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Investigation of the Interaction of a Blast Wave with an
Internal Structure

Frank Marconi*
Grumman Corporation, Bethpage, New York 11714

A computational investigation of the interaction of a blast wave with a simple internal structure is presented.
The focus of the research is on the fluid dynamics involved in the explosion and the resulting shock interactions.
In particular, a Rayleigh-Taylor-type instability associated with the density gradients behind the blast wave is
studied in detail. Computational issues associated with the accurate prediction of this phenomenon are consid-
ered. The effects of this instability on the complex blast wave system and vice versa are fully analyzed.

Introduction

HE flowfield generated by the interaction of a blast wave

with an internal structure is the subject of this investiga-
tion. The motivation behind this work stems from an interest
in predicting the dynamic response of a structure to an internal
explosion. The original intent of this research was to investi-
gate the effects of structure geometry, blast intensity, and the
placement of the blast center on the structure’s integrity.
During the early phases of the investigation, an interesting
fluid dynamic phenomenon was discovered. The computa-
tional results exhibited an instability, which can be attributed
to a Rayleigh-Taylor phenomenon. This paper will present an
investigation of the computation of this Rayleigh-Taylor in-
stability and its effect on the interaction of the blast wave with
a simple internal structure. A similar instability has been
found experimentally! in the case of cylindrical blast waves. In
addition, analytical work in this area® has substantiated the
instability of the contact sheet separating the detonation prod-
ucts from the shocked ambient gas. Computational work in
the area of astrophysics® shows the same phenomenon.

The flow considered here is sketched in Fig. 1. An explosion
is initiated at ¢ = x =y = 0. After a short, complex, initial
interval, the flow structure shown in Fig. 1 is developed. A
strong circular shock moves into a gas at rest, imparting a
radial, outward velocity on the gas particles as it passes over.
The shock starts at # = 0 at essentially an infinite strength, and
its strength decreases with increasing time. The shock de-
creases in strength very rapidly at the beginning of the process.
The gas velocity at the origin of the blast is zero and remains
so while it is-undisturbed. A region of hot, low-velocity gas is
left near the origin of the explosion. This region of hot gas
(inside the dashed line of Fig. 1) expands slowly from the
center of the explosion. It is in this region where the Rayleigh-
Taylor instability first occurs.

As time progresses, the shock reflects off the walls of the
structure and begins to move in toward the region of hot gas.
The interaction of the shock with this region seems to set off
the instability in the flow. Although this interaction is not
required for the flow to exhibit the instability,'? it does seem
to excite the unstable modes in the flow. The interaction of the
shock with this unstable, high-temperature, low-density core
will be discussed in detail in the Computational Results section.
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The investigation considered here is purely computational.
The blast is assumed cylindrical so that the flow is two-dimen-
sional. In this way we can use computational grids that allow
us to control issues associated with numerical dissipation. It is
further assumed that the flow is ideal and inviscid. The prod-
ucts of the explosion remain very near its origin and can be
neglected.* The resulting model is the fully nonlinear Euler
equations for an ideal gas.

The flowfield which results, even with these simplifying
assumptions, is dominated by a complex interacting shock
system. The interaction of the shock and the hot gas core
seems to set off the Rayleigh-Taylor instability of the core.
The instability is such that all symmetry in the flow is lost and
an essentially chaotic state is reached. It is critical to use very
fine grids in these computations; first, in order to resolve the
fine structures in the flow and, second, to avoid adding so much
numerical dissipation that the flow is erroneously stabilized.

We first give some details of the computational procedures
used, followed by the computational results. Finally, we sum-
marize the findings of the research.

Computational Procedure
Before the intersection of the cylindrical shock and the rigid
walls of the structure, the flow is essentially one-dimensional*
and is governed by a momentum equation,

Dq 10dp
= W
Dt p or
a continuity equation,
Dp aq aq>
—=—pl =+ 2
D¢ p<6r r @
and an energy equation,
DS
— =0 3
D €))
Y
% A

GAS AT REST

7

Fig. 1 Sketch of flow structure.
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In this set of equations, r is the radial coordinate from
x =y =0 (Fig. 1), q is the radial velocity component, and p,
p, and S are the density, pressure, and entropy, respectively.
In the case of the cylindrical flows considered here, =1 in
Eq. (2). This set of equations is supplemented with an ideal gas
equation of state.

This one-dimensional system was solved with Moretti’s’
upwind A scheme.® The flow involves one shock running into
a gas at rest. The shock was fit, resulting in a very accurate
description of the flow. The forcing term agq/r in Eq. (2)
results in a large variation in p, p, and ¢ from the shock to the
origin of the blast. The one-dimensional flow computation
was started by assuming an arbitrarily strong shock (shock
Mach number of 100). The pressure and density were assumed
constant at their shock values in a small region between the
shock and the blast origin. The radial velocity g was linearly
decreased from the shock value to zero at the origin. The
one-dimensional calculation was continued until an essentially
self-similar state was reached. After an initial startup period,
all independent variables (normalized to their shock values)
approach a self-similar variation between the origin and the
shock (with the radial coordinate r normalized to the shock
position). The self-similarity is a classical result, and details of
its derivation can be found in Ref. 4. Here the self-similar
profiles in density, pressure, and velocity are shown in Figs.
2a-2c. Note the hot gas core of very low density and finite
pressure near the origin of the blast. This region is expanding
slowly with the local gas velocity as time goes on. The profiles
of Fig. 2 were used as initial conditions for the fully two-di-
mensional flow investigated in this study. In all the cases
considered here, the shock Mach number was taken as 10
when the two-dimensional flow computation was started. This
corresponds to a shock pressure ratio of 116.5.

The two-dimensional computational procedure used in this
investigation is based on the flux difference splitting scheme
of Roe.% The spatial differences are second-order accurate
and fully upwind. All shocks are captured with pre- and
post-shock oscillations controlled with the limiter developed by
van Albada et al.” The limiter is evaluated at every step of the
calculation based on the pressure gradients. The result is that
the spatial derivatives are second-order accurate everywhere
but in a band very close to the shocks. All shocks are captured
very sharply with this scheme (i.e., 4-5 mesh intervals). The
sheer number of shocks and reflections requires very fine grids
to resolve all the relevant features of the flow. These features
are intimately related to the shocks, their reflections, and their
interaction with the hot gas core. The possibility of adapting
the grid to the shocks was considered but, because of the
complexity of the interacting shock system, it was quickly
realized that grid adaptation is nearly hopeless. An efficient
second-order time integration scheme is used in conjunction
with Roe’s flux difference splitting and a simple Cartesian fine
grid to produce reliable computational results. The complexity
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of the shock system alluded to here will become clear later in
the presentation of computational results.

As the implementation of the Roe flux splitting is very
similar to that presented in Ref. 8, a detailed description of the
formulation of spatial derivatives will be omitted here. All
computations presented use the fully second-order time-
marching scheme due to Beam and Warming,® which will be
outlined here. First consider the split-flux Euler equations in
Cartesian coordinates:
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where Q is the solution vector { p, pu, pv, e}, E*~ are the
split contributions to the flux vector {pu, pu?+p, pvu,
u{e +p)}, and F*~ are the contributions to {pv, pvu,
ov2+ p, v(e + p)}. The form of the splitting is again due to
Roe.® The velocity components ¥ and v are in the x and y
directions, respectively, and e is the internal energy. A second-
order expression for updating the solution vector @ can be
written as:

AQF — AQF~1/(N — 1) — AN (N + 1) 3Q/3) 1 =0 (5)

where AQX is (Q*+' - 0%, Nis (1 + Atk 1/At¥), and (3Q/
at)<+1is evaluated from Eq. (4). Here k is the index in time.
After linearization, the flux vectors E¥*! and F**! can be
written as EX + A¥AQ* and F* + BXAQ¥*, respectively, where
A and B are the flux Jacobian matrices dE/3Q and 0F/3Q and
are also split into positive and negative parts. The finite differ-
ence expression used to update the solution vector Q is ob-
tained after substitution and factorization:

U/(aAr) + 84~ + 8,4 "]

x [[/(aAt)+6,B~ +6,B"] AQ =Res (6)
The factorization error does not reduce the accuracy of the
scheme below second order. In Eq. (6) the superscript k& has
been dropped, and all quantities are evaluated at the current
time step. The matrix 7 is the identity matrix and the parame-
ter a = NM/(A + 1). 8}, are the first-order forward and back-
ward difference operators in the x and y directions. The use of
first-order differences in Eq. (6) does not change the second-
order accuracy of the overall scheme. The vector

Res = AQ¥~ I/[(\? — 1)(cA?)]
~ O E-+6,Et +8, F + 6, F") @)
where the difference operators 8, are second order. The

resulting time integration scheme is second order in time and
space except in small regions near shocks. The two implicit
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Fig. 2 Initial conditions (one-dimensional flow): a) density, b) pressure, and c) velocity.
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factors of Eq. (6) result in independent tridiagonal systems in
the x and y directions, which are solved in a straightforward
manner.

The resulting scheme is a factored, alternating, directional
implicit scheme which has been proven to be stable for time
steps 40 times that of an equivalent explicit scheme for the
current complex flowfields. With this scheme a pressure equi-
librium state can be reached in only 1500 computational steps
for the flows considered thus far in this investigation. With the
fine, simple Cartesian grids used thus far (300 x 300 nodes),
these computations take about 1 h of Cray Y-MP time (one
processor).

Fig. 3 Density [&(p)] contours computed on 300 x 300 grid; initial
conditions, Mach 10 shock at center of a square room; nondimen-
sional time interval between frames is 0.15.

Computational Results

The Rayleigh-Taylor instability in the flow considered here
is caused by the fact that the net acceleration of the gas
particles is directed from the lighter to the heavier gas. A
detailed description of the instability can be found in Ref. 10.
The one-dimensional self-similar flow sketched in Fig. 1 with
the density and velocity distribution shown in Figs. 2a and 2c
does indeed exhibit features consistent with a Rayleigh-Taylor
instability. The gas is accelerating from the center of the
explosion outward and the density is increasing in the same
direction. The conditions for this instability exist from the
outset of the explosion, as first discussed in the work of Refs.
1 and 2. It seems that the shock reflections promote the insta-
bility. Figure 3 shows computed density contours [more spe-
cifically fn (p), with the density referenced to its undisturbed
state] for the case started, with a Mach 10 shock intersecting
the walls of a square room. The figure shows the density
contours at a number of time steps during the computation.
The nondimensional time increment between the time steps
shown in Fig. 3 is 0.15 (where the reference time is //a,, /is the
initial radius of the shock, and a, is the speed of sound in the
undisturbed gas). It should be noted that for 2.4 X 2.4-m
(8 x 8-ft) square room at sea level, this corresponds to a time
increment of about half a millisecond. In the figure, time
increases from left to right, then from top to bottom. The first
frame of Fig. 3 corresponds to the initial conditions in the
computation (i.e., when the shock first hits the walls). The
flow conditions are axisymmetric and made up of the one-di-
mensional profiles of Fig. 2 on each ray from the center of the
explosion to the shock.

The density contours of Fig. 3 become complex very quickly
due to the multiple reflections of the shock from the walls of
the room. The flow should maintain quarter plane symmetry
as the initial and boundary conditions are symmetric about the
diagonals of the square. The computational scheme used here
introduces a truncation error which destroys this quarter plane
symmetry from the beginning of the computation. It is large
enough to be visible in the fourth frame shown in Fig. 3 (i.e.,
in 1.5 ms). This error is consistent with the second-order
accuracy of the scheme and is introduced in the factorization
error incurred in developing Eq. (6). It can be eliminated by
using a direct implicit solver for Eq. (5) or an explicit time-
marching scheme. Either approach was felt to be much less
efficient than the one used here. The up/down and right/left
sweeps of the two factors of Eq. (6) do not introduce any
up/down or right/left asymmetries. Therefore, in the calcula-
tion shown in Fig. 3, the up/down and right/left symmetry is
maintained to within machine zero at the beginning of the
calculation. These symmetries are lost in the results of Fig. 3
by the twelfth frame shown. By the end of the sequence shown
in Fig. 3, the density contours show no symmetry at all. It is
assumed here that the loss of up/down and right/left symme-
try is the result of the Rayleigh-Taylor instability and is con-
sidered a symptom of that instability. The current author!!
found a similar phenomenon which resulted in asymmetric
inviscid flow about cones at high angle of attack. This was due
to vortex interaction. Close examination of the first dozen
frames of Fig. 3 indicates the development of a number of
vortices in the flow. This phenomenon is consistent with a
Rayleigh-Taylor-type instability (see Refs. 1-3, and 10). At the
end of the sequence shown in Fig. 3, the density contours show
the flow to be somewhat chaotic, again consistent with an
unstable flow.

Figure 4 shows the initial development of the flow shown in
Fig. 3 in more detail. Here the nondimensional time increment
is 0.015 (i.e., 0.05 ms). The first four frames show the shock
segments reflecting from the four walls and moving back
toward the hot gas core at the center of the explosion. The
fifth frame is at a time when the region between the reflected
shocks is very thin. The sixth frame shows the shocks moving
away from each other. Four corner shocks (note the maximum
in density at the corners) start moving toward the center in the
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Fig. 4 Density [#(p)] contours computed on 300 x 300 grid; initial
conditions, Mach 10 shock at center of a square room; nondimen-
sional time interval between frames is 0.015.

fourth and fifth frames of Fig. 4. The corner shocks are
substantial and quite clear in the eighth frame. The shock
reflections are difficult to follow in terms of the density con-
tours of Fig. 4 after this stage (frame 9 and above). The
pressure is a better quantity for a shock system study. The
pressure field of this flow will be discussed later in this paper.
The deformation of the hot core is quite clear in the density
contours of Fig. 4. The core, which starts out as circular, is
deformed to a square shape after the first shock reflection
(frame 6 of Fig. 4). The sides of this square seem to collapse
and become concave in frame 9. The sides continue to collapse
until the hot core has a small center connected to four lobes
by thin sheets (see frame 20 of Fig. 4). The lobes at the end of
the sheets roll up into vortices, and it is these vortices which
signal the beginning of the development of the Rayleigh-Tay-
lor phenomenon.

It was found in Ref. 12 that the type of instability which
results in asymmetric flow about a slender body at high angle
of attack is affected substantially by numerical dissipation.
The calculations of Figs. 3 and 4 were done on a 300 x 300
evenly spaced Cartesian grid. Figure 5 shows results for the
same case computed with a 100 x 100 grid. The time incre-
ment between frames in Fig. 5 is the same as that of Fig. 3 so
that the frames can be compared directly. The first four
frames of Fig. 5 show that some of the details of the results of
the shock interactions are lost with the coarse grid. The most
interesting aspect of the comparison is that the instability does
not appear in the coarse grid calculation. Note that the up/
down and left/right symmetry is preserved for the whole time
sequence shown in Fig. 5. There does seem to be development
of a vortex pattern in the coarse grid results, but the instability
due to their interaction is missed. The numerical dissipation is
so large in the 100 x 100 calculation that the physically un-
stable flow is erroneously stabilized. Grids finer than
300 x 300 were studied (for short time sequences), with the
conclusion that the 300 x 300 grid was adequate to resolve all
the important flow features.

The pressure distribution for the case shown in Fig. 3 is
shown in Fig. 6. Figure 6 shows a color map corresponding to
f(p) where p is the pressure normalized with respect to the
undisturbed value. The hot core at the center of the explosion
does not appear as clearly in the pressure map of Fig. 6 as it
does in the density contours of Fig. 3. The time interval
between frames in Fig. 6 is the same as that in Fig. 3. The

70

Fig. 5 Density [{(p)] contours computed on 100 X 100 grid; initial
conditions, Mach 10 shock at center of a square room; nondimen-
sional time interval between frames is 0.15.
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Fig. 6 Pressure [/(p)] color maps computed on 300 x 300 grid;
initial conditions, Mach 10 shock at center of a square room; nondi-
mensional time interval between frames is 0.15.

shock pattern is clear in Fig. 6, and the fact that the shock
system loses strength very quickly is demonstrated by the fact
that the pressure essentially equilibriates 10 ms after the explo-
sion. Figure 7 shows the isobars [lines of constant f(p)] at the
same time interval as Fig. 4 (i.e., 0.05 ms as opposed to 0.5 ms
in Figs. 3 and 7). This smaller time interval between frames
allows a more detailed study of the reflection of the shock
system. The isobars show the shock system more clearly than
the density because the frames are not cluttered with the
details of the hot gas core. The first four frames of Fig. 7 show
the four shock segments reflecting from the walls and moving
back toward the center of the explosion. The four corner
segments of the shock are still undisturbed and moving out
toward their respective corners. The shock segments interact
with the hot core and cross at the center of the explosion in the
next four frames. In frame 9 the shock segments are moving

outward toward the walls and the corner shocks are almost
standing still. Note that the locations of the corner shocks in
frames 10-16 are almost the same. The gas must be moving
outward toward the corners and passing through a stationary
shock. In this same frame the other shock segments, which
now have three pieces, are moving toward the middle of the
walls. Frame 9 shows this quite clearly. Note the shock seg-
ment standing off the center of the wall and parallel to it, and
the two segments between this piece of shock and the intersec-
tion of the corner shock and the wall. The three-segment
shock collapses at the wall center at frame 12. This interaction

0.0

Fig. 7 Pressure [/(p)] contours computed on 300 X 300 grid; initial
conditions, Mach 10 shock at center of a square room; nondimen-
sional time interval between frames is 0.015.
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forms a pressure spike at the center of the wall, and another
three-segment shock system is formed. One segment moves
toward the explosion origin, the other two toward the adjacent
corners. The spike in pressure at the corners (frame 23) is due
to the arrival of these shocks.

Figure 8 shows the velocity distribution [contours of
g = W?+ v)”*, ¢ is nondimensionalized with respect to the
undisturbed speed of sound]. Again the time increment be-
tween frames is about 0.5 ms. The velocity shows some of the
same details of the hot core as shown in the density contours
of Fig. 3. At the same time, the velocity approaches a uniform
value (zero, a gas at rest) at large times as in the case of the
pressure. In the last few frames of Fig. 8, the spots of larger

Fig.8 Velocity [(u2+ v»**] color maps computed on 300 X 300
grid; initial conditions, Mach 10 shock at center of a square room;
nondimensional time interval between frames is 0.15.
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Fig. 9 Density [/(p)] contours computed on 300 x 300 grid; initial
conditions, Mach 10 shock at the bottom of a square room; nondi-
mensional time interval between frames is 0.6.

velocity are at the centers of the vortices left from the Ray-
leigh-Taylor instability.

Here is a summary of the sequence of events after the shock
front reflects from the walls of a square (symmetric) room:

1) The reflected shock interacts with the low-density hot gas
core exhibiting the Rayleigh-Taylor instability. The loss of
flow symmetry is a result of the instability.

2) The shock system becomes very complex as it reflects
from the walls and loses strength as it interacts with the
expansions set up in the flow. Finally, the pressure in the room
equilibrates.

3) At the end of the time sequences shown here, the room is
filled with an essentially constant pressure gas. This gas is
moving very slowly with the remnants of a few vortices re-
maining.

4) If this inviscid calculation were to be continued, it is
expected that numerical viscosity would take over and dissi-
pate any remaining flow structure.

An asymmetric geometry is shown in Fig. 9. The enclosure
is still square, but this time the center of the explosion is near
the floor of the room. The initial conditions for this case are
shown in the first frame of Fig. 9. The center of the explosion
is equidistant from the right and left walls (10 initial shock
radii). The two-dimensional calculation is started when the
shock first hits the floor of the room. The top of the room is
20 initial shock radii from the floor. Figure 9 shows a sequence
of density contours corresponding to dimensionless time steps
0.6 apart. For an 8 x 8-ft room at sea level, this implies a
dimensional time interval of 0.214 ms. The only symmetry
that should be maintained in Fig. 9 is that about a vertical line
in the center of the room. This symmetry is maintained until
the tenth frame shown in Fig. 9. The Rayleigh-Taylor instabil-
ity dominates the hot core of the flow, which is depicted by the
blue contours in frame twenty and above. The effects of the
instability have not spread over the whole flow in the time
interval shown in Fig. 9. The shock reflection pattern is shown
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Fig. 10 Pressure [fw(p)] color maps computed on 300 x 300 grid;
initial conditions, Mach 10 shock at the bottom of a square room;
nondimensional time interval between frames is 0.6.

a little more clearly in the pressure color map of Fig. 10. The
shock first reflects from the floor of the room and moves up
toward the hot core. This reflected shock is difficult to pick
out in the first few frames of Fig. 9, but its effect on the
remainder of the shock can be seen. Note how the shock
differs from a semicircle in the first five frames. In frame six
the shock reflects from the side walls and the reflected shock
segments begin moving toward the hot core. The segments
seem to accelerate near the wall as they interact with the flow
gradients near the core. They cross at the center of the floor
between frames 13 and 14. The essentially undisturbed upper
portion of the shock hits the top wall at frame 18. The shock
system is losing strength as it reflects and interacts with the
expansions in the flow. Pressure equilibrium in reached at the
end of the sequence shown in Fig. 10.

Summary

This investigation concentrated on the fluid dynamic as-
pects associated with an explosion in an enclosure. In particu-
lar, an instability in the flow associated with the Rayleigh-Tay-
lor phenomenon was uncovered. This instability dominates
the flow at the core of the explosions and can permeate the
entire flow structure. While shock reflections are not required
for the instability to exist, the phenomenon is linked very
closely to the shock reflections from the walls of the enclosure.
It was shown, quite clearly, that an accurate prediction of this

flow is required to capture the instability properly. Specifi-
cally, too much numerical dissipation can erroneously stabi-
lize the computed flowfield. It seems that the effects of the
instability on the prediction of the dynamic response of a
structure to an internal explosion would be significant. In
addition, the phenomenon should exist in the fully three-di-
mensional flow. The added dimension will only make the
instability more difficult to resolve. Any study which intends
to uncover the effects of structure geometry, blast intensity,
and/or placement on structural integrity must deal with this
flow instability.
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