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Abstract. In the Part I of this study, namely the analytical
part in Mazor et al. (1992), the governing equations of
the phenomenon in which a planar shock wave collides
head-on with a cellular material and interacts with it were
developed using a Lagrangian approach. In addition, the
numerical approach adopted by us during the numerical
course of this study was briefly outlined there. The present
part reports on experimental and numerical results of the
head-on reflection of a planar shock wave with an open
cell polyurethane foam. Foams as mentioned by Gibson and
Ashby (1988) and summerized in Part I of this study by
Mazor et al. (1992), are one of the two general types of
cellular materials.
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1. Introduction

The problem under consideration is shown schematically in
Fig. 1. The cellular material in the present study is a foam
which, as definded by Gibson and Ashby (1988), has in
general polyhedra cells which pack in three-dimensions to
fill a space. In addition, foams can be devided into: open
cell foams in which the cells connect through open faces;
and closed cell foams in which each cell is sealed off from
its neighboring cells.

The schematic illustration of the problem under investi-
gation, shown in Fig. 1, indicates that owing to the side-walls
of the shock tube the foam cannot expand in the y- and =2-
directions. Hence the foam, which can be compressed only
in the z-direction, experiences during the head-on collision
with the planar shock wave a uni-axial strain compression,
le, ez # 0, gy =0, and £, = 0, where ¢; is the strain in
the i-th direction. As a result of this compression mode,
stresses are developed in the foam both in the z-, y- and
z-directions, i.e., 05 #0, g, # 0, and o, # 0.
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The analytical investigalion in Part I of this study, Mazor
et al. (1992) resulted in a set of ten governing equations,
namely,

— the conservation of mass of the gaseous phase,
— the definition of the gas particles velocity,
— the conservation of linear momentuin of the gaseous phase,
— the conservation of energy of the gaseous phase,
— the equation of state of the gaseous phase,
— the conservation of mass of the cellular material,
— the definition of the cellular material particles velocity,
— the equation of motion of the cellular material,
~ the definition of the strain in the z-direction (in the cellular
material), and
— the stress-strain relation of the cellular material.

As mentioned in Part I of this study, out of the foregoing
listed ten governing equations the last one, namely the stress-
strain relation of the cellular material, is most significant as
it dictates how a cellular material, in general, and a foam, in
particular, will respond to the sudden loading imposed on it
by a head-on collision of shock waves.
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Fig. 1a,b. Schematic illustration of the investigated interaction
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Based on the stress-strain relation of foams they can
be devided into three types, for details see Gibson and
Ashby (1988): elastomeric foams; elastic-plastic foams; and
elastic-brittle foams.

Schematic illustrations of the general shapes of the
stress-strain relations of these three types of foams are
shown in Fig. 2. They all show linear elasticity at low
stresses, followed by a long collapse plateau, truncated by
a regime of densification in which the stress rises steeply.
The main differece between the three types of the foams is
in the mechanical behavior in their plateau regime. In elas-
tomeric foams the plateau is due to elastic buckling of the
cell walls, in elastic-plastic foams the plateau arises from
plastic yielding of the cell walls and in elastic-brittle foams
the plateau is due to brittle crushing of the cell walls.

As a consequence of the foregoing description it is clear
that in general there are six different combinations of foam
types which arise from the fact that there are three different
mechanical behaviors in the plateau regime (elastomeric,
elastic-plastic and elastic-brittle) and two different types of
cellular structures (open and closed cells).

In order to demonstrate the effect of the structure on the
mechanical behavior of the foam, let us consider only the
linear elastic domain of the stress-strain curve. For the three
types of the foams shown in Fig. 2 the stress-strain relation
in the linear elastic domain is,

o=FEce
where
( 2
E; <&> ) open-cell, ')
Ps \
Pc Pc
-l E 2<—) +(1—p)=
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Pyl -2y , closed-cell 2)
+20 c
Es 1 — .’o_c
\ Ps

where v, is the Poisson ratio of the foam (usually taken as
1/3 in the linear elastic regime), P is the initial pressure
inside the pores, ¢ is a constant (usually having a value
0.6 = 0.8), and E is the Young modulus. Subscripts ¢ and
s denote, respectively, the cellular material (foam in the
present case) and the solid material from which the foam
is made (polyurethane in the present case). The role of the
relative density, p./ps, which was referred to in Part I of this
study, as the most important property of a cellular material
is clearly evident in (2). It is also evident from (2) that
while the initial pressure, Py, plays a significant role in the
mechanical behavior of closed cell foams, it has practically,
as expected, no effect on the mechanical behavior of open
cell foams.

The interest in better understanding the head-on reflec-
tion of a planar shock wave from a foam has grown quite
intensively in the past decade. However, most of the re-
ported researches related to this problem were experimental.
Figure 3 is a reproduction of some of the experimental re-
sults of Gvozdeva et al. (1985) which were conducted using
a polyurethane foam (p. = 33 kg/m® and ¢ = 0.95 = 0.98,
where ¢ is the porosity). As can be seen from this figure:
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Fig. 2a-c. General shape of the stress-strain relation curves for: a elas-
tomeric foam; b elastic-plastic foam; c elastic-brittle foam

(1) The peak pressure acting on the shock-tube end-wall,
Py max, behind the foam is higher thar the the pressure,
P;, which would have been obtained had the incident
shock wave reflected head-on from the end-wall of the
shock tube without the presence of a foam;

(2) The peak pressure, Py max, increases as the initial length
of the foam increases;

(3) In spite of the above remark it is also evident from
Fig. 3 that as the initial length of the foam increases
the increase in the peak pressure seems to approach an
asymptotic value. Hence, increasing the initial length of
the foam beyond a certain value will not affect the peak
pressure anymore.

Note that while the pressure enhancement at the shock-
tube end-wall which was mentioned in the above first remark
agrees with the analytical considerations which were pre-
sented in Part 1 of this study, Mazor et al. (1992), the
experimental observations mentioned in the second and the
third remarks are to be explained.

DR CeCNIDC AVUDE ICIATINR]

NOCCCIOC AUD I/ ATVIY

ORFE SSIIRE AMPI IEICATION




PRESSURE AMPLIFICATION

PW
Py
too100mm
3 50 o
< 4+ POLYURETHANE FOAM
T
g 20 Py = 100 KPa
w sclg.-002+006
W
X
- 2
g | o
R
tlus)
0 1 1
a 0 500 1000 1500
‘ 25
-F'B. t=100mm
POLYURETHANE FOAM 50
z
. Mg=6
: % 4 P =186 KPa
=002+ 006
.E.' ‘;t al-9e /8 0
Kf 1
a
=
a3
w
w
£ 10
g - a4
Wiz
3
a
0
0 r) L tlus}
b ° 500 1000 1500

Fig.3a,b. The pressure histories at the shock tube end-wall as recorded by
Gvozdeva et al. (1985) for a polyurcthane foam and: a My =2, b M, =5
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Fig. 4. The pressure history at the shock-tube end-wall as recorded by Skews
et al. (1992) for a polyurethane foam and M, = 1.4

Similar pressure measurments indicating the pressure
amplification as a result of reflecting the incident shock
wave head-on from a foam rather than the shock-tube end-
wall were presented recently by Skews et al. (1992). Figure
4 is a reproduction of their pressure measurements in the
case of a polyester foam (p. = 38kg/m*® and ¢ = 0.97).
Beside the fact that the pressure profile shown in Fig. 4 is
similar to those shown in Fig. 3, it should be noted that
it seems that the impulse generated by the two pressure
profiles, i.e., with and without the presence of a foam are
almost identical.
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Fig.5. The displacement of the front face of the foam as recorded by
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Fig. 6. The experimental set-ups used in the present study a for pressure and
front face displacement measurements and b for holographic interferometry
mesurements of the waves propagating inside the foam

The displacement of the front face of the foam as ob-

" tained experimentally by Gvozdeva et al. (1985) is shown

in Fig. 5. It is evident from this figure that beside the very

early stage of the compression, the front face of the foam

moves at a constant velocity. Similar to the above remark
this behavior of the foam has also not been explained yet.

The above mentioned results regarding the behavior of
a foam collided head-on with a planar shock wave, being
not intvitive and partially yet unexplained, motivated us to
undertake the present study. The main purposes of this study
were:

(1) to investigate experimentally the problem under consid-
eration in order to better understand the phenomenon
and the parameters affecting it; and

(2) to develop a simulation code capable of reproducing the
above presented results.

It should be mentioned here that during the review pro-
cess of the present paper a numerical simulation of exper-
iments by Skews (1991) was published by Baer (1992).
Predictions of his numerical code were in very good agree-
ment with the Skews’ experimental results.
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2. Present study

As mentioned in the foregoing introduction the present study
consisted of an experimental part and a numerical one. As
a consequence, in the following, these two parts will be
described separately. It should also be noted that due to the
difficulty in measuring some of the mechanical properties
of foams, which are essential to carrying out a numerical
simulations, most of the following comparisons between
the experimental results and the numerical predictions will
be only qualitative. In order to overcome this shortcoming
there is a need to develop experimental techniques capable
of acurately measuring the required mechanical properties
of foams.

2.1. The experimental study

Open cell flexible polyurethane foam PU(R) was used in
the present experiments. Based on manufacturer’s data the
density of the foam was p, = 31.5 kg/m? while the density of
the pure rigid polyurethane, as given by Gibson and Ashby
(1988), is about 1200 kg/m?. This values result in a relative
density of about p./p; = 0.02625 which in turn results in a
porosity of about ¢ = 0.97375, see in (8).

The experiments were conducted in a 60 mm x 150 mm
shock tube of the Shock Wave Research Center of the
Institute of Fluid Science, Tohoku University. The major
experimental set-up is shown in Fig. 6a. The foam was
a solid piece and 400 mm long. Nine pressure transducers
(Kistler model 603B) were flush mounted, S0 mm apart, on
the shock-tube side-walls. The first pressure transducer was
located 25 mm ahead of the front face of foam and hence it
recorded the pressure changes across both the incident shock
wave and the reflected shock wave from the front face of
the foam (S; and S, respectively, in Fig. 1).

The experimental set-up shown in Fig. 6b was used for
flow visualization (holographic interferometry) of the waves
propagating inside the foam. For this case a 20mmx 250 mm
slit was cut in the foam along its centerline. The leading
opening of the slit was located 50 mm away from the front
face of the foam. The total length of the foam in this series
of experiments was 700 mm.

The stress-strain relation of the foam was measured us-
ing a SHIMAZUmaterial testing machine (Auto-Graph AG
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Fig.8a,b. The dependence of the Young modulus on: a the compression
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5000-C). This machine enables one to control the compres-
sion speed. A typical stress-strain curve as obtained for a
50 mm long foam and a compression speed of 50 mm/min is
shown in Fig. 7. The dashed line was obtained in a uni-axial
stress compression and the solid line in a uni-axial strain
compression, which, as mentioned earlier, was the actual
compression mode during the present experimental study.

Figure 7 indicates that in addition to the dependence
of the stress-strain relation of a foam on its mechanical
behavior in the plateau regime (see Fig. 2) as well as on
the internal structure of the foam (open or closed cells) it
also depends on the compression mode, i.e., uni-axial strain,
uni-axial stress and perhaps bi-axial stress too, which has
not been investigated throughout the course of this study.
Furthermore, the present experimental study revealed that in
addition to the above mentioned parameters the stress-strain
relation of the investigated foam depends on its initial length
and on the compression rate, which, as mentioned earlier,
could be controled, to some extent, by the material testing
machine.

By measuring the slope of the stress-strain curve in its
elastic regime the Young modulus of the investigated foam
could be deduced. The dependence of the Young modulus
of the investigated foam on the compression speed for a
constant initial length and on its initial length for a fixed
compression speed are shown in Fig. 8a and 8b, respectively.
While the Young modulus seems slightly to decrease when
the compression speed is increased, it exhibits, in general, a
noticable increase when its initial length is increased, e.g.,
from about 0.4 MPa when its length is. 50mm to about
1.1 MPa when its length is increased to 175 mm.
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the inverse shock wave pressure ratio

It should be noted here that the above mentioned ex-
perimental fact that the stress-strain relation of the foam
depends both on its length and the compression speed could
be attributed to the wall friction acting on the foam. Since
the material testing machine cannot separate between the
stress developed inside the foam and the friction acting
along the walls enclosing the foam sample, its reading gives
the combined stress of these two phenomena. The fact that
the friction forces increase when the foam length increases,
due to an increase in the contact area, and decrease when
the compression speed decreases, due to a decrease in the
friction coefficient, might explain the above experimental
observation of an increase in the Young modulus with an
increase in the foam length and a decrease in it with an in-
crease in the compression speed. It should further be noted
that the fact that the material testing machine gives an effec-
tive stress-strain curve of the foam rather than the real one
should not be considered as a shortcoming. On the contrary,
in order to simulate numerically the phenomenon, the effec-
tive rather than the real stress-strain relation should be used.
The use of the real stress-strain relation would introduce an
nherent error into the simulation results, since, unlike the
:ffective stress-strain relation, it does not include the wall
Tiction which actually affects the phenomenon.

1m

Furthuremore, the strain rate, &, of each measured exper-
imental point, shown in Fig. 8a and 8b, could be calculated
by dividing its appropriate compression speed by its appro-
priate length. If this procedure is applied on the second point
in Fig. 8a for which the compression speed is 100 mm/min
and the length is 150mm and to the second point in Fig.
8b for which the compression speed is 50 mm/min and
the length is 75 mm one obtains that, inspite the fact that
the strain rate is identical for these two experimental data
points, their Young modulus is significantly different; while
it is about 0.81 MPa for the former it is only 0.31MPa for
the latter. This is in contradiction to reports, for details see
Gibson and Ashby (1988), which claim that the stress-strain
relation of cellular materials depends on the strain rate.

The speed of sound of a cellular material, a., can be
calculated from

ac = EE’ ) 3)
V Pe

where p; the density of the cellular material can be obtained
from -

pe = (1 — @)ps + Dpy “)

here ps is the density of the material from which the cellular
material is made, p, is the density of the fluid filling the
pores of the cellular material, and ¢ is the relative volume
of the pores in the cellular material, which is also known as
porosity, i.e.,
V;

=P 5
¢ 7 5)
where V, is the overall volume of the cellular material, i.e.,
Vi=Vi+V, ©)

where Vi and V; are the volume of the solid the cellular
material and the volume of the pores of the cellular material,
respectively. Note that it is assumed in (4) to (6) that the
cellular material is saturated with only one fluid, i.e., all the
pores are completely filled up with a single fluid phase. If
the fluid filling the pores is a gas, then p; > p, and (4) is
simplified to,

pe =~ @)ps @)

from which the porosity could be defined as,

p=1-F (®)
Ps

The above mentioned role played significant by the rel-
ative density in determining the various properties of a
cellular material is again indicated in (8).

The time dependence of the displacement of the front
face of the foam as obtained by streak photography, for four
different incident shock Mach numbers, is shown in Fig. 9.
The steak photographs were taken by an image converter
camera (Hadland Photonics IMACON 790) with an argon-
ion laser (Spectra-Physics 2030) as light source. The almost
perfectly straight trajectories of the front face of the foam
indicate that its velocity is almost constant, in agreement
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Fig. 12a,b. The pressure distribution inside the foam at different times for:
aM,=104,b M,=1.28

with the results of Gvozdeva et al. (1985) shown earlier in
Fig. 5.

The dependence of compression speed, as deduced from
Fig. 9, on the inverse pressure ratio across the incident
shock wave, €, is shown in Fig. 10. Not suprisingly the
compression speed increases as the incident shock Mach
number increases.

Inspite the fact that the pressure induced by the reflected
shock wave on the front face of the foam, P, increases
as the incident shock Mach number increases, its value is
smaller than the pressure that would have been obtained

had the incident shock wave reflected head-on from a solid
surface, Ps. The ratio between these two pressures, i.c.,
Ps./Ps, as a function of the inverse pressure ratio across
the incident shock wave is shown in Fig. 11. It is clearly
evident from Fig. 11 that the higher the incident shock Mach
number, the greater is the attenuation of the initial head-on
reflected pressure. However, as will be shown subsequently,
when the waves transmitted into the foam collide head-
on with the shock-tube end-wall they reflect backwards and
eventually emerge from the front face of the foam increasing
the gas pressure acting on the front face of the foam to values
higher than the values that would have been obtained had
the incident shock waves reflected head-on from a solid
surface, Ps.

The pressure distibutions, at different time instants, as
recorded by the nine pressure transducers, shown in Fig.
6a, are given in Fig. 12a and 12b for M, = 1.04 and
M, = 1.28, respectively. The time difference between the
pressure distributions is 400 us and the time is measured
from the moment when the incident shock waves reached
the first pressure transducer. The filled circles in Fig. 12a
and 12b indicate the pressure measured by the pressure
transducers and the solid line connecting the filled circles is
a hand drawn curve fit. The last filled circle in each curve
represents the pressurerecorded by pressure transducer No.
9, in Fig. 6a, and the preceeding filled circles corespond to
the recordings of pressure transducers Nos. 8, 7, 6, etc. as
marked in the pressure distribution appropriate to t = 4 ms.
It should be noted here that the recorded pressures shown in
Fig. 12 (filled circles) do not represent necessarily pressure
measurements along the foam. This is due to the fact that
as the front face of the foam moves to the right, as a result
of the reflected-shock-wave induced pressure, it passes by
the pressure transducers, which, as a result, find themselves
measuring the pressure in the gaseous phase. Since the
pressure across the front face of the foam is continuous
the passage of the front face of the foam by the pressure
transducer is not visible in the pressure histories recorded
by the pressure transducers. For example, extrapolation of
the curve appropriate to M, = 1.28 in Fig. 9 indicates that,
at t = 4 ms, the front face of the foam has been displaced
by about 150 mm, as a result, at this time instant, pressure
transducers Nos. | to 4 are located in the gaseous phase
domain and only pressure transducers Nos. 5 to 9 are still
located inside the foam. An inspection of the pressure values
just ahead of the front face of the foam at different times
indicates that, as mentioned earlier, the pressure there in
nearly constant. A comparison of the pressure disributions
in the two figures indicates that while gradual pressure
increases are seen at the lower incident shock Mach number
case, i.e., Fig. 12a, much steeper pressure rises are evident
for the higher incident shock Mach number case, i.e., Fig.
12b.

As mentioned in Part I of this study when the incident
shock wave collides head-on with the front face of the foamn
it transmits compression waves into the foam. Depending
on some condition in Mazor et al. (1992), the compression
waves could transform into a shock wave. The results shown
in Figs. 12a and 12b suggested that in the moderate incident
shock Mach number case, i.e., M; = 1.28, the compression
waves almost changed into a shock wave, while at the
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Fig. 14a,b. a A holographic interferogram of the wave propagating inside
the foam and b comparison of the pressure distribution inside the foam as
obtained from pressure and optical measurements

lower incident shock Mach number case, ie., M, = 1.04
the compression waves did not transform to a shock wave.
Note that although this statement seems to be wrong in view
of the fact that the convergence conditions given by Mazor
et al. (1992) depend solely on the stress-strain relation of
thefoam which is, at first sight, identical for the two cases
shown in Fig. 12, this is not the case. As shown earlier, in
Fig. 8a, the stress-strain relation of the investigated foam
was found, in the present experiments, to depend also on the
compression speed, which, as shown in Fig. 10, depends on
the incident shock Mach number. Consequently, the above
reported result regarding the fact that the compression waves
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did not transform to a shock wave at some incident shock
Mach numbers while they almost changed to a shock wave
at other incident shock Mach numbers, inspite the fact that
the foam, inside which they propagate, was identical, should
not be surprising. As a final remark regarding Fig. 12b we
would like to note that the pressure profiles do- not indicate
clearly enough that a shock wave has indeed been formed
inside the foam. It merely shows that the pressure gradients
has significantly been increased as compared with Fig. 12a.
It is possible that the steeper pressure gradient which is
evident in Fig. 12a could simply be the result of the higher
pressuredifferences which are associated with the higher
incident shock Mach numbers.

The recorded wave velocity along a 2m long foam, as
obtained by time counters for four different incident shock
Mach numbers, is shown in Fig. 13. It is evident from
Fig. 13 that as the transmitted wave propagates inside the
foam it attenuates. The smaller the incident shock Mach
number, the greater is the attenuation. However, in the case
of relatively short foams (less than 0.25m) and moderate
incident shock Mach numbers (greater than about 1.2) it
could be quite safely assumed that the transmitted wave
velocity remains nearly constant as it propagates along the
foam. A probable explanation to this attenuation behavior
is given in the Appendix A. It should also be mentioned
here that the minimum velocity reported by Henderson et
al. (1990) was not evident in the present experiments.

Holographic interferometry was applied in order to un-
derstand better the nature of the waves propagating inside
the foam. This was achieved by cutting a 20 mm x 250 mm
slit along the centerline of the foam as shown in Fig. 6b. A
typical holographic interferogram of the transmitted waves
inside the foam for the case of M, = 1.28 is shown in
Fig. 14a. The fact that the interferogram does not show an
evidence of a shock wave should not be surprising since as
shown in Fig. 13 the wave velocity in this case is about
80m/s which is far less than the local speed of sound of
the air filling the slit which is about 347 m/s. It should be
mentioned here that the influence of the interfaces of the slit
on the wave which is transmitted into it has not been inves-
tigated and/or evaluated yet. However, based on the results
shown in Fig. 14b the influence seems to be in significant.

The relative density difference, Ap/pp, between neigh-
boring fringes is 0.038. If one assumes that the entropy along
the streamlines is constant then the relative pressure differ-
ence, AP/P, between the neighboring fringes is 0.0536.
The pressure distribution as obtained from the holographic
interferogram, using this assumption, together with the pres-
sure distribution as obtained from the measurements of the
Kistler pressure transducers is shown in Fig. 14b. The good
agreement between the two pressure distributions clearly in-
dicates that flow visualization techniques together with the
experimental set-up shown in Fig. 6b could be successfully
used to investigate the nature of the pressue waves which
are developed and propagate inside the foam.

2.2. The numerical study

The basic details of the numerical method and approach
which were adopted throughout the course of this study were
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Fig. 15. Stress-strain map of foams as obtained from our empirical model.
Solid lines — Gibson and Ashby’s (1988) experimental results, dashed line
- predictions of Mazor et al.’s (1993) empirical model.

outlined in Mazor et al. (1992). As shown there, the set of
the governing equations of the considered problem consists
of ten equations of which only one, namely the constitutive
relation of the cellular material, i.e., o = o(¢), depends on
the specifics of the cellular material. Consequently, since
the considered cellular material is an open cell polyurethane
foam there is a need to use its appropriate, stress-strain
relation.

Gibson and Ashby (1988) who described in detail the
stress-strain relations of foams, in general, and those of open
and closed cell polyurethane foans, in particular, presented,
in chapter 5 of their book, an experimentally measured map
of stress-strain curves, in which the relative density of the
foam was a parameter, for the case of a uni-axial stress
compression. In addition, they proposed a set ©f empiri-
cal relations, based on solid mechanics considerations, by
which they claimed to produce a similar “theoretical” map of
stress-strain curves. Unfortunately, all our attempts to repro-
duce their “theoretical” map, using their empirical relations,
failed. The failure was due to the fact that their empirical
relations were not “tailored” appropriately at their edges. As
a result, based on their solid mechanics considerations and
general formulation, a well-tailored set of empirical equa-
tions was developed by us. For the reader’s convinience it
is listed in the following:
in the linear elastic domain, i.e., 0 <& < 0.05,

o = E.e; - (9
in the elastic-plastic (plateau) domain, i.e., 0.05 < e < g4,

€d

=0.05Ff —mM8M—; 10
7 q—c+0.05 (10)
in the densification domain, ie., g4 < e < I,

o = Beeq + Bm—22, (n
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Fig. 16. The dependence of the peak pressure at the shock-tube end-wall
on the initial lengh of the foam and its relative density (numerical results)

where
2
E. = E, (—"—) (12)
Ps
and
eg=1-147 (13)
Ps

More details regarding these relations can be found in
Mazor et al. (1993). A revised map of stress-strain curves
as obtained using the above suggested relations together
with the experimental curves of Gibson and Ashby (1988)
is shown in Fig. 15. Not only that the above ralations,
unlike those given by Gibson and Ashby (1988), are well-
tailored and enables one to obtain the stress-strain curves,
a comparison of Gibson and Ashby’s “theoretical” with
our empirical map indicates that our suggested stress-strain
relations result in a better agreement with the experimental
results at large strains, e.g., compare the curves for p./ps =
0.1.

Similarly, a set of well-tailored empirical stress-strain
relations, for the case of a uni-axial strain compression
mode, were also developed. They are: in the linear elastic
domain, ie., 0 <e < ¢y,

o = E.¢; (14)

in the elastic-plastic (plateau) domain, i.e., ; < € < gy,

2
o =0.041E, (&) . R— (15)
s Eq—E+E

in the densification domain, i.e.,, g4 < e < 1,
Ze
o =0.041E, (”—) =d

Ps (16)




where
2 2 -1
Pe 1 2v
E.=E| = | g , 17
(p,-) 1+&( 1~2uc) an
S
and
2 Pe
e =0.041{1 - 1+=1}, 18)
-1 Ps
and in similar to (13)
ea=1- 142 (19)
Ps

The only parameter in the above set of equations which
has not been defined yet is v; which is the Poisson ratio of
the solid material from which the cellular material is made.
In addition, based -on Gibson and Ashby (1988) the most
appropriate Poisson ratio for a polyurethane foam, i.e., v,
is 1/3.

As mensioned in Mazor et al. (1992) when the incident

. shock wave collides head-on with the front face of the cel-
" lular material it transmits into the foam compression waves

which can transform to a shock wave provided the stress-
strain relation of the cellular material fulfills the following
two conditions, :

%; >0, (20)
and
32
55\% > 0. 1)

Applying the above transformation conditions on the
stress-strain relation in the linear-elastic domain, as given
by (14), indicates that while the condition given by (20) is
satisfied, the one given by (21) is not. Consequently, as long
as the investigated foam is in its linear elastic domain the
compression waves cannot transform to a shock wave. This
is in agreement with Henderson et al. (1990) who showed
that the wave transmitted initially into their investigated
foam was not a shock wave but a band of compression
waves. The velocity, V;, of the compression waves, in the
linear elastic domain, can be obtained by inserting (15) into

3,
E,p. 1 212
D Dy Pe 1~
Ps Ps 1 4 = 1

Ps

Equation (22) indicates that for a given foam material the
velocity of the transmitted compression waves depends on
the relative density of the foam.

Applying the convergence conditions on the stress-strain
relation in the elastic-plastic domain, as given by (15),
indicates that both of them are satisfied. Therefore, if the
foam reaches this domain the compression wave transmitted
into it can transform to a shock wave depending on whether
the foam is long enough to enable them to transform. It
should be noted here that this result indicates a unique
feature of foams, since they are the only known materials

Vi=ac=

(22)
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in which a shock wave can be generated during a uni-axial
strain compression.

Applying the above convergence conditions on the
stress-strain relation in the densification domain, as given by
(16), indicates that while the condition given by (20) is satis-
fied, the one given by (21) isnot. Consequently, Compression
waves propagating in a foam which is in its densification
domain cannot transform to a shock wave. The velocity, V¢,
of the compression waves, in the densification domain, can
be simply obtained by inserting (16) into (3),

E; 2v2
]/c-_-ac_-_-\/_’<1_ Vg )
Pc 11—
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Since the densification domain is reached after all the
pores have completely colapsed it is not suprising that the
relative density does not play any role in determining the
wave velocity at this stage of the compression which follows
the elastic-plastic domain.

During the course of the present numerical study the
governing equations were solved for a flexible open cell
polyurethane foam having the following relative densities;
oc/0s = 0.1, 0.2, and 0.3. In addition, in order to verify and
better understand the experimental results of Gvozdeva et al.
(1985), shown in Fig. 3, four different initial lengths were
assigned to the foam, i.e., L = 10, 20, 50, and 100 mm. The
head-on interaction was simulated for the above parameters
and two incident shock Mach numbers, i.e., M, = 2 and
5. The initial conditions ahead of the incident shock wave
were, ug, = 0, P; = 100kPa and T} = 300K. The cross
section of the foam was set to be 0.01 m? and the properties
of the flexible polyurethane foam as taken from Gibson and
Ashby (1988) were p, = 1100kg/m3, E; = 45MPa, and
v, = 0.45,

The peak pressure developed at the shock-tube end-
wall, P, max, behind the foam, relative to the pressure which
would have been developed there, had the incident shock
wave reflected directly from the shock-tube end-wall, Ps, as
afunction of the initial length of the foam, Ly, for different
relative densities, p./ps, is shown in Fig. 16 for the case of
an incident shock wave having a Mach number, M, = 2,
which collides head-on with a polyurethane foam. In general,
the results resemble those obtained by Gvozdeva et al.
(1985) which are reproduced in Fig. 3, i.e., an increase in
P, max a8 Lp increases until a certain critical value of Lp
after which P, max reaches an asymplotic value. Note that
Fig. 16 indicates that this critical length increases as the
relative density of the foam decreases. In addition, it is
also evident in Fig. 16, that the smaller the value of the
relative density, the larger is the obtained peak pressure
at the end-wall, e.g., by decreasing the relative density
first from 0.3 to 0.2 and then to 0.1 the relative peak
pressure increases first from about 10 to about 15 dnd then
to about 23.5. This could be attributed to the fact that foams
having smaller relative densities are easier to accelerate and
hence they reach higher material velocities which evetually
translate into higher “stagnation” pressures at the end-wall.
It should be noted here that this fact is incorrect when

- the relative density tends to zero. The lowest value of the
relative density for which the presented physical model is
applicable is yet to be determined. This can be done by
comparing the predictions of the present simulation with
actual experimental results.

The displacement of the front face of a foam having an
initial length Ly = 100 mm and a relative density p./ps = 0.2
after being collided head-on with incident shock waves
having Mach numbers M, = 2 and M,=5 are shown in
Fig. 17a and 17b, respectively. Similar to the results of
Gvozdeva et al. (1985), which have been reproduced in
Fig. 5, and to the present experimental results, shown in
Fig. 9, here too the trajectories of the front faces of the
foams are almost straight lines. The average velocities of
the front faces of the foams, as measured from Fig. 17a and
17b are about 64 m/s and 220m/s, respectively. The front

face velocity as measured from Gvozdeva et al.’s (1985)
result, for M, = 2, is about 128 m/s. The fact that the
velocity measured in Gvozdeva et al.’s (1985) experiment
is twice as large as that predicted by the numerical code,
inspite the fact that the incident shock Mach numbers are
the same, could be attributed to the earlier mentioned fact
that the relative density of the foam in Fig. 5 is somewhere
in the range 0.02 + 0.05 while that of the foam in Fig.
17a is 0.2. The 4 + 10 times smaller relative density could
be rersponssible for the 100 % increase in the front face
velocity. The 3.5 times increase in the front face velocity
of the same foam when the incident shock Mach number
is changed from 2 to 5 is self explanatory if one recalls
the that pressure ratio behind the head-on reflecting shock
wave, Ps./P), increases from about 13 to about 150 (see
Fig. 19 and subsequent discussion). It is also interesting to
note that the front face trajectory deviates from an almost
straight line behavior only at the initial stage of the motion
when, the front face accelerates to reach its almost constant
velocity. As mentioned earlier, at this stage the foam is still
in its linear-elastic domain inside which its stress increases
when its strain increases.

The velocity of the front face of a foam having an initial
length Ly = 100 mm and a relative density p./ps = 0.2 after
being collided head-on with an incident shock wave having
a Mach number M, = 5 (i.e., the same as that shown in
Fig. 17b) is shown in Fig. 18. The above mentioned strong
acceleration atthe early stages of the compression, followed
by a weak deceleration to reach analmost constant velocity
of about 220 m/s for about 350 us is clearly evident. It is also
seen in Fig. 18 that the almost constant velocity motion is
terminated by a strong (almost constant) decelaration which
eventually causesthe front face of the foam to reverse its
direction of motion and to atain an almost constant velocity
of about 200m/s in the opposite direction.

The pressure histories on the front face of the foam
having an initial length Lo = 100 mm and a relative density
pe/ps = 0.2, after being collided head-on with incident shock
waves having Mach numbers M, = 2 and M, = 5 are shown
in Fig. 19a and 19b together with the pressures which would
have been obtained had the incident shock waves reflected
head-on from a solid wall. The initial pressures induced by
the shock waves reflecting head-on from the front faces of
the foams are seen to reach only 86% and 79% of the
values appropriate to the the head-on reflections of the same
incident shock waves, M, = 2 and M, = 5, respectively,
from a solid wall. It is also seen in Fig. 19a and 19b that the
above mentioned pressure increases at the front faces are
followed by secondary pressure increases which are caused
by the shock waves which emerge out of the foams. These
shock waves are the results of the head-on reflections of
the transmitted shock waves at the shock-tube end-wall.
When the reflected shock waves reach the front faces of the
foam they reflect backwards into the foam as rarefaction
waves and transmit shock waves into the gaseous phase.
The transmitted shock waves result in the second pressure
increases at the front faces of the foam (as shown in Fig.
19a and 19b) and the reflected rarefaction waves terminate
the compression phase of the foam by reversing its direction
of motion (as shown in Fig. 18). The emergence of the
shock waves from the front faces of the foam is about
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1125 and 350 us after the interactions started, in accordance
with the durations of the constant velocity phases shown

1n

in Fig. 17a and 17b, respectively (the straight portions of
the displacement curves). It is also evident from Fig. 19a
and 19b that as a result of the emergence of these shock
waves the pressures at the front faces of the foam reach
values which are about 20% and 35 % higher than those
appropriate to the head-on reflection from a solid wall.
Based on manufacturer’s data i.e., p./ps = 0.02625, see
the experimental section of this study, and Fig. 7 from which
a typical Young modulus of the foam can be measured, in
its linear elastic regime, to be E. = 0.134 MPa and with
the aid of (17) the Young modulus of the polyurethane
from which the foam was made was determined to be about
E; = 194.5 MPa. Using these values in our numerical code
together with the following initialal data;
incident shock Mach number M, = 1.28;
initial pressure P; = 100 kPa;
initial temperature 77 = 300K
initial foam length of Ly = 400 mm; and
a foam cross section of 9000 mm?,
resulted in, the front face displacement, shown in Fig. 20a,
and the pressure history at the front face of the foam, shown
in Fig. 20bs It could be deduced from Fig. 20a that the
compression speed of the foam is about 55 m/s and that the
pressure actin g on its front face, P, is about 0.77Fs. This
values which have been added (as a cross signs) to Figs.
10 and 11, respectively, resemble a poor agreement with
the measured compression speeds and a very good agree-
ment with the measured pressures. The poor agreement with
the compression speed could be attributed to the unknown
correct value of the Young modulus of the foam. As men-
tioned earlier (see Fig. 8a and the appropriate discussion)
the Young modulus of the foam was found, in the present
experiments, to depend on the compression speed. The value
used in the present computation was deduced from Fig. 7 in
which the compression speed is 0.833 x 103 m/s while the
actual compressionn speed is in the order of 50 = 150 m/s.
This difference of about five orders of magnitude could
explain the over-predicted value of the compression speed.
Note that as mentioned earlier the value of the Young Mod-
vlus as deduced by us was E; = 194.5MPa, however, as
quoted by Gibson and Ashby (1988) the Young modulus
of polyurethane PU(R) foams is about six time larger, i.e.,
1200 MPa. Replacing only this value in the numerical com-
putation results in a compression speed of about 48 m/s (as
compared to about 55 m/s in the previous computatoion and
to about 38 m/s in the experiment) and a presssure of about
0.79P5 (as compared to about 0.77Ps both in the previous
computation and the experiment). Hence, it is quite clear
from these computations that while the Young modulus has
a noticable influence on the compression speed it has a neg-
ligible effect on the pressure acting on the front face of the

. foam.

It should also be mentioned here that when the measured
stress-strain curve (see Fig. 7) is drawn on Gibson and
Ashby’s (1988) experimental stress-strain map, in which the
relative density of the foam is a parameter, the presently
measured stress-strain curve agrees best with the curve for
which the relative density, p./ps, is about 0.06. In addition
to the fact that this value is more than twice larger than the
value quoted by the manufacturer, i.e., 0.02625, one should
recall that the relative density is the most important property
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of a foam. Consequently, having its correct value is most
essencial if one wishes to acurately simulate the interaction.
It should also be mentioned that based on Fig. 20b about
6000 us after the interaction started the above mentioned
secondary shock wave emerges out of the foam resulting in
an increase in the pressure to a value larger by about 12 %
than the value which would have been obtained had the
incident shock wave reflected head-on from a solid wall.

3. Summary and conclusions

The head-on interaction of a planar shock wave with an open
cell foam has been investigated both experimentally and
numerically for the case of a uni-axial strain compression.
The numerical predictions were found to qualitatively agree
both with our and others experimental results. A quantitative
comparison could not be made since the computer code
requires the knowledge of some properties ofthe foam which
unfortunately could not be measured. Consequently, in order
to overcome this shortcoming there is a need to develop
some experimental techniques which will enable one to
obtain the mechanical properties of the foam which are
required by the computer code.

The major conclusions regarding the investigated inter-

action are,

(1) The stress-strain relation of a foam depends on:

i) its mechanical behavior in the plateau domain (elas-
tomeric, elastic-plastic or elastic-brittle);

ii) its internal structure (open or closed cell);

iil) its compression mode (uni-axial stress, bi-axial stress
or uni-axial strain);

iv) its compression speed; and

v) its initial lengh.

(2) Different stress-strain relations were obtained for identi-
cal strain rates.

(3) Due to the presence of the foam the induced pressure on
the shock-tube end-wall is enhanced as compared to the
pressure which is obtained without a foam:

i) the pressure enhancement increases as the relative
density of the foam decreases;

i) the pressure enhancement increases as the initial
length of the foam increases until a critical length
beyond which the pressure enhancement remains un-
changed; and

iii) the critical length increases as the relative density
decreases.

(4) During the compression phase, the front face of the foam
moves with an almost constant velocity:

t) the velocity is larger when the relative density is
smaller;

ii) the velocity is larger when the incident shock Mach
number is larger; and

iii) the time duration of the almost constant velocity is

- shorter when the incident shock Mach number is
larger.

(5) During the relaxation (decompression) phase, the front
face of the foam moves with an almost constant velocity
in a direction opposite to that during the compression
phase.

(6)

i) At the early stages of the interaction, the pressure
induced on the front face of the foam, Ps;, is smaller
than the pressure induced by a shock wave reflecting
head-on from a solid wall, Ps;

ii) as the incident shock Mach number increases
Ps.;/ Ps decreases;

iii) at a later stage of the interaction, the pressure induced
on the front face of the foam, Ps., increases beyond
the pressure induced by a shock wave refiecting head-
on from'a solid wall, Ps; and

iv) as the incident shock Mach number
Ps. ¢/ Ps increases.

(7) The propagation velocity of the wave inside the foam
decreases as the wave progresses.

(8) Based on the stress-strain relation of foams:

i) the transmitted compression waves cannot transform
to a shock wave while the foam is in its linear elastic
domain;

ii) the transmitted compression waves cannot transform
to a shock wave while the foam is in its densification
domain;

iil) the transmitted compression waves can transform to
a shock wave while the foamis in its plateau domain:
and

iv) foams are the only known materials in which the
compression waves can transform to a shock wavc
in a uni-axial strain compression.

(9) As shown in the Appendix, the attenuation of tlie trans-
mitted wave as it travells inside the foam can be related
to the wave impedances.

Finally, it is the authors’ belief that there is still a need

to further investigate this phenomenon, both experimentally

and numerically, in order to betier understand it.

increases

Appendix A: The role of the wave impedance in deter-
mining the attenuation of the transmitted wave inside the
foam

It was shown in Fig. 13 that while the transmitted waves
which result from the head-on collision of weak incident
shock waves decay very quickly as they propagate along
the foam those which result from the head-on collision of
moderate incident shock wave do not experiegnce such a
strong attenuation. '

Let us first define a parameter E,; which is a measurc
of the ratio of the energy change across the incident shock
wave and that across the transmitted wave, i.e.,

_ AP Auy (P — P )(ug — ulj
AP, Au; (P, — Pi)(u; — uy)

Ey (A.1)

where as indicated in Fig. A.1, P; is the pressure ahead
of the incident shock wave, in the gaseous phase, and that
ahead of the transmitted wave, insidethe foam, P,, P, arc
the pressures behind these incident and transmitted waves.
respectively, u; is the velocity of the gas ahead of the
incident shock wave and the velocity of the foam ahead
of the transmitted wave (it is actually equal to zero in the
present study), u; and u, are the velocities of the gas behind
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the incident shock wave and the foam behind the transmitted
wave, respectively. Equation (A.1) could be rewritten as

(P, - P)Z;
(P, — P)*2Z,

A e

35@ (A2)

iwhcrc Z; and Z, are the wave impedances of the incident
: shock wave and the transmitted wave, respectively, i.e.,

i AP, P - P
Zi==""t-2" 1 (A.3)
CAuy up —uy
AP, P, - P
{2, =""t=t""1 (A.4)
Aut U — Uj
4 Assuming that the pressures and the velocities on both

4 sides of the front face of the foam are equal one can rewrite

“(A4) as
AP, P-P

A.S
Auy  us —uy (A-3)
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where Ps and us are the gas pressure and velocity behind
the head-on reflecting shock wave (see Fig. A.1). The de-
pendence of the ratio between the wave impedances, as
calculated from (A.3) and (A.4), on the inverse pressure
ratio across the incident shock wave, &, is shown in Fig.
A2. Ttis evident from Fig. A2 that as £ exceeds 0.8 and
approaches unity the ratio Z; /Z; approaches infinity and E,;
approaches zero. In other words, when the incident shock
wave is weak the transmitted wave decay quickly as the
energy change across it vanishes. The opposite is the case
for moderate incident shock waves (¢ < 0.7, i.e., My > 1.17
as seen in Fig. A.2). In this case the ratio Z;/Z; reaches a
finite value which in turn results in a situation in which the
energy change across the transmitted wave has a finite non-
zero value which in turn results in an almost non-attenuating
wave.
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