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Abstract. A numerical parametric study of the flow field which develops when a planar shock wave impinge
on a rigid porous material is presented. This study complements an earlier study (Levy et al. 1996a) where
the values of some dominating parameters were estimated and the dependence of the resulting flow field

on these values was not checked.
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1 Introduction

A detailed investigation of the head-on collision of pla-
nar shock waves with rigid porous materials was initiated
on the theoretical basis of macroscopic balance equations.
The governing equations of macroscopic mass, momen-
tum and energy balance, for a saturated porous medium,
were developed by Levy et al. (1995) by conducting a
dimensional analysis on the macroscopic balance equa-
tious of Bear et al. (1992) and Sorek et al. (1992). It
was novel in establishing the macroscopic theoretical ba-
sis for nonlinear wave motion in multi-phase deformable
porous media. The modeling was based on conceptualiza-
tion of the porous medium as a continuum composed of
interacting compressible solid and fluid phases (saturated
porous media). Macroscopic physical laws expressing the
niass, the momentum and the energy balances for the fluid
phase and the solid matrix were formulated on the basis of
Representative Elementary Volume (REV) concepts, pre-
sented by Bear and Bachmat (1990). These macroscopic
balance equations were composed of averaged flux terms
together with integrals of microscopic exchange flux terms
at the solid/fluid interface. Some macroscopic parameters
which resulted from the averaging process were the tor-
tnosity factor which represents a tensor associated with
the matrix directional cosines, the hydraulic radius of the
bore spaces and the porosity which represents the volume

‘orrespondence to: G. Ben-Dor

" We use the term “rigid” in the loose relative sense which is in
common when applied to porous materials, in general, and in
particular, i.e., that deformations do not exceed a few percent.

fraction of the pores filled with the fluid. Note that unlike
models developed in the past (e.g., Baer 1988), which ac-
counted only for the properties of the phases, the macro-
scopic model developed in the course of study by Levy
et al. (1995) also accounted for geometrical properties.
Hence, in addition, the speed of the wave was also a func-
tion of the porous material structure. Unlike Bear and
Bachmat (1990), Levy et al. (1995) showed that a Forch-
heimer term should be included as an additional macro-
scopic inertia term commencing from the microscopic in-
ertia exchange between the phases at the solid/fluid inter-
face.

A dimensional analysis was applied to the macroscopic
balance equations of the phases after the simultaneous on-
set of an abrupt change of the pressure and temperature
of the fluid. Levy et al. (1995) obtained four significant
evolution periods. In the first evolution period, the pres-
sure, the temperature and the stress were spatially dis-
tributed without attenuation. The vertical stress, however,
depended linearly on the gravity. In the second evolution
period, they noted that the momentum balance equations
conform to nonlinear wave equations. In the third evolu-
tion period, the averaged inertial and dissipation terms
were found to be of the same order of magnitude and con-
sequently, the entire macroscopic Navier-Stokes equations
should be considered. In the fourth evolution period, the
inertial terms were found to be negligible in comparison
with the dissipation terms. Assuming that the friction be-
tween the solid and the fluid was higher than the one be-
tween the fluid layers, the nonlinear Darcy law (including
the Forchheimer term) for the momentum balance equa-
tion of the fluid was obtained.
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Fig. la—c. The dependence of the pressure field on the tortu-
osity: a at the back edge of the sample; b at the front edge of
the sample; and ¢ 42 cm ahead of the sample. The sample was
made of silicon carbide and it was 81 mm long. The incident
shock wave Mach number was M;=1.377

In a following study, Levy et al. (1996b) developed a
macroscopic one-dimensional analytical model for describ-
ing compression (shock) waves propagation in rigid porous
media. Unlike Krylov et al. (1996) and Sorek et al. (1996)
who neglected the momentum and the energy exchanges
between the two phases at the solid/fluid interface and as-
sumed that the coupling between them was only due to the
effective stress, in Levy et al. (1996b) the momentum and
the energy exchanges between the two phases were also
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accounted for. Based on the dimensional analysis of Levy
et al. (1996a), it was shown that the linear Darcy term
was much smaller than the nonlinear Forchheimer term.
Consequently, only the latter appeared in the momentum
and the energy exchanges between the two phases. In ad-
dition, it was assumed by Levy et al. (1996b) that both
the porosity and the temperature of the solid phase re-
mained constant and that the inertial force of the solid
phase was negligiblysmall.

As part of the investigation, it was decided to solve
numerically the full one-dimensional set of the govern-
ing equations as developed and presented by Levy et al.
(1995). Since the full derivation of the governing equa-
tions can be found in Levy et al. (1995, 1996a) only the
assumptions used in their derivation as well as their final
form is given in the following. Levy et al. (1996a) also
derived a TVD based computer code for solving the gov-
erning equations, Predictions, based on their code, were
compared to the experimental results of Levy et al. (1993)
and very good to excellent agreement was evident. Many
more details can be found in Levy et al. (1996a).

2 Present study

2.1 The assumptions

1) The fluid is ideal (i.e., py=0 and A;=0 where u; is
the dynamic viscosity and Ay is the thermal conduc-
tivity).

2) The fluid is a perfect gas.

3) The dispersive and diffusive mass fluxes of the fluid,
and the dispersive flux of the solid, are much smaller
than the corresponding advective ones and may,
therefore, be neglected.

4) The dispersive momentum flux is much smaller than
its advective one and may, therefore, be neglected.

5) The conductive and dispersive heat fluxes of the
phases are negligibly small when compared to their
advective ones.

6) The microscopic solid/fluid interface is a material sur-
face with respect to the mass of both phases.

7) The solid matrix is thermoelastic, and is assumed to
undergo small deformations only.

8) The stress-strain relationship for the solid, at the mi-
croscopic level, and for the solid matrix, at the macro-
scopic level, have the same form.

9) The material of which the skeleton of the porous ma-
terial is made is incompressible.

10) The specific heats at constant volume, Cy , and that
at constant strain, C,, for the solid, are constant.

11) The energy processes for the fluid and for the solid
are reversible.

12) There are no external energy sources.

13) The energy associated with the viscous dissipation is
negligibly siall.

14) The rate of heat transferred between the fluid and the

solid phases is negligibly small.

T - ™
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Fig. 2a—c. The dependence of the fluid density field on the
tortuosity: a at the back edge of the sample; b at the front
edge of the sample; and ¢ 42 cm ahead of the sample. The
sample was made of silicon carbide and it was 81 mm long.
The incident shock wave Mach number was M;=1.377

2.2 The balance equations

The macroscopic mass balance equation for the fluid phase
1S:

O¢p '
Wf ==V-¢psVy, (1)

where p; is the density of the fluid, V¢ denotes its velocity
vector and ¢ denotes porosity.

129
150 +-—~r—+rrprprr—rrepr—rrrrrrrtrrr—
[ ——T'=0.6 ]
[ === T'=0.7 ]
100+ T =08
S L S R D S T.=0.9:
T o
> ! \
0 Tids
-50+ :
0 0.5 1 1.5 2 2.5 3
a time {ms)
200 e
[ ——T"=0.6 ]
150 1rnnnT=0.7]
. To--T'=0.8 ]
— 1004 T T =091
] -
> 504
0+ R
[ 1
-50 s :
0 0.5 1 1.5 2 2.5 3
b time {ms)

Fig. 3a,b. The dependence of the fluid velocity on the tortu-
osity: a at the front edge of the sample; and b 42 em ahead
of the sample. The sample was made of silicon carbide and it
was 81 mm long. The incident shock wave Mach number was
M;=1.377

The macroscopic mass balance equation for the solid phase
is:
6(1 - ¢)ps
ot

where p, is the density of the solid and V, denotes its
velocity vector.

The macroscopic momentum balance equation for the fluid
phase is:

=-V.(1-¢)psVs, (2)

—¢T*VP — ¢psgT*VZ (3)
Cf ~
—ﬁFaﬁpf(Vf = Va)(Vs = Vo),

where P which denotes the pressure of the fluid is pre-
scribed by the equation of state, see (7), g denotes the
acceleration of gravity in the z direction, F and T* de-
note the Forchheimer tensor for an isotropic solid matrix
and the tortuosity tensor associated with the directional
cosines at the solid/fluid interface, respectively, c¢s denotes
a shape factor and Ay denotes the hydraulic radius of the
pore spaces.



130

The macroscopic momentum balance equation for the solid
phase is:

o1 - ?)ps Vs -

ot -V [(1- ¢)psvsvs]

—(1-¢)T*VP + Vo,
+(1 - ¢)png‘VZ
X(Vf - Vs)v

(4)
- V,)

where o, denotes the macroscopic constitutive relation for
the effective stress of a thermoelastic solid matrix as given
Bear et al. (1992). It is expressed in Eq. (8).

The macroscopic energy balance equation for the fluid
phase is:

) \'%
a[‘bpf(chf + —2i)]

Vi
=-V- [¢prf(C'fo + —2-)]
—T"V¢PVf +T*PV,Vo

2A2 sz Fops (Vi = Vo)(Vy = Vo)V,

where Ty and Cy are the temperature and the specific heat
at constant volume of the fluid phase, respectively.

The macroscopic energy balance equation for the solid
phase is:

o 2
1= Dy (CoT, + 52)]

V2
==V ((1-¢)p.V(C.T:s + )]
+vU’v ~T'V(1- )PV, -T'PV,vp O

2A2 F¢pf(Vf -V, )(Vf - V)V,

where T, and C; are the temperature and the specific heat
at constant strain of the solid phase, respectively.
The equation of state for the fluid phase is:

P = psRTy, (7)

here R is the specific gas constant. The effective stress for
a thermoelastic solid matrix, which is assumed to undergo
small deformations only, is:

U; = Aggskell + ll-tsgskel - ’I](T_g - TSO)I, (8)

where yu,, X\, and 7 denote the Lamé constants of a ther-
moelastic solid and I denotes the unit tensor. The macro-
scopic strain tensor for the solid matrix, €gxes, is defined
for small deformations by the compatibility law

ket = 5(Tw, + (Vw,)7), ©
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Fig. 4a,b. The dependence of the porosity on the tortuosity:
a at the back edge of the sample; and b at the front edge of
the sample. The sample was made of silicon carbide and it
was 81 mm long. The incident shock wave Mach number was
M;=1.377

in which w, denotes the displacement vector of the solid
matrix. The volumetric strain (= dilatation), €gke, is
given by
(10)
Combining (10) and (2) while recalling that p,= constant
results in

Eskel = v. Ws.

1 D ¢ D Eskel

v-Vs “1-¢ Dt Dt
D,J() 8
== 20+, V), (11)
in which the following definition has been used
D8w3
Vs = —[)_t—- (12)

2.3 The one-dimensional governing equations

The one-dimensional version of the above set of governing
equations, in a vector form, reads :

ouU OF

E+%:Q' (13)
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The variables vector, U, is defined by
U= [rf,rs,mf.ms.Ef.Es]T, (14)
where

rr=¢pr . my=rsVy, rs = (1 - 0)ps , My =1V,

Vf2
Ey=rses =re(CsTy + -2-),
V2
E, =rse; =1,(CsTs + —2’;) (15)

The flux vector, F, is

My

g T

m *
T}L+T oP

F= ’
%};as+(1—¢T*)P (16)
L (Ef +T*¢P)
2 (B, - 0, + (1— ¢T*)P)
The source vector, Q, is

0

) 0

T* PG — Fry| 2L — o |(BL - o)

Q=1 -T'PE+Fry|Ft—2a|(FL - T
Za(T*PGE — Fry| 2L — Ba|(FL — Z))
Pa(—T*PYE 4 Fry|TL — Za|(TL — )

(17)

where ¢P and o, which appear in (16) are defined as fol-

lows:
2

=y _

0, = Ece — ErCy(T, — Tyo). (19)

(18)

In the above equations E.(= X\, + x,) and Er(= 1/Cs)
are the one-dimensional macroscopic Lamé coefficients for
a thermoelastic solid. With the aid of definitions (15) the
porosity, ¢, can be written as,

p=1-15 (20)

Ps

By solving (2) analytically and with the aid of (15) the
strain can be expressed as a function of the porosity as,

e=1-—. _ (21)

With the aid of (15), (19) can be rewritten as

’ Tsg— T
05=E€( sros)
8

E, _Bo _mi m,  (22)
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Fig. 8a,b. The dependence of the normal stress on the tortu-
osity: a at the back edge of the sample; and b at the front edge
of the sample. The sample was made of silicon carbide and it
was 81 mm long. The incident shock wave Mach number was
M;=1.377

The above set of equations consists of six differential equa-
tions, described by (13) and (14), and six unknowns
namely: 75,75, M5, My, E5 and E;. Consequently, in prin-
ciple, the equations are complete and can therefore be
solved. Due to the complexity of the equations, an analyti-
cal solution is impossible. A reliable TVD based numerical
code for solving these equations was developed by Levy et
al. (1996a). It should be noted, however, that simplified
cases were solved analytically by Krylov et al. {(1996) and
Sorek et al. (1996).

As mentioned above, numerical predictions based on a
TVD based computer code which was developed by Levy
et al. (1996a) very well to excellently agreed with the ex-
perimental results of Levy et al. (1993). Consequently, it
was believed that the analytical model and the numerical
code were reliable enough to conduct a parametric study
of the flow field under investigation. This parametric in-
vestigation is presented in the following.

As shown in Levy et al. (1996a) the solution of the
governing equations required the knowledge of the follow-
ing parameters: the macroscopic Lamé coefficients for a
thermoelastic solid, E, and Er, the Forchheimer factor,
F, the tortuosity, T'*, the initial porosity; ¢g, and the den-
sity of the solid matrix, ps;. Out of these six parameters
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Fig. 6a—c. The dependence of the pressure field on the Forch-
heimer factor: a at the back edge of the sample; b at the front
edge of the sample; and ¢ 42 cm ahead of the sample. The
sample was made of silicon carbide and it was 81 mm long.
The incident shock wave Mach number was M;=1.377

only one, namely the density of the solid matrix, ps, was
available from the manufacturer. The other five param-
eters had to be estimated. Levy et al. (1993) calculated
the porosity using (20) which is limited to gas saturated
porous materials, in which r, is, in fact, the bulk density of
the porous material. Its value was obtained by dividing the
mass of a given sample by its volume and p;, as mentioned
earlier, was provided by the manufacturer. The porosity
value as obtained and reported by Levy et al. (1993) was
0.728+0.016.
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Table 1. The initial porosity, the tortuosity and the Forch-
heimer factors for the different samples

The Sample Sample Pores per Initial F T
Material Type - Inch (ppi) Porosity [1/m]
Silicon Carbide' I 10 0.728+0.016 300 0.7
(SiC) 11 .20 0.745£0.001 500 0.7
Alumina! I 30 0.814+0.010 900 0.75
(Al03) IV . s 40 0.821+0.007 1800 0.75

1. The structure of the porous material was open cell

Based on the properties of the materials of which the
samples were made, and the fact that the upper limit of
the elastic stress reduces when the porosity increases, in a
(1 — ¢)? manner, see Gibson and Ashby (1988), the orders
of magnitude of the macroscopic Lamé coefficients which
appear in the macroscopic constitutive equation for ther-
moelastic porous materials, E, and E7T were estimated to
be identical for all the samples which were used in the
course of the experimental study: E. = 380 x 107 Pa;
and Er = 26.207 kg/m3. The tortuosity factors, T*, is
a geometric parameter which accounts for the fact that
the average pressure gradient and the average fluid veloc-
ity are not parallel. The tortuosity in gases is, in general,
smaller than unity. It was found, for the various samples,
by estimating the ratio between the speed of sound of the
air inside the porous medium, a*, and that in a pure air,
a, with the aid of the following relation:

2% 1 * Y a* 2
T +7_1T 7_1(‘1) =0, (23)
where 7 is its specific heat capacities ratio. Li et al. (1995)
estimated the value of a* by using the experimental results
of Levy et al. (1993).

The Forchheimer factors, F', for the various samples
were found experimentally. In these experiments, each
sample was mounted in a pipe and the pressure drop across
it was measured as a function of the air flow rate through
it. The pressure drop was found to be a parabolic func-
tion of the air velocity. This was done by assuming that
the pressure drop depended linearly on the length of the

sample. The values of the tortuosity and the Forchheimer

factors, as obtained experimentally for the various sam-
ples, used in the present study, are presented in Table 1.

3 The parametric study

Prior to preseuting the parametric study it is important
to draw the reader’s attention to the footnote on the first
page. Both the analytical model and the numerical code
were developed for a thermoelastic porous material, i.e.,
the material is not totally rigid. Had it been totally rigid
another analytical model and numerical code would have
been obtained. The solid matrix as well as the process
taking place inside it would have been cancelled out all
together.
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Fig. 7a—~c. The dependence of the fluid density field on the
Forchheimer factor: a at the back edge of the sample; b at the
front edge of the sample; and ¢ 42 cm ahead of the sample. The
sample was made of silicon carbide and it was 81 mm long. The
incident shock wave Mach number was M;=1.377

In addition, ignoring the effect of elasticity would re-
sult in a situation in which the overall phenomenon would
be misunderstood. For this reason investigating the influ-
ence of the various parameters on the porosity, the solid
velocity and the normal stress are important.
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Fig. 8a,b. The dependence of the fluid velocity on the Forch-
heimer factor: a at the front edge of the sample; and b 42 cm
ahead of the sample. The sample was made of silicon carbide
and it was 81 mm long. The incident shock wave Mach number
was M;=1.377

3.1 The fortuosity effect

The dependence of the pressure field on the tortuosity is
shown in Figs. 1a to 1c for an 81 mm long sample of silicon
carbide (SiC) struck head-on by an incident shock wave
having a Mach number M;=1.377. The pressure profile
at the back edge of the sample is shown in Fig. la, the
pressure profile at the front edge of the sample is shown
in Fig.1b, and the pressure profile 42 cm ahead of the
sample is shown in Fig. lc.

It is evident from Fig. 1a that the compression (shock)
wave velocity increases as the tortuosity increases. Note
that the compression (shock) wave reaches the back edge
of the sample about 75 usec earlier for T* = 0.9 as com-
pared to T*= 0.6. Figures la to 1lc also indicate that while
the tortuosity has a meaningful influence on the pressure
at the back edge of the sample (Fig. 1a), its effect at the
front edge is less significant (Fig. 1b). As shown in Fig. 1c,
the tortuosity has an effect on the pressure also, in the
pure gas, ahead if the sample. It is evident from Fig.1c
that the reflected shock wave moves faster when the tor-
tuosity is smaller.

Figure la also indicates that the pressure rise depends
on the tortuosity (it is faster when the tortuosity is larger).
This fact implies that the impulse, [ Pdt, is larger for
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Fig. 9a,b. The dependence of the porosity on the Forchheimer
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edge of the sample. The sample was made of silicon carbide
and it was 81

higher tortuosities. The finally obtained pressure, how-
ever, is independent of the tortuosity. The situation is
similar when the pressure at the front edge of the sam-
ple is considered (see Fig. 1b). However Fig. lc indicates
that the finally obtained pressure ahead of the sample does
depend on the tortuosity. It is seen to reach higher values
for larger tortuosities. It should be noted here, however,
that if the computation was allowed to proceed further in
time a situation in which the finally obtained pressures
ahead of the sample also approach each other could have
been obtained.

The effect of the tortuosity on the fluid density is
shown in Figs.2a to 2c. Again a significant influence is
shown at the back edge of the sample, and smaller in-
fluences are evident at the front edge and ahead of the
sample. Unlike Fig. 1a where the same final pressures were
obtained at the back edge, the final densities at the back
edge are different. They are higher for smaller tortuosities.
While for T* = 0.9, p; reaches a value of about 2.7 kg/m3,
for T* = 0.6 py increases by about 10% and reaches a value
of about 3 kg/m3.

The dependence of the fluid velocity, V¢, at the front
edge and ahead of the sample on the tortuosity is shown
in Figs.3a and 3b, respectively. While the velocity flow
field distribution shows a dependence on the tortuosity,
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Fig. 10a,b. The dependence of the normal stress on the Forch-
heimer factor: a at the back edge of the sample; and b at the
front edge of the sample. The sample was made of silicon car-
bide and it

the finally reached values are independent of the tortu-
osity at the front edge (Fig.3a). When the velocity flow
field ahead of sample is considered (Fig. 3b), a dependence
of the finally reached values on the tortuosity is evident.
The finally reached velocity is larger for smaller tortuosi-
ties. Our earlier note regarding longer computation times
should be repeated here.

The dependence of the porosity, ¢, on the tortuosity
at the back and the front edges of the sampile is shown in
Figs. 4a and 4b, respectively. It is evident from these fig-
ures that the influence of the tortuosity on the porosity is
more enhanced at the back edge. However, in view of the
very small changes in the ¢-axis, the porosity could be as-
sumed to be constant and independent of the tortuosity.
It is important to note here that two waves are trans-
mitted into the porous material when the incident shock
wave strikes #. The first is a very rapid compaction wave
which propagates in the solid matrix, and the second is ¢
compression (shock) wave which propagates through the
gaseous phase occupying the pores. These waves interact
at the solid/fluid interface inside the porous material. Tt
compaction wave, which is very fast, is responsible for the
fast porosity changes. It is difficult to illustrate the prop
agation time (from the front edge to the back edge) of the
compaction wave on the time scale of Fig. 4. A descriptio
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Fig. 11a,b. The dependence of the normal stress on the Lamé
coeflicient, E,: a at the back edge of the sample; and b at
the front edge of the sample. The sample was made of silicon
carbide and it was 81 mm long. The incident shock wave Mach
number was M; = 1.377

of the waves system inside the porous medium and the in-
fluence of both the compression and the compaction waves
on the porosity and the propagation time is presented in
Levy et al. (1997).

Although not shown here, the solid matrix velocity, V;,
was found to be practically independent of the tortuosity,
T~

The dependence of the normal stress, o,, at the back
and the front edges of the sample on the tortuosity is
shown in Figs. 5a and 5b, respectively. Again a more sig-
nificant influence is evident at the back edge. It is evi-
dent from Fig. 6a that smaller tortuosities result in larger
stresses. In analogy to the earlier note about the impulse,
it is evident from Fig.6a that [odt is larger for smaller
tortuosities. However, long times after the initiation of
the interaction all the profiles converge to a single line
and the finally obtained normal stresses are independent
of the tortuosity. Figure 5b reveals that the normal stress
at the front edge of the sample is practically independent
of the tortuosity.

3.2 The Forchheimer factor effect

The dgpendence of the pressure field on the Forchheimer
factor is shown in Figs. 6a to 6¢ for an 81 mm long sample

Fig. 12a,b. The dependence of the porosity on the Lamé co-
efficient, E,: a at the back edge of the sample; and b at the
front edge of the sample. The sample was made of silicon car-
bide and it was 81 mm long. The incident shock wave Mach
number was M; = 1.377

of SiC struck head-on by an incident shock wave having a
Mach number M;= 1.377. The pressure profile at the back
edge of the sample is shown in Fig. 6a, the pressure profile
at the front edge of the sample is shown in Fig.6b, and
the pressure profile 42 cm ahead of the sample is shown
in Fig. 6c.

Figure 6a indicates that the compression (shock) wave
velocity is not influenced by the Forchheimer factor as
the profiles for the various Forchheimer factors start to
rise at the same time. The finally obtained pressure is
also seen to be independent of the Forchheimer factor.
However, the pressure rises faster for smaller Forchheimer
factors. Consequently, the impulse, [ Pdt, increases as the
Forchheimer factor decreases. As can be seen in Figs. 6b
and 6¢ the pressures at the front edge of the sample and
ahead of it are less influenced by the Forchheimer factor.

The dependence of the fluid density profiles on the
Forchheimer factor at the back edge, the front edge, and
ahead of the sample, is shown in Figs.7a to 7c, respec-
tively. It is again evident from these figures that the most
significant influence is at the back edge where the density
is seen to rise faster for smaller Forchheimer factors. At
the front edge and ahead of the sample, the effect of the
Forchheimer factor on the fluid density profile is minor,
and so is its effect ahead of the sample (see Figs. 7b and
7c, respectively).
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Fig. 13. The dependence of the solid matrix velocity on the
Lamé coefficient, E,, at the front edge of the sample. The sam-
ple was made of silicon carbide and it was 81 mm long. The
incident shock wave Mach number was M;=1.377

The dependence of the fluid velocity, V7, at the front
edge and 42 cm ahead of the sample on the Forchheimer
factor is shown in Figs.8a and 8b, respectively. It is evi-
dent from these Figs.that differences of up to 7 m/s are
obtained for different Forchheimer factors (e.g., at about
1 ms and 2 ms in Fig. 8a). However, the finally obtained
fluid velocities are independent of the Forchheimer factor.
It is also of interest to note that at about 1.6 ms after the
interaction started, all the fluid velocity profiles converge
to a single value (see 1.6 ms in Fig. 8a). A similar behavior
is observed ahead of the sample (Fig.8b at 2.1 ms). The
reason for these findings is yet to be understood.

The dependence of the porosity, ¢, on the Forchheimer
factor at the back and the front edges of the sample is
shown in Figs. 9a and 9b, respectively. While a more sig-
nificant influence is evident at the back edge of the sample,
it should be noted that owing to the fact that the incident
shock wave is not too strong the porosity is practically
constant (note the scale of the ¢-axis). The solid matrix
velocity, V;, was found to be practically independent of
the Forchheimer factor.

The dependence of the normal stress, o,, at the back
and the front edges of the sample on the Forchheimer fac-
tor is shown in Figs.10a and 10b, respectively. Again a
more significant influence is evident at the back edge. It
is evident from Fig.10a that larger Forchheimer factors
result in larger stresses and as a result larger “impulses”
J odt . At about 1.5 ms after the interaction the normal
stress at the back edge of the sample is about 5 kPa for
T = 400 1/m and 20% less, i.e., about 4 kPa for T = 250
1/m. Note that the finally obtained values of the normal
stress are constant and independent of the Forchheimer
factor.

3.3 The Lamé coefficients effect

The Lamé coefficients as chosen by Levy et al. (1996a)
where E, = 380 x 107 Pa and Er = 26.207 kg/m3. In
order to check their influence on the resulted flow field,
their values were first decreased and then increased by a
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Fig. 14a,b. The dependence of the normal stress on the initial
porosity: a at the back edge of the sample; and b at the front
edge of the sample. The sample was made of silicon carbide and
it was 81 mm long. The incident shock wave Mach number was
M;=1.377

factor of 10. No noticeable influence of Er on the numer-
ical results was obtained. E. was also found to have no
influence on the pressure, the fluid density and the fluid
velocity. Although the largest £, was two orders of mag-
nitude greater than the smallest one, the resulted profiles
were almost identical, and the times of arrival of the re-
flected shock waves were also the same. E. does have,
however, a more significant influence on the normal stress
profiles, o, as can be seen in Figs. 11a and 11b, where the
profiles of the normalized stress at the back and the front
edges of the sample are, respectively, shown. The normal
stresses are seen to reach higher values for the smallest
value of E.. In addition, the finally obtained values of the
normal stress are constant and they are independent of
E.. It should also be noted that the compression (shock)
wave reaches the rear edge of the sample faster for larger
values of E.. The difference in the time of arrival between
E. = 380 x 108 Pa and E. = 380 x 10° Pa is about 90 us.

The dependence of the porosity on E. at the back and
the front edges of the samnple is shown in Figs. 12a and
12b, respectively. For the largest E. the porosity seems to
be constant both at the back and at the front edges. As E.
decreases the porosity is seen to depend more and more on
E,. However. one should recall our earlier remark about
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Fig. 15. The dependence of the solid matrix velocity on the
initial porosity at the front edge of the sample. The sample was
made of silicon carbide and it was 81 mm long. The incident
shock wave Mach number was M;=1.377

the seale of the ¢-axis from which it is quite clear that, for
moderate incident shock waves, the porosity, practically
does not depend on E,.

The dependence of the solid matrix velocity, Vi, on E,
at the front edge of the sample is shown in Fig. 13. Larger
veloceities are obtained for smaller values of E,. While for
E. = 380 x 10® Pa the largest solid matrix velocity is
about 0.02 m/s, it is about 0.1 m/s for E. = 380 x 107
Pa, and about 0.34 m/s for E. = 380 x 10° Pa.

3.4 The initial porosity effect

The dependence of the pressure profiles at the back edge,
at the front edge and ahead of the sample on the initial
porosity, ¢g, was found to be extremely minor. Similar
negligibly small dependence of the fluid density and the
fluid velocity on ¢g, were also evident in the course of the
numerical investigation.

A significant dependence on the initial porosity, ¢g,
is exhibited in Figs. 14a and 14b where the normal stress
profiles at the back and the front edges of the sample
arc shown, The larger is the porosity the higher is the
normal stress and its “impulse”. For example Fig. 14a in-
dicates that for ¢9 = 0.68(0)max =~ 6.9 kPa while for
&0 = 0.78(04 Jmax =~ 9.5 kPa.

The influence of ¢ on the solid matrix velocity, Vs, is
shown in Fig.15. It is evident that an increase from 0.68
10 0.78 in ¢q results in a meaningful increase of about 14%
in V; from about 0.092 m/s to about 0.105 m/s.

4 Conclusions

A nuerical solution of the flow field which results when
a planar shock wave strikes head-on a rigid porous mate-
rial was presented by Levy et al. (1996a). Their solution,
required the estimation of the tortuosity, the Forchheimer
factor, the Lamé coefficients and the initial porosity.
Owing to the fact that predictions based on their ana-
Ivtical model and numerical code were found to well agree
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with experimental results, the code was used to numeri-
cally investigate the influence of the above mentioned pa-
rameters on the obtained flow field.

The dependence of the pressure, the fluid density, the
fluid velocity, the porosity, the normal stress and the solid
matrix velocity on these parameters was investigated and
studied, here.

As a result of the present study the investigated phe-
nomenon which caught the attention of many investigators
in the past decade is clearer and better understood.
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