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INTRODUCTION

In a recent study, Skews (1991) reported on a series of shock tube experiments in which the
interaction of weak planar shock waves with low density foams was investigated. Baer (1992)
presented an analytical model, based on the continuum mixture theory, for describing the
shock—foam interaction phenomena. His numerical simulations were found to agree quite well with
Skews’ (1991) experiments. Olim et al. (1994) also recently simulated the same experiments but
used a completely different approach. In fact, they adopted a pseudo-gas model which was
originaily proposed by Rudinger (1965). In this approach the two-phase medium, i.e. the gaseous
phase and the skeleton of which the foam is made, is treated as a homogeneous pseudo-gas.
Consequently, the problem is reduced to the refraction of a shock wave at a gaseous interface.

The pseudo-gas approach was also adopted in the course of the present study. However, since
immediately behind shock waves T; > T, our model, as will be shown subsequently, is different.
In addition, unlike Baer (1992) and Olim ez al. (1994) whose investigations were numerical, we
present an analytical investigation. Our model is limited to analytically predicting the flow field
in the vicinity of the gas—foam interface immediately after the front edge of the foam was struck
head-on by the planar shock wave. This limitation arises from the fact that, unlike Gelfand e al.
(1983) and Gvozdeva et al. (1985) who assumed that the wave transmitted into the foam is a shock
wave and remains a shock wave while propagating inside the foam, our model accounts for the
fact that the transmitted shock wave changes into a dispersed wave.

PRESENT STUDY

Based on Igra & Ben-Dor (1988), the one-dimensional conservation equations of the flow of a
dust—gas suspension are:
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Here p, u, e, p and 4 are density, velocity, internal energy, pressure and enthalpy, respectively. Fy
and Qyr are the drag force and the heat transfer per unit volume, respectively. The subscripts “‘p”’
and “G” refer to the dust (solid particles) and gaseous phases, respectively.

If the discussion is limited to the vicinity of the front edge of the foam and if it is assumed that

the incident shock induced flow does not penetrate the foam, then
U =Ug=u, (2]

The use of [2] is further justified by Skews et al.’s (1993) finding that “the foam face moves at
approximately the gas velocity ahead of the foam™.

The two-phase suspension can be transformed into a single-phase medium by means of the
following definitions:

P =pc+p, P=p p€=pgeg+pe,, Ph=pshg+p,h,,

é=C1T and h=C,T (3]
where
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Inserting the new single-phase parameters, as defined by [3] and [4] into [1] results in:

p pu 0
U= pit , F= pit* + p and G= | 0 [5]
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Equation [5] is identical in its form to the conservation equations of a pure gas. However, since
these equations originate from those of a two-phase mixture, they will be referred to, in the
following, as the conservation equations of a “‘pseudo-gas”. Rearranging [3] results in:

Pa Cv TG + pp Cm Tp
Pa C\ =+ ppCm

T= [6a]
Note that unlike Rudinger (1965), Gelfand er al. (1983) and Gvozdeva et al. (1985), in the present
case the assumption 7 = T, is not required and hence not used. This equation can be rewritten
with the addition of the loading ratio, 7 = p,/(p, + p;). to read:

(l w")C»Tb+nCmTp

Similarly, [4] can be rewritten as:
6V:(1 ‘W)C»‘I”?Cm and 6;):(1 7’7)Cp+r’Cm [7]
Using these two relations the specific heat capacities ratio, 7, is

- G _=mC+nCy (1 —n+nd) 8]
"G, (=mC+nCy (1 —n+71d)

where 6 = C,,/C,. Equations [7] can be used to also define the pseudo-gas constant R:
R=C,—C,=(1 -n)(C,—C,)=(1—-nR 9

where R is the specific gas constant of the gaseous phase of the suspension. Thus the speed of sound
and flow Mach number of the pseudo-gas are

(@Y =7RT and M=idja [10]
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The finally obtained set of equations, which could be written follows

oU 6F

o ox =0 [t

is, in fact, identical to the conservation equations of a pure gas. Consequently, analytical solutions
which exist in phenomena involving pure gases (e.g. the well-known Rankine-Hugoniot relations
across planar shock waves) can readily be used in identical phenomena using pseudo gases with
the appropriate transformation of the gas properties.

The analytical model

Consider figure 1(a) in which a constant velocity planar shock wave is seen to propagate from
left to right towards a flexible porous material. The flow states ahead and behind the incident shock
waves are (0) and (1), respectively. The flow state inside the porous medium is (2). The front edge
of the porous material is marked by P. The incident shock wave Mach number is M;. The wave
pattern which is obtained following the head-on reflection of the incident shock wave from the front
edge of the flexible porous material is shown in figure 1(b). It consists of a reflected shock wave,
having a Mach number M,, and a transmitted shock wave, having a Mach number M,. The
reflected shock wave propagates inside the pure gaseous phase from right to left, into state (1). The
flow state obtained behind it is (4). The transmitted shock wave propagates inside the porous
material, from left to right. The flow state behind it is (3). Since the porous material is flexible,
its front edge, P, follows the transmitted shock wave. It should be emphasized here once again that
the situation shown in figure 1(b), in which a transmitted shock wave exists inside the foam, is
limited to short times following the head-on reflection and to regions in the vicinity of the front
edge of the foam. This is due to the fact that the transmitted shock wave quickly decays to a
dispersed wave, as shown in figure 1(c).
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Figure 1. Schematic illustration of the wave pattern and definition of flow states (a) prior to the head-on
reflection; (b) immediately after the head-on reflection; and (c) a long time after the head-on reflection.
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The governing equations
The governing equations of the flow fields shown in figure 1(a) and (b) are as follows:

2a; |
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—across the incident shock wave: i =1, j =0 and M, = M,,

—across the transmitted shock wave: i =3, j =2, u=d, p=p,a=4d, p=p and M, =M,
—across the reflected shock wave: i =4, j =1 and M, = M,.

The matching conditions across the gas—foam interface P are:

py=p, and @ =u, [15]

The above set of 14 governing equations is solvable provided the flow states (0) and (2) are given
together with y and M, as initial conditions. The 14 unknown variables are u,, p,, a,, p,, @, ps,
asy, P3, Uy, Pas g, Pa, M, and M.

The end-wall pressure

Skews’ (1991) experimental results indicated that the shock wave transmitted into the porous
material changes quickly to a dispersed compression wave. Based on this observation, the wave
pattern shown in figure 1(b) transforms to that shown in figure 1(c). Consequently, the shock-tube
end-wall is not hit by a shock wave but by a compression wave, which reflects back as a reflected
compression wave. This is the reason for the failure of analytical models in which the pressure at
the shock-tube end-wall was assumed to result from the head-on reflection of a transmitted shock
wave. If one assumes that the flow region between the reflected compression wave and the

b M,
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Figure 2. The dependence of the reflected shock wave Mach number, M, on the incident shock wave Mach

number, M, for two different types of foam. The triangles correspond to the foam marked in table ! as

A and the circles to the foam marked as E. The open symbols are the experimental results of Skews (1991)

and Skews er al. (1993) and the solid symbols are the numerical predictions of Olim er al. (1994).
The solid lines are predictions of the presently proposed analytical model.
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shock-tube end-wall is a simple-wave-region, then the peak pressure at the shock-tube end-wall
asymptotically reaches the stagnation pressure of the flow in state (3). Consequently, we propose

p_max p_l f - 1 Iy i
Ps Ps |: 2 3] (el
where p, is the stagnation (total) pressure of the flow in state (3).

COMPARISON WITH EXPERIMENTAL RESULTS AND DISCUSSIONS

Predictions of the above-described analytical model were compared to the experimental results
of Skews (1991), Skews ¢t al. (1993) and the numerical results of Olim et al. (1994).

A comparison between the analytical predictions of the reflected shock wave Mach number, M/,
and those measured experimentally for different incident shock wave Mach numbers, M;, are shown
in figure 2. Excellent agreement between the analytically predicted values and those measured
experimentally or calculated numerically is evident for the lightest and heaviest foams. The reflected
shock wave Mach number seems to almost linearly depend on the incident shock wave Mach
number. The dependence of M, and M, for a head-on reflection from a rigid wall is also shown
in figure 2. A comparison between various predictions of the maximum pressure developed at the
shock-tube end-wall and the experimental results of Skews (1991) and Skews er al. (1993) is
summarized in table 1. The various predictions consist of the analytical predictions of the proposed
model [16], the numerical predictions of Olim et al. (1994) and the analytical predictions of the
model proposed by Gvozdeva ef al. (1985) in which incorrectly a transmitted shock wave was
assumed to reach the shock-tube end-wall. It is evident from table 1 that the method for calculating
the peak pressure at the shock-tube end-wall as proposed by the present analytical model is much
better than that proposed by the analytical method of Gvozdeva et al. (1985) which was considered
by Skews (1991) as a method having good predictions. The numerical predictions of Olim et al.
(1994) which. in general, underestimate the experimental results, are superior to both analytical
predictions. However, obtaining the analytical predictions is much easier and faster than obtaining
numerical predictions.

A comparison between various predictions of the velocity of the front edge of the foam and the
experimental results of Skews et /. (1993) is given in table 2. In view of the simplified model
proposed in the present study, the predictions should be considered as quite good. Recall the fact
that they were obtained without the need of conducting costly numerical simulations.

CONCLUSION

An analytical model describing the head-on interaction of planar shock waves with flexible
porous materials was developed. Predictions of the analytical model were compared to
experimental results and good agreement was evident.

A simplified method of calculating the peak pressure at the shock-tube end-wall was proposed.
Predictions based on it were compared to experimental results and good agreement was obtained.

The good agreement between the experimental results regarding the peak pressure at the
shock-tube end-wall and the analytical predictions of [16] provides a justification of the assumption
that the end-wall pressure is actually equal to the stagnation pressure of the transmitted shock-wave
induced flow field. In addition, since the predictions of [16] are based on the general analytical
model which we developed the successful use of, [16] provides, in fact, a further validation of our
model.
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