
Circle
Square
Left facing
Triangle
Right facing
Triangle
Diamond

Arrangement

Peak wall pressure
−5 (N/m2 )
pmax
w × 10

Time of arrival at wall
a × 10−3 (s)
tw

Peak wall force
f wmax × 10−5 (N)

Wall impulse
0.003 (N s)
Iw

NA
Inline
Inline

16.3823
9.8062
8.1116

1.1120
1.2698
1.2238

1.8448
1.0229
0.8332

73.783
42.204
42.5

Inline

6.3078

1.2331

0.7209

42.664

Inline
Inline
Stag
Stag

5.9336
7.415
9.289
6.0651

1.3389
1.2854
1.2911
1.4054

0.5982
0.7299
0.8942
0.594

27.305
37.086
40.076
27.878

Stag

8.8606

1.2221

0.7809

43.976

Stag
Stag

5.8692
6.2806

1.3857
1.2764

0.5739
0.5919

25.635
34.37

046105-16

Prasanna Kumar, Patnaik, and Ramamurthi

Phys. Fluids 30, 046105 (2018)

FIG. 23. Temporal variation of (a) wall
force and (b) impulse for three different
values of SOD for the right facing triangle obstruction arranged in a staggered
fashion.

FIG. 24. Temporal variation of (a) wall
force and (b) impulse for square obstruction arranged in a staggered fashion for
three different SODs.

fwmax , and 65.25% in Iw0.003 was observed. Therefore, our further analysis is focussed on right facing triangular and square
configurations.
D. Influence of stand-off distance

The Stand-Off Distance (SOD) refers to the separation
length between the end wall and the last column of obstacles.
This is an important parameter as it can significantly alter the
blast attenuation characteristics of the obstacle. In particular,
a shorter SOD may result in undesirable amplification of blast
loads due to wave trapping effects. Hence, in this section,

the influence of varying SOD on the blast attenuation of
staggered square and right facing triangular configurations is
presented. For this study, we chose three different values for
SOD as 0.17 m, 0.34 m, and 0.51 m. The force and impulse
transmitted to the wall are shown in Figs. 23 and 24 for
right facing triangle and square configurations, respectively.
For both geometries, the effect of varying SOD on the wall
force and impulse are somewhat similar. While the effect of
increasing the SOD from 0.34 m to 0.51 m resulted in minimal changes of the loading history, the effect of reduction to
0.17 m was significant. In the case of right facing triangular
shapes, small decrease in the peak force [see Fig. 23(a)] was

FIG. 25. Temporal variation of (a) wall
force and (b) impulse for square
and right facing triangle obstructions
arranged in a staggered fashion with a
SOD = 0.34 m with different numbers
of obstacle layers.
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TABLE IV. Effect of the number of layers—NOL.

Geometry

NOL

Peak wall pressure
−5 (N/m2 )
pmax
w × 10

Time of arrival at wall
a × 10−3 (s)
tw

Peak wall force
f wmax × 10−5 (N)

Wall impulse
0.003 (N s)
Iw

No obstacle
Square
Square
Square
Right facing
Triangle
Triangle
Triangle

NA
3
5
7

16.3823
6.0651
3.9502
2.5002

1.1120
1.4054
1.5803
1.8269

1.8448
0.5940
0.3354
0.1865

73.783
27.878
16.282
10.75

3
5
7

5.8692
3.1131
2.0744

1.3857
1.5675
1.7474

0.5739
0.2478
0.1284

25.635
15.176
8.1838

noticed with SOD = 0.17 m. However, this amelioration of
blast load was offset by multiple blast wave reflections due to
wave trapping, resulting in higher impulse transfer. But in the
case of square blockages, reduction in SOD to 0.17 m resulted
in a considerable increase in both blast load and impulse.
From these results, it is evident that reduction of SOD can
be sometimes counter productive to the original goal of blast
load attenuation. Although an increase in SOD delays the blast
arrival, its effect on blast load and impulse may not always be
beneficial.
E. Influence of number of obstacle layers

In the present study, we have also varied the Number Of
Rods/Columns/Layers (NOL) constituting the obstacle matrix
in the same computational domain. To analyze the effect of
NOL on the blast attenuation of the staggered square and
right facing triangular rods, we choose a constant SOD of
0.34 m. For the NOL parameter to have beneficial effects, it is

required that additional layers are placed on the upstream side
of the obstacle. This would avoid the wave trapping effects
discussed in Sec. IV D. We compare three different cases with
NOL = 3, 5, 7. The blast load and impulse experienced at the
wall are presented in Figs. 25(a) and 25(b), respectively. Here,
a monotonic decrease in blast load with increase in the NOL
can be noticed. Approximately a 40% reduction in peak wall
load and impulse with every 2 additional layers (see Table IV)
can be noticed. For staggered square rods, there is a reduction
of 34.86% and 36.71% in pmax
w with increase in NOL from 3
to 5 and 5 to 7, respectively. In the case of staggered right
facing triangular rods, a reduction of 46.95% and 33.37% in
was observed, with increase in NOL from 3 to 5 and 5
pmax
w
to 7, respectively.
In conclusion, the blast attenuation of a given rigid obstacle matrix can be significantly enhanced by increasing the
NOL. However, it should be pointed out that it may not always
be practical to implement more number of layers. The density field at time t ≈ 1.7 ms is plotted in Fig. 26 to highlight

FIG. 26. Spatial variation of density for (a) right facing
triangle and (b) square obstruction at t ≈ 1.7 ms.

FIG. 27. Temporal variation of (a) wall
force and (b) impulse for square
and right facing triangular obstructions
arranged in a staggered fashion with
SOD = 0.17 m for different numbers of
obstacle layers.
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FIG. 28. Temporal variation of (a) wall
force and (b) impulse for right facing
triangle obstructions arranged in a staggered fashion with SOD = 0.17 m for
different trap gaps.

FIG. 29. Temporal variation of (a) wall
force and (b) impulse for different values of trap gaps, for square obstructions
arranged in a staggered fashion with
SOD = 0.17 m.

the complex flow patterns around the rigid obstacles. Note
the presence of integral scale vortices that eventually lead to
cross flow and turbulence. While the cross flow redirects the
kinetic energy of the fluid in other directions, the interaction
of the compression waves with the vortical structures leads to
the amelioration of the blast pressure. Increase in NOL can be
beneficial for reduced SOD without the risk of adverse wave
trapping effects. Figure 27 compares the results of 3 and 7
layered obstacle matrices with the same SOD = 0.17 m. Notice
that a large reduction in peak pressure of the transmitted blast
wave effectively makes the contribution from wave trapping
to be relatively benign.

the trap gap length (l gap ) on the blast attenuation of square and
right facing triangular blockages.
The computational domain is as described in Sec. IV A,
with the shock trap placed at SOD = 0.17 m. The force
and impulse characteristics from these simulations are presented in Figs. 28 and 29, respectively, wherein different
trends can be noticed for the square and right facing triangular

F. Shock trapping—Effect of trap gap size

Shock trapping is an interesting concept introduced by
Skews et al.4 to protect target structures using a special
arrangement of solid obstacles. Here, a pair of obstacle matrix,
separated by an air gap, is placed along the path of the shock
wave. The cross section of the obstacle allows for a relatively
easy entrance to the air gap region. The trapped incident shock
undergoes multiple reflections in the trap gap and emerges as
a weaker transmitted wave.
Chaudhuri et al.40 numerically studied different combinations of obstacle orientations employed as shock traps and
showed that the right facing triangular-shaped blockages in
tandem arrangement provides the highest shock attenuation.
We extend this line of study by investigating the influence of

FIG. 30. The spatial distribution of vorticity at time (t) = 1.2 ms for different
trap gaps.
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FIG. 31. Temporal variation of (a)
force on the wall and (b) impulse
received in the presence of staggered
right facing triangle (▸) obstructions and
square obstructions (). Results correspond to a strong blast wave with a peak
overpressure of 10 MPa. For the purpose
of comparison, the case without obstacle is shown as a solid line without any
symbols.

configurations. While the square obstructions have shown
monotonic decrease in peak wall force with the increase in lgap ,
the right facing triangular obstructions do not show any significant variation beyond lgap = 0.08 m. On the other hand, with
an increase in lgap , delay in the arrival time of the transmitted
blast wave was clearly noticeable for both geometries.
The spatial distribution of vorticity for the right facing triangular blockages at time t = 1.2 ms is shown in
Fig. 30. Note that, at the given instant of time, the amount
of large scale vortices present in the flow field increases
with the trap gap size. The presence of these vortical structures indicates that the trapped waves will now have to
negotiate with highly non-uniform flow regions of strong
velocity gradients. Consequently, the complex, shock-vortex
interactions render the emerging waves weaker and thereby
provide improved attenuation characteristics for the obstacles. Overall, the square blockages in a staggered arrangement exhibit equally good blast mitigation characteristics;
however, the right facing triangles are seen to be a better
choice.
G. Attenuation of very strong blast wave

The attenuation characteristics of rigid obstacles presented in Secs. IV A–IV F were based on the interaction of a
blast wave with coefficient of reflection C R ≈ 5.65. It is also of
interest to study the utility of solid obstacles to attenuate blast
waves of very high strength, such as in the near field of an
explosion. Typically, strong waves are characterised by a high
value of C R . For γ = 1.4, the value of C R → 8 as M s → ∞ [see
Fig. 6(b)]. To study the blast attenuation under a very strong
blast condition, we set the inflow boundary conditions based
on the relations obtained through strong blast approximations
as given in Ref. 49. First, we assume the peak overpressure
po

Rs
as peak
p0 = 100.924 and find the appropriate R0 through the
0.1568
0
relation p−p
p0 = (Rs /R0 )3 − 1. Here, Rs is the distance between
the position of blast wave and source of explosion, and R0
 1
is the explosion length defined as R0 = Ep00 3 , where E 0 is
the energy released in the explosion. We set the source energy
E 0 corresponding to 0.1 kg of TNT. Based on the calculated
value of RR0s , the impulse per unit area can be found through the
p0 R 2

non-dimensional relation for specific impulse Is+ = 0.322 a0 R0s .

Assuming t + = 0.5 × 10☞3 s, the value of α corresponding to
the calculated value of Is+ is found as 2.72.
For the chosen blast wave profile, the value of C R and
M s is approximately 7.6 and 9.4, respectively. Two sets of
three layers of blockages were arranged with a trap gap of
0.08 m and stand-off distance of 0.17 m. Figure 31 shows
the temporal variation of wall force and impulse for the
staggered right facing triangle and square configurations.
While the peak force in the absence of obstacles is of order
5.93 × 106 N, in the presence of square and right facing triangular blockages, the values are 1.53 × 106 N and
0.827 × 106 N, respectively. Though both the geometries
provide significant blast load attenuation, with almost 86%
reduction in the peak force, the right facing triangular obstructions provide higher attenuation. Also, a 37% increase in the
blast wave arrival time was observed in the presence of the
rods.
A significant reduction in the wall impulse was also
observed. The value of wall impulse at time t = 0.002 s without obstacle, right facing triangular rods, and square rods were
1495.20, 579.62, and 713.12 N s, respectively. With 61.2%
reduction in impulse on the wall, the right facing triangular
rods provide relatively better blast protection.
V. SUMMARY AND CONCLUSIONS

In this paper, blast attenuation characteristics due to the
presence of rigid, passive obstacles are numerically simulated.
A two dimensional flow domain with obstacles is chosen for
the analysis. The governing PDEs were solved using Smoothed
Particle Hydrodynamics. As the problem involves complicated
boundaries within the flow domain, a suitable model for solid
wall boundary using fixed virtual particles was developed.
This was done using a novel sgWBT method that relies on
the skewed kernel functions to effectively overcome the SPH
particle deficiency problem at the boundaries. To start with,
a detailed validation study of the sgWBT method was performed using analytical and experimental data. Subsequently,
the effect of various obstacle parameters on the blast load
imparted on a rigid plate, representing a typical target structure,
was systematically studied. The effect of the initial particle spacing in SPH on the accuracy of the predictions was
determined.
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Among the five obstacle shapes that were studied the
right facing triangle provided the highest blast attenuation. The
effect of the obstacle arrangement was studied by comparing
inline and staggered arrangements. The staggering of successive obstacle layers resulted in lower peak force and impulse
transmission for the different obstacle shapes except the left
facing triangle. The staggering of square blockages has shown
a dramatic reduction in the blast load.
Since the problem domain was bounded at the right
extreme, the effect of the stand-off distance (SOD) was also
studied. The results have shown an increase in the value of
transmitted impulse with decreasing SOD. This is due to the
trapping of the blast wave between the structure and obstacle
array resulting in multiple wave reflections and consequent rise
in pressure. However, the peak force was found to be more or
less unaffected. Significantly higher levels of attenuation were
achieved with additional layers of obstacles. The effect of the
trap gap as an effective shock trapping device shows a monotonic decrease in the blast load with increase in the length of
the trap gap. Thus, when employing a higher number of obstacle layers, the mitigation can be further enhanced by suitably
designing the trap gaps.
The blast mitigation capability of the rigid obstacles
with the wave trap mechanism under a strong blast case
was assessed. Significant reduction in blast load underscores
the importance of obstacle configuration. However, their performance in combination with other mitigation strategies,
such as foams, could be of practical interest and worth
exploring.
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