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Abstract

We performed numerical simulations of blast wave propagations on surfaces by solving axisymmetric two-dimensional Euler equa-
tions. Assuming the initial stage of fireball at the breakaway point after an explosion, we investigated the effect of surface conditions
considering surface convex or concave elements and thermal conditions on blast wave propagations near the ground surface. Parametric
studies were performed by varying the geometrical factors of the surface element as well as thermal layer characteristics. We found that
the peak overpressure near the ground zero was increased due to the surface elements, while modulations of the blast wave propagations
were limited within a region for the surface elements. Because of the thermal layer, the precursor was formed in the propagations, which

led to the attenuation of the peak overpressure on the ground surface.
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1. Introduction

The flow field induced by the blast wave interacting with a
surface is complicated due to shock wave reflections. Such an
interaction often occurs in a high-energy explosion in chemi-
cal factories that can destroy buildings. Thus, a better under-
standing of the physical phenomena associated with blast
waves is helpful in prediction of the blast damages after an
accident.

For over half a century, many researchers [1-14] have in-
vestigated the blast wave propagations and interactions with a
surface. When a shock perpendicularly impinges a planar
surface, the reflected overpressure can be determined by a
reflection factor that is defined as the ratio of the reflected and
incident overpressures. Based on the Rankine-Hugoniot equa-
tions, it is known that the maximum reflection factor would
reach eight for low to moderate overpressure shocks for an
ambient air [2]. This is known as Regular reflection (RR).
However, when the reflected shock is able to catch the inci-
dent shock, a single combined shock wave, known as Mach
stem, is formed near the reflecting plane. This is known as
Mach reflection (MR). Typically, the overpressure at the
shock is about twice larger than that at the direct blast wave
front [2]. After Ben-Dor’s work [4], the shock wave reflection
phenomenon has been characterized by four principal forms
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such as Regular reflection (RR), Single Mach reflection
(SMR), transitional Mach reflection (TMR), and double Mach
reflection (DMR). Later, Colella et al. [7] performed numeri-
cal simulations of a high-explosive-driven spherical blast-
wave propagation on a surface to understand more details of
the physical phenomenon of shock wave interaction with a
surface. They found that even in RR region, the blast wave
from the flat surface creates complex flow structures having
multiple length scales and induces additional pressure pulses
on the surface. Jiang et al. [13] numerically and experimen-
tally investigated micro-blast-wave propagation on a flat sur-
face. They clearly captured the formation of Mach stem as
well as the triple point of Mach reflection in both micro-blast
experiments and numerical simulations of the Navier-Stokes
and Euler equations. Hu and Glass [14] theoretically analyzed
blast wave propagation on a flat surface depending on Heights
of burst (HOB). Liang et al. [5, 6] studied the four types of
reflections of an unsteady cylindrical or spherical shock wave
propagating over a wedge or an iso-thermal flat plate. They
focused on transition phenomena of blast-wave reflection
from the flat plate and the associated flow structure for strong
blast waves.

Although it is important to understand comprehensive
shock reflection phenomena even on an idealized surface, the
properties of the reflecting surface should be taken into ac-
count for predictions of the blast damages after a real burst
event. The most common real property is associated with sur-
face rough elements (obstacle or terrain) on the ground, and
the next one is a thermal heated layer on the ground resulting
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from a strong thermal radiation from the fireball [2]. From a
macroscopic point of view, Dewey et al. [12] experimentally
investigated the blast-wave interaction with a rough surface
compared to the interaction with a smooth surface. They
found that a smooth surface induces a stronger Mach stem and
a higher triple-point trajectory compared to a rough surface.
Needham [2] reported that a blast wave reflecting from a
rough surface changes the character of both the geometry and
the blast parameters of the reflected region of the wave.
Moreover, the incident wave front reflects from each rough-
ness element, which results in the stagnation of the near sur-
face velocity and the enhancement of the overpressure. Ngo et
al. [21] studied the effect of blast wave propagation on a
building structure. They found that the incident peak overpres-
sures are amplified by a reflection factor as the shock wave
encounters an object or structure in its path. Smith and Rose
[22] investigated blast wave propagation over an urban-like
environment in both experimental and numerical approaches.
This study indicated that both shielding and channeling effects
in blast propagations through arrays of simple building struc-
tures should be considered in predicting the blast damages.
Recently, Asl et al. [23] studied blast wave propagations inter-
acting with a protection barrier (obstacle), and found that the
protection barrier (obstacle) on the ground significantly alters
the blast propagations and reduces possible blast damages,
depending on the shape and size of the barrier. Therefore,
more systematic studies on blast wave propagation consider-
ing its interaction with localized surface rough elements are
needed for a better prediction of the blast damages.

On the other hand, after an explosion, a fireball with ex-
tremely high pressure and high temperature grows the time.
When the pressure and thermal shock fronts of the fireball are
separated, the radiation heat transfer inside the fireball is neg-
ligible for the blast wave propagations. However, due to the
radiation, thermodynamic properties of the ambient air near
the ground are significantly affected and a thermal heated
layer is formed near the ground [15]. It is known that the in-
fluence of the layer on blast wave propagations leads to the
formation of a precursor shock because the density in the
thermal layer is lower than that in the atmosphere [15-18].
Since the previous studies were limited to a low-energy explo-
sion, the role of the thermal layer on the blast wave propaga-
tion after a high-energy explosion is still unclear in the forma-
tion of a precursor shock.

The objective of the present study was to investigate the ef-
fect of geometric and thermal ground surface conditions on
blast wave propagations after high-energy explosion using
numerical simulations. Three kinds of geometric surface con-
ditions, a flat surface, convex cylinder and concave cavity,
were considered in order to characterize the propagations in-
teracting with the ground surfaces. In particular, we performed
parametric studies of geometric surface conditions on peak

overpressure distributions along the distance from ground zero.

The effect of thermal layer on the propagations was investi-
gated by considering a low density (or heated) layer near the
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Fig. 1. Schematic diagram of a computational domain with initial and
boundary conditions.

ground surface. Details of a precursor formation due to the
thermal layer were discussed. The role of the thermal layer in
the blast damages was also investigated through peak over-
pressure.

2. Numerical methods

We considered two-dimensional axisymmetric compressi-
ble inviscid flows for blast wave propagations interacting with
ground surface. For the time-dependent compressible flows,
the Euler equations are solved based on the cell-averaged fi-
nite volume method. The dimensionless hyperbolic equations
for mass, momentum and energy conservations can be written
in a cylindrical coordinates (r,z) as:

a_U+a_F+a_G+§:0, (1)
o or 0z r

where U, F, G and S are the vectors of conserved vari-
ables and fluxes in each direction, and source, given respec-
tively by

U:(p pu  pv E)T

F= (pu pu'+p puv u(E+ p))T
. 2)
G= (pv puv pvi+p v(E+ p))r

S:(pu pu’ puy u(E+p))T

Here, u and v represent velocity components in r and
z direction, respectively, and p is air density, and E is the
total energy. The air is assumed to be ideal gas having con-
stant specific heat ratio y = 1.4 and the specific gas constant
R =287.058 J/kg/K . The equation of state for the perfect gas
is given as

p=(r-1)pe, 3)

where e is the specific internal energy. The total energy E
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is defined as
F 1 2 2
E=—ft 4+ + . 4
5 p(u v ) (€))]

The governing equations for blast wave propagations are
solved by using approximate Riemann solvers based on Roe’s
flux vector splitting scheme [19] coupled with a second-order
TVD Runge-Kutta time integration scheme. For shock captur-
ing, inviscid fluxes are discretized using a variant of the
Piecewise parabolic method (PPM) [20].

Fig. 1 illustrates the computation domain for the present
study. The initial conditions for the fireball were determined
by the condition at the time when the pressure and thermal
shock fronts are separated so that the radiation heat transport
is negligible, which is known as a breakaway point [1, 2]. The
initial conditions can be estimated based on solutions from
radiation hydrodynamic equations. However, in this study we
assumed that at the initial stage the flow variables such as
pressure, density and temperature are constant within the fire-
ball having the explosion total energy, which is similar to
Glasstone and Dolan [1]. Based on 20 kTon explosion at the
height of burst H, = 500 m, we assumed that the radius of the
fireball is R, =110m, temperature is 7, =8000K and
density is p, =2.711 kg/m’ [1], while the ambient conditions
are defined as P, =101.325kPa, 7, =273K and p, =
1.293 kg/m®. The initial states of the fireball and ambient air
are considered as still air. The reflection boundary condition is
imposed on the ground and obstacle surfaces, while the non-
reflection boundary condition is specified at the top and outer
boundaries. Since the blast wave interactions with obstacles
are primarily concerned in this study, the radius and height of
the computation domain is set as 1 km x 1 km considering the
region of interest. As a grid convergence study for blast wave
propagation on the flat surface, we consider three different
uniform grids (200x200, 300x300 and 400x400). The test
confirmed that a 400x400 uniform grid is enough to provide
accurate peak overpressure distributions compared to those of
Glasstone and Dolan [1]. In this study, a 400x400 uniform
grid was used for all simulations. The computation time step
was set to 10™* seconds.

3. Results

3.1 Blast wave propagation on flat surface

To understand basic flow physics for blast wave interaction
with a surface, we investigated the evolutions of pressure
waves over a flat surface after a high explosion in air. Fig. 2
shows pressure contours at different time instants. A highly
pressurized region inside the fireball at the breakaway point is
shown in Fig. 2(a). The formation of the Regular reflected
(RR) waves is clearly captured in Fig. 2(b) when the incident
blast wave from an explosion strikes the surface. As shown in
Fig. 2(c), the steeper front of the reflected wave is traveling
faster than the incident wave and is overtaking, resulting in a
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Fig. 2. Pressure contours for blast wave propagations on the flat sur-
face at t =0, 0.508, 1.008 and 1.498 seconds.

80
[ Present, 400400
w0000 T Present. 300x300
F mmeme—= Present, 200x200
60 & Gilasstonc and Dolan {1977)
L s0FT
= F
S 40
a |
30
20 F
10F =3
0 ! L | - L | - L | - L L 1 L
0 200 4K 600 800 1000
D, [m]

Fig. 3. Time histories of wall pressure on the flat surface at several
downstream locations from the ground zero.

single combined shock such as Mach reflection (MR). The
high pressure is found at the triple point. As shown in Fig.
2(d), the reflected wave near the ground has overtaken and
fused with the incident wave to form a single front, which
indicates a Mach stem [1, 2]. The present results clearly show
the triple point at which the incident wave, reflected wave, and
Mach front meet [1].

Fig. 3 shows the pressure variation with respect to time at
several downstream locations from the ground zero. Note that
D, indicates the distance from the ground zero. At ground
zero, the first shock wave induces an abrupt increment in the
overpressure p, to about 64 psi at t = 0.6 seconds when the
first shock wave touches the ground surface. Following ex-
pansion waves cause a rapid decrease of the pressure. The
overpressure decreases to about -5 psi at t = 1.8 seconds. Later,
the pressure recovers to the ambient conditions after t = 3
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Fig. 4. Distributions of peak overpressure on the flat surface along the
downstream locations from the ground zero.

seconds. A general trend of the pressure variations at other
downstream locations is similar to the pressure at ground zero.
For further downstream locations from ground zero, the peak
overpressure decreases and the arrival time of the first shock
wave becomes longer. Fig. 4 indicates that the numerical re-
sults for the peak overpressure distribution in the present study
are in good agreement with those of Glasston and Dolan [1].

3.2 Effect of obstacles on blast wave propagation

To assess the effect of rough elements (obstacle or hole) on
the blast wave propagations on the ground surface, we per-
formed numerical simulations of the propagations considering
various geometric configurations of the elements. The geo-
metric configurations of cylinder-shaped obstacle (convex
elements) and cylindrical cavity (concave elements) with vari-
ous radius R, , and height H,, (or depth) are as listed in Table
1. Note that a negative value of H, indicates the depth for
the cavity. The values of the peak overpressure p, at the
ground zero for each case are also listed in Table 1. For all
cases of the convex obstacle, the peak overpressure at ground
zero is higher than that for the flat surface. This is because the
pressure shock touches the convex obstacle at an earlier time
than the flat surface case. The overpressure increases with the
increment of the obstacle height, while it is not sensitive to the
radius of the cylindrical obstacle. But, when the obstacle
height is equivalent to 20% of HOB, the peak overpressure is
about two times higher than that of the flat surface. For a
deeper and wider cavity, the peak overpressure at the ground
zero is lower than that of the flat surface. The maximum re-
duction of the peak overpressure due to the cavity is about
30%. Interestingly, for a narrow cavity, the peak overpressure
is higher than that for the flat surface, regardless of the radius
of the cavity. This might be related to the shielding and chan-
neling effects observed in Smith and Rose [22] for blast wave
propagations in an urban-like environment, while it is ex-
pected that the pressure shock front containing lower energy
might touch the cavity at ground zero.

Fig. 5 shows snapshots of pressure fields over three differ-

Table 1. Simulation conditions for rough elements on the ground sur-
face and numerical results at the ground zero.

Case| Type |H,/H,|R,/H,| p, f}g I:IB/HB P,
1 Flat 0 0 64.1 | 500 1 63.1
2 | Convex 0.2 0.05 123.7 | 400 0.8 114.2
3 | Convex 0.2 0.1 124.1 | 400 0.8 114.2
4 Convex 0.2 0.2 124.1 | 400 0.8 114.2
5 | Convex 0.1 0.05 86.2 | 450 09 843
6 | Convex 0.1 0.1 86.8 | 450 0.9 843
7 | Convex 0.1 0.2 86.8 | 450 09 843
8 | Convex 0.05 0.05 732 | 425 0.95 73.4
9 | Convex 0.05 0.1 739 | 425 0.95 73.4
10 | Convex 0.05 0.2 739 | 425 0.95 73.4
11 | Concave | -0.05 0.05 81.7 | 525 1.05 52.5
12 | Concave | -0.05 0.1 639 | 525 1.05 525
13 | Concave | -0.05 0.2 55.7 | 525 1.05 52.5
14 | Concave -0.1 0.05 70.7 | 550 1.1 46.9
15 | Concave -0.1 0.1 67.0 | 550 1.1 46.9
16 | Concave -0.1 0.2 49.0 | 550 1.1 46.9
17 | Concave -0.2 0.05 66.9 | 600 1.2 38.6
18 | Concave -0.2 0.1 59.7 | 600 12 38.6
19 | Concave -0.2 0.2 437 | 600 1.2 38.6

ent surfaces at several time instants after 20 kTon burst at
H,=500m. For a comparison of pressure evolutions, we
considered blast wave propagation on a flat surface, on a sur-
face with a convex obstacle modeled by a cylinder with radius
of 50 m and height of 50 m, and on a surface with a cavity of
the same size as the convex cylinder. Before the first pressure
shock shown in Fig. 5(a) touches the flat surface at t = 0.5016
seconds, Fig. 5(b) indicates that the first shock has already
been reflected from the convex obstacle and moves toward the
center of burst. However, the first shock does not reach to the
bottom of the cavity as shown in Fig. 5(c). By t = 0.6187 sec-
onds, a strong reflection region is found for the flat surface
case. For the convex obstacle case, the reflected wave is
clearly detached from the obstacle, while a high pressurized
region is built in the cavity. At t = 0.7814 seconds, a weak
Mach reflection is observed above the obstacle, while a strong
pressure region still remains in the cavity. Except for the re-
gion near the obstacle or the cavity, the blast propagations for
the three surfaces are similar to each other. At t= 1 second
after the explosion, the triple point of the first shock front oc-
curs at the same position for the three cases and the primary
Mach stem is almost similar to each other. The cavity is com-
pletely de-pressurized and a mild rarefaction is observed
above the cavity.

For a better understanding of blast wave interactions with
the surface elements, time histories of the wall pressure at the
ground zero and further downstream location for different
surface conditions are shown in Fig. 6. Compared to evolu-
tions of pressure wave on the flat surface in Fig. 3, the first
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Fig. 6. Time histories of wall pressure on the flat surface and the sur-
faces with convex obstacle and concave cavity at the ground zero and a
downstream location.

pressure shock propagation over the surface with an obstacle
is slightly faster and the second pressure shock is detected at
the ground zero, while the time history of wall pressure is
almost similar to that on the flat surface. This implies that the
shock propagations are modified only near the obstacle due to
the presence of obstacle. For the cavity, the first pressure
shock arrives later at ground zero compared to the flat surface
case.

~0.1H, .

Fig. 7 shows the effect of geometric surface conditions on
the peak overpressure distributions along the downstream
locations. For a fixed height (or depth) of the obstacle (or cav-
ity), the peak overpressure values are nearly constant within
the region D, < R, . A local minimum of the peak overpres-
sure for each case is observed near the edge and corner of the
obstacle and cavity, respectively. At far downstream locations
(D, 22R,) , the peak overpressure distributions are almost
identical to the distribution for the flat surface case. For all
cases of the convex obstacle with a certain height, the peak
overpressure at the ground zero seems to be independent of
the obstacle radius. However, for a given depth of cavity, the
peak overpressure becomes higher as the cavity is smaller.
Except for the wide cavity (R, =0.5H,), the peak overpres-
sure at the ground zero is larger than that on the flat surface
due to the surface elements. The effect of obstacle height and
cavity depth on the peak overpressure distributions is shown
in Fig. 7(b) for a fixed radius (R, =0.1H,) of obstacle and
cavity. Except for the region near the obstacle or cavity, the
peak overpressure distributions on the surfaces are almost
similar to those on the flat surface. The peak overpressure at
ground zero seems to be monotonically decreased with the
increment of distance from the burst position to the surface of
the obstacle and cavity.

One of important reasons for predicting blast wave propa-
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gations after an explosion is to provide a reasonable estima-
tion of the peak overpressure for the blast damage assessment,
depending on blast parameters such as yield and distance.
Under the assumption of detonation on an ideal flat surface,
the peak overpressure can be obtained from the height of burst
curves [1, 2]. For surfaces having rough elements such as
obstacle and cavity, it is possible to estimate the peak over-
pressure based on an adjusted height of burst defined as
H,=H,—H, from the height of burst curves. Fig. 8 shows
the differences of the estimated peak overpressure from the
numerical results. Note that p, is estimated from the burst
curves [1], as listed in Table 1. Except for the cases of the
surface with a narrow cavity, the estimated peak overpressures
from the curves show fairly good agreement with numerical
simulation results within 15% error.

3.3 Effect of thermal layer on blast wave propagation

Due to the intense thermal radiation from the high-energy
explosion impinging on a heat-absorbing surface such as de-
sert or asphalt, a hot layer of air can be produced, which is
known as thermal layer [1]. We modeled the thermal layer as
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Fig. 8. Differences of the peak overpressure in between numerical
simulation and estimation with adjusted height of burst for the surface
with obstacles or hole.
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Fig. 9. Pressure contours for blast wave propagations on the flat sur-
face without a thermal layer (left) and with a thermal layer (right) at t =
0.5, 1.0 and 1.5 seconds for 20 kT burst at ;=500 m.

a region where the temperature is higher than ambient air [15].
Fig. 9 shows the evolutions of the pressure wave propagations
on the surface with or without thermal layer. The height of
thermal layer is &, =50 m and the temperature in the layer is
T, =2.2T, . It is clearly seen that a precursor forms when pres-
sure shock wave propagating through ambient air encounters
the thermal layer. Precursor formation begins when the inci-
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Fig. 10. Time histories of wall pressure on the flat surface with and
without the thermal layer at several downstream locations from the
ground zero for the case of 20 kTon with H ;= 500 m.

dent shock wave reflects into the layer at higher sound speed,
creating a toe wave that accelerates ahead of the main shock.
The toe wave pulls gas from behind the main shock, leading to
the formation of vertical flow and an increased dynamic pres-
sure within the layer. This drives another shock, the reflected
precursor, that joins the incident and precursor shocks at a
location called the triple point. High pressure behind the re-
flected precursor helps to sustain the gas flow, resulting in
further growth of the toe wave.

Fig. 10 shows time histories of the wall pressure on surface
from which the effect of thermal layer on the pressure wave
propagations can be investigated. Compared to the temporal
behavior of pressure wave propagation at the ground zero or
near the ground zero (0 m and 250 m), the peak values of the
pressure for the case of thermal layer are attenuated, but the
incident time is similar to that for the case without the thermal
layer. At further downstream locations from ground zero (500
m and 750 m), the peak incident time for the pressure is faster
than that for the case without the thermal layer. While the
overpressure characteristics are significantly modified by the
thermal layer, the under-pressure characteristics are hardly
changed by the thermal layer.

Fig. 11 shows the distributions of the peak overpressure on
the surface with a thermal layer parametrized by its height and
temperature. Due to the thermal layer, the peak overpressure is
attenuated at all downstream locations compared to the peak
overpressure on the flat surface without a thermal layer. This
attenuation is more significant near ground zero. For a thicker
or more heated layer, the attenuation of the peak overpressure
is more pronounced. The attenuation due to the thermal layer
might be related to the formation of the precursor shock near
the ground surface. Results for the parametric studies on the
effect of thermal layers on the peak overpressure are shown in
Fig. 12. For a given thickness of the layer, the peak overpres-
sure at the ground zero monotonically decreases with the in-
crement of the temperature in the layer. Decreasing rates of
the peak overpressure depending on the temperature condi-
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tions of the layers are increased when the layer becomes
thicker.

4. Conclusions

We developed a two-dimensional axisymmetric inviscid
compressible flow solver for simulating blast wave propaga-
tions on a ground surface. The present numerical method util-
izes the approximate Riemann solvers based on Roe scheme
[19] coupled with a second-order TVD Runge-Kutta time
integration method. Inviscid fluxes are discretized by using a
variant of PPM [20] for an accurate shock capturing. Numeri-
cal methods were validated through comparisons of the peak
overpressure distributions on the flat surface along the down-
stream locations from the ground zero with those from the
burst curves in Ref. [1]. Also, the present method clearly cap-
tures detailed shock phenomena for blast wave propagations
on the flat surface after a high-energy explosion. To investi-
gate the effect of surface elements such as convex cylinder
and concave cavity on the blast wave propagations, we per-
formed a systematic parametric study emphasizing its influ-
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ence on the peak overpressure distributions. Due to the surface
elements, the peak overpressure at the ground zero is in-
creased, while at far downstream locations the peak overpres-
sure distributions as well as temporal variations of the surface
pressure are almost identical to those for the flat surface case.
Note that scaling based on the adjusted height of burst for the
peak overpressures at the ground zero enables to fairly accu-
rately predict the peak overpressure from the burst curves [1].
Estimated peak overpressure at the ground zero shows less
than 10% errors compared to the burst curves for the cases of
R,/H,>0.2 . Thermal radiation emitted from the fireball
causes heating and combustion of objects in the surrounding
area. It is observed that after a high-energy explosion a ther-
mal layer is formed near the ground surface depending on
atmospheric visibility conditions [24]. To this end, we also
investigated the effect of thermal layer, which is assumed to
be a heated layer near the ground surface, on blast wave
propagations. We found that a precursor shock is formed and
the triple point moves away from the ground surface because
the incident shock wave reflects into the thermal layer, creat-
ing a toe wave that accelerates ahead of the main shock. The
corresponding peak overpressure at the ground zero is more
attenuated for a thicker and more excessively heated layer.
Although the results obtained in this study are limited to blast
wave propagations near the ground zero for a surface with
single object and generic thermal layer, better understanding
of the effect of the surface conditions will benefit blast dam-
age estimations over complex terrains after a high-energy
explosion.

Acknowledgment

We gratefully acknowledge the supports of Agency for De-
fense Development and National Research Foundation of
Korea (NRF-20151009350).

Nomenclature

U : Variable vector

S : Source vector

F,G :Flux vectors in r and z direction
P : Density

u,v : Velocity in the r and z direction
P : Pressure

E : Total energy

R : Specific gas constant

v : Ratio of specific heats

e : Specific internal energy

K : Kelvin temperature scale

H,  :Height of burst (HOB)

R, : Radius of fireball

Pr : Density of fireball

Pr : Pressure of fireball

T. : Temperature of fireball

: Density of ambient air

8

D, : Pressure of ambient air

T, : Temperature of ambient air
Py : Density of thermal layer

Pr : Pressure of thermal layer
T, : Temperature of thermal layer
h, : Thickness of thermal layer
H,  :Height of obstacle or hole
R, : Radius of obstacle or hole
Po : Peak overpressure

D, : Distance from ground zero
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